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Abstract
Reactive iodine species impact atmospheric chemistry in several ways. They play an important role
in the process of ozone destruction at mid-latitudes and possibly in polar regions. Reactive iodine
compounds (besides bromine) also affect the atmospheric cleaning mechanisms by changing its
oxidation capacity. Recent field studies indicate that reactive iodine may impact the local climate
in coastal areas by playing a key role in the formation of new particles which could influence
cloud micro physical properties. Particularly high concentrations of the reactive iodine are found at
mid-latitude coastal sites, which are most likely emitted by seaweed exposed to oxidative stress
during low tide. However, there is still very limited knowledge on the involved seaweed species
and their contribution to local, regional and global iodine emissions and also the potential iodine
mediated particle formation.

In the frame of this work a new mobile Open Path CE-DOAS instrument was developed for direct
measurements of IO, one of the most important reactive iodine species. It was applied successfully
in two field campaigns on the Irish west coast for measurements in the inter-tidal zone, directly above
air-exposed seaweed patches. These measurements for the first time identify exposed seaweeds
as IO “hot-spots” with very high IO mixing ratios often exceeding 50 ppt. This shows that local
IO concentrations are sufficiently high to initiate the strong particle nucleation events previously
observed at the Irish West Coast.

Furthermore, during the field campaigns on the Irish west coast, combined LP-DOAS and CE-DOAS
measurements were applied, which extended previous observations of reactive iodine at Mace Head
and the close by MRI to further locations. These observations now cover ten shores. This study
showed that the major sources of reactive iodine at the Irish West coast are wave sheltered shores
and not, as previously believed, wave exposed shores, like Mace Head. Since seaweed beds at wave
sheltered shores cove larger areas and are longer exposed to air, this shows that Irish, and most
likely also global, iodine emissions from coastal areas should be much higher compared to previous
estimates based on wave exposed shores. From this finding a yearly emission of 2 · 108 gI a−1 to
3 · 109 gI a−1 is estimated for global coastal areas.

In a third field study on the east coast of the New Zealand south island, for the first time high IO
mixing ratios of up to 68 ppt were observed on a southern hemispheric coast. Four, previously
uninvestigated, seaweed species were identified as emitters of reactive iodine species and emission
rates were estimated. The observations in New Zealand showed also distinct differences in the
seaweed distribution to northern hemispheric locations which need to be considered in global
estimates of coastal iodine emissions.



Zusammenfassung
Reaktive Iodverbindungen beeinflussen die Atmosphärenchemie in vielerlei Hinsicht. Sie spielen
eine wichtige Rolle bei dem Ozonabbau in mittleren Breiten sowie möglicherweise in Polargebieten.
Reaktive Iodverbindungen beeinflussen auch die Selbstreinigung der Atmosphäre, indem sie die
Oxidationskapazität verändern. Neue Feldstudien weisen darauf hin, dass reaktives Iod ebenfalls
eine zentrale Rolle bei der Partikelbildung an Küsten spielt und somit durch Beeinflussung der
mikrophysikalischen Eigenschaften von Wolken das lokale Klima beeinflussen könnte. Besonders
hohe Konzentrationen vom reaktivem Iod findet man an Küstenregionen mittlerer Breiten, wo
sie höchstwahrscheinlich von Makroalgen emittiert werden, wenn diese während der Ebbe unter
oxidativem Stress stehen. Die bei diesen Prozessen beteiligten Makroalgen Spezies und ihr
Beitrag zu den lokalen, regionalen und globalen Iod Emissionen und ihr Beitrag zur Iod basierten
Partikelbildung ist bisher unzureichend Erforscht.

Im Rahmen dieser Arbeit wurde ein neues mobiles Open Path CE-DOAS Instrument für die
direkte optische Messung von IO, einer der wichtigsten reaktiven Iodverbindungen, entwickelt.
Dieses wurde erfolgreich in zwei Feldkampagnen an der Irischen Küste eingesetzt. Hierbei
wurden Messungen in der Gezeitenzone direkt über der Umgebungsluft ausgesetzten Makroalgen
durchgeführt. Diese Messungen erlauben die erstmalige Identifizierung von, der Umgebungsluft
ausgesetzten, Makroalgen als IO “hot-spots“ mit hohen IO Mischungsverhältnissen die oft 50 ppt
übersteigen. Dies zeigt, dass die lokalen IO Konzentrationen hoch genug sind um die starke
Partikelbildung zu initiieren, welche zuvor an der Irischen Westküste beobachtet wurde.

Des Weiteren wurden während der Messkampagnen an der Irischen Westküste kombinierte LP-
DOAS und CE-DOAS Messungen durchgeführt, um die vorherigen Messungen in Mace Head
und dem nahegelegenen MRI auf weiter Küstenabschnitte zu erweitern. Diese Studie deckt zehn
Küstenabschnitte ab und zeigt, dass die Hauptquellen von reaktivem Iod brandungsgeschützte
Küsten sind und nicht wie zu angenommen Küsten mit starker Brandung, wie zum Beispiel vor Mace
Head, sind. An brandungsgeschützten Küsten bedecken die Makroalgen größere Flächen in der
Gezeitenzone und sind länger der Luft ausgesetzt. Damit zeigt diese Studie, dass die Iod Emissionen
an den Irischen und höchstwahrscheinlich auch den weltweiten Küsten deutlich größer sind als
vorher angenommen aufgrund der Beobachtungen an Küsten mit starker Brandung. Basierend auf
diesen neuen Erkenntnissen wurden für die weltweiten Küstenregionen jährliche Iodemissionen von
2 · 108 gI a−1 bis 3 · 109 gI a−1 abgeschätzt.

In einer dritten Feldstudie an der Ostküste der Neuseeländischen Südinsel konnten zum ersten Mal
hohe IOMischungsverhältnisse von bis zu 68 ppt an einer Küste auf der Südhalbkugel nachgewiesen
werden. Vier zuvor noch nicht untersuchte Makroalgenspezies konnten als Emitter von reaktiven
Iodverbindungen nachgewiesen werden, und deren Emissonsraten konnten abgeschätzt werden. Die
Studie in Neuseeland zeigt auch charakteristische Unterschiede in der räumlichen Verteilung der
Makroalgen im Vergleich zur Nordhemisphäre, die in zukünftigen globalen Abschätzungen der
Iodemissionen von Küsten berücksichtigt werden müssen.
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Introduction and Methods
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1
Motivation

The atmosphere is a thin layer of air held around the Earth by gravitational attraction. It provides
conditions essential for life on earth by absorbing the harmful UV radiation and by providing an
average surface temperature above the freezing point of water through the natural greenhouse
effect. While the atmosphere is mainly composed of Nitrogen (78.1%) and Oxygen (20.95%) it
contains numerous trace constituents which play a key role for the global climate- and ecosytem.
Changes in concentrations of these trace gases can have severe impacts on the global climate-
and ecosystem, prominents examples are the discovery of the stratospheric ozone hole [e.g.
Molina and Rowland, 1974; Farman et al., 1985], high concentrations of ground level ozone
during photochemical smog events in strongly polluted urban air, which cause adverse effect on
human health and vegetation [e.g. Haagen-Smit, 1952] and the increasing evidence for trace
gases as drivers of global warming [Stocker et al., 2013]. The fate of atmospheric trace gases is
thereby often inter-connected in complex photochemical reactions.
The presence of reactive halogen (chlorine, bromine and iodine) species (RHS) is known to

have a large influence on the Earth’s atmosphere. The most important consequence of halogen
radicals is the destruction of ozone in catalytic cycles, in which the involved halogen compound
can repeat the same reaction several thousand times. Thus, small concentrations of halogen
radicals can have a substantial impact on the ozone concentration which is typically three orders
of magnitude higher than that of RHS. The most prominent effect of halogen radicals in the
atmosphere is the polar stratospheric ozone hole [e.g. Molina and Rowland, 1974; Farman
et al., 1985]. In the last two decades, halogen species have also been identified to play an
important role in the troposphere [e.g. Hausmann and Platt, 1994; Alicke et al., 1999], where
ozone acts as a greenhouse gas and is the major source of hydroxyl radicals (OH). Oxidation
by OH results in the removal of most naturally and anthropogenically emitted pollutants from
the atmosphere. RHS further influence the atmospheric oxidizing capacity by changing the
partitioning of HO2/OH and NO/NO2 [e.g. Platt and Hönninger, 2003]. Another important
consequence of the release of reactive iodine species is the formation of new particles through
the polymerization of iodine oxides (see below).
This study investigates the emissions of reactive iodine species at seaweed-rich coastal

mid-latitude coastal areas, where so far the highest atmospheric mixing ratios of reactive iodine
species, mainly IO, have been reported. Coastal LP-DOAS studies at Mace Head Ireland
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Chapter 1. Motivation

by Alicke et al. [1999] reported up to 6 ppt1 IO which was confirmed by follow up studies
[Hebestreit, 2001; Saiz-Lopez et al., 2006; Seitz, 2009]. Other isolated campaigns in the
Northern Hemisphere also reported elevated IO levels from LP-DOAS measurements: Brittany
Franc up to 7 ppt [Peters et al., 2005] and 10 ppt [Mahajan et al., 2009]; Gulf of Maine up
to 4 ppt [Stutz et al., 2007]. These IO mixing ratios are clearly exceeding the reported open
ocean concentrations of typically 0.5 − 2 ppt [e.g. Read et al., 2008; Großmann et al., 2013;
Lampel, 2014]. Due to the correlation of coastal IO levels with daytime low tide, the most
likely source is the photolysis of molecular iodine (I2) emitted by seaweed exposed to air during
low tide. This is supported by several laboratory studies which found strong I2 emissions from
brown seaweed mainly L. digitata exposed to air [e.g. S. M. Ball et al., 2010; Kundel et al.,
2012; Ashu-Ayem et al., 2012], and also by coastal LP-DOAS observations of elevated I2 levels
during nighttime (no photolysis) and low tide [e.g. Saiz-Lopez and Plane, 2004; Peters, 2005;
Seitz, 2009].
Studies at Mace Head [O’Dowd et al., 2002b] observed particle nucleation events with the

same correlation to solar radiation and low tide as gas phase iodine compounds. In addition,
these particles were found to contain iodine. Subsequent laboratory [e.g. Hoffmann et al., 2001;
Jimenez et al., 2003; Burkholder et al., 2004; Saunders et al., 2010] and modeling studies
[Pechtl et al., 2006; Saiz-Lopez et al., 2006] indicated that the particle formation proceeds
though the homogeneous nucleation of iodine oxides, which is initialized by the formation of
OIO in the second-order IO self reaction. If those particles grew to become cloud condensation
nuclei (CCN), they could change the cloud albedo and therefore influence the coastal climate
[e.g. Stocker et al., 2013]. However, the current understanding of the particle formation process
from reactive iodine compounds is still limited. Observation of OIO in the marine boundary
layer is rare [Hebestreit, 2001; Saiz-Lopez et al., 2006; Stutz et al., 2007] and may be flawed
due to instrumental problems. Furthermore a laboratory study by Burkholder et al. [2004]
states that the IO mixing ratios of up to 50 to 100 ppt would be needed to explain the observed
particle nuleation events with particle concentrations of 106 cm−3. This is ten times higher than
the IO mixing ratios observed by LP-DOAS measurements. However, LP-DOAS measurements
only give the average mixing ratio along a several km long light path, which may conceal
possibly inhomogeneous distributions. Thus, Burkholder et al. [2004] suggested that IO may
be distributed inhomogeneously in so called “hot-spots”.
First evidence for an inhomogeneous distribution of IO at coastal sites was given by the study

of Seitz et al. [2010] on the Irish West Coast, which compared the IO column densities of two
different Long Path DOAS (LP-DOAS) light paths. One light path of 500m length (one-way)
spanned exclusively over an intertidal area with seaweed exposed during low tide. A second
almost parallel light path extended further, also crossing subtidal areas which were always
covered by water. They found that almost all IO was concentrated along the shorter light path
and therefore concluded that the sources are almost exclusively located in this area. However,
due to the limited spatial resolution of 500m they could not determine local concentrations
and attribute the iodine emissions to a specific seaweed species. Further indications for an
inhomogeneous IO distribution were also given by first IO point measurements at Roscoff,

11 ppt = 1pmol/mol corresponds to a relative volumetric abundance (mixing ratio) of a gas of 10−12
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France using the Laser Induced Fluorescence (LIF) technique [Furneaux et al., 2010]. The LIF,
setup on land at a distance of 300m from a seaweed rich area, measured up to 30 ppt of IO
which was at least twice the IO mixing ratio observed by simultaneous LP-DOAS measurements
on a 6.7 km light path along the same shore. Similar observations were reported by Commane
et al. [2011] for Mace Head at the Irish West Coast where a LIF observed peak IO mixing
ratios of up to 29 ppt which was a factor of 6 higher compared to simultaneous LP-DOAS
measurements. However, measurements by LIF could only be performed on land close to a
laboratory building due to instrumental limitations (see below). Therefore LIF measurements
could not determine the IO mixing ratios in potential hot spots and also not their spatial extend
and distribution.
In addition to the hot-spot theory, also the global contribution of coastal sites to the reactive

iodine emissions is an open question. Prior to this study, measurements were only performed at
few locations in the northern hemisphere, mainly at Mace Head, Ireland. Also these studies
were mainly focused on shores where the seaweed species L. digitata is predominant, which
was expected to be the seaweed species with by far the strongest iodine emission potential
[S. M. Ball et al., 2010]. At the Irish West Coast for example, other shores which feature much
higher seaweed abundance, but of other species, found very little attention in previous field
campaigns. First indications for significant reactive iodine emissions on these coasts were given
by Seitz et al. [2010] and Huang et al. [2010a]. Furthermore, there is even less information on
reactive iodine emissions at coastal sites in the southern hemisphere where different seaweed
species are abundant. So far, the only observation on the southern hemisphere was made by
[B. J. Allan et al., 2000] who reported up to 2.2 ppt IO at Cape Grim Tasmania. But it is not
clear yet if these are marine background levels or from local emissions of coastal seaweed.

In-situ Measurement Techniques for Reactive Iodine Species
The previous section showed the need for IO point measurements in the intertidal zone, directly
above seaweeds to fully investigate the “hot-spot” theory. However, measurements in the
intertidal zone are challenging since intertidal areas are exposed and covered twice daily by the
tide. Therefore such instruments would need to be portable and quickly to setup. In addition
they need to be very sensitive to IO due to the expected low concentrations in the ppt range.
However, previously used point measurement techniques have several limitations which made
them unsuitable for this kind of measurements:

Laser Induced Fluorescence (LIF) has been used in two recent coastal campaigns to detect
IO on the shoreline [Furneaux et al., 2010; Commane et al., 2011]. With typical IO
detection limits of 1 − 2 ppt, this technique is sensitive to coastal levels. However, due to
the relatively complicated Laser setup proper alignment is complicated and sensitive
to mechanical vibrations. Additionally, these instruments typically weigh more than
100 kg. Thus, LIF is not suited for portable measurements. Furthermore, LIF needs to
sample the air into a measurement cell which is generally also problematic for a highly
reactive gas like IO due to potential wall losses (see sec. 12.5). However, in the case of
the above described LIF instruments this is only a minor problem since very short inlets
were used resulting in sufficiently short residence times in the closed cell. Finally, LIF
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Chapter 1. Motivation

instrument need to be calibrated with an IO reference gas on a daily basis. This greatly
complicates the operation of such instruments since, the calibration mixture needs to be
produced on site due to the high reactivity of IO. Also IO calibration mixtures are hard
to produce exactly, resulting in high systematic errors in the measured IO concentrations
of about 20% [Whalley et al., 2007].

Cavity Ringdown Spectroscopy (CRDS) was applied byWada et al. [2007] for measurements
of IO at Roscoff, France. Their instrument measures the IO concentration in an optical
resonator which is open towards the atmosphere. This has the important advantage
of avoiding wall losses of the highly reactivity IO. The IO concentration is measured
through the decay time of the light intensity of pulsed laser light. This is alternatingly
measured at two different wavelengths on and off resonance with an absorption band,
which made the measurements principle selective to IO. However, this instrument also
had some major disadvantages. Despite the use of on and off resonance measurements
the instrument showed an interference to broadband extinction by turbulence and aerosol
particles leading to a high detection limit of 12 ppt on average (but up to 20 ppt), which is
hardly sufficient for measurements of atmospheric IO levels. Furthermore the relatively
complicated Laser setup made the instrument large (1.8 × 0.9 × 0.9m3) and heavy and
thus not suitable for portable operation. Also the alignment of the instrument was so
sensitive that it could only be operated indoors, in front of an open window.

A Mode Locked Cavity Enhanced Absorption Spectroscopy (ML-CEAS) for the measure-
ment of IO and BrO was developed by [Grilli et al., 2012b]. With a theoretical IO
detection limit of 0.02 ppt this instrument is claimed to give the most sensitive IO
measurements. owever this instrument uses a closed measurement cell and needs several
meter long sampling lines, since the instruments high sensitivity to temperature changes
and mechanical vibrations requires indoors operation in a special laboratory room. [Grilli
et al., 2012b] claims that the sampling system made of Teflon (PFA) has no significant
IO losses, which might be appropriate under laboratory conditions [Grilli et al., 2012b;
Grilli et al., 2012a]. However, this study shows very high and variable IO losses of more
than 90%, for atmospheric measurements with a very similar closed sampling system of
only few cm length (see sec. 12.5). Thus the measurements by ML-CEAS from Grilli
et al. [2012b] and follow up studies are problematic and most likely wrong. This also
has to be suspected from their coastal measurements at Roscoff which showed no tidal
pattern and one order of magnitude less IO than the previous study of [Furneaux et al.,
2010].

Passive denuder sampling: Alternatively to IO also the primary I2 emission from seaweed
could be measured, which is readily photolyzed and oxidized to IO. So far the only field
applicable method with sufficient sensitivity is the passive diffusion denuder sampling
technique, with subsequent GC-MS quantification in a laboratory [Huang et al., 2010a,
e.g.]. However, to get a sufficiently high signal they need long sampling times (typically
hours) which typically allows for only one to three data points per low tide period. Also
this method is very prone to interferences with other trace gas species, often leading to
unpublishable data, which always leaves doubts on the validity of these measurements.

6
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1.1. Aims of This Work:
This thesis investigates coastal iodine emissions of seaweeds on a local, regional and global
scale. For this a mobile Open Path Cavity Enhanced (CE-) DOAS instrument was successfully
developed and optimized for measurements of IO. To my knowledge it is the first such
instrument. It was applied successfully in two field campaigns on the Irish West Coast, directly
in intertidal areas with seaweed fields, to investigate the “hot-spot” theory. Furthermore,
the field campaigns on the Irish West Coast extended the observations of reactive iodine to
8 previously uninvestigated location to get a more representative picture of the regional IO
emissions in relation to previous observations at Mace Head. In a third, explorative, campaign
on the east coast of the New Zealand South Island, observations of coastal iodine emissions
from seaweed were extended to the southern hemisphere and iodine emissions of five previously
uninvestigated seaweed species, which are specific to the Southern Hemisphere or the Pacific
Ocean, were investigated in incubation chamber experiments.

1.2. Outline of the Thesis
This work is grouped in five parts. The first part lays out the scientific and methodological
foundation of this work. Chapter 2 discusses the relevant atmospheric chemistry mechanisms
with a focus on reactive halogen species (RHS) (particularly iodine) as well as the chemistry
of other relevant radicals. Seaweeds are the major source of reactive iodine species at mid-
latitude coastal sites. Therefore, chapter 3 describes their global distribution and discusses
their iodine accumulation and release mechanisms. Chapter 4 introduces the DOAS method
with an emphasis on Cavity Enhanced DOAS, the main DOAS variant applied in this work.
The second part describes the Open Path CE-DOAS (chapter 5) and Closed Path CE-DOAS
(chapter 6) instruments developed during this work as well as other instruments (chapter 7
and 8) used during different field campaigns. Also, along with each DOAS instrument, the
measurement routine and evaluation settings are described. Part three discusses improvements
of the DOAS data analysis achieved in this work. Chapter 9 introduces a new iterative algorithm
for the evaluation CE-DOAS measurements. Chapter 10 analyzes the effects of spectrometer
non-linearity on DOAS measurements and describes methods to characterize and correct the
spectrometer non-linearity. Chapter 11 analyzes differences between the literature absorption
cross section of IO and the IO absorption observed in this work and derives a corrected IO
absorption cross section. Part four presents the field measurements of iodine emissions from
coastal seaweed at the Irish West Coast (chapter 12) and on the east coast of the New Zealand
South Island (chapter 13). Discussions of the results are included with each campaign. The
final chapter concludes this thesis with a summary and an outlook.
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2
Tropospheric Chemistry

The study of the atmospheric composition goes back to the 18th century. In the 1950 the major
components of the atmosphere N2 (78.1%), O2 (20.95%), the nobel gases, CO2, H2O and
stratospheric O3 were known, but the atmosphere was regarded as chemically inert. However,
today we know that natural and anthropogenic trace gases and their chemical transformations
control air quality, the health of the stratospheric ozone layer and climate change [e.g. Seinfeld
and Pandis, 2006].
The earth atmosphere can be subdivided into layers according to its temperature profile:

the troposphere, stratosphere and upper atmosphere [e.g. Platt and Stutz, 2008]. This study
focuses on the troposphere, which is the lowest layer of the atmosphere and ranges from the
surface of the atmosphere to an altitude of about 8 km at the poles and to about 18 km at the
equator. The majority of the atmospheric mass (∼ 90%) is contained in the troposphere as
well ass most of the atmospheric trace gases. The troposphere is characterized by a decrease
of the mean temperature with increasing altitude which causes convective activity, leading to
a well mixed layer. The troposphere can further be divided into the free troposphere and the
planetary boundary layer (PBL). The PBL is the lower region of the troposphere, which is in
direct contact with the earth surface and therefore also strongly influenced by surface effects.
Convective air motion and surface friction tends to generate strong turbulent mixing. The PBL
is typically in the range of few hundred meters to 1 − 2 km of the surface. The PBL is often
separated from the free troposphere by a layer of high static stability which slows the transport
of chemical species.
Most of the trace gases found in the atmosphere are emitted from natural or anthropogenic

sources at the surface into the troposphere where they are subject to a complex array of chemical
and physical transformations. Without efficient self cleaning processes, the levels of many trace
gases could rise so high that they would drastically affect the earth’s climate and ecosystem. A
key process determining the atmospheric self cleaning capacity is the oxidative degradation of
many trace gases, which is driven by free radicals, most importantly the hydroxyl radical OH.
The following chapter first gives a short overview on the quantification of trace gas abundances

in 2.1, followed by a gives a brief description of the radical chemistry of OH, NO3 and O3 in
sec. 2.2. Section 2.3 give a more detailed description on the chemistry of halogen radicals
which was investigated in this work.
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volume relative abundance equivalent
mixing ratio by volume mole fraction
ppm 10−6 µmol/mol
ppb 10−9 nmol/mol
ppt 10−12 pmol/mol

Table 2.1. Typical units of mixing ratios.

2.1. Quantification of Gas Abundances
In this thesis two common descriptions are used to quantify the abundance of trace gases in the
atmosphere. First the concentration of a trace gas i is defined by its number density:

ρi =
number of molecules i

volume of air

[
molec
cm3 =

1
cm3

]
(2.1)

Secondly we define the volume mixing ratio as the ratio of the number density of a trace i to
the number density of air (including the trace gas):

xi =
ρi

ρair + ρi
≈

ρi
ρair

(2.2)

Typical units of volume mixing ratios are summarized in Tab. 2.1. Under ambient conditions
air and trace gases can be treated in good approximation as an ideal gas. Thus, the volume
mixing ratio is essentially equivalent to the mole fraction, which is the SI unit for mixing ratios.
The number density of air ρair at an arbitrary temperature T and pressure p is calculated

according to the ideal gas law as:

pV = N kBT (2.3)

⇒ ρair =
N
V
=

p
kBT

(2.4)

where N is the particle number, V a volume and kB the Boltzmann constant.

2.2. Tropospheric Radical Chemistry
Troposheric chemistry is largely driven by the free radicals OH, NO3 , O3 and Halogens. Most
importantly they control the atmospheres self-cleaning or oxidation capacity. This section will
give a short overview of the most important reactions of OH, O3, NOx and NO3 as they also
play an important role in the tropospheric halogen chemistry which is discussed in sec. 2.3.
For a detailed description of the complex tropospheric radical chemistry the reader is referred
to B. J. Finlayson-Pitts and Pitts [2000], Monks [2005] and Seinfeld and Pandis [2006].
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Figure 2.1. Average diurnal OH, HO2 and j (O1D) levels observed during a summer
urban campaign. (Adopted from Holland et al. [2003], reproduced by permission of
American Geophysical Union)

2.2.1. The Hydroxyl Radical OH
The Hydroxyl Radical OH is most important free radical in the troposphere, as it is the major
scavenger of most oxidizable gases emitted in the atmosphere, especially the greenhouse gas
methane, other volatile organic compounds (VOCs) and nitrogen compounds [e.g. Levy, 1971;
P. Crutzen and Zimmermann, 1991; P. Crutzen et al., 1999; Atkinson, 2000]. At sufficiently
high levels of nitrogen oxide levels, these reaction chains result in the photochemical production
of ozone (see sec. 2.2.2.2) [e.g. Chameides and Walker, 1973]. OH is also provides one
of the major oxidation pathways of dimethyl sulfide (DMS) [Yin et al., 1990], and thereby
influences the aerosol and cloud particle formation [e.g. Charlson et al., 1987; Kiehl et al.,
2000]. Furthermore, OH also provides the major daytime sink through the formation of HNO3
(see reaction R 2.13), which is readily removed by precipitation [P. Crutzen and M. Lawrence,
2000].
The OH concentration closely follows the solar radiation with typical noontime concentrations

in the order of 107 cm−3 (see Fig. 2.1). Globally, the major source of OH is the photolysis of
Ozone in the presence of water vapor. The reaction starts by photolysis of O3

O3
hν (λ<320nm) O(1D) + O2 (R 2.1)

11
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Figure 2.2. Annual mean OH concentrations in the boundary layer. The units are
106 cm−3. OH levels are highest in the tropics where the O3 photodissociation is
strongest (solar zenith angle is smallest, the stratospheric ozone layer is thinnest) and
humidity is highest . Adopted from Lelieveld et al. [2004].

with a photolysis frequency j (O1D) at solar zenith angle 0° of about 6 · 10−5 s−1 [e.g. Seinfeld
and Pandis, 2006]. The majority of the O(1D) is quenched to the ground state by collision with
N2 and O2. This results in a null cycle since the ground rapidly recombines with O2 back to O3

O(1D) M O(3P) (R 2.2)

O(3P) + O2
M O3 (R 2.3)

with kR 2.3 = 1.5 · 10−14 cm3s−1 and for an atmospheric mixture of N2 and O2 the rate constant
for quenching is kR 2.2 = 2.9 · 10−11 cm3s−1. However, some of the O(1D) atoms react with
H2O accroding to

O(1D) + H2O OH + OH (R 2.4)

with kR 2.4 = 2.2 · 10−10 cm3s−1 [Atkinson et al., 2004]. In the mid-latitude lower troposphere,
the fraction of the O(1D) atoms that form OH typically varies between 5% to 10% depending
on the H2O concentration. The widespread abundance of O3 and H2O, reactions (R 2.1) and
(R 2.4) are the primary source of OH in the troposphere. Therefore, OH levels are highest
in the tropics where the O3 photodissociation is strongest (solar zenith angle is smallest, the
stratospheric ozone layer is thinnest) and humidity is highest as shown in Fig. 2.2 [M. G.
Lawrence et al., 2001; Lelieveld et al., 2002].
OH is closely connected to the concentration of the proxy radical HO2 via the reactions

with CO, hydrocarbons (RH) including methane (CH4), NO and O3 as illustrated in Fig. 2.3.
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Figure 2.3. Simplified sketch of the sources, interconversions and sinks for OH and
HO2 in the troposphere It can be seen that OH and HO2 are closely linked through the
reactions with CO, hydrocarbons (HC), NO and O3.(Adopted from Monks [2005]).

Therefore, the sum of OH and HO2 is commonly summarized as HOx. In section 2.2.2.2 more
details are given on the reactions with CO and RH in the presence of NO, which are important
for the production of tropospheric ozone. Peroxy radical concentrations are typically two orders
of magnitude larger than the OH concentration (see Fig. 2.1). However, HO2 is suppressed in
the presence of high NO levels due to rapid recycling to OH:

HO2 + NO OH + NO2 (R 2.5)

with kR 2.5 = 8.8 · 10−12 cm3s−1.

2.2.1.1. Other source of HOx

In the following other sources for HOx (OH + HO2) in the atmosphere are summarized:

• An important secondary source for HOx is the photolysis of carbonyl compounds
produced in degradation of VOCs (see: 2.2.2.2 and reaction R 2.12). The simplest and
most important of these is Formaldehyde HCHO, which is an oxidation product of CH4
and many other hydrocarbons [Seinfeld and Pandis, 2006]:

HCHO + hν H + HCO (R 2.6a)
H2 + CO (R 2.6b)

HCO + O2 HO2 + CO (R 2.6c)

H + O2
M HO2 (R 2.11b)

• The photolysis of nitrous acid (HONO) is a further OH source

HONO + hν OH + NO (R 2.7)
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Figure 2.4. Annual average surface ozone concentrations from regionally representa-
tive monitoring sties in the northern and southern Hemisphere. Increasing tropo-
spheric ozone levels are observed mainly due to the increased NOx emissions. Ozone
levels on the southern hemisphere are generally lower compared to the northern hemi-
sphere due to lower NOx emissions. (Adopted from Hartmann et al. [2013]).

Under urban conditions HONO is formed from NOx by heterogeneous processes [Platt
and Stutz, 2008]. Another important HONO source is the soil [Su et al., 2011], where it
is released particularly by ammonia-oxidizing bacteria [Oswald et al., 2013].

2.2.2. Tropospheric Ozone
Ozone is another key compound in the tropospheric chemistry since it influences the oxidation
capacity of the atmosphere. Furthermore, ozone is a component of smog and also acts as
a greenhouse gas. Tropospheric ozone levels at background sites typically vary between
20 − 45 ppb but can exceed 100 ppb in urban areas due to increased NOx and VOC levels.
Increasing NOx emissions also cause a global increase in the tropospheric ozone levels as
shown in Fig. 2.4. The reactions of ozone with halogen atoms (I, Br, Cl) which can lead to
catalytic ozone destruction cycles are discussed in sec. 2.3.1.1.

2.2.2.1. Photstationary state of ozone and NOx

In the troposphere the only way for producing Ozone is the photolysis of NO2:

NO2
hν<420nm NO + O(3P) (R 2.8)

O(3P) + O2 +M O3 +M (R2.3)

since R 2.3 is very rapid this can be effectively written as

NO2 + O2
hν<420nm NO + O3 (R 2.9)
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with a typical photolysis frequency at clear sky noontime of j (NO2) ≈ 8 · 10−3 s−1 [e.g.
Junkermann et al., 1989]. Generally, NO is rapidly converted back to NO2 by

NO + O3 NO2 + O2 (R 2.10)

with kR 2.10 = 1.8 · 10−14 cm3s−1. Neglecting other source and losses this leads to a photo-
stationary steady state between O3, NO and NO2 in which the respective concentrations are
interconnected by the so-called Leighton Ratio [Leighton, 1961]:

L =
[NO2]
[NO]

=
kR 2.10[O3]

j (NO2)
(2.5)

2.2.2.2. Ozone production

In the presence of CO the following catalytic cycle can produce Ozone [e.g. Chameides and
Walker, 1973]:

CO + OH H + CO2 (R 2.11a)

H + O2
M HO2 (R 2.11b)

HO2 + NO OH + NO2 (R 2.5)

NO2 + O2
hν NO + O3 (R 2.9)

Net: CO + 2O2 + hν CO2 + O3

As shown in Fig. 2.5 similar chain reactions, can be written for many hydrocarbons (RH)
including methane (CH4). This chain involves the alkyl peroxy radical (RO2) and alkoxy radical
(RO). The net reaction is:

Net: RH + 4O2 + 2hν(λ < 420 nm) R′CHO + H2O + 2O3 (R 2.12)

Of course the carbonyl R′CHO can be photolyzed or undergo further oxidation by the same
reaction scheme, leading to further Ozone production. A very prominent example for reaction
R 2.12 is the strong O3 production in polluted urban areas, which is known as “Los Angles
smog” or photo chemical smog. Furthermore, reaction R 2.12 also plays an important role in
the removal of the greenhouse gas methane. Ultimately the catalytic cycles R 2.11 and R 2.12
are terminated by reactions like:

NO2 + OH
M HNO3 (R 2.13)

HO2 + HO2
M H2O2 + O2 (R 2.14)

RO2 + HO2 ROOH + O2 (R 2.15)

In fact reaction R 2.13 is the major daytime sink of NOx.
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Figure 2.5. Simplified reaction scheme for the degradation of volatile organic com-
pounds (RH).

NO3NO NO2

emission

N2O5

aerosols
NO3

-

HNO3

H2O
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hν
hν

O3
O3

NO,MNO2 ,MNO3
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Figure 2.6. Simplified tropospheric reaction scheme for (NO3). Reproduced from Geyer
[2000]
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2.2.3. The Nitrate Radical NO3
At night time when OH concentrations are low, the main oxidant is the nitrate radical NO3. An
overview of the most important reactions of NO3 is shown in Fig. 2.6 and a recent detailed
review of NO3 chemistry is given by Brown and Stutz [2012]. NO3 is primarily formed by the
reaction of NO2 with ozone:

NO2 + O3 NO3 + O2 (R 2.16)

with kR 2.16 = 3.5 · 10−17 cm3s−1 this is a relatively slow reaction (time constant ≈ 1/2 day at
30 ppb O3). During daytime, nitrate radicals are rapidly photolyzed:

NO3 + hν NO + O2 (R 2.17a)

NO2 + O(3P) (R 2.17b)

with a photolytic lifetime of about 5 s for an SZA below 70° ( j (NO3) ≈ 0.2 s−1). The nitrate
radical also reacts rapidly with NO:

NO3 + NO NO2 + NO2 (R 2.18)

with kR 2.18 = 2.6 · 10−11 cm3s−1. Thus, significant NO3 is only formed at night times when
there is no photolysis and NO concentrations are generally low. Since NO3 is primarily
formed from NO2 nighttime NO3 concentrations show a large variation with few ground level
concentration of few ppt to several ten ppt at rural sites to up to several hundred ppt in polluted
areas [e.g. Brown and Stutz, 2012].
The simultaneous presence of NO2 and NO3 leads to a chemical equilibrium with N2O5:

NO3 + NO2
M

N2O5 (R 2.19)

Roughly equal concentrations of NO3 and N2O5 are found at NO2 mixing ratios of about 1ppb.
NO3 racts with a variety of the VOCs. Even though the reactivity of NO3 is generally low

compared to OH, this is partly compensated by the generally much higher NO3 concentrations
during nighttime compared to the daytime concentrations of OH. Of particular importance are
the rapid reactions with biogenic VOCs like isoprene and terpenes from plants and DMS in
the marine boundary layer. For example DMS will be oxidized more rapidly by NO3 (during
night), than by OH (during day), if the concentration of NO2 is more than 60% that of DMS
[B. Allan et al., 1999]. However, it is important to note that NO3 can initiate but not catalyze
the removal of VOC, which is a major difference to the daytime OH chemistry.

2.3. Tropospheric Halogen Chemistry
Halogens are the elements of the seventh main group in the periodic table and thus are
characterized by a high electronegativity and a ns2 np5 valence electron configuration, which
lacks only one electron to completely fill its valence shell. These properties make halogens
highly reactive, with decreasing reactivity down the group (F > Cl > Br > I > As).
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For tropospheric chemistry only iodine (I), bromine (Br) and chlorine (Cl) are of interest
because astatine (As) is virtually absent on Earth and fluorine (F) very rapidly reacts with water
to form the comparatively unreactive HF [e.g. B. J. Finlayson-Pitts and Pitts, 2000; Glasow and
P. Crutzen, 2003]. However, several anthropogenically emitted fluorine containing species are
potentially strong greenhouse gases [e.g. Harnisch, 1999]. During the last three decades, the
important role of reactive halogen species (RHS = X, XO, XY, HOX and higher halogen oxides,
where X,Y=I,Br,Cl) in the photochemistry of the atmosphere has found growing attention. RHS
were first studied in the stratosphere were they play a key role in the formation of the ozone
hole [e.g. Molina and Rowland, 1974; Yung et al., 1980; McElroy et al., 1986; Solomon, 1999].
In the last two decades, halogen species have also been identified as playing an important role
in the chemistry of the troposphere [e.g. Platt and Janssen, 1995; Platt and Hönninger, 2003;
Glasow and P. Crutzen, 2003; Simpson et al., 2007; Simpson et al., 2015]. In the troposphere
RHS, in particular Br and I, can rapidly deplete ozone in catalytic cycles (sec. 2.3.1), affect
the partitioning of HOx and NOx (sec. 2.3.1.2), oxidize DMS (sec. 2.3.1.3), and enhance the
deposition of mercury (sec. 2.3.1.4), reduce the lifetime of the greenhouse gas methane and
iodine oxides can cause new particle formation (sec. 2.3.3).
An impressive example is the depletion of boundary layer ozone in polar spring within days

or hours in so called “bromin explosion” events (sec. 2.3.1.1). These events were observed
both in the antarctic [e.g. Hausmann and Platt, 1994; Pöhler et al., 2010; Sihler, 2012] and in
the antarctic [e.g. Kreher et al., 1997; Frieß et al., 2004; Saiz-Lopez et al., 2007]. Satellite
studies showed that BrO clouds covering area of million km2 are regularly observed during
polar spring [Platt and Wagner, 1998; A. Richter et al., 1998; Zeng et al., 2003; Hollwedel et al.,
2004; Sihler, 2012, e.g.]. Bromine mediated Ozone destruction was also observed observed at
the salt lakes [Stutz et al., 2002; Hönninger et al., 2004], the dead sea sea [Hebestreit et al.,
1999; Holla et al., 2015] and in volcanic plumes [Bobrowski et al., 2003]. BrO was also found
also found in the Marine Boundary Layer at mixing ratios off the coast of Africa by [Leser
et al., 2003], in the Mauritanian upwelling [Martin et al., 2009], at Cape Verde [Read et al.,
2008; Mahajan et al., 2010a; Tschritter, 2013] and in the Peruvian upwelling [Lampel, 2014].
Even though the reported levels of few ppt BrO seem little, if they were present globally, due to
the large area covered by the oceans, this is expected to already significantly influence ozone
destruction in the marine boundary layer (MBL) [e.g. Read et al., 2008; Mahajan et al., 2010a]
and significantly enhance the oxidation of DMS [e.g. Boucher et al., 2003; Glasow et al., 2004],
which could impact cloud formation. However, on a global scale observational evidence of
MBL BrO is still very sparse.
The impact of iodine compounds in the boundary layer and their distribution is not well

understood. The highest IO mixing ratios were reported for coastal sites where seaweeds are
abundant. Coastal LP-DOAS studies at Mace Head Ireland by Alicke et al. [1999] reported
up to 6 ppt IO which was confirmed by follow up studies [Hebestreit, 2001; Saiz-Lopez et al.,
2006; Seitz, 2009]. Elevated IO was also reported from LP-DOAS studies at other coastal
sites: Brittany Franc up to 7 ppt [Peters et al., 2005] and 10 ppt [Mahajan et al., 2009]; Gulf
of Maine up to 4 ppt [Stutz et al., 2007]. However, these observations are limited to few
locations in the northern hemisphere, and the spatial averaging by LP-DOAS over several km
may conceal possibly inhomogeneous distributions. In fact model studies by Burkholder et al.
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[2004] suggest local ’hot spots’ with 10 times times higher IO mixing ratios to explain the large
aerosol production coinciding with the IO observations at Mace Head and Brittany, which is
supported by first LiF in-situ IO measurements which reported up to (29.3 ± 2.5) ppt at Mace
Head [Commane et al., 2011] and up to (30 ± 7) ppt at Roscoff, Brittany [Furneaux et al., 2010].
Besides coastal regions observations of IO were also reported in the MBL with level around
1-2 ppt have been reported for the north eastern Atlantic on Cape Verde [Read et al., 2008]
and Tenerife [Puentedura et al., 2012] and for the western [Großmann et al., 2013] and eastern
[Mahajan et al., 2012; Lampel, 2014; Volkamer et al., 2015] Pacific Ocean. In polar regions
reported IO levels showed an unexpected hemispheric difference with sub ppt to single ppt
mixing ratios in the arctic [e.g. Hönninger, 2002; Pöhler et al., 2010; Mahajan et al., 2010a;
Zielcke, 2015] and high IO up to more than 20 ppt in the antarctic [e.g. Frieß et al., 2001;
Frieß et al., 2010; Saiz-Lopez et al., 2007; Schönhardt et al., 2008]. However, recent studies
in the antarctic by Lampel [2010], Frieß et al. [2013] and Zielcke [2015] are in disagreement
with the previous observations showing no or only low IO levels. In fact studies by Zielcke
[2015] for the fist time consistently show low IO levels in the antarctic and the arctic using
multiple DOAS techniques (MAX-DOAS, LP-DOAS, Cavity Enhanced DOAS (CE-DOAS),
Satellite DOAS), thus indicating that reactive iodine may only play a minor role in polar regions
compared to bromine. Although it can enhance the speed of bromine chemistry even at these
low concentration.

2.3.1. Impact of Reactive Halogen Species on Tropospheric
Chemistry

This section summarizes the chemistry of reactive halogen species (RHS) in the troposphere.
Figure 2.7 gives an overview of the liquid and gas phase chemistry if iodine, rate coefficients
and photolysis for the iodine compounds are summarized in Tab. 2.2 and Tab. 2.3 respectively.
Since the main reaction schemes for Cl, Br and I are in the troposphere are similar the following
description uses X and Y instead of Br, Cl and I. A more detailed description of RHS chemistry
is given by e.g. by Platt and Hönninger [2003], Glasow and P. Crutzen [2003], Saiz-Lopez et al.
[2012] and Simpson et al. [2015].

2.3.1.1. Ozone Destruction

Halogen chemistry is usually initialized by the rapid photolysis of molecular halogens

X2 + hν 2X (R 2.20)

which yields atomic halogen radicals. The most prominent reaction of halogen atoms is the
fast reaction with Ozone leading to short lifetimes of the halogen atoms in the troposphere of
τCl = 0.13s, τBr = 1.3s and τBr = 1.3s at a typical northern hemisphere background Ozone
concentrations of 50 ppt. The formed halogen oxides are rapidly photolyzed (e.g. τIO = 0.14 s
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Figure 2.7. Simplified diagram of gas and liquid phase iodine chemistry. Dashed lines
indicate photolysis, whereas dotted lines indicate gas phase equilibration from aerosols.
X and Y are halogen atoms, DOM is dissolved organic matter, and SOI is soluble organic
iodine. Adopted from Saiz-Lopez et al. [2012]

Reaction k (cm3s−1) uncertainty factor literature ref.
I + O3→ IO + O2 1.2 · 10−12 1.2 S. P. Sander et al. [2011]

I + NO2
M
→ IONO 5.2 · 10−12 1.2 S. P. Sander et al. [2011]

I + NO
M
→ INO 3.9 · 10−13 1.3 S. P. Sander et al. [2011]

I + NO3→ IO + NO (4.5 ± 1.2) · 10−10
(1 ± 0.3) · 10−10

Chambers et al. [1992]
Dillon et al. [2008]

I2 + NO3→ IONO2 + I 1.5 · 10−12 3.2 Chambers et al. [1992]

I + IONO2 → I2 + NO3
(0.2 − 9.4) · 10−11
recommended 5.5 · 10−11

quantum
chem. calc. Kaltsoyannis and Plane [2008]

IO + NO2
M
→ IONO2 3.7 · 10−12 1.3 S. P. Sander et al. [2011]

IO + HO2→ HOI + O2 8.4 · 10−11 1.5 S. P. Sander et al. [2011]
IO + IO → I + OIO ≈ 40%

→ IOIO ≈ 50%
→ other products




9.9 · 10−11 1.3 Atkinson et al. [2007]

IO + BrO→ Br + OIO
overall

6.8 · 10−11
8.5 · 10−11 1.1 Atkinson et al. [2007]

IO + ClO→ products 9.9 · 10−11 1.1 Atkinson et al. [2007]
BrO + BrO→ prodcts 3.2 · 10−12 1.1 Atkinson et al. [2007]
IO + NO3→ OIO + NO2 (9 ± 4) · 10−12 Dillon et al. [2008]
I2 + NO3→ I + IONO2 (1.5 ± 0.5) · 10−12 Chambers et al. [1992]
IO + DMS→ I + DMSO 1.7 · 10−14 1.5 S. P. Sander et al. [2011]
(OIO)n + OIO→ (OIO)n+1 n = 1..4 > (1.2 ± 0.3) · 10−10 Gómez Martín et al. [2007]
OIO + IO→ I2O3 > (5 ± 2) · 10−11 Gómez Martín et al. [2007]

Table 2.2. Rate coefficients for some important reactions of iodine species. All values
are given for p = 1013 hPa and T = 293.15K
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Reaction j (s−1) condition literature ref.
I2 + hν 2I 0.12 ± 0.03 Ee ≈ 1.1 kWm−2 Saiz-Lopez et al. [2004]
IO + hν I + O 0.14 SZA =40° Bloss et al. [2001]
OIO + hν IO + O - φ < 0.007 Ingham et al. [2000]
OIO + hν O2 + I < 0.028 φ < 0.1 Tucceri et al. [2006]

0.28 φ = 1 Gómez Martín et al. [2009]

IONO2
hν
→ I + NO3 ≈ 20 − 98%
→ IO + NO2 < 2%
→ OIO+NO ≈ 0%




(3 ± 2) · 10−3
4 · 10−2

SZA ≈ 20° − 30° Joseph et al. [2007]
Mössinger et al. [2002]

IONO2 IO + NO2 (0.07 − 1.3) · 10−4 thermolysis at 290K Saiz-Lopez et al. [2012]

Table 2.3. Photolysis frequencies j for some iodine species.

at 40° SZA )

X + O3 XO + O2 (R 2.21)
XO + hν X + O (R 2.22)
O + O2 O3 (R 2.23)

This leads to a ’null cycle’ in ozone destruction. The destruction of ozone occurs via a number
of catalytic cycle. In cycle one the formation of XO and YO is followed by their cross or self
reaction:

XO + YO X + Y + O2 (R 2.24a)
XY + O2 (R 2.24b)
OXO + Y (R 2.24c)

Net: 2O3 3O2

The branching ratio betweenR 2.24a, R 2.24b andR 2.24c and thereby also theOzone destruction
efficiency strongly depends on involved halogen species [Atkinson et al., 2007, e.g.]. The
formation of OBrO and OClO (R 2.24a) leads to a ’null cycle’ since their photolysis yields a
halogen monoxide and atomic oxygen which readily recombines with O2 and yield O3 reducing
the efficiency of ozone destruction. Recent studies [see. Saiz-Lopez et al., 2012] indicate that
the photolysis of OIO yields atomic iodine and molecular oxygen which would increase the
ozone destruction efficiency of the IO self reaction. However, the is still an order of magnitude
discrepancy in the reported OIO photolysis frequency between < 0.028 s−1 [Tucceri et al.,
2006] and 0.28 s−1 [Gómez Martín et al., 2009]. The rate limiting step of the ozone destruction
cycle R 2.24 is the reaction of XO with YO. Generally the self reactions of halogen oxides
are much slower than cross reactions especially those involving iodine. For example Mahajan
et al. [2010b] showed that the presence of few ppt IO can lead to strong increase in the ozone
depletion rate of BrO, present at Arctic spring-time mixing ratios of more than 10 ppt. At lower
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halogen concentration cycle two, which involving HO2 radicals becomes important:

X + O3 XO + O2 (R 2.21)
XO + HO2 HOX + O2 (R 2.25)
HXO + hν X + OH (R 2.26)

OH + CO + O2 HO2 + CO2 (R 2.27)

Net: CO + O3 CO2 + O2

This cycle is dominant in remote marine environments [Read et al., 2008]. HOX can also enter
the liquid phase. For the case of HOBr this leads to the activation of dissolved bromide (Br–) if
the pH of the solution is sufficiently low (<6.5):

HOBr(g) + Br−(l) + H(l)
+ mult i phase

Br2(g) + H2O(l) (R 2.28)

During daytime Br2 is rapidly photolyzed to 2Br and subsequently oxidized to 2BrO. The net
cycle can be summarized as

Net: BrO(g) + Br−(l) + HO2 + 2O3 2BrO(g) + H2O + 3O2 (R 2.29)

As this cycle can lead to an exponential growth in the gas phase bromine it is referred to as
’bromine explosion’ [Platt and Lehrer, 1997]. This process is very effective at ozone destruction
particularly during polar spring were it regularly leads to virtually complete depletion of
boundary layer ozone [Simpson et al., 2007; Sihler, 2012]. A sketch of the reaction cycle is
shown in Fig. 2.8

2.3.1.2. Changes in the HO2/HO and NO2/NO2 Partitioning

In the ozone destruction cycle 2.3.1.1, the reaction of halogen oxide XO with HO2 and
subsequent photolysis leads to the conversion of HO2 to OH and thus reduce the HO2/HO ratio
[e.g. Platt and Janssen, 1995].

XO + HO2 HOX + O2 (R 2.25)
HXO + hν X + OH (R 2.26)

As described in sec. 2.2.2 in the troposphere the NO2/NO2 ratio is mainly controlled by the
reactions

NO2 + O2
hν<420nm NO + O3 (R 2.9)

NO + O3 NO2 + O2 (R 2.10)

The reaction of XO with NO leads to conversion of NO to NO2

NO + XO NO2 + X (R 2.30)
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2.3. Tropospheric Halogen Chemistry

Figure 2.8. Simplified diagram of the bromine explosion mechanism. The schematic
also includes the inter-halogen reactions between bromine and chlorie, which can cause
a significant increase in the ozone depletion rate. A detailed description is given in the
text. Adopted from Pöhler et al. [2010]

and thus and increase in the Leighton ratio L =
[NO2]
[NO] . Even though the above effects do not

directly destroy ozone they limit the NOx catalyzed ozone production (see sec. 2.2.2.2) by
reducing the educts of the reaction

NO + HO2 NO2 + OH (R 2.5)

The overall impact of halogen oxide on the oxidation capacity of the troposphere is summarized
in Fig. 2.9.

2.3.1.3. Oxidation of Dimethyl Sulfide

The most important gaseous precursor for sulfate aerosol over the ocean is the oxidation of
DMS by OH. However, DMS can also be oxidized by BrO in a catalytic cycle [Toumi, 1994]:

DMS + BrO Br + DMSO (R 2.31)

which can be comparable to OH [e.g. Mahajan et al., 2010a]. This leads to reduction in the
DMS to SO2 conversion efficiency [Toumi, 1994; Glasow and P. J. Crutzen, 2004; Glasow et al.,
2004] and thus to a reduction in the formation of could condensation nuclei (CCN) from sulfate
aerosol. Over clean oceans with low CCN concentrations, this could have an important impact
on could formation and cloud albedo and thus on the climate [Glasow et al., 2004]. A similar
reaction with IO is was found to be negligible at ppt IO mixing ratios [Saiz-Lopez et al., 2012].
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Figure 2.9. The overall picture of the impact of halogen oxide radicals on the oxidation
capacity of the troposphere. In addition to XO catalysed O3 destruction the stationary
state ratios of NO/NO2 and HO2/OH are reduced. As a consequence the product
[HO2] × [NO] and thus O3 formation is suppressed. Adopted from Platt and Hönninger
[2003]

2.3.1.4. Oxidation of Elemental Mercury

Mercury is found in the atmosphere mainly in the form of gaseous elemental mercury (Hg0)
with a lifetime of about a year. Oxidation by BrO converts (Hg0) into the highly toxic and
bio-accumaltive reactive gaseous mercury (RGM), which is compared to (Hg0) more water
soluble and therefore can enter the food chain. Mercury oxidation by Halogens is particularly
important in polar spring where the high levels of bromine and low temperatures enhance
the formation of (RGM). Such a correlation of mercury depletion events and the ’bromine
explosion’ have been observe in the arctic [Barrie and Platt, 1997; Schroeder et al., 1998]. A
more detailed description of the current state of knowledge can be found in [Steffen et al., 2008]

2.3.2. IO in Semipolluted Environments
During the field campaigns in this on several days semi polluted conditions with more than
1 ppt NO2 were encountered. In these cases the normal reaction cycles described above are
disturbed:

• In semi polluted environments the most important loss of iodine atoms after reaction
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R2.21 is

I + NO2
M INO2 (R 2.32)

In polluted environment with a NO2 mixing ratios above 8 ppb R 2.32 becomes even
faster than R 2.21 (assuming 30 ppb O3) and therefore the dominant loss for iodine
atoms.

• IO is also quickly reacts with NO2 to form IONO2 (τIO ≈ 10 s for 1 ppb NO2). In this
case a third cycle for catalytic ozone destruction is possible:

I + O3 IO + O2 (R 2.21)
IO + NO2 IONO2 (R 2.33)

IONO2 + hν I + NO3 (R 2.34)
NO3 + hν NO + O3 (R 2.35)
NO + O3 NO2 + O2 (R 2.36)

Net: 2O3 3O2

However, the major photolysis pathway (≈ 90%) of NO3 formed in R 2.34 produces
NO2 +O leading to a ’null cycle’ in ozone. Also there is order of magnitude discrepancy
in the reported IONO2 photolysis frequencies (see Tab. 2.3) which translates to a range
of the photolytic lifetime between 25 s and 333 s (SZA ≈ 20° − 30°). Furthermore, a
modeling study by Kaltsoyannis and Plane [2008] suggests that IONO2 rapidly recycles
back to I2 by reaction with I.

IONO2 + I I2 + NO3 (R 2.37)

Assuming their recommended reaction rate of 5.5 · 10−11 I atoms will react with with
IONO2 rater than O3 if the ratio [IONO2]/[O3] is > 0.02 (i.e. typically IONO2 mixing
ratios greater than 0.6 ppb). This reaction would limit the buildup of IONO2 and thus
allow iodine chemistry even in a relatively high NOx environment.
IONO2 can also be removed by the uptake on aerosol. The lifetime of IONO2 against
uptake on aerosol is 12 h corresponding to a loss rate of ≈ 2.3 · 10−5 s−1 at T = 285K
for an accommodation coefficient of 0.05 and a typical MBL volumetric aerosol surface
area of 10−7 cm2 cm3 [Saiz-Lopez et al., 2006]. However, the IONO2 uptake on aerosol
could much larger, due to the dependence of the volumetric aerosol surface area and on
the coastal setting and meteorology, and the large uncertainties in the accommodation
coefficient.

• Saiz-Lopez et al. [2006] proposed the reaction of I2 and NO3 as a nighttime source of IO

I2 + NO3 I + IONO2 (R 2.38)
I + O3 IO + O2 (R 2.39)

However, this reaction is still controversy discussed since night time IO was so far only
observed during two coastal campaigns at Mace Head Saiz-Lopez et al. [2006] and in
Brittany, France Mahajan et al. [2009] both times at a 3 ppt mixing ratio.
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2.3.3. Iodine Mediated Particle Formation
During the PARFORCE campaign carried out 1998 at Mace Head Research station particle
nucleation events with particle concentrations up to 106 cm−3 were found to correlate with solar
irradiance and low tide and the particles were found to contain iodine species [Mäkelä et al.,
2002; O’Dowd et al., 2002a]. Since simultaneously measured gas phase iodine compounds
showed the same correlation with solar irradiance and low tide O’Dowd et al. [2002b] proposed
iodine mediated particle formation. If these particles grow sufficiently to become cloud
condensation nuclei (CCN), they could influence cloud properties and therefore have an impact
on the coastal climate [Rosenfeld et al., 2008].
Iodine induced particle formation was subsequently investigated in several laboratory studies

[e.g. Hoffmann et al., 2001; Jimenez et al., 2003; Burkholder et al., 2004; McFiggans et al.,
2004; Saunders et al., 2010]. A review of the current knowledge on iodine induced particle
formation is given in [Saiz-Lopez et al., 2012].
It is now established that molecular iodine (I2) emitted by seaweed (see sec. 3.1.2) is the

most likely source of iodine oxide particles (IOP). [McFiggans et al., 2004] showed that the
initially suspected short lived diiodomethane CH2I2 and other iodocarbons are 1000 times less
likely to form particles. The formation of IOPs is initialized by the photolysis of the precursor
gas and subsequent reaction with O3 to form IO

I2 + hν 2 I (R 2.20)
RI + hν I + R (R 2.40)
I + O3 IO + O2 (R 2.21)

Subsequently OIO is formed either by the self reaction of IO

IO + IO OIO + I (R 2.41)

OIO could also be formed by the cross reaction with BrO but at coastal sites with high IO
concentrations the BrO concentrations are typically too low to be of importance. The major
channel of the IO self reaction (∼ 60%) is

IO + IO IOIO (R 2.42)

However, theoretical calculations and experimental data indicate that IOIO dissociates to
OIO + I within about one second under atmospheric conditions [see Kaltsoyannis and Plane,
2008, and references therein]. Several studies suggest that OIO subsequently recombines with
itself or IO [e.g. Hoffmann et al., 2001; Gómez Martín et al., 2007]

OIO + OIO I2O4 (R 2.43)
IO + OIO I2O3 (R 2.44)

Laboratory studies by Jimenez et al. [2003] inferred that the IOPs formed in their experiments
should be mainly composed of I2O4, while transmission electron microscope analysis by
Saunders and Plane [2005] showed that IOPs generated from I2 and O3 were essentially I2O5.
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Saunders and Plane [2005] suggest that formation of I2O5 could occur through a sequential
oxidation with O3 in the gas phase before polymerizing to form particles of pure I2O5

I2O2(+O3) I2O3(+O3) I2O4(+O3) I2O5 (g→s) (R 2.45)

However, a recent study by Saunders et al. [2010] showed that IOPs can form without O3, which
suggests that IOP formation is almost certainly initiated by the polymerization of I2O3 and
I2O4

I2Ox + IyOz I2+yOx+z
′particles′ (R 2.46)

There are still many uncertainties regarding IOP formation, especially there is a lack of direct
observation of the higer iodine oxides I2Ox and IyOz. Furthermore, the polymerization rates as
well as photolysis rates of higher iodine oxides are still largely unknown.
IOP formation is a higher order reaction of the initial IO thus the formation rates increase

rapidly with the initial IO concentration. According to a laboratory study by [Burkholder et al.,
2004] , in order to reproduce the particle concentrations observed at Mace Head (and their
rapid formation) high IO mixing ratios of 50 to 100 ppt are required. The IO mixing ratios of
up to 7 ppt observed by LP-DOAS are however one order of magnitude lower. Since LP-DOAS
gives the average mixing ratios along several km long light paths, [Burkholder et al., 2004]
suggest that IO was localized ’hot spots’ with above average mixing ratios. Part of this work
was to study for the first time IO in-situ mixing ratios directly above seaweeds in the in tidal
zone which were suspected to be the sources of IO hot spots (see chap. 12).

2.3.4. Sources of Reactive Halogen Compounds
There are different sources and reactions path of reactive halogen species in the troposphere:
The photolytic degradation of organic halogen compounds, the emission of inorganic halogen
compounds form sea salt aerosol, surface salt deposits and seawater and the molecular emission
of molecular iodine from seaweed.

2.3.4.1. Reactive Bromine and Chlorine Species

For reactive bromine and chlorine the major source seems to be the release of inorganic halogen
species from sea salt (e.g. sea salt aerosol or sea salt), which can proceed by three main
pathways:

1. The uptake of oxidizing agents as HOX and HNO3 on acidic sea salt may convert Br–

and Cl– to gaseous Br2 or BrCl. For the case of HOBr and Br– this can lead to the
bromine explosion described in sec. 2.3.1.1 which is most prominently observed in polar
regions, especially during spring, but was also observed in at salt lakes e.g. [Stutz et al.,
2002; Hönninger et al., 2004; Hebestreit et al., 1999; Holla et al., 2015] and in volcanic
plumes [Bobrowski et al., 2003, e.g.].
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2. Strong acids can realease HCl (but not HBr) from sea salt halides [Wayne et al.,
1995]. Under certain conditions, the recycling of HX though heterogeneous reactions to
photolabile XY is possible [e.g. McFiggans et al., 2000; R. Sander et al., 1999].

3. The nitorgen oxides NO3, N2O5 and perhaps NO2 can react with NaCl or NaBr to release
HBr and HCl or the photolabile species ClNO2 and BrNO2 [e.g. B. Finlayson-Pitts and
Johnson, 1988; B. J. Finlayson-Pitts et al., 1989]

2.3.4.2. Reactive Iodine Species

The sources of relative iodine species in the atmosphere, are less clear compared to bromine,
and are a subject of current research. It is generally believed that the emission of molecular
iodine and of iodocarbons and their photolysis is the major source of reactive iodine species.
The open ocean is considered the larges iodine reservoir with a total iodine content of
≈ 0.42 − 0.44µmol L−1 [Truesdale et al., 2000] and also considered the principal source of
atmospheric iodine [e.g. U. Richter andWallace, 2004]. However, most of the iodine in seawater
is present in the form of iodate (IO3

–), which cannot be directly released. Historically the
emission of CH3I, a metabolic product of micro algae, was considered the only pathway of
iodine from the ocean into the atmosphere [Cicerone, 1981]. However, due to it realtively on
photolytic lifetime of about 5 days [Carpenter et al., 2014], CH3I is not considered an efficient
source of reactive iodine in the lower troposphere, and the reported total ocean emission rates of
546GgI a−1 [Butler et al., 2007] could not explain the observed MBL IO levels in the ppt range
[e.g. Lampel, 2014; Mahajan et al., 2010a; Read et al., 2008]. Recently [Jones et al., 2010] also
reported a combined global iodine emission of (330 ± 190) GgI a−1 for the dihalomethanes
CH2ICl, CH2IBr and CH2I2, which have considerably shorter photolytic lifetimes of several
hours [Rattigan et al., 1997], about one [Mössinger et al., 1998] and 2-10min [Mössinger et al.,
1998] respectively. However, a 1D atmospheric model applied in [Jones et al., 2010] revealed
that even the combined CH3I and dihalomethanes fluxes could only account for ∼ 10 − 20%
of the observed IO mixing ratios. A recent study by [Carpenter et al., 2013] suggests that the
major open ocean source of reactive iodine (up to 75% over the tropical Atlantic Ocean) is the
gaseous emission of I2 and HOI following the reaction of iodide with ozone.
At coastal sites ten to hundred times higher concentrations of reactive iodine species IO

have been reported, compared to the open ocean. IO was mainly measured by LP-DOAS
[e.g. Alicke et al., 1999; Hebestreit, 2001; Peters, 2005; Seitz, 2009; Mahajan et al., 2009]
but recently also first in-situ measurements [e.g. Furneaux et al., 2010; Huang et al., 2010b;
Commane et al., 2011] were reported. The observations of IO correlated the exposure of large
areas of seaweed to air druing low tide. Subsequent laboratory studies showed that many
seaweeds are strong emitters of molecular iodine [e.g. Küpper et al., 2008; Dixneuf et al., 2009;
S. M. Ball et al., 2010; Nitschke et al., 2011; Ashu-Ayem et al., 2012] and to a minor extend
iodocarbons Carpenter et al. [2000] when they are exposed to air. However, their contribution
to the global iodine emissions remains unclear, with estimated emission rates ranging from
0.01− 0.1GgI a−1 [O’Dowd et al., 2002b] to more than 10GgI a−1 [Saiz-Lopez et al., 2012]. A
detailed discussion of seaweeds including their iodine accumulation and emission mechanisms
is given in chapter 3.
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3
Seaweed

Algae, ”are thallophytes (plants lacking roots, stems, and leaves) that have chlorophyll a as their
primary photo synthetic pigment and lack a sterile covering of cells around the reproductive
cells” [Lee, 2008]. Seaweeds, are marine macro algae (or macrophytes ), which are categorized
based on the color of their thallus into green seaweed (class Chlorophyta), red seaweed (class

Figure 3.1. World distribution of kelp forests. Geographic distribution of kelp forests in
surface (green lines) and deep (red lines) waters. While Laminaria species are dominant
in the northern Atlantic and north western Pacific, Macrocystis are the dominant species
of the southern hemisphere and in the north eastern Pacific. Adopted from Santelices
[2007], ©(2007) National Academy of Sciences, USA

29



Chapter 3. Seaweed

Rhodophyta) and brown seaweed (class Phaeophyceae). According to AlgaeBase1, there are
about 10000 seaweed species, 1000 green, 2000 brown and 7000 red species. However, the
seaweed biomass is dominated by brown seaweeds of the order Laminariales commonly known
as kelps. Kelps, which tolerate water temperatures up to 23 ◦C, are the dominant seaweed
species in shallow, mostly subtidal habitats (<30m) of mid-latitude to high-latitude areas
[Schiel and Foster, 1986], but were recently also discovered to grow in extensive tropical
deep water forests [Graham et al., 2007]. Kelps are known to form dense underwater forests
and some species can grow up to 45m length. An overview of the global kelp distribution
is depicted in Fig. 3.1. It shows that there are strong regional differences. While Laminaria
species are dominant in the northern Atlantic and north western Pacific,Macrocystis are the
dominant species of the southern hemisphere and in the north eastern Pacific. A complete
survey of the world’s kelp forest is missing but estimates indicate a standing crop of ∼ 7.5 TgC
up to 20 TgC [Reed and Brzezinski, 2009], and attempts are made to get more accurate numbers
using airborne and satellite remote monitoring [Casal et al., 2012; Bell et al., 2015, e.g]. In
warmer sub-tropical and tropical waters, the brown seaweeds Sargassum are dominant [Lee,
2008], which for example form huge floating patches in the gulf of Mexico and the Sargasso
sea with a total wet mass of about 2 million tonnes [Gower and King, 2011]. Depending on
the geographical location and type of shore seaweeds are also abundant in the inter-tidal zone.
Generally speaking, sandy beaches and exposed shores appear relatively bare of seaweed, while
an increased diversity of species is found on more sheltered shores which may show an extensive
seaweed cover [Little and Kitching, 1996]. For example in the mid- to high-latitude Atlantic
Ocean the brown-seaweeds of the genus Ascophyllum and Fucus are dominant [Michanek,
1975] and often completely cover the intertidal zone in sheltered bays and inlets. In contrast,
on the Pacific Coast of North America, turfs of red seaweed are more common while brown
seaweed is much less abundant [Little and Kitching, 1996]. In the mid and high latitudes of the
southern hemisphere, brown seaweeds of the genus Durvillaea are common in the intertidal
zone of exposed shores. Similar to Kelp, Durvillaea is one of the larger seaweeds with blades of
up to 10m length and extends down into the in the subtidal zone [Hay, 1977]. These examples,
show that the abundance, distribution and composition of the seaweeds in the intertidal zone is
very site specific. More details on the seaweeds encountered at the field campaigns in Ireland
and New Zealand are given in sec. 12.1.1 and sec. 13.1.1 respectively.

3.1. Iodine accumulation and release by seaweeds
Seaweeds also have the unique ability to strongly concentrate iodine from the seawater and
release it in bursts to counter oxidation stress when exposed to air. In the following, an overview
of the involved mechanisms is given.

1Guiry, M.D. & Guiry, G.M. AlgaeBase. World-wide electronic publication, National University of
Ireland, Galway. http://www.algaebase.org; searched on May 5th 2015
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3.1. Iodine accumulation and release by seaweeds

species iodine content ref
gI/gDw

brown saweed:
Laminaria digitata (4 − 47) · 10−3 Küpper et al. [1998]

(0.8 − 5) · 10−3 Morrissey et al. [2001]
Laminaria saccharina (0.8 − 4.5) · 10−3 Morrissey et al. [2001]
Saccharina japonica 5.6 · 10−3 Saenko et al. [1978]
Himanthalia elongata 2 · 10−3 Morrissey et al. [2001]
Ascophyllum nodosum (0.7 − 1.2) · 10−3 Morrissey et al. [2001]
Fucus Vesiculosis 0.73 · 10−3 Netten et al. [2000]
Macrocystis 0.24 · 10−3 Netten et al. [2000]
red saweed:
Phyllophora nervosa up to 5 · 10−3 Gazha et al. [1983]
Ptilota filicina 4.2 · 10−3 Saenko et al. [1978]
Palmaria palmata (0.1 − 0.5) · 10−3 Morrissey et al. [2001]
green seaweed:
Ulva rigida 0.24 · 10−3 Morrissey et al. [2001]

Table 3.1. Some seaweed species with high iodine content. The iodine content is given
in gram iodine per gram dry weight.

3.1.1. Accumulation of Iodine
As mentioned above, seaweeds have the unique ability to highly accumulate iodine from the
seawater. In fact the element Iodine was first discovered in the ashes of burned Laminaria by
Courtois [1813] and until the beginning of the 20th century, seaweed was the major iodine
source for the chemical industry, medicine and photography. The highest accumulation was
found for the kelp species Laminaria digitata with (in some cases) more than 1% of their dry
weight [Young and Langille, 1958]. This corresponds to a 30000 fold enrichment compared to
the seawater concentration of ≈ 0.42− 0.44µmol L−1 [Truesdale et al., 2000] where it is mainly
present in the form of iodate IO3

+ and iodide I–. As shown in Tab. 3.1, high concentrations of
iodine were also found in other green, red and brown seaweeds.
So far, the iodine metabolism has only been investigated for brown seaweed species. First

studies by Baily and S. Kelly [1955] on A. nodosum indicated that iodide and not iodate is
the species that is involved in the uptake. Further studies of the iodine metabolism used the
kelp species L. digitata due to its high iodine content. Studies by Küpper et al. [1998] and
Küpper et al. [2008] indicate that the accumulation of iodine proceeds by the oxidation of I–
with hydrogen peroxide (H2O2) to hyoeriodous acid (HOI)

I− + H2O3
V-haloperoxidase

HOI + OH− (R 3.47)

which is mediated by vanadium-dependent haloperoxidase enzymes. The iodine is subsequently
stored in the reduce form of I– in the apoplast (i.e cell walls and extracellular space) of cells
in the peripheral tissue Verhaeghe et al. [2008]. The exact reduction process is still unclear.
Even though this mechanism has only been studied on L. digitata, iodine is dominantly stored
as I– in several other seaweed species [Hou et al., 1997; Shah et al., 2005, e.g.]. In addition
also vanadium-dependent haloperoxidase enzymes were found in many seaweed species [Vilter,
1984; Winter and Moore, 2009, e.g.]. Thus it is expected that the iodine accumulation
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Chapter 3. Seaweed

mechanism is similar for other seaweed species.

3.1.2. Release of Molecular Iodine
The first atmospheric observations of I2 at, at the seaweed rich coast around Mace Head, Ireland
[Saiz-Lopez and Plane, 2004] correlated with tide, which hints towards intertidal seaweed as
the major source. Subsequent measurements at Mace Head [Peters, 2005; Seitz, 2009] and
at the coast of Brittany, France [Mahajan et al., 2009] confirmed this correlation. A study by
[Küpper et al., 2008] showed for L. digitata that the iodide accumulation in the apoplast leads
to an antioxidant reservoir that can be mobilized during oxidation stress, i.e. exposure to air or
attack by micro-organisms, leading to high concentrations of iodide in the liquid film over the
seaweed. Palmer et al. [2005] proposed that the formation of I2 proceeds thorough the rapid
reaction of O3 with iodide, forming the steady state intermediate IOOO–, which is hydrolyzed
to give HOI. Further McFiggans et al. [2004] and Palmer et al. [2005] proposed a mechanism
involving an equilibrium between I–, HOI and I2 in aqueous solution [Truesdale et al., 1994]:

I− + HOI I2 + H2O (R 3.48)

For high concentrations of I– the equilibrium lies far towards the right-hand side even at the
seawater pH-level of 8. Subsequently, since molecular iodine has a limited water solubility and
is relatively volatile, it equilibrates rapidly towards the gas phase.
Incubation chamber studies by [S. M. Ball et al., 2010] found the first direct evidence

for seaweed emitting I2 into the gas phase. Seaweed samples were incubated in a plastic
bottle, through which a pump forced ambient air which was subsequently guided into a Cavity
Enhanced DOAS (CE-DOAS) instrument where the I2 levels were measured. Tab. 3.2 gives
an overview of the seaweed I2emission rates observed by [S. M. Ball et al., 2010] and further
incubation chamber studies by Kundel et al. [2012] and Ashu-Ayem et al. [2012]. The rough
order of seaweed species by their emission rates is: Fucus serratus ≈ Fucus vesiculosis <
Ascophyllum nodosum < Laminaria saccarina ≤ Laminaria hyperborea ≈ Laminaria digitata.
No significant I2 emission was found for the brown seaweed Dictyopteris membranacea [S. M.
Ball et al., 2010] and the red seaweeds Condrus crispus and Delessaria sanguinea [Kundel
et al., 2012]. However, the determined emission rates show large variations, for example
Ashu-Ayem et al. [2012] reported average emission rates of 7 − 616 pmol/min /gFw with a
median of 55 pmol/min /gFw for the 25 investigated specimen. This variation might be related
to differences between the locations of the sampling sites, age and healthiness of the samples,
the time span between collecting the samples and the measurements. A similar observation was
also made by Kundel et al. [2012] for two samples of A. nodosum, which also very different
average emission rates of 0.24 pmol/min /gFw and 2.05 pmol/min /gFw (average over fist
hour of exposure).
Kundel et al. [2012] also found distinct differences in the temporal emission profiles of

different seaweed species (see Fig. 3.1.2). L. digitata and L. hyperbora showed a strong initial
I2 emission peak within the first 10min exposure to air, followed by an exponential decline
of the emission rate. At the latest, after 30min the average emission rate has dropped by one
order of magnitude compared to the initial burst. L. saccharina and F. serratus showed a more
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3.1. Iodine accumulation and release by seaweeds

species I2 emission rates comment ref.
pmol/min /gFw

average peak

Laminaria digitata 3.2 ± 0.8 9.0 ± 2.3 S. M. Ball et al. [2010]
2.6 ∼ 20 Kundel et al. [2012]

7 – 616 N.A. high variability
between samples Ashu-Ayem et al. [2012]

Laminaria hyperborea 0.7 ± 0.2 5.5 ± 1.4 S. M. Ball et al. [2010]
19.3 ± 4.9 35.6 ± 9.1 partly decayed S. M. Ball et al. [2010]

2.8 ∼ 40 Kundel et al. [2012]
Laminaria saccarina 0.6 ± 0.2 1.01 ± 0.26 S. M. Ball et al. [2010]

2.2 ∼ 5.5 Kundel et al. [2012]
Ascophyllum nodosum 0.06 ± 0.02 0.10 ± 0.03 S. M. Ball et al. [2010]

1.1 ∼ 9 Kundel et al. [2012]
Fucus Vesiculosis 0.008 ± 0.007 close to det. lim. S. M. Ball et al. [2010]

0.31 ∼ 1.4 Kundel et al. [2012]
Fucus serratus < 0.007 below det. lim. S. M. Ball et al. [2010]

0.65 ∼ 1.2 Kundel et al. [2012]
Dictyopteris membranacea < 0.016 below det. lim. S. M. Ball et al. [2010]

Table 3.2. I2 emission rates for different brown seaweed species. Averages given by
Kundel et al. [2012] and Ashu-Ayem et al. [2012] are for the first hour of exposure to air
respectively. The experiments by S. M. Ball et al. [2010] varied in duration and lasted
for about 20min on average.

constant emission, with the strongest emission in the first 30min of exposure. For A. nodosum
and F. vesiculosus, Kundel et al. [2012] found a very different emission behavior. Both species
showed a delayed I2 emission profile, with an emission rate below 0.1 pmol/min /gFw in the
first 20min after exposure. Subsequently the release rate of A. nodosum rapidly increased
to a maximum of about 9 pmol/min /gFw after one hour. For F. serratus the emission rate
increased even longer until a constant plateau of about 1.4 pmol/min /gFw was reached 1.5h
after the initial exposure to air. Thus the results by Kundel et al. [2012] showed that in the
study by S. M. Ball et al. [2010] the short incubation times of 17min, 10min and 14min
for A. nodosum, F. vesiculosus and also F. serratus respectively lead to an underestimate of
their emission rates and in consequence to the wrong assumption that their I2 emission was
insignificant. The study by Kundel et al. [2012] showed that for A. nodosum the integrated
emission over one hour was only a factor of 2.3 lower compared to L. digitata, which indicated
that A. nodosum could make a considerable contribution to atmospheric I2 emission in areas
where it is abundant. In fact this work shows that A. nodosum and F. vesiculosus together are
the major source of atmospheric I2 on the Irish west coast (see chapter 12).

3.1.3. Release of Volatile Iodocarbons
Besides the release of molecular iodine, haloperoxidase enzymes can also catalyze the synthesis
of halogenated halocarbons in the presence of hydrogen peroxide [Wever et al., 1991; Winter
and Moore, 2009, e.g.]. The emission of volatile iodine coating compounds by seaweeds
has been established by several studies [Gschwend et al., 1985; Manley and Dastoor, 1987;
Nightingale et al., 1995; Carpenter et al., 2000; Kundel et al., 2012, e.g.]. It was initially
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Figure 3.2. Time-resolved I2 emission profiles from different seaweed species. The
graphs show the I2 emission rates of Kundel et al. [2012] for a) Ascophyllum nodosum,
b) F. vesiculosus and c) Laminaria digitata when exposed to air with 50 ppb O3 in an
incubation chamber. Adapted from from Huang et al. [2013].

species CH3I CH2ICl CH2IBr CH2I2 ΣI-organic I2 % organic ref
pmol (I)/min /gFw of total em. I

L. digitata 0.019 0.04 0.04 0.13 0.24 5.2 4.4 Kundel et al. [2012]
0.04 0.03 0.04 0.34 0.6 Carpenter et al. [1999]

L. hyperborea 0.08 0.02 0.03 0.08 0.23 5.6 4.1 Kundel et al. [2012]
L. saccarina 0.03 0.01 0.02 0.02 0.09 4.8 1.9 Kundel et al. [2012]

0.02 0.01 0.01 0.06 0.1 Carpenter et al. [1999]
A. nodosum 0.005 0.004 0.006 0.006 0.02 2.2 0.9 Kundel et al. [2012]

0.004 0.001 0.002 0.01 0.02 Carpenter et al. [1999]
F. vesiculosous 0.003 5 · 10−4 8 · 10−4 0.003 0.007 0.6 1.2 Kundel et al. [2012]

0.004 0 0.001 0.005 0.01 Carpenter et al. [1999]
F. serratus 4 · 10−4 2 · 10−4 5 · 10−4 0.001 0.003 1.3 0.2 Kundel et al. [2012]

3 · 10−4 2 · 10−4 3 · 10−4 0.001 0.002 Carpenter et al. [1999]

Table 3.3. Total and Speciated Iodine Emission of Iodocarbons for some relevant
seaweeds

speculated that photolysis of iodocarbons emitted by seaweed are the major source of reactive
iodine [Carpenter et al., 1999, e.g.]. However, it is now established that iodocarbons emission
rates of so far investigated seaweeds species [Carpenter et al., 2000; Kundel et al., 2012] are
one to two orders of magnitude below their I2 emission. A summary of the the emission rates
for relevant seaweed species is given in Tab. 3.3. Additionally, the photolytic lifetime of I2 is
much lower compared to the photolytic lifetimes of iodocarbons shown in Tab. 3.4, which range
from 5min for CH2I2 to several days for CH3I. Therefore in order to explain same IO levels
observed by LP-DOAS close to the source (short transport time), much higher iodocarbons
emission rates would be needed compared to molecular I2. Thus, at coastal sites with high
seaweed abundance iodocarbons are expected to play only a very minor role as precursor for
reactive iodine species.
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3.1. Iodine accumulation and release by seaweeds

species photolytic lifetime source
CH2I2 5 minutes Mössinger et al. [1998]
CH2IBr 60 minutes Mössinger et al. [1998]
CH2ICl several hours Rattigan et al. [1997]
C2H5I several days Rattigan et al. [1997]
CH3I 4.3 days Carpenter et al. [2014]
CHBr3 25 days Carpenter et al. [2014]
CHBr2Cl 120 days Bilde et al. [1998]
CH2Br2 no photolysis Mössinger et al. [1998]
CH2BrCl no photolysis Carpenter et al. [2014]

Table 3.4. Photolytic lifetime of some halocarbons. Photolytic lifetimes are given for the
mid latitude boundary layer in summer.
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4
Differential Optical Absorption

Spectroscopy
Differential Optical Absorption Spectroscopy (DOAS) was introduced by Perner et al. [1976],
Platt et al. [1979] and Noxon [1975] and has since become an important and successful technique
for the determination of atmospheric trace gas concentrations. DOAS analyzes the spectral
signature of light in the ultraviolet-visible (UV-Vis) wavelength range after partial intensity
attenuation along its path through a gaseous medium. Trace gases are quantitatively detected
by their characteristic absorption features, which even allows the simultaneous detection of
different trace gas species that absorb in the same spectral region. Thus, DOAS allows to
study gas phase chemistry without influencing the system, e.g. by titration, strong radiation or
reactive surfaces. This is a particular advantage for observations of highly reactive trace gases
like BrO, IO, NO3, OH. Furthermore, DOAS allows remote sensing of the atmosphere from
platforms on the ground, on aircraft or satellites.
DOAS applications are generally divided into active DOAS (e.g. LP-DOAS and CE-DOAS),

which measures along a long light path between an artificial light sources and a receiving unit,
and passive DOAS (e.g MAX-DOAS), which uses natural light sources like direct or scatted
sunlight. Generally, active DOAS has the advantage of a simple, well defined light path, which
can even be folded to realize in-situ DOAS measurements, while passive DOAS is advantageous
where artificial light source cannot be used to realize a long light path and for the investigation
of vertical trace gas distributions.
In the following chapter the DOAS method is introduced as it was used for the spectral

evaluation of the measurements central to this thesis. A detailed description of DOAS and its
different applications is provided by Platt and Stutz [2008].

4.1. Absorption Spectroscopy
Optical absorption spectroscopy analyzes the attenuation of electromagnetic radiation from
traveling through matter. In a gaseous medium attenuation is caused by the several factors.
Firstly, radiation can by absorbed by molecules which are lifted into excited states. Photons in
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the UV-Vis range have an energy in the order of 1 eV, which corresponds to electronic transitions
(also called vibronic transitions if they involve a simultaneous change in the vibrational energy
state). For bound target states, only radiation that matches the energy of the transitions is
absorbed. These transitions result in a spectral signature unique to a particular atom or molecule.
However, molecules exhibit broad absorption continua if the target state is above the dissociation
limit or internally converted to a dissociative state. The probability of light being absorbed by a
molecule is expressed by the absorption cross section σ(λ). Secondly, radiation is attenuated
by scattering on molecules or particles. Rayleigh theory approximates scattering on particles
much smaller than the wavelength of the incident radiation ( e.g. for UV-Vis radiation theses
are molecules and aerosol particles smaller than 100 nm). Mie theory approximates scattering
on particles with a diameter greater or equal to the wavelength. Although it is not an absorption
process, for a narrow probing beam light scattered on its path through the measured air sample
normally does not reach the detector. In this case, scattering can be treated like an absorption
process with a scattering cross section. For Rayleigh scattering σray(λ) ∝ λ−4 [Rayleigh, 1899]
and thus the amount of scattering strongly increases towards the UV-Vis range. Mie scattering
has a much weaker wavelength dependency of σmie(λ) ∝ λ−1.3 for a typical atmospheric
aerosol distributions [Hulst, 1981].
The attenuation of the incoming light intensity I (λ) is related to the number density ρi of

the absorbers i with absorption cross sections σi (λ) by the Beer–Lambert–Bouguer law, which
in its differential form, is given by

dI (λ) = −I (λ)
∑
i

σi (λ)ρi (l)dl (4.1)

The light intensity after traveling along a light path of length L is obtained by integrating
eq. (4.1)

I (λ) = I0(λ) exp *
,
−

∫ L

0

∑
i

σi (λ, p(l),T (l))ρi (l)dl+
-

(4.2)

with the initial intensity I0(λ) and the pressure p(l) and temperature T (l). Assuming constant
pressure and temperature along the light path this can be simplified to

D(λ) = ln
(

I0(λ)
I (λ)

)
=

∑
i

σi (λ, p,T )ai (4.3)

where

ai = ρ̄iL =
∫ L

0
ρi (l)dl (4.4)

is the column density and D(λ) is the optical density. Equation eq. (4.3) can be directly applied
to retrieve trace gas number densities from spectroscopic measurements in the laboratory
where I0(λ) in the absence of trace gases is known. This direct application is impossible for
atmospheric measurements as a measurement of the true I0(λ) would require removal of all
trace gases of interest from the atmosphere. Furthermore, it would also require quantification
of all other effects that influence the intensity such as scattering, atmospheric turbulence and
atmospheric refraction.
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4.2. The DOAS Method

Figure 4.1. Illustration of the DOAS principle. Narrow band absorption features D′ and
σ′ are separated form the broadband part I ′0 and σb . Subsequently only the narrow band
part is used to determine trace gas concentrations. Adapted from Stutz [1996]

4.2. The DOAS Method
The underlying principle of DOAS is that trace gases with vibronic transitions have distinct
narrow-band spectral structures in the UV-Vis spectral range while all unknown factors that
influence the light intensity have very smooth or broadband spectral characteristic. Thus, the
basic concept of DOAS is to separate broadband and narrow band spectral structures and then
retrieve trace gas number densities only using the narrow-band absorption. This process is
illustrated in Fig. 4.1.
The absorption cross section σi of each absorber is split into its differential part σ′, i and its

boadband part σb, i :
σi = σb, i (λ) + σ′i (λ) (4.5)

The Beer–Lambert–Bouguer law can then be rewritten as

I (λ) = I0(λ) exp *
,
−L

∑
i

σ′i (λ) ρ̄i+
-
exp *

,
−L *

,
εR(λ) + εM(λ) +

∑
i

σb, i (λ) ρ̄i+
-

+
-

A(λ) .

(4.6)
The first exponential contains the characteristic differential absorption. Broadband absorption

and Rayleigh and Mie extinction, εR(λ) and εM(λ), respectively, are described by the second
exponential. The attenuation factor A(λ) describes all other factors that change broadband
intensity, such as turbulence and atmospheric refraction and instrumental effects. All broadband
contributions can now be included in a new quantity I ′0 which describes the intensity in the
absence of differential absorption:

I ′0(λ) = I0(λ) exp *
,
−L *

,
εR(λ) + εM(λ) +

∑
i

σb, i (λ) ρ̄i+
-

+
-

A(λ) (4.7)
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This allows us to define the differential optical density analogous to eq. (4.3) as:

D′(λ) = ln
( I ′0(λ)

I (λ)

)
= L

∑
i

σ′i (λ) ρ̄i (4.8)

The separation of broad- and narrow-band spectral structures requires the simultaneous
measurement of the light intensities at several wavelengths. The number of wavelengths and
the spectral range which needs to be covered for unambiguous DOAS evaluation of trace
gases strongly depends upon the width and wavelength of the differential spectral absorption
structures. Typical DOAS measurements sample a spectral window of 20 nm to 100 nm width
at 100 to 2000 individual wavelengths.
The analysis of differential absorption features over a broad wavelength range has several

advantages. The absorptions by different trace gases in eq. (4.8) can be separated based on
their unique spectral signature and their number densities can be simultaneously retrieved.
Furthermore, the differential optical density is unaffected by instrumental effects, such as the
transmissions of the optical system, as they typically only have a broad spectral characteristic.
Thus, DOAS measurements are intrinsically calibration free, which allows for a simpler
instrument design and operation.

4.2.1. Mathematical Description of the Measurement Process
Figure 4.2 shows a simplified sketch of the DOAS measurement process. Light is sent through
the atmosphere where it undergoes partial absorption by trace gases. After its pass through
the atmosphere the light is focused on the entrance of a spectrograph. In the spectrograph
light is dispersed by a grating and focused on a detector where it is digitized and transferred
to a computer for storage and further processing. The following section gives a mathematical
description of the involved processes/steps.

4.2.1.1. Spectral Resolution

As shown in Fig. 4.2b), the limited resolution of optical spectrograph changes the shape of
the spectrum I (λ), collected by the receiving unit. Mathematically this is described by a
convolution with the instrument function H (λ).

I∗(λ) = (I ~ H)(λ) :=
∫

I (λ − λ ′)H (λ ′)dλ ′ (4.9)

In order to determine the instrument function one can use the identity relation for a convolution
with a Dirac δδδ function H (λ) = (H ~ δδδ)(λ). For spectrographs typically used in DOAS
measurements, with a resolution lower than 0.1 nm, atomic emissions lines, with typical line
widths in the order of 1 pm, give a very good approximation of a delta distribution.
The convolution leads to a modified non-linear Beer–Lambert–Bouguer law:

I∗(λ) = *
,


I ′0 exp *

,
L
∑
i

σ′i ρ̄i
+
-


~ H+

-
(λ) (4.10)
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For a spectrally broad light source and weak trace gas absorption, the convolution and the
exponential are (approximately) commutable operations [Wenig et al., 2005]:

I∗(λ) ≈ I ′0(λ) exp *
,
L
∑
i

(σ′i ~ H)(λ) ρ̄i+
-
= I ′0(λ) exp *

,
L
∑
i

S′i (λ) ρ̄i+
-

(4.11)

with the low resolution absorption spectra S′i (λ). This approximation is very common for
DOAS evaluations as it allows linearization of the Beer–Lambert–Bouguer law by taking the
logarithm.
For the spectral analysis the low resolution absorption spectra Si (λ) are typically created

from literature spectra measured at high spectral resolution under laboratory conditions:

S′i (λ) = (σ′i,lit ~ H)(λ) (4.12)

Figure 4.2. Simplified sketch of the DOAS measurement process. a) On its path
through the atmosphere light is party absorbed by trace gases; here IO is assumed
to be the only absorber. b) Light is spectrally decomposed in the spectrograph. The
spectrum incident on the detector is described by a convolution with the instrument
function H (λ). c) the spectrum is finally digitized by the detector and processed
by a microcomputer. Adapted from Platt and Stutz [2008]
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4.2.1.2. Sampling of the Spectrum

The detector samples a spectral window of typically several 10 nm to 100 nm width a finite
number of pixels, typically 100 to 2000. Each pixel j integrates the radiation intensity over a
wavelength interval ∆λ( j) around λ( j):

I+( j) =
∫ λ ( j )+∆λ ( j )/2

λ ( j )−∆λ ( j )/2
I∗(λ ′)dλ ′ (4.13)

The mapping between a pixel j and its central wavelength λ( j) is typically approximated by a
polynomial of order q with coefficients γk :

λ( j) =
q∑

k=0
γk ik (4.14)

The width of the wavelength interval ∆λ( j) is given by the first derivative of the polynomial at
position i and the pixel fill factor in dispersion direction (for CCDs this is typically unity).
The detector and its readout electronics also influence the measured signal. In addition to

broadband structures due to wavelength dependent detector sensitivity, narrow band structures
can arise due to varying quantum efficiencies of the different pixels. The narrow band structures
are accounted for by the factor A′+( j) while the broadband effects are included in I ′+0 ( j) in
analogy to eq. (4.7). Additional to the spectral information the measured signal also contains
two additive terms. I+stray( j) describes undesired stray light reaching the detector. The term
N+( j) summarizes the CCD dark current and offset signal and the photon shot noise. The
signal measured by the detector is then given by:

I+meas( j) =



I ′+0 ( j) exp *
,
L
∑
i

S′+i ( j) ρ̄i+
-︸                              ︷︷                              ︸

I+ ( j )

+I+stray( j)



A′+( j) + N+( j) (4.15)

4.2.2. DOAS Evaluation Procedure
The goal of the evaluation procedure is to retrieve the trace gas number densities ρ̄i or the
respective column densities ai . The following section describes corrections that must be applied
to the recorded spectra and the retrieval process.

4.2.2.1. Correction of the Measured Spectra

The term N+( j) must be removed from eq. (4.15). While the offset and dark current signal can
be characterized and subtracted from I+meas( j), this is not possible for the photon shot noise
due to its statistical nature. However, the contribution of photon shot noise can be reduced by
increasing the number of collected photons N as it is proportional to

√
N . In practice this is

achieved by coadding several subsequently measured spectra, in the following called scans.
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Dark current and Offset are signals present even in the absence of photons striking the detector.
The Dark current is caused by thermally excited electrons and grows linearly in time. Thus, it is
characterized by recording a spectrum, with a shaded detector, at long exposure time (typically
several 10 s). The offset is a constant signal added to each spectrum to ensure that the analog
digital converter (ADC) measures a positive signal. Offset is characterized by recording dark
spectra with the shortest possible exposure time, to minimize the dark current contribution, and
then adding several thousand of these spectra to improve signal to noise ratio. The offset and
dark current are corrected by scan weighted and exposure time weighted subtraction from I+meas
respectively.
Next, the instrument characteristics A′+( j) must be removed. However, this factor auto-

matically cancels if I and I0( j) are recorded with the same device, which is typically the
case.
The stray light term I+stray( j) typically has two major sources. First, for active DOAS systems,

solar radiation scattered into the light path adds differential spectral structures (Fraunhofer
spectrum) and can further lead to a dilution of the measured absorption signal. This can be
corrected by subtracting a background spectrum recorded in the presence of solar light with
the light source turned off. The second contribution is spectrograph stray light, defined as
light of an undesired wavelength reaching a detector pixel. This can be directional light from
unwanted reflections in the spectrograph or diffuse light from scattering on a imperfect or
damaged diffraction grating. Spectrograph stray light is hard to correct as it depends on the
spectrum of the incident light and often originates from spectral regions that are not measured
by the system. If the remaining stray light contribution is small compared to I, it is still possible
to provide the desired linearized form of the Beer–Lambert–Bouguer law using the Taylor
expansion ln(1 + x) ≈ x for |x | � 1.

D′ = − ln
(

Imeas

I ′0

)
= − ln

(
I + Istray

I ′0

)
= − ln

(
I
I ′0

(
1 +

Istray
I

))
(4.16)

= − ln
(

I
I ′0

)
− ln

(
1 +

Istray
I

)
(4.17)

= − ln
(

I
I ′0

)
−

Istray
I
+ O *

,

I2stray
I2

+
-

(Istray � I) (4.18)

Typically a polynomial, often referred as offset polynomial, is used to model Istray in DOAS
retrievals since spectrograph stray light has a smooth wavelength dependency.
Finally in order to determine the optical density the I ′+0 ( j) intensity needs to be determined.

In active DOAS applications, typically a spectrum I+0,meas of the light source is used instead
of the true I ′+0 , which is usually impossible to determine. This is possible as the differences
between the two spectra are only of broadband nature and thus do not change the depth of the
differential absorption structures. In passive DOAS applications, an atmospheric measurement
is selected as I+0,meas against which all other measurements are evaluated. Therefore, passive
DOAS only measures changes in the trace gas column densities. In both cases the additional
broad band structures arise that need to be eliminated. This is most commonly achieved by a
polynomial fit included in the DOAS retrieval. Alternatively, a high pass filter can be applied to

43



Chapter 4. Differential Optical Absorption Spectroscopy

the optical density prior to the DOAS retrieval. In this case it is important to also apply the
same high pass filter to the absorption cross sections used in the retrieval.

4.2.2.2. DOAS retrieval

In order to retrieve trace gas column densities ai , the DOAS retrieval models the measured
optical density D+( j) = −I+meas( j)/I+0,meas( j) by a function F ( j)using n literature spectra
S′+i (λ), convoluted to the resolution of the measuring spectrograph.

F ( j, a1, ..., an+k+l+2) =
n∑
i=1

S′+i ( j)ai + Pk ( j) +
Ol (i)

I+meas( j)
(4.19)

The polynomial Pk ( j) of order k accounts for broadband spectral structures. The order of the
polynomial determines the degree of high pass filtering and has to be adjusted to the trace gases
of interest. For example, a low-order polynomial should be chosen for gases with relatively few
and broad absorption structures like O4 whereas a higher order can be used for gases like NO2
with numerous closely spaced narrow absorption lines. However, in some cases a reasonable
polynomial order (4 or less) is not sufficient to capture the broadband structures. In these cases
high pass filtering should be considered as it gives a well defined cutoff frequency between
broad- and narrow-band spectral structures. If stray light needs to be considered, an additional
offset polynomial Ol ( j) is introduced, which is divided by the measured light intensity I+meas( j).
The parameters an+1 to an+k+l+2 denote the coefficients of the polynomials P and O.
In order to find the best parameter set, the least squares fitting method is used, which aims to

minimize χ2, defined as

χ2 =
∑
j

(
D+( j) − F ( j, a1, ..., an+k+l+2)

)2
→ min (4.20)

For a linear DOAS fit model F it is convenient to write the problem in matrix notation

~D =X~a (4.21)

with the optical density column vector ~D = (D(1), D(2), ...), the parameter vector ~a =
(a(1), a(2), ..) and the matrix X each column containing the functional dependence of the
respective fit parameter (for the first n parameters these are the literature spectra S′+). The
linear least squared problem can then be solved simply by [Bevington, 1969; Albritton et al.,
1976]

~a = [XTX]−1XT ~D (4.22)

However, in order to compensate for errors in the wavelength to pixel mapping, advanced DOAS
analysis procedures extend the fit model to allow for a spectral shift and squeeze of the literature
spectra S′+i (λ). In this case the fit problem becomes non-linear and requires more complicated
iterative minimization algorithms like the Levenberg-Marquart method [Levenberg, 1944].
The DOASIS Framework [Kraus, 2006], used for all DOAS evaluations presented in this

thesis, implements a combination of a linear least squares fit and a non-linear Levenberg-
Marquart fit. First, the linear problem is solved with fixed shift and squeeze parameters. Then
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the linear parameters from the last step are fixed and a non-linear fit is used retrieve the shift
and squeeze parameters, which are taken as input parameters for the next call of the linear fit.
This alternating sequence of a linear and non-linear fit is repeated until the improvement of χ2
is below a certain limit (typically 10−3).

4.2.3. Error Analyis
In reality, there is always a remaining difference between the optimized fit model and the
measurement. This quantity is called the residual spectrum

R (i) = D+( j) − F ( j) (4.23)

It is the central quantity to analyze the quality of the DOAS evaluation. The residual is
influenced by errors made during the measurement and by the evaluation process. Divided into
“systematic” and “random” sources, those errors need to be considered for the estimation of the
Measurement error.

4.2.3.1. Random errors

Typically the dominating error source in the measured optical densities is random photon shot
noise. As mentioned before photon shot noise can be reduced by collecting more photons per
spectrum and by coadding several measured spectra, since it only grows with the square root of
the amount of measured photons. However, if the shot noise is reduced, additional random
error sources need the be considered:

1. Narrow band spectral changes of the light source, for example etalon structures on light
emitting diodes (LEDs) as described by Sihler et al. [2009] or unstable emission lines in
Xe-arc lamps.

2. Unstable fiber coupling and bending of the fiber can influence the modes transmitted by
the fiber into the spectrograph. This can result in narrow band spectral structures due to
varying inhomogeneous illumination of the spectrograph between I and I0. Artificial
mode mixing as described by Stutz and Platt [1997] and Eger [2014] can be applied to
ensure a homogenous illumination of the spectrograph.

3. The detector and its readout electronics are known to be sensitive to electromagnetic
interference and unstable supply voltage. Both can introduce random differential
structures. Usually, this can be avoided by stabilizing the supply voltage and adding
proper electromagnetic shielding.

For a linear least squares fit the uncertainty of a parameter ai due to random errors is estimated
as

∆ai =
√
Θii (4.24)

Θ = σ2[XTX]−1 (4.25)
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where Θ is the covariance matrix and σ is the root mean squared (RMS) of the residual
spectrum R. For a non-linear Levenberg-Marquard fit the errors can be estimated in a similar
way [e.g. Press et al., 1992]. However, in both cases the estimated error is only correct if some
assumptions are met [Albritton et al., 1976; Stutz and Platt, 1996]:

1. Finite error variances The error of each pixel D+( j) must have a finite variance. For
example, this assumption is valid if photonic noise, which is Poisson distributed, is the
dominating factor.

2. Uncorrelated errors The errors of the individual pixels are assumed to be uncorrelated.
Stutz and Platt [1996] describe how covariances in the pixel errors can be included into
the error estimates.

3. Zero-mean errors. The systematic component in the error of each pixel D+( j) is
zero. Otherwise, the fitted parameters can be biased. If the systematic errors exceed
the magnitude of the random errors, the error estimates for the fit parameters become
meaningless.

4. Perfect fit model The last point also requires that the model perfectly describes the
measurement. If unknown absorbers are missing or if the literature cross sections S′+

are wrong, systematic errors would be introduced. Even though a perfect fit model does
not exist it must at least good enough to make systematic errors smaller than the random
errors.

5. Distinguishable cross sections Fitting similar cross sections should be avoided if
possible as this increases the off diagonal elements of XT X and thus the uncertainty
of the fitted parameters. Furthermore, the fit becomes very vulnerable to systematic
biases if non-random error sources are present. Thus, if fitting similar cross sections the
optimal spectral fit interval mus be found, as described in Vogel et al. [2013].
A special case occours when there are several cross sections of the same at different
temperatures. In this case orthogonalization of the cross sections improves the retrieval
of the absorbers total column density.

For error sources other than photonic noise these assumptions are generally not met. Stutz and
Platt [1996] used Monte-Carlo simulations to estimate a correction factor C(τ,W ) depending
on τ and W , the width of of the absorption structure and the residual structure respectively (see
Fig. 4.3). Typically a correction factor of two is used in this thesis. In some cases with strong
residual structures a factor of three was used for a more conservative error estimate.

4.2.3.2. Systematic errors

Systematic errors can be introduced by stable spectral structures, missing in the fit model, or
by systematic errors of other parameters used in the analysis process. These errors cannot
be estimated by statistical method and therefore need to be estimated separately and added to
the fit error. If they originate from stable spectral structures, analysis of the fit residual can
sometimes be used to determine their origin and quantify their influence (see section 4.2.5).
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One class of systematic problems are errors in the fit references causing an improper fit to
the measured optical density. This makes two problems: Firstly it directly causes an error in
the retried trace gas concentration for the species with the erroneous fit reference. Secondly,
this can cause cross sensitivities for the simultaneous detection of other, especially weaker,
absorbers.
The most important systematic error sources affecting the fit references are:

1. Errors in the convolution process and wavelength to pixel mapping.

2. Saturation and I0 effect. For a very structured light source and/or strongly absorbing
gases the approximation

[
I ′0 exp (L ρ̄σ′)

]
~ H ≈ I ′0 exp (L ρ̄(σ′ ~ H)), introduced in sec.

4.2.1.1, does not hold anymore. Thus the convoluted reference spectra S = (σ′ ~ H)
cannot be fitted accurately to the optical density anymore. For example a MAX-DOAS
measurement of H2O band around 442 nm the saturation effect corresponds to a peak-
to-peak optical density of 3 · 10−4 and the combined saturation and I0 effect add to a
peak-to-peak optical density of even 2 · 10−3, both times assuming a typical water column
density of 4 · 1023molec cm−2. However, methods have been developed to correct for
these effects [see Platt and Stutz, 2008, p. 158ff] and implemented into the DOASIS
software [Kraus, 2006].

3. Uncertainties in the literature absorption cross sections. The size of this error strongly
depends on the trace gas and typically varies between less than 1% to several 10% can
have two systematic effects. The corrections for the IO cross section determined in this
thesis are an example for this problem (see chap. 11).

4. Error in the length of the absorption light path. For LP-DOAS this only causes a wrong
scaling scaling of the retrieved column to mixing ratios. However, for CE-DOAS the
length of the absorption light path has a strong wavelength dependence (4.3.3). Thus for
CE-DOAS a error in the path length function can introduce systematic residual structures.
Also for Multi Axis DOAS (MAX-DOAS) due to radiative transport the length of the
absorption path varies with wavelength and is additionally influenced by the aerosol load
in the atmosphere (see. 4.3.1).

A very similar problem are unknown absorbers, which introduce differential absorption
structures. In the UV-VIS spectral range the most prominent absorbers are generally known.
Thus, unknown absorbers typically have optical densities on the order of 10−4 and less.
Nevertheless, they can play a very important role for the detection limit of weak absorbers like
marine halogen radicals [e.g. see Lampel, 2014].
Other problems which can introduce systematic residual structures are:

1. Uncompensated stray light originating form the spectrograph or from sunlight scattered
into the geometrical light path of active DOAS applications or reflected 4.2.2.1.

2. Non-linear intensity response of the spectrometers photo detector. For high grade CCD
cameras the error due to detector non-linearity is typically below 1%. However, due to
the simpler electronics, if compact spectrometers are applied, this error is typically in
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Figure 4.3. Correctrion factor C(τ,W ) to estimate the measurement error from the
least squares fit error. It depends on the the width of the absorption structure τ
and the width of the residual structures W [Stutz and Platt, 1996].

the range of several percent but can exceed 10%. These errors can be even higher if
the instrument applies a light source which rapidly varies over a small spectral range
(e.g. LEDs or sunlight) as these can induce additional systematic residual structures. A
detailed discussion on the effects of detector non-linearity is given in sec. 10.

4.2.4. Detection Limit
The detection limit defines the smallest number density for which a significant detection is
possible. It is directly linked to the errors in the measurement and the DOAS analysis and
therefore needs to be determined individually for each measurement. There are two methods to
estimate the detection limit of a measurement:

1. Detection limit from the measurement error: If the measurement error is assumed to
be purely statistical, it defines the 1σ confidence interval of the measurement. Therefore
if a measured value is greater than 1σ it is considered significant since the probability
for the true value to be non-zero is 95%. Since the DOAS fit generally underestimates
the error it is important to include the correction factor from the last section in the
calculation of the detection limit.

2. Detection limit from the fit residual: The detection limit of a trace gas can be estimated
by comparing the strength of its absorption to the optical density of the fit residual. A
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trace gas is said to be detected clearly if its absorption is stronger than the magnitude of
the fit residual ∆R :

ρ̄iL(S′max − S′min) ≥ ∆R (4.26)

and thus
ρ̄i,min =

∆R

L(S′max − S′min)
(4.27)

A very conservative detection limit is obtained if the peak to peak value Rmax − Rmin
is used as a measure for ∆R. A more realistic estimate can be obtained if ∆R is
approximated by two times the RMS of Ri .

In this thesis the detection limit is always obtained from the 2σ measurement error. On the
other hand, the second method is particularly useful to get a priori estimates of detection limits
for newly constructed instruments, like the CE-DOAS, before any measurement is performed.

4.2.5. Analysis of Resiudal Spectra
As discussed in sec. 4.2.3.2 systematic spectral structures which cannot be assigned to an
absorber lead to systematic errors in the DOAS retrieval. In order to reduce systematic errors it
is therefore important to determine their origin. Residual spectra from the DOAS-fit provide
a valuable source of information for this purpose as they by definition contain all remaining
spectral structures which cannot be decried by the DOAS-fit. The systematic spectral structures
in the residual spectra can generally not be retrieved from a single residual spectrum and related
to their sources since the fit residuum also contains random noise and is often influenced by
systematic errors form several sources. However, during a measurement campaign usually
several hundred or thousand spectra are measured with the same setup. Therefore the set of
corresponding fit residuals can be used to determine recurring spectral structures and relate
them to environmental or instrumental parameters. For this purpose several methods have been
developed in the thesis of Lampel [2014] and detailed description are given therein. Therefore,
in the following only a brief description is given for the multiple linear regression method,
applied in this thesis.

4.2.5.1. Multiple linear regression

If the parameters which are assumed to cause the residual structures are known from the
DOAS-fit (concentrations of absorbers), the DOAS measurements (e.g. exposure time) or
axillary measurement (e.g. temperature, solar irradiance) their corresponding spectral structures
can be determined form a set of linear equations

Ax + ε =



a1 b1 c1 · · ·

a2 b2 c2 · · ·
...

...
...

. . .

ab bn cn · · ·



·



~xa
~xb
~xc
...



+ ε =



~R1
~R2
...
~Rn



(4.28)
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where A is the matrix of the parameters a, b, c, · · · for each the the n measurement,
~xa, ~xb, ~xc, · · · the set of their corresponding spectral structures and ε represents the random
noise in the residuals ~R1, ~R2, · · · , ~Rn known from DOAS fits to n measured spectra.
The linear equation system Ax = R is usually overdetermined and can therefore be solved for

the spectral structures x e.g., using a least squares method. Thus, it is possible to investigate
how strong systematic structures in the fit residual depend on the different Parameters, giving
valuable information on their origin and possible solutions to reduce/remove their influence
on the DOAS fit. An example of such an analysis is shows in chapter 11 where it is used to
analyze residual structures induced by an error in the laboratory absorption cross section of IO.

4.3. Experimental and Technical Realization of DOAS
Measurements

There are many applications of the DOAS method with different light path arrangements and
observation geometries, which are roughly divided into active and passive DOAS. Active
methods light from artificial light sources like LEDs or Xe-Arc Lamps which is send to the
atmosphere to a receiving unit. Passive methods use light from artificial sources, in particular
direct or scattered sun light. In the following a short description of Multi Axis DOAS is given
since it is the most widely used passive method, followed by a description of Long Path DOAS
and Cavity Enhanced DOAS which are the two DOAS flavors used in this thesis.

4.3.1. Multi Axis DOAS
InMAX-DOAS, a passive application, spectra of scattered sunlight aremeasuredwith a telescope
under several different elevation angles as shown in Fig. 4.4. Measurements at different elevation
angles are sensitive to different height layers in the lower troposphere but have roughly the same
light path through the stratosphere. Therefore, MAX-DOAS also contain information on the
vertical distributions of observed trace gases in the lower atmosphere. Typically MAX-DOAS
measurements are evaluated against a reference measurement at 90° elevation which gives
differential slant column densities (dSCDs) relative to the 90° measurement. However, these
dSCDs cannot be simply converted into concentrations since the scattered sunlight does not
have a simple well defined abortion light path, which is influenced by the the aerosol load
and on the spectral range of the measurement. Light observed by a MAX-DOAS is rater a
superposition of photons with different light paths. Therefore generally inverse radiative transfer
modeling is required to determine trace gas concentrations and vertical profiles [e.g. Yilmaz,
2012].

4.3.2. LP-DOAS
LP-DOAS is currently still the most widely used active DOAS application. Light from an
artificial light source, mostly Xe-Arc Lamps or LEDs, is send through the atmosphere on a
several hundred meters to kilometer long geometrical light path to a receiving unit where it is
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Ê

Figure 4.4. Sketch of a MAX-DOAS measurement. Scattered sunlight is measured under
several different elevation angles α. It can be seen that measurements at different elevation
angles are sensitive to different height layers and thus also get different contributions
form the absorbing layers. Adapted from Hönninger [2002]

spectrally analyzed. Most LP-DOAS instruments apply a so called mono static setup which
combines the sending and receiving unit in a single telescope as shown in Fig. 4.5 and use an
array of retro reflectors to reflect the send light back to the telescope. In modern LP-DOAS
setups, as those used in this thesis, a fiber bundle couples the light from the light source into
the telescope and couples the received light out into the spectrograph, where it is analyzed
[Merten, 2008]. Atmospheric measurements are typically evaluated against a spectrum of the
light source which is acquired by moving a reference plate in front of the fiber bundle, sending
the light directly to the spectrograph without traversing through the atmosphere. Additionally
many instrument allow to quantify atmospheric background light (mostly sunlight scattered
or reflected into the light path) by blocking the light source using a shutter. Correction for
atmospheric background light is important to avoid stray light effects describled in sec. 4.2.2.1.
LP-DOAS measurements have the advantage of a simple and well defined geometrical light

path, therefore trace gas concentrations can be directly obtained from the DOAS fit. Furthermore,
by using an artificial light source, LP-DOAS has the ability to measure night and day in a wide
spectral including the deep UV. However, since LP-DOAS requires long geometrical light paths,
it is typically limited to the measurement of spatially averaged concentrations.
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Figure 4.5. Sketch of a fiber LP-DOAS instrument. Light form a light source is coupled
into the telescope, via an optical fiber, and send through the atmosphere to a retro reflector
array, from where it is send back to the telescope and coupled out through the fiber into
the spectrograph where it is analyzed. (from Denis Pöhler, pers. com.)
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4.3.3. Cavity Enhanced DOAS
Cavity Enhanced DOAS (CE-DOAS) is a relatively new active technique which allows the
application of DOAS for in-situ measurements. As illustrated in Fig. 4.6 it applies an optical
resonator typically built of two highly reflective mirrors, to achieve the long absorption light
paths, required for sensitive trace gas measurements. Typical CE-DOAS instruments use
dielectric mirrors with a reflectivity of R > 99.9% giving more than a thousandfold light path
enhancements can be achieved. Thus, CE-DOAS enables sensitive absorption spectroscopy in
very compact optical setups of several 10 cm to few meters physical length. As light sources
most CE-DOAS instrument use LEDs [S. Ball et al., 2004; Sihler et al., 2009], which are
chosen to match the relatively narrow spectral window of few 10 nm in which the dielectric
mirrors have their high reflectivity. Matching the light source to the mirrors is important as
light outside its reflective range is almost completely transmitted and therefore could cause
stray light problems. One important difference to most active DOAS applications is that in
CE-DOAS the light path needs to be calibrated (see sec. 4.3.3.2), since it is not geometrical
and very sensitively depends on the reflectivity of the mirrors, which can be strongly influenced
even by very small impurities on their surface.
CE-DOAS can be realized with a open path or closed path resonator. In closed path setups

the resonator is place in measurement cell which separates its from the environment. Sample
air is usually pumped through an aerosol filter into the cell. This has the advantage that the high
reflective mirror are protected from contamination with dust and aerosol. It the measurement
cell is constructed of inert materials like Teflon most substances, even reactive ones, can be
measured closed-path setups. However for highly reactive substances like halogen oxides losses
at surfaces and inlets can be substantial (even if Teflon is used) and an accurate quantification is
difficult since losses often also depend on the environmental conditions, e.g. humidity other
trace gases. Therefore, most instruments to measure highly reactive substances like IO have an
open path resonator, which is open towards the environment so that the no sampling is required.
The major disadvantage of this configuration is that the mirrors are exposed to ambient air and

Figure 4.6. Sketch of the light propagation through a CE-DOAS instrument. The opti-
cal resonator built of two highly reflecting mirrors enhances the light path trough an
absorbing medium. Light enters the resonator through one of the mirrors and is then on
average passes several hundred to thousand times through the absorbing medium before
it leaves the resonator. At each reflection a small fraction of the light leaves the cavity.
The light collected on the output side, which is the sum of all transmitted parts, is then
spectrally analyzed.
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therefore special precautions are required to protect them from contamination (e.g. see. chap.
5).

4.3.3.1. Optical density and the effective light path

As shown in Fig. 4.6 the light leaking out of the resonator is a superposition of parts which have
undergone one, three, five, ... passes through the resonator. The intensity I of the light leaking
out of an absorber filled resonator with an absorbing medium of extinction ε is calculated as
[Fiedler, 2005]:

I = Iin · T2
mirror · e

−dε

+ Iin · T2
mirror · R

2 · e−3dε

+ . . .

+ Iin · T2
mirror · R

2n · e−(2n+1)dε

+ . . .

= Iin · T2
mirror

∞∑
n=0

R2n · e−(2n+1)dε (4.29)

where Iin is the light source intensity, d is the mirror separation, R the mirror reflectivity, and
Tmirror the the mirror transmitivity which is approximately Tmirror ≈ 1− R. This series converges
ass R < 1 and dε > 0. Note that for the sake of clarity the wavelength dependencies are not
written out. In the following an approximation of eq. (4.29) for a weak absorber (dε � 1) and
small mirror reflectivity (R→ 1) is used which approximates the summation over discrete n
can by an Integral [Platt et al., 2009].
CE-DOAS determines the optical density DCE of an absorber filled resonator relative to an

“empty resonator”, by measuring the light intensity I0 leaking out an empty resonator and the
light intensity I leaking out when filled with an absorber. The “empty cavity” measurements are
usually made with purified zero air which has an nonzero extinction ε0 mainly due to Rayleigh
scattering. Thus the cavity enhanced optical density can be written as:

DCE = ln
(

I0
I

)
= ln *

,

Iin · T2
mirror · e

−dε0
∫ ∞
0 e−2n ·(dε0−ln(R))dn

Iin · T2
mirror · e−dε

∫ ∞
0 e−2n ·(dε−ln(R))dn

+
-

(4.30)

Performing this integration (e.g see [Platt et al., 2009]) leads to the CE-DOAS equation

DCE(λ) = ln
(

I0(λ)
I (λ)

)
= L̄eff(λ)(ε (λ) − ε0(λ)) (4.31)

which relates the extinction in the resonator to the measured intensities through the effective
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path length L̄eff(λ) defined as

L̄eff(λ) =
d

d · ε0(λ) − ln(R(λ))︸                     ︷︷                     ︸
L̄0 (λ)

·
DCE(λ)

eDCE (λ) − 1︸        ︷︷        ︸
K (λ)

(4.32)

L̄0(λ) is the effective path length of the “empty cavity” with extinction ε0(λ) and K (λ)
describes the loss of sensitivity due to additional absorption. The loss of sensitivity due to
absorption is a special property of resonator based instruments which is not found in other
DOAS applications. For open path CE-DOAS this is particularity a problem when trying to
measure a weak absorption in the presence of high aerosol loads.
Since the correction factor K (λ) depends on the absorption in the resonator it is generally

unknown. A common approximation is to calculate it from the measured optical dentistry
DCE,meas = ln(I0/I). Then eq. (4.31) becomes identical to the known BBCEAS equation [e.g.
Fiedler, 2005]

I0(λ)
I (λ)

− 1 = L̄0(λ) (ε (λ) − ε0(λ)) (4.33)

However, this approximation of K (λ) comes with two problems:

1. An absolute stability of the light source intensity and the optical setup is required
between the measurement of I0 and I. Changes to I0 or I which are not due to optical
extinction cannot be distinguish them from an actual absorber in the resonator. Therefore
they lead to an error in the correction factor K (λ) and thus in the retrieved trace gas
concentrations. For example an absorber which causes a 10% reduction of I will also
reduce the sensitivity by about 11%. Now if this change is not caused by an absorber but
e.g by a fluctuation of the light source intensity, then the evaluation will overestimate all
retrieved trace gas concentrations by 11%.

2. I and I0 are typically measured at a relatively low spectral resolution of about 0.5 nm.
Therefore, for gases that absorb on a much narrower spectral range K (λ) could not
be obtained correctly. For example this could be a problem in spectral ranges where
water vapor strongly absorbs since it has very narrow band absorption lines of only
several picometer full width at half maximum (FWHM). Lampel [2014] estimated
that in the spectral range from 440 nm to 450 nm this would cause a residual with
2 · 10−4 peak-to-peak size assuming a typical marine water vapor concentration of
ρH2O = 5.5 · 1017 cm−3 a mirror reflectivity of R = 0.9996 (L̄0(λ) ≈ 5 km) and a
mirror displacement of d = 200 cm. However, for a mirror reflectivity of R = 0.9998
(L̄0(λ) ≈ 10 km) the residual would already have a peak-to-peak size of 9 · 10−4.

For closed path systems where no aerosols are present these problems are solved by a new
evaluation algorithm presented in chapter 9, which calculates K (λ) iteratively from the results
of the DOAS retrieval.
Finally, for multiple absorbers i with number densities ρ̄i and absorption cross sections

σi (λ) equation eq. (4.31) can be rewritten in the more common form as:
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DCE(λ) = L̄eff(λ) *
,

∑
i

ρ̄iσi (λ) + εRayleigh(λ) + εbroadband(λ) − ε0(λ)+
-

(4.34)

where εRayleigh(λ) denotes the Rayleigh extinction of air and εbroadband(λ) summarizes all
remaining broadband extinction particularly by aerosol and atmospheric turbulence. Further-
more, it should be noted that usually the extinction in the “empty cavity” ε0(λ) only contains
the Rayleigh extinction of air and therefore cancels with εRayleigh(λ).

4.3.3.2. Calibration of the Optical Path Length

As described before in CE-DOAS the effective path length has a strong wavelength dependency
mainly due to the reflectivity curve of the dielectric mirrors. Since the reflectivity is strongly
affected even by small impurities strongly, it has to be determined experimentally at least
after each cleaning procedure. Instead of measuring the mirror reflectivity curve it is more
convenient to directly determine L̄0(λ), the effective path length of the “empty cavity”. There
are several methods to determine the effective path length L̄0(λ), each with different advantages
and disadvantages. In the following the methods used in this thesis are introduced.

Different Rayleigh scatterers: Air and Helium A common method first applied by
[Washenfelder et al., 2008] uses two gases with different Rayleigh extinction. It has the
advantage that Rayleigh scattering varies (relatively) slowly with wavelength (∝ λ−4) thus
allowing to determine the path length smoothly over the entire spectral range. The precision of
this method increases with the difference in Rayleigh extinction between the two gases. While
one could think of using purified air at ambient pressure (or even above) and at a very low
pressure, this would require a pressure-resistant measuring cell which would unnecessarily
complicate the setup. It is therefore much more convenient to use two gasses at ambient pressure.
Therefore we use as second gas Helium, a widely available gas with an approximately hundred
times lower Rayleigh extinction with air. The calibration proceeds by subsequently pruning the
resonator with purified air and Helium and measurement of the transmitted intensities Iair and
IHelium. The path length is then determined according using eq. (4.33) as

L̄0(λ) =
Iair (λ)

IHelium (λ) − 1
εHelium(λ) − εair(λ)

(4.35)

with the extinction coefficients for Helium εHelium and air εair both at ambient pressure and
temperature. As described before a drawback of this method is that it critically depends on the
stability of the light source intensity and the optical setup for the entire period of the calibration
which typically takes several ten minutes. This makes it particularly difficult to apply this
method outside of a laboratory in the field.

Cavity Ringdown Another method to determine the path length is the so called Cavity
Ring Down Spectroscopy (CRDS) [O’Keefe and Deacon, 1988], which measures the decay
of the light trapped in the resonator after switching of the light source. During each round
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Figure 4.7. Illustration of a cavity ring down signal. After the light source is switched
of at t=0, the light which exits the resonator decays exponentially with a time constant of
10 µs, which corresponds to a path length of L̄0 = 3 km .

trip the intensity of the remaining light in the resonator is reduced by a fixed factor due to
optical absorption, scattering in the cell and transmission through the mirrors. This leads to an
exponential decay of the light intensity leaking out of resonator as illustrated in Fig. 4.7:

I (t, λ) = I (t = 0, λ) exp
(
−

cair t
L̄0(λ)

)
(4.36)

where cair is the speed of light in air. The path length is then simply determined by fitting the
exponential model to the measured intensity data. For typical path lengths of few kilometers
the ring down time is in the order of 10 µs which cannot be resolved with the instruments
spectrograph. Therefore a fast photo detector like a photo diode or a photomultiplier tube
(PMT) and an appropriate amplifier is used to measure the decay curve. The advantage of this
method is that it only requires a stable light intensities on the time scale of the ring down times
of several ten microseconds which is much shorter compared to the several ten minutes of stable
light intensities required for the calibration with Rayleigh scatterers. Furthermore, it has the
advantage that it does not requires gas cylinders which are sometimes difficult to bring along
on field campaigns. However one problem is that, the photo detector by itself does not allow a
spectrally resolved measurement of L̄0(λ). Therefore, when using a relatively broadband light
source an additional wavelength discriminating element like a band pass filter needs to be used.
Anthofer [2013] describes the calibration using a broadband bandpass filter which transmits

roughly over the entire spectral window where the resonator mirrors are highly reflective. Thus,
measuring the decay constants gives an average path length L̄0,avg . over the spectral range of
the broadband bandpass filter. In lab the average path length is measured for a setup with clean
mirrors L̄0,avg . and additionally a second spectrally resolved method, e.g. calibration with air
and Helium, is used to measure L̄0(λ) curve. Contamination of the mirrors my dirt at a later
time can be treated as a thin layer with a wavelength independent optical density δ. Thus for a
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contaminated mirror the path length is related to the clean mirror path length by

L̄′0(λ) =
1

δ
d +

1
L̄0 (λ)

. (4.37)

Anthofer [2013] showed that this also holds for average path length measured with the broadband
CRDS setup.

L̄′0,avg . =
1

δ
d +

1
L̄0,avg .

(4.38)

Therefore, in the field the broadband CRDS measurement is sufficient to determine the optical
density δ of a mirrors contamination which can then be used to together with L̄0(λ) to calculate
a new path length curve L̄′0(λ) for the contaminated mirrors. This method has been successfully
applied during the Ireland 2011 campaign. However, it still has the disadvantage that at least one
additional spectrally resolved calibration is necessary and therefore still relies on the availability
of a lab building and consumable gases.
In order to resolve the remaining limitations of the broadband CRDS method, in the frame

of this thesis and the thesis of Zielcke [2015] a new wavelength resolved CRDS calibration
method was developed using a narrow dielectric band pass filter as described in sec. 5.1.
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Instrumentation
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field campaign instrumentation
Ireland 2011 (chap. 12) Open Path CE-DOAS Mark I with BB-CRDS (sec. 5.1)

Mobile Compact LP-DOAS (sec. 7.2)
Meteorology (sec. 8.1)

Ireland 2012 (chap. 12) Open Path CE-DOAS Mark I with WLR-CRDS (sec. 5.1)
Compact Closed Path CE-DOAS (chap. 6)
Mobile Compact LP-DOAS (sec. 7.2)
stationary Mace Head LP-DOAS (sec. 7.1)
Meteorology and nano-SMPS (sec. 8.1)

New Zealand 2013 (chap. 13) Open Path CE-DOAS Mark II (sec. 5.2)
Amundsen LP-DOAS (sec. 7.3)
Meteorology, O3 monitor and µ-Dirac GC (sec. 8.2)

Table 4.1. Overview of the field campaigns and applied instrumentation.

This part describes the instrumentation applied in the three field campaigns conducted in
the frame of this thesis. Tab. 4.1 gives an overview of the field campaigns and applied
instrumentation.
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5
Open Path CE-DOAS Instruments

5.1. Open Path CE-DOAS Mark I
In order to investigate local sources of IO at coast sites, a mobile and light weight open
path CE-DOAS instrument was desired. Previously an open path CE-DOAS instrument was
developed and applied for laboratory measurements [Meinen, 2007; Thieser, 2008] and also
applied in one field campaign [Anthofer, 2013]. However, the instrument was not applicable
for mobile measurements since the components were distributed over seven individual, mostly
non-weatherproof, boxes. Therefore, in the frame of this work the instrument was rebuilt
as Open Path CE-DOAS Mark I (OP-CE-DOAS MK-I) for mobile field applications, with
the objective of a compact, weather poof and light weight design. The parts that could be
reused are the the weatherproof cases of the sending and receiving units with the custom made
mirror mounts [Meinen, 2007] and the electronics of the CRDS path length calibration system
developed by Anthofer [2013]. A list of commercially available components used in the new
setup is given in Tab. 5.3.
Fig. 5.1 shows a simplified schematic of the new setup and Fig. 5.2 shows a picture of the

instrument with the different components. The system weights only about 30 kg and is relatively
compact with a size of about 2.3m× 0.2m× 0.4m, which allows easy handling by two persons
even in difficult terrain. Furthermore, this system was optimized for 12V battery operation
and low power consumption of only 40W (on average). This allows its operation also in
difficult field terrain where no connection to the power gird is possible. Due to its low power
consumption it can be battery operated with a typical car battery (50A h) for more than 12 h.
The central element of the instrument is the optical resonator formed by two highly reflective

dielectric mirrors with R=0.99975 at λ = 445 nm, where IO shows its strongest absorption
bands. The mirrors have a focal length of 200 cm, and therefore a mirror distance of 190 cm
was chosen to avoid the metastable confocal resonator geometry [e.g. Saleh and Teich, 1991].
With a mirror distance of of 190 cm, an effective optical path length of more than 4 km can be
achieved under field conditions. Since an open resonator light path is desired, the optical setup
is split into two polycarbonate boxes forming the sending and receiving unit, each containing
one end of the resonator. The two boxes are mounted on a 2m long aluminum rail with a cross
section of (95 × 95)mm2, which provides the mechanical stability for the resonator. For easier
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Figure 5.1. Simplified drawing of the OP-CE-DOASMK-I instrument. The resonator is formed by the sending and receiving
unit, which are convected by a 2m long aluminum rail. The atmosphere between the two boxes is probed. The sending unit
contains the light source and after modifications in 2012 the interference filter for wavelength resolved CRDS (WLR-CRDS)
calibrations, the receiving unit contains the spectrograph and the photomultiplier tube. For the sake of clarity minor electronic
components (e.g. temperature stabilization), some signal lines and power lines are not shown.
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5.1. Open Path CE-DOAS Mark I

Figure 5.2. Image of theOP-CE-DOASMK-I during field work. The instrument consists
of two main boxes, with the sending and receiving unit, each containing one side of the
resonator. The boxed are mounted on a 2m long aluminum rail to provide a stable optical
setup. Extra boxes contain the the DAQ and control unit for easier access to the computer
and the gas flow unit to decouple the vibrations of the pump from the optical setup.

transport the rail was divided into thee pieces two Linos X95 elements of 100 cm and 45 cm
length which are connected by screws and to a custom made connecting element of 55 cm
length placed in the center. The part of the resonator open towards the atmosphere has a length
of 159 cm, which is accounted for in the data analysis. The custom made adjustable mirror
mounts in the sensing and receiving unit are decoupled from the purge outlets outlet by a gap
of about 20mm which is sealed by Teflon foil. This is necessary to avoid misalignment the
mirrors when the purge tube is inserted into the purge outlets for I0 reference measurements and
path length calibration as described below. Details on the mirror mounts and the decoupling
are given in Anthofer [2013].
The sending unit contains the LED light source which has a peak wavelength λpeak = 445 nm

and a spectral FWHM of about 25 nm. The custommade temperature stabilization applied to the
LED achieves a precision of ∆T < 0.1K, which is necessary since open path CE-DOAS applies
the classic CE-DOAS analysis described in sec. 4.3.3.1. The temperature stabilization employs
a micro controller based PID controller, driving a Peltier element based on a temperature
measurement at the LED. The light emitted by the LED is coupled into the resonator by a plano-
convex lens with 25mm focal length. Light leaking out on the opposite side of the resonator is
focused on a multimode fiber (N A = 0.22, ∅ = 400 µm, l = 1m) by another plano-convex lens
with 50mm focal length. The fiber feeds the light into the compact spectrograph, an Avantes
AvaSpec ULS-2048L with a 75mm focal length (f/Number of 7.1), a 100 µm entrance slit, a
grating with 2400 grooves/mm, a Sony ILX554 CCD, a 16bit ADC and a spectral resolution
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Figure 5.3. Transmission of the filters used for BB-CRDS measurements during the
Ireland 2011 campaign. Adopted form Anthofer [2013].

(FWHM) of 0.47 nm. The same temperature stabilization used at the LED is applied to the
spectrograph with a precision of ∆T < 0.1K, ensuring stable spectral characteristics at varying
ambient temperatures. Additionally background spectra can be acquired by darkening the LED
using a servo operated shutter.
A CRDS unit is also integrated in the OP-CE-DOAS MK-I for an easy calibration of the

effective path length the OP-CE-DOAS MK-I. Two different CRDS methods were implemented
in the OP-CE-DOAS MK-I. For the Ireland 2011 campaign the broadband CRDS (BB-CRDS)
was used as described by [Anthofer, 2013], which measured the average ring down path length
in the spectral window from 426.0 nm to 456.5 nm which is set using a custom made broadband
interference filter (see Fig. 5.3) As shown in sec. 4.3.3.2 and [Anthofer, 2013] the broadband
CRDS (BB-CRDS) measurement is used to derive a new wavelength resolved path length curve
by combining it with a previously determined pair of a clean mirror path length curve (e.g.
using the Helium/air method) and corresponding (broadband) ring down path length. For the
Ireland 2012 campaign a wavelength resolved CRDS (WLR-CRDS) system was developed
using a tunable narrow band interference filter. A detailed description of the system is given in
sec. 5.4. For both CRDS variants the LED is operated in pulsed mode, which modulates the
LED intensity with a square wave signal between 10% (off) and 90% (on) of its peak intensity
with on- and off-times of 120 µs and 60 µs respectively, which corresponds to a pulse frequency
of 5.5 kHz. In ring down mode the light leaking out of the resonator is fed into a Hamamatsu
H6780-01 PMT, attached to a amplifier which is connected to a USB oscilloscope. The three
stage amplifier, developed by [Anthofer, 2013], was only operated using the first two stages
giving an amplification of 107. A BG25 band pass filter is placed directly in front of the PMT
to block light with wavelength above 470 nm.
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5.1. Open Path CE-DOAS Mark I

The resonator mirrors are constantly flushed with a purge of purified “zero air” to avoid
particles and water droplets from contaminating the mirror surfaces. For each mirror side a
separate membrane pump establishes a purge flow of ∼ 2 − 3 L/min. Zero air is generated
from ambient air using a sequence of filters, fist a cartridge of silica gel followed by a PTFE
aerosol filter (poor size 2 µm). The gas flow unit containing the pumps and the aerosol filters is
fitted into an extra box which is mounted to the optical rail using pipe clamp with extra foam
rubber to allow a better decoupling of the pump vibrations from the sensitive optical setup.
The mirror purge system is also used for the regular I0 measurements where the resonator is

flushed with zero air. For this the resonator is isolated from the surrounding atmosphere using a
purge tube, a custom made carbon fiber telescope tube, which is inserted into the purge outlets.
Sealing between the purge outlets and the purge tubes is provided by o-ring seals placed in the
purge outlets. To be able to flush helium into the purge tube the purge system has a bypass
behind the pumps which is routed out of the pump unit (see Fig. 5.1).
Especially when high wind and rain occur together, the purge flow is not sufficient to prevent

contamination of the mirrors even though the distance between the mirrors and the purge outlets
is already 17 cm. Extending the purge outlets by 5 − 10 cm using short tube pieces has proven
to greatly reduce the probability of mirror contamination at least during low to moderate rain if
the wind direction was roughly perpendicular to the light path. When the extensions for the tube
outlets are applied this reduces the fraction of the light path open towards the atmosphere which
is taken into account in the data evaluation in the geometric correction of L̄0(λ) described in
sec 5.6.

5.1.1. Spectrograph Linearity
The linearity of the response of the applied spectrograph to the incident light intensity was
characterized as described in sec. 10.1.1.1. Since the LED in the instrument is temperature
stabilized the characterization was simply done by recording spectra at different integrations
times. The exposure times were varied between 3ms and 35ms in 0.5ms steps and each
spectrum accumulated 1000 scans to reduce photon shot noise. This sequence was repeated for
four consecutive runs to average over possible instabilities of the LED or the optical setup.
Fig. 5.4 shows the results of the characterization with the determined detector nonlinearity

curve with a peak to peak value of 5% (b), the derived nonlinearity correction function α(I+)
as a function for detector counts which is well approximated by a fitted 9th order polynomial
(c). After applying the polynomial correction function the deviation of the measurements from
the desired linear intensity response follows a Gaussian distribution around zero with a standard
deviation of 0.061%.
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Figure 5.4. Characterization of the detector nonlinearity for the spectrograph applied
in the OP-CE-DOASMK-I instrument. a) An exemplary measured spectrum: marked
in blue are the spectrometer channels used for the characterization. b) The determined
detector nonlinearity curve with a peak to peak value of 5%. c) The derived nonlinearity
correction function α(I+) as a function for detector counts which is well approximated
by a fitted 9th order polynomial. d) and e) after applying the polynomial correction
function the deviation of the measurements from the desired linear intensity response
follows a Gaussian distribution around zero with a standard deviation of 0.061%.
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5.2. Open Path CE-DOAS Mark II
The Open Path CE-DOAS Mark II (OP-CE-DOAS MK-II) instrument built in the frame of this
thesis and Zielcke [2015] is the successor of the OP-CE-DOAS MK-I and based on the same
technical design which was modified in some minor details to be suitable for polar applications.
Thus, all components including an embedded PC are integrated in two insulated boxes as
shown in Fig. 5.5/5.6. Since the instrument also has the same spectral characteristics as the
OP-CE-DOAS MK-I no further details on the setup are given here and the interested reader is
referred to Zielcke [2015] for a detailed description. For calibration of the effective optical path
length the instrument also uses the WLR-CRDS system described in sec. 5.4.

5.2.1. Spectrograph Linearity
The linearity of the response of the spectrograph to the incident light intensity was characterized
as described in the previous section 5.1.1. The exposure times were varied between 4ms and
500ms in steps of 4ms and each spectrum accumulated 400 scans to reduce photon shot noise.
This sequence was repeated for ten consecutive runs to average over possible instabilities of the
LED or the optical setup. The results of the characterization are shown in Fig. 5.7. Detector
nonlinearity shown in sub figure b) features an odd S-shaped bend in the intensity range between
1.3 · 104 and 1.8 · 10−4 ADC counts, which corresponds to a saturation range between 20% and
27%. Therefore, the typically used 9th (and also tried higher) order polynomial fit does not give
an accurate representation the nonlinearity correction function α(I+) . A much more accurate
representation of α(I+) is achieved by averaging over intervals of 1000 counts and a subsequent
spline interpolation. Sub figure d) shows the relative difference between both representations
of α(I+), which is about 2 · 10−3 peak to peak. Section 10.2.1 shows that despite the relatively
small difference only the spline representation of α(I+) allows a sufficiently accurate correction
of the detector nonlinearity. Therefore, for all measurements performed with the OP-CE-DOAS
MK-II instrument the spline representation of α(I+) was used for nonlinearity correction.
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Figure 5.5. View into the spectrograph box of the OP-CE-DOAS MK-II from above
with the light path to the right. The module containing the PMT and amplifier is sitting
above the mirror mount when mounted, here it is removed to allow a view underneath.
Taken from Zielcke [2015]

Figure 5.6. View into the LED box of the OP-CE-DOAS MK-II from above with the
light path to the left. At the bottom, a loop of several meters of tubing can be seen, used
to warm up air before purging the mirrors. Taken from Zielcke [2015]
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Figure 5.7. Characterization of the detector nonlinearity for the spectrograph applied
in theOP-CE-DOASMK-II instrument. a)An exemplarymeasured spectrum: marked
in blue are the spectrometer channels used for the characterization. b) the detector
nonlinearity features an odd S-shaped bend in the saturation range between 20% and
27%. c) The typically used 9th (and also tried higher) order polynomial fit does not
give an accurate representation the nonlinearity correction function α(I+) . A much
more accurate representation of α(I+) is achieved by averaging over intervals of 1000
counts and a subsequent spline interpolation. d) The relative difference between both
representations of α(I+) is about 2 · 10−3 peak to peak. e) If the polynomial is used to to
correct the measurements the remaining nonlinearity systematically deviates form zero,
especially for detector saturations between 20% and 27%.
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5.3. Path Length Curve Using the Helium/air Method
The Helium/air method, described in sec. 4.3.3.2, was applied for both the OP-CE-DOAS MK-I
and the OP-CE-DOAS MK-II instrument to get a spectrally resolved measurement the L̄0(λ)
over the entire spectral range with high mirror reflectivity. Gases applied for the calibration
are zero air produced by the integrated filter system and lab grade Helium with a purity of
99.999%. In the following the typical calibration routine is described:

1. The purge tube is inserted in the purge outlets for measurements in “zero air” as described
in sec. 5.1. The air flow is reduced to 2 Lmin−1 to ensure a laminar flow in the purge
tube.

2. Spectra are acquired until the intensity measured by the spectrograph is stable. A good
indicator is if the relative drift of the average intensity from 435 nm to 450 nm is below
1 · 10−3. The instrument is then considered stable enough for calibration and several
more “zero air” measurements are acquired and taken as IAir, 1(λ) for the calibration.

3. The pump is stopped, a Helium cylinder and flow regulator is connected to the inlets and
Helium is purged into the resonator. The purge flow is first relatively high (> 3 L/min)
to ensure a quick gas exchange in the entire purge tube and thus resonator volume. For
the actual measurements of light intensities with a Helium filled resonator IHelium(λ) the
flow is reduced to 2 L/min to avoid intensity fluctuations due to turbulence.

4. After the Helium measurement the resonator is purged again with “zero air”, fist at a
higher flow rate (> 3 L/min) until the Helium is completely replaced with air and then
at 2 Lmin−1 for a second set of “zero air” measurements IAir, 2(λ) .

5. If the relative difference between IAir, 1(λ) and IAir, 2(λ) is equal or lower than 1 · 10−3,
the instrument is considered stable over the time of the calibration sequence and the
measurements are stopped. Otherwise the procedure is repeated, if possible, until a
calibration sequence with a stable instrument characteristics is achieved.

The data analysis is performed using eq. (4.35), with the slight modification that the extinction
coefficient of air εair(λ) additionally contains some weak absorption by the oxygen collision
complex O4 in this spectral range. These absorption lines are accounted for in the data analysis.
An example for a successful air/Helium/air calibration sequence and the resulting curve

for L0 in “zero air” is shown in Fig. 5.8. The peak of the optical path length in “zero air’ is
5.3 km, which corresponds to a mirror reflectivity of Rmax = 0.9997. The precision of this
measurement, which was recoded under optimal conditions, is of the order of 1%. However,
it usually requires laboratory like condition and more than 30min of thermal equilibration to
achieve the required instrument stability for such an accurate calibration. Therefore, such a
measurement is very difficult to achieve during a typical field campaign where the temperature
stability of the available space/shelter and the available time are limited.
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Figure 5.8. Example for a path length curve calibration using the Helium/air method. Left: time series of the average light
intensity (435 nm to 450 nm) during the calibration, annotated with the periods of purge with zero air and Helium. The black
points mark the measurements intervals used to derive the path length curves. The difference of the light intensity between air
and Helium purge is 7%. Right top: two path length curves derived using the evaluation ranges marked in the left plot. Right
bottom: the two derived path length cures show an excellent agreement with a relative difference of less than one percent
in the relevant spectral range from 420 nm to 460 nm. The shown measurements were performed on April 3 2013 with the
OP-CE-DOAS MK-II during the New Zealand campaign.
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5.4. Wavelength Resolved CRDS

Aprecise knowledge of the effective optical path length is important for CE-DOASmeasurements.
Therefore, especially during field measurements, where changes of the path length due to
contamination of the mirrors are common, a simple method for frequent determination of
the path length is desired. A new wavelength resolved CRDS (WLR-CRDS) system was
co-developed and implemented in this work and in [Zielcke, 2015]. As described in sec.
4.3.3.2 this method requires an additional wavelength discriminating element. A simple tunable
wavelength filter is realized by exploiting the angular dependence of the transmission curve of
an interference filter [Pollack, 1966]. The applied filter is a Lot Oriel 442FS05-50 interference
filter with diameter of 50mm, a nominal spectral transmission curve width of 1.0 nm (FWHM).
For perpendicular incident light it has a center wavelength of 441.6 nm and a transmission
of 35%. As shown in Fig. 5.9 the center wavelength can be tuned down to below 420 nm by
tilting the incident angle. Thus, the filter covers the spectral range with strong IO absorption,
which was the major criterion for the selection of the filter. For an increasing tilt the maximum
of the transmission curve shifts to lower wavelengths, additionally the maximum of the curve
decreases and it broadends, for example at a center wavelength of 420 nm the FWHM of the
transmission increases to about 1.7 nm. However over entire tunable range the FWHM of the
transmission is sufficiently narrow, as L̄0(λ) can be still be approximated as a linear function
over these wavelengths intervals.
The interference filter was installed in the OP-CE-DOAS MK-I as shown in Fig. 5.1 and

similarly in the OP-CE-DOAS MK-II. The interference filter is mounted on a servo, which
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Figure 5.9. Transmission curve of the interference filter for different angles of inci-
dence. The transmissions are shown for different servo positions corresponding to angles
of incidence from 0°(orthogonal) to approximately 30°.
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Figure 5.10. Example of a recorded ringdown signal with the Open Path CE-DOAS
Mark II. The blue dashed curve indicates the fitted exponential function with a decay
time of 17 µs corresponding to a path length of 5.1 km. In black the logic signal of the
LED driver is shown (high is on) and the red curve shows the output signal from the
PMT amplifier.

allows to drive the interference filter into light path and adjust the incident angle of the light. The
LabVIEW program from Anthofer [2013] for recording and evaluating CRDS measurements
was modified to control the tilt angle of the interference filter and synchronize it with the
acquisition of the ring down signals. Thus, the new LabVIEW program can now directly
acquire the wavelength resolved path length curve.

5.4.1. Calibration Routine
Calibration of the path length curve using the WLR-CRDS is done according to the following
routine.

1. The purge tube is inserted in the purge outlets for measurements in “zero air” as described
in sec. 5.1.

2. For a selected number of servo positions, at which the ring down signals should be
measured, the interference filter is driven into the light path and spectra of the filter
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transmission curves are acquired. Gaussian fitting to the recorded transmission curves
yields a mapping of the servo positions to transmitted center wavelengths, since the
spectrograph is always wavelength calibrated for the DOAS measurements.

3. The LED is switched into pulsed operation and the light leaking out of the resonator is
directed onto the PMT as described in sec. 5.1.

4. For all selected servo positions 1000 ring down signals are acquired and effective path
lengths are determined by least squares fitting as described in sec. 4.3.3.2. Figure 5.10
shown a typical ring down measurement with a fitted exponential model. Usually the
sequence of servo positions is repeated three to four times to determine the standard
deviation of the measurements.

5. Finally the ring down signals are combined with the calibrated servo positions to get the
wavelength resolved calibration of the effective optical path length L̄0(λ). Figure 5.11
shows an example of such a calibration curve.

The resulting ring-down curve is usually interpolated using a 3rd or 4th order polynomial.
However, if it is desired to use the determined L̄0(λ) curve beyond the spectral range of the
interference filter it is necessary to add additional information for example by fitting another
L̄0(λ) curve determined in the lab using the Helium/air method.

5.4.2. Comparison to the Helium/air Method
A comparison of the new WLR-CRDS method with the established Helium/air method is
shown in Fig. 5.11. Both method show an excellent agreement withing 2%. The error of the
WLR-CRDS is based on the standard deviation of three subsequent measurement runs and
the error of the Helium/air measurement is estimated from the measurements sequence shown
in Fig. 5.8. Thus, this method is a very accurate alternative for the established Helium/air
measurement. It should be noted that the error of the shown Helium/air measurement, which
was recorded under lab conditions with several hours of thermal equilibration before the
measurement, is extremely low and usually during field measurements the error would be at
least one order of magnitude higher.
TheWLR-CRDSmethod has several advantages when compared to the the Helium/air method.

Firstly, no pressurized gas cylinders with calibration gases are required, which are difficult to
obtain in remote areas and transport is often prohibited since they are considered hazardous
goods. The method is independent of the absolute stability of the light intensity (compared to the
Helium/air method) and therefore measurements are more robust and reproducible and generally
also much faster since long periods of thermal equilibration prior to the measurement can be
avoided. Therefore, this method was the main calibration method for open path CE-DOAS
during the Ireland 2012 and New Zealand 2013 campaigns.
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Figure 5.11. Comparison between path length curves derived form the Helium/air
(red) and the ring down (open circles) calibration methods. An agreement of 99%
is found between a fourth order polynomial fitted to the ring down calibration agrees and
Helium/air calibration, in the range of the ring down measurements. Beyond the spectral
range of the ring down measurement the agreement decreases since the polynomial is
not constraint.
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5.5. Measurement Routine
All CE-DOAS field measurements were conducted following the measurement routine, instru-
ment and campaign specific parameteres that are summarized in Tab. 5.1. The instrument
was setup with the purge tube mounted and several blocks of 10 I0 spectra were recorded.
Additionally, one background spectrum with blocked light source were recorded. The I0
spectra were checked for (spectral) intensity, which is an indicator for the quality of the optical
alignment and the cleanliness of the resonator mirrors. The instrument was defined ready
for field measurements if the I0 intensity was lager than 20% compared to the last laboratory
measurement, otherwise re-adjustment and/or cleaning of resonator mirrors was necessary. If
ready, the effective path length was calibrated using the built in BB-CRDS or WLR-CRDS
module (see Tab. 5.1). Afterwards, the purge tube was removed and the continuous atmospheric
measurement loop started. In each loop cycle first a background spectrum with blocked light
source was acquired followed by ten subsequent atmospheric measurements. Depending, if
the the CE-DOAS operation was supervised or not, the measurement loop was interrupted for
acquisition of I0 spectra every 6 h to 48 h. The integration times, which are the same for I0,
atmospheric and background measurements, are given in Tab. 5.1.
During the Ireland 2011 and 2012 campaigns on days with unstable weather conditions

the purge outlets were extended for better protection of the cavity mirrors. This was done
by inserting tube pieces as described in sec. 5.1 and flagged in the recoded spectra for later
correction in the data analysis, as it reduced the fraction of the light path open towards the
atmosphere by 20 cm.

5.6. Spectral Evaluation
Trace gas mixing ratios were retrieved from the measurements with the software DOASIS using
a script based spectral analysis developed in the frame of this thesis, which is described in the
following. First the nonlinearity of the measured spectra is corrected using the determined
correction function α(I). Then, the measured I (λ) and I0(λ) spectra are corrected for the dark
and background signal using the recorded background spectra. Effective optical densities are
calculated using the classic CE-DOAS/BB-CEAS analysis

Deff =
I0(λ)
I (λ)

− 1 (5.1)

campaign instrument exposure time # scans per field path length
(ms/scan) spectrum calibration method

Irealand 2011 Mark I 30-40 see Tab. 12.1 1000 BB-CRDS
Irealand 2012 Mark I 10-20 see Tab. 12.1 1000 WLR-CRDS
New Zealand 2013 Mark II 15 5000 WLR-CRDS

Table 5.1. Instrument and campaign specific parameters of the CE-DOAS measure-
ment routine.
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For the trace gases i to be retrieved, effective fit references are calculated Θi (λ) :

Θi (λ) = H (λ) ~
(
σi (λ) · L̄0(λ)

dopen

d0

)
. (5.2)

L̄0(λ) is included to account for the wavelength dependency of the effective light path. The
factor dopen

d0
is a geometrical correction for the fraction of the light path open towards the

atmosphere, with the mirror displacement d0 and the open distance between the purge outlets
dopen. Adaption to the instrument resolution is done by convolution with the instrument function
H (λ). Subsequently, a binomial high pass filter is applied to both, Deff and the effective fit
references Θi (λ). Finally, a DOAS fit is applied to retrieve number densities ρi of the trace
gases which are converted into mixing ratios using the ideal gas law (see sec. 2.2).

5.6.1. Path length curves used in the retrieval
Path length curves L̄0(λ) were determined using a combination of in field CRDS measurements
and laboratory calibrations using the He/air method. Two different approaches were used:

1. For the Ireland 2011 campaign BB-CRDS field measurements were used to rescale the
L̄0(λ) curve from a laboratory calibration as described in 4.3.3.2 and Anthofer [2013].

2. During the Ireland 2012 and New Zealand 2012 campaigns, WLR-CRDS measurements
directly delivered the wavelength dependency of L̄0(λ) in the spectral range from 420 nm
to 441.6 nm. However, in order to evaluate (CHO)2 the DOAS fit applied a spectral
window from 421.4 nm to 458 nm, which required to extend the path length curve. A
polynomial fit could not be used for this since it was not constraint beyond the wavelength
range of the WLR-CRDS measurements. Therefore, a L̄0(λ) curve from a laboratory
calibration, which extended of the entire spectral range of the instrument, was rescaled
by fitting the following model to the WLR-CRDS measurements:

L̄′0(λ) =
1

θ1 +
1

θ2 L̄0 (λ)

. (5.3)

where θ1 and θ2 are fitted parameters. The fit model eq. (5.3) was derived from the
model of a contaminated resonator mirror described in sec. 4.3.3.2.

5.6.2. Retrieval of IO, NO2 and (CHO)2
All open path CE-DOAS measurements in this work used the same retrieval settings, described
in this section. Mixing ratios of IO, NO2 and (CHO)2 were retrieved in the spectral window
from 421.4 nm to 458 nm, which was chosen to include the strongest absorption bands of IO
and (CHO)2. The retrieval used a binomial high pass filter with 1000 iterations. Besides the
trace gas species of interest also H20 and O4 were included in the fit, since these gases also
absorb in the spectral range of interest. A third order polynomial (DOAS polynomial) was
included in the fit as well. The values of d0 and dopen used for the geometrical correction
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of L̄0(λ) are summarized in Tab. 5.2 for the different campaigns and setups. Exemplary fits
for a measurements with the Open Path CE-DOAS Mark I and II are shown in Fig. 5.12 and
Fig. 5.13 respectively.

campaign d0 (cm) dopen (cm) dopen,reduced (cm)
Ireland 2011 before 6/2 204 174.4 163.6
Ireland 2011 after 6/2 190 149.4 -
Ireland 2012 192.5 159.2 139.4
New Zealand 2013 190 162.0 -

Table 5.2. Mirror distances and open length between the purge outlets for the different
campaigns and setups. d0 is the mirror displacement, dopen the normal distance between
the purge outlets and dopen,reduced the reduced distance of the purge outlets are extended
by extra tube pieces. During the Ireland 2011 campaign the mirror distance was reduced
from the initial setting of 204 cm to 190 cm, since it was found that at 204 cm mirror
separation the resonator was (almost) confocal, which caused stability problems.
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Figure 5.12. Example for the spectral retrieval of IO and NO2 for a measurement by
the Open Path CE-DOAS Mark I. The spectrum was recorded on July 26 2012 at
15:39 UTC in at MRI in Ireland. The red lines shows the fitted references and the blue
line the sum of fit result and fit residual, which has a RMS of 1.7 · 10−4. The retrieved
mixing ratios are (65.70 ± 0.76) ppt IO, (0.18 ± 0.05) ppb NO2 and < 66.8 ppt (CHO)2
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Figure 5.13. Example for the spectral retrieval of IO and NO2 for a measurement by
the Open Path CE-DOAS Mark II. The spectrum was recorded on March 25 2013 at
02:43 UTC in New Zealand. The red lines shows the fitted references and the blue line
the sum of fit result and fit residual, which has a RMS of 1.8 · 10−4. The retrieved mixing
ratios are (10.80 ± 0.45) ppt IO, (0.64 ± 0.03) ppb NO2 and < 66.8 ppt (CHO)2.
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Part Model
Spectrograph Avantes AvaSpec ULS-2048L (S/N 1012200U1)
Resonator Mirrors Adavanced Thin Films R > 99.975%, Run V6-176, A4-A8
LED CREE XR-E royal blue BIN D316
LED constant current source A1W HKO-KL50-1000
Opitcal fiber Lopteck quarz fiber 1m × ∅400 µm, 2xSMA
Photomultiplier tube (PMT) Hamamatsu H6780-01
USB oscilloscope PicoScope 2204
Interference filter LOT Oriel 442FS05-50
Servo controller Micro Maestro (6 channel)
Servos Hitec HS-5496MH
GPS Navilok NL-402U
Sender and receiver case Enstio Cubo O
DAQ unit case Zarge Alu Case K410
Outer rail Linos X95
Inner optical mounts Linos microbench
Diaphragm pumps Schego W2K3

Table 5.3. List of commercially available components used in the OP-CE-DOASMK-I
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6
The Compact Closed Path IO/NO2

CE-DOAS
The Open Path CE-DOAS systems introduced in the last chapter are light weight and robust
enough to be carried into the seaweed fields for point measurements. However, they are still too
heavy (30 kg plus 10 kg battery) and too large (length ≈ 2.3m) to fully resolve the horizontal
distribution of IO in the seaweed field, since this requires the instrument to be quickly moved
in a several square kilometers large area for at least half an hour. Furthermore, due to the
open light path, contamination of the cavity mirrors is a regular issue of Open Path CE-DOAS
instruments, which complicating their operation in the field.
In order to overcome these limitations, the Compact Closed Path CE-DOAS (CP-CE-DOAS)

instrument for measurements of IO and NO2 was built in the frame of this thesis, based on the
prototype developed in Horbanski [2010]. A sketch and a detailed image of the instrument
are shown in Fig. 6.1. All components required for an autonomous operation are included
in a small (dimensions 72 cm × 18 cm × 28 cm) and light (5 kg) box. Together with the low
power consumption of 25W , which allows for several hours of field operation with a low weight
Li-Po Battery, this makes the instrument very portable and suitable for in field operation by one
person Fig. 6.2.
The central element of the instrument is an optical resonator with 43 cm length formed by

two high reflective mirrors with 25mm diameter and a 1m radius of curvature. The mirrors
have the same dielectric coating as those used in the Open Path CE-DOAS instrument with a
maximum reflectivity of R=0.99975 at λ = 445 nm. The resonator is enclosed by a Teflon tube
with gas connectors to make a closed measuring cell. As light source a CREE XP-E Royal
Blue LED (BIN D316) which peaks at λpeak = 445 nm and has a FWHM of about 25 nm is
used as light source. To save weight and electrical power, the light source is not thermally
stabilized. This is possible since the new iterative CE-DOAS retrieval (iCE-DOAS), described
in sec. 9, is used for data evaluation. The light emitted by the LED is coupled into the resonator
by a plano-convex lens ( f = 25mm). Light leaking out on the opposite side of the resonator is
focused on a multimode fiber (N A = 0.22, ∅ = 400 µm, l = 1m) by another plano-convex lens
with 50mm focal length. The fiber feeds the light into a compact spectrograph from Avantes,
with the same CCD, grating an slit configuration as those applied in the Open Path CE-DOAS.
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Additionally to the spectral measurements a Navilok GPS receiver provides the position of
the instrument. For data acquisition an embedded PC (Toradex Robin Z530 with Daisy interface
board) which runs a normal windows XP operating system is used. A scripted measurement
routine, based on the DOASIS software [Kraus, 2006], is used for automated acquisition and
optional on-line evaluation of the spectral data. Thus, the instrument can autonomously measure
without the need of any additional, external hardware.
All parts of the gas flow system, with the exception of a few stainless steed gas connectors,

are made of Teflon to avoid losses of NO2 and of the even more reactive IO. To further reduce
losses two pumps provide a high gas flow of 6l/min of the sample air. Thus the residence time of
the air in the system is only 2.8 s. However, during the Ireland 2012 campaign it was found that
the largest part of the sampled IO is lost before it can be measured. This unfortunately makes
the compact CE-DOAS not useable for reliable measurements of IO. A detailed discussion and
characterization of this problem is found in sec. 12.5.
The Closed Path CE-DOAS has however, proven as a very sensitive and reliable instrument

for NO2 measurements and has been successfully applied for measurements under clean
background conditions [e.g. Herlyn, 2015] and for mobile measurements in polluted urban
environments [e.g. Kanatschnig, 2014].

6.1. Spectrograph Linearity
The linearity of the response of the spectrograph to the incident light intensity was characterized
as described in sec. 10.1.1.1. The spectrograph was characterized with a different, temperature
stabilized blue LED. The characterization was then simply done by recording spectra at different
integrations times. The exposure times were varied between 2ms and 50ms in 1ms steps
and each spectrum accumulated 500 scans to reduce photon shot noise. This sequence was
repeated for four consecutive runs to average over possible instabilities of the LED or the optical
setup. The results of the characterization are shown in Fig. 6.3. Without the correction the
charge coupled device (CCD) detector has a nonlinearity of about 6% or a saturation between
10% and 70%. The determined nonlinearity was interpolated with a 9th order polynomial,
which was subsequently used to correct the measured spectra. After applying the correction
polynomial measured spectra show an almost perfect linear intensity response with a standard
deviation of 0.065%.

6.2. Path Length Calibration
The effective path length L̄0(λ) in clean air was calibrated using theHelium/air method described
in sec. 4.3.3.2 with the same measurement procedure used for the Open Path CE-DOAS systems
in sec. 5.3 using two consecutive sequences of Helium and air measurements. The resulting
L̄0(λ) curve with a peak value of (1.48 ± 0.05) km at 444.6 nm is shown in Fig. 6.4.
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6.2. Path Length Calibration

Figure 6.1. A principle sketch (top) and picture (bottom) of the compact closed path
CE-DOAS System.
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Figure 6.2. Closed path CE-DOAS in mobile operation during the Ireland 2012
campaign.

6.3. Measurement Routine
During the Ireland 2012 campaign the purge flow through the measurement cell was set to
6l/min. Spectra with 12000 accumulated scans of 6ms exposure time were continuously
acquired. I0 reference spectra were measured every one to two days with purified zero air
generated using the same scrubbing system as in the Open Path CE-DOAS (sec. 5.1).

6.4. Spectral Retrieval
The spectral retrieval was made with the newly developed iterative CE-DOAS (iCE-DOAS)
analysis described in chap. 9. Atmospheric measurements I were evaluated against the I0
reference closest in time. Measured spectra underwent the standard offset and dark current
correction. Before the DOAS fit the optical density and the literature reference spectra were
treated with a binomial high pass filter with 1000 iterations to remove broadband structures.
NO2 and IO mixing ratios were simultaneously retrieved in the spectral window from 423.1 nm
to 447.6 nm. Additionally to NO2 and IO the DOAS fit included O4, H2O since they also
absorb in this spectral range. References for the used literature cross sections are given in
the appendix in Table B.1. The DOAS polynomial was set to second order. The chosen
spectral window is narrower compared to the one used for the Open Path CE-DOAS evaluation
(421.4 nm to 458 nm). The reason is that the LED showed significant spectral drifts between
the measurements of I and I0 as shown in Fig. 6.5, which induced spectral structures that could
not be compensated by the binomial high pass filter. The spectral drift of the LED was caused
by temperature changes in the instrument box with variations by more than 10 ◦C during a
typical day. To compensate for remaining spectral structures from the drifting light source, two
low pass filtered versions of the I0 spectra were included in the DOAS fit. One reference called
“I0_LP_fix” had the shift fixed to zero to account for the broadband shape of I0. The second
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Figure 6.3. Characterization of the detector nonlinearity for the spectrograph applied
in the CP-CE-DOAS instrument.
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Figure 6.4. Path length curve for the CP-CE-DOAS determined using the Helium/air
method. The path length curve has its peak value of (1.48 ± 0.05) km at 444.6 nm.
The uncertainty of the path length curve, which varies between 20m and 50m, was
determined form the difference between two consecutive sequences of Helium and air
measurements.

one called “I0_LP_free” was allowed a free shift and squeeze to compensates the shape of I
which may be shifted and squeezed relative to I0. The justification for this procedure is that the
I0 signal does not contain any trace gas absorption and therefore allowing a shift and squeeze
should help to compensate for the broadband spectrum of I. An example for the iCE-DOAS
analysis is shown in Fig. 6.6 for a measurement with an IO mixing ratio of (12 ± 1) ppt and no
significant NO2 above the detection limit of 0.12 ppt.
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Figure 6.5. Illustration of the spectral drift between a measurement of I(λ) and I0(λ).
I0(λ) is shifted by about 0.3 nm to longer wavelength compared to I (λ) but also shows
further differences in its spectral shape. The time difference between the two spectra is
17h.
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Figure 6.6. Example for the spectral retrieval of IO and NO2 for a measurement by
the closed path CE-DOAS. The spectrum was recorded on August 8th 2012 at 12:49.
The red lines shows the fitted references and the blue line the sum of fit result and fit
residual, which has a RMS of 1.4 · 10−4. The retrieved mixing ratios are (12 ± 1) ppt IO
and (0.08 ± 0.06) ppb NO2.
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7.1. Mace Head LP-DOAS
The LP-DOAS system called Mace Head LP-DOAS in this work has f = 60 cm telescope. It
was built by Denis Pöhler and Sebasitan Landwehr in the frame of the ESCAPE campaign
[Landwehr, 2010]. Its telescope is motorized allowing for an automatic adjustment of the
telescope onto the retro-reflectors. In order to measure both IO and I2, the setup was extended
to use three LED light source as shown in Fig. 7.1. A fiber bundle consisting of 7 100µm
fibers i used. The six outer fibers are used to couple light of two blue LEDs (Cree XP-E royal
blue, λc = 450 nm) and one green LED (Cree XP-E, λc = 530 nm) into the telescope. Light
from the LP-DOAS was send to an array of 27 retro-reflectors with 7 cm diameter placed in
a distance of 3.08 km. The central fiber guides the reflected light into an Ocean Optics USB
2000 spectrograph with a 50 µm entrance slit which measured the spectrum between 422 nm
and 543 nm at a spectral resolution of 0.9 nm. The spectrograph was operated in temperature
stabilized box at 5 °C.

7.1.1. Measurement Routine
The instrument repeatedly applied the following measurement loop to acquire spectra. First the
shortcut plate is moved in front of the fiber end in the telescope to acquire shortcut spectra of the
LEDs at 2000 scans. Then also the shutters at the LEDs are moved in and shortcut background
spectra (basically a combination of offset and dark current) with 2000 scans are acquired. After
this the shortcut and the shutters move out and the atmospheric measurements starts. First the
exposure time is optimized until the CCD detector reaches a saturation of 50% or the maximum
exposure time of 150ms is reached. The number of subsequently co-added scans is adjusted to
a total integration time of 15 s, with a maximum of 1000 scans per spectrum. This combination
of exposure time and number of scans was used for the acquisition of the next 10 atmospheric
spetra. After this the shutters at the LEDs are moved to acquire an atmospheric background
spectrum at the same exposure time and number of scans. The atmospheric background
spectrum characterizes the amount of scattered sunlight in each atmospheric measurement.
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Figure 7.1. The Mace Head LP-DOAS system The setup at Mace Head research station
in 2012 is shown on the right. On the left a schematic sketch of the instrument is shown
(adapted from Denis Pöhler, pers. com.).

Frequent background measurements are important since the amount of scattered sunlight in
each spectrum can show strong variations on the time scale of several minutes.

7.1.2. Spectral Evaluation
Trace gas mixing ratios were retrieved from the measurements with the software DOASIS
using a script based spectral analysis1. Optical densites are calculated from the atmospheric
spectra (I) and the LED shortcut spectra (I0) as described in sec. 4.2.2. In order to correct the
offset and dark current the respective background spectra are subtracted. For the atmospheric
measurements this also accounts for the additional scattered sunlight in each measurements.
However the scattered sunlight can vary significantly on the time scale between the atmospheric
measurement and the background measurement. Thus, this basic correction of background
signal regularly leads to an over or underestimation of the scattered sunlight signal which
would lead to an incorrect determination of the trace gas concentrations, especially IO. In order
to compensate for this, the atmospheric background measurement is additionally fitted as a
pseudo absorber to improve the correction of scattered sunlight. Also the lamp spectrum as
seen in the I0 shortcut and the atmospheric measurement I are slightly different since there are
slight differences in the optics between the atmospheric and shortcut measurement (mainly
the numerical aperture of the light coupled into the spectrometer). To compensate for this
difference the log shortcut spectrum ln(I0) is fitted as am additional pseudo absorber.
As usual, wavelength calibration of the measured spectra is done using recorded spectra of

low pressure mercury and xenon lamps which have narrow emission lines (few pm) at well
known wavelengths. A strong emission line, optimally close to the spectral window of the

1The LP-DOAS analysis script was developed by Denis Pöhler, pers. com.
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DOAS evaluation, is also used as convolution kernel to adapt the highly resolved literature
absorption cross section of the investigates gases to the instrument resolution.
Before the DOAS fit the optical density, the pseudo absorbers and the literature reference

spectra are treated with a binomial high pass filter to remove broadband structures. Tab. 7.1
shows a summary of the retrieval settings for the different trace gases and Tab. B.1 gives the
literature references for the used absorption cross sections. The applied spectral windows are
largely predetermined by the spectra of the applied LEDs.

7.1.2.1. IO

The selected wavelength range from 425.4 nm to 447.3 nm includes the three strongest bands
in the blue spectral range. Additionally the optical density of a night time measurement with
solar zenith angle (SZA) > 95° was included as a pseudo absorber, which is justified because
IO is only present during daytime (see sec. 12.7.1). This is a common method to account for
systematic spectral structures from unknown absorbers or differences in the optics between the
I and I0 measurements. For the Mace Head LP-DOAS potential sources of unkown spectral
structures are the window through which the measurements were performed and the poor optics
of the Ocean Optics USB 2000, which makes it very sensitive to a slightly different illumination
of the entrance slit between the atmospheric measurement and the shortcut measurement. An
example for a DOAS fit with an IO mixing ratio of (9.30 ± 0.96) ppt is shown in Fig. 7.2. The
analyzed spectrum was recorded at Mace Head on August 4 2012 at 12:24 UTC.

7.1.2.2. NO2

NO2 was evaluated in the same spectral region as IO but no night time reference can be fitted
since NO2 can be present at all times.

7.1.2.3. (CHO)2

The analysis of (CHO)2 was performed between 433.1 nm and 463.6 nm where it shows its
strongest differential absorption in the UV/VIS region.

7.1.2.4. I2

I2 was evaluated between 513 nm to 533.8 nm where it shows strong almost periodic absorption
bands. Care was taken to avoid strong water absorption bands around 505 nm which are known
to cause severe interferences. Similar to the IO evaluation an additional daytime measurement
with SZA < 80° was fitted as a pseudo absorber, since I2 in not present during daytime due to
rapid photolysis.
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spectral DOAS high pass
trace gas window (nm) polynomial iterations fitted references
IO 425.4 − 447.3 3rd order 4000 IO, NO2, H2O, night ref.
NO2 425.4 − 447.3 3rd order 5000 IO, NO2, H2O
I2 513 − 533.8 3rd order - I2,OIO ,NO2, H2O, day ref.
(CHO)2 433.1 − 463.6 5th order 5000 IO, NO2, H2O, (CHO)2

Table 7.1. Overview of the analysis settings for the Mace Head LP-DOAS Additionally,
all fits include the atmospheric background spectrum and the shortcut spectrum. Literature
references for the used cross sections are given in the appendix in Table B.1.

Figure 7.2. Example for the spectral retrieval of IO with the Mace Head LP-DOAS.
The spectrum was recorded on August 4 2012 at 12:24 UTC. The red lines shows the
fitted references and the blue line the sum of fit result and fit residual. The retrieved IO
mixing ratios is (9.30 ± 0.96) ppt.
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Figure 7.3. The MoLP-DOAS instrument in field operation at Moyrus Bay during the
Ireland 2012 campaign.

7.2. Mobile LP-DOAS
The Mobile Compact LP-DOAS (MoLP-DOAS) was developed in the diploma thesis of Schmitt
[2011]. Compared to classical LP-DOAS instruments it is distinct by its low weight 25 kg,
low power consumption of 45W and 12V operating voltage. Furthermore, all optical and
electronic components, including an embedded PC are integrated in a water tight box . Thus, it
is optimized for an autonomous battery and solar panel based operation in remote areas, and
therefore a key instrument for the measurement campaigns in Ireland in 2011 and 2012. The
optical setup is a classical fiber LP-DOAS telescope with an f = 50 cm mirror as shown in
Fig. 4.5. The major difference is that the fiber in the telescope is mounted on a motorized yxz
stage for an automatic adjustment of the light beam on the retro reflectors. Compared to a
motorization of the entire telescope mount, as used in classic LP-DOAS setup, the motorized
fiber mount is much lighter and more robust against weather since no mechanical parts are
outside of the waterproof box. Furthermore, the MoLP-DOAS has an LED changing wheel
which has space for seven LED light sources. Thus, a large spectral range can be covered
despite the use of LEDs. However, for the measurements of IO in both Ireland only a blue
LED (Cree XP-E royal blue, λc = 450 nm) was necessary, except for a short period during the
measurements at the MRI in 2012 where an additional green LED (Cree XP-E, λc = 530 nm)
was used to measure I2. For the spectral analysis an OMT spectrograph is used, covering the
spectral region from 290 nm to 440 nm at a spectral resolution of 0.8 nm. The spectrum is
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recorded by a UV sensitive CCD with 2048x122 pixels in full vertical binning mode. During
the measurements at the MRI, in the frame of the 2012 Ireland campaign the grating position
was changed for three days between July 25 and July 27 2012. This was done to cover the
spectral window from 410 nm to 551 nm, which was necessary to allow the measurement of
I2. However, this introduced systematic residual structures in the IO evaluation range, most
probably due to stray light, and therefore the spectrograph was turned back for subsequent
measurements.

7.2.1. Measurement Routine
Analogous to theMace Head LP-DOAS theMobile LP-DOAS repeatedly acquired measurement
packets containing atmospheric measurements, shortcut spectra of the LEDs and the respective
atmospheric background and shortcut background spectra. Details on the measurement routine
are given in Schmitt [2011].

7.2.2. Spectral Evaluation
The spectral evaluation followed the standard LP-DOAS scheme described in sec. 7.1.2.
Tab. 7.2 shows a summary of the retrieval settings for the different trace gases and Tab. B.1
gives the references for the used literature cross sections. Major differences to the Mace Head
LP-DOAS are:

• No night reference spectrum is fitted in the IO retrieval since formostmobilemeasurement
locations no nighttime measurements are available. Also for the longer time series at
MRI there are no stable systematic residual structures that would justify this measure.
For the same reason also no no day reference spectrum is fitted in the I2 retrieval.

• For the normal grating position the spectral window of the IO retrieval is shifted about
0.6 nm towards longer wavelengths to avoid a systematic residual structure occurring
between 425 nm to 426 nm.

• Different fitting windows were used for the IO retrieval for the period between July 25
and July 27 2012 where the grating was turned to include the I2 absorption. There reason
are once again systematic residual structures occurring below 433 nm for this grating
position.

• For the same reason also the I2 spectral fitting window had to be move about 10 nm
towards longer wavelengths compared to the analysis settings used for the Mace Head
LP-DOAS.

An example for a DOAS fit with an IO mixing ratio of (34.6 ± 2.0) ppt is shown in Fig. 7.4.
The analyzed spectrum was recorded at MRI on August 25 2012 at 15:48 UTC.
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spectral DOAS high pass
trace gas window (nm) polynomial iterations fitted references
IO, NO2 426 − 448 3rd order 2000 IO, NO2, H2O

I2 measurements between July 25 and July 27 2012:
IO, NO2 433 − 448 3rd order 2000 IO, NO2, H2O
I2 524 − 543 3rd order - I2, OIO, NO2, H2O, O4

Table 7.2. Overview of the analysis settings for the MoLP-DOAS Additionally, all fits
include the atmospheric background spectrum and the shortcut spectrum. References for
the used literature cross sections are given in the appendix in Tab. B.1.

Figure 7.4. Example for the spectral retrieval of IO with the MoLP-DOAS. The spec-
trum was recorded at the MRI on August 25 2012 at 12:24 UTC. The red lines shows the
fitted references and the blue line the sum of fit result and fit residual. The retrieved IO
mixing ratios is (34.6 ± 2.0) ppt.
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7.3. Amundsen LP-DOAS
The Amundsen LP-DOAS, shown in Fig. 7.5, is a fully atomized high precision LP-DOAS
system. It was already applied successfully in numerous field campaigns and a detailed
description of the instrument can be found in [Pöhler et al., 2010]. Therefore only a brief
description of the instrument will be given here. The Amundsen LP-DOAS follows the principle
mono-static fiber based LP-DOAS design introduced in sec. 4.3.2. As light source a 75W
xenon arc lamp (Osram XBO, not ozone-free) was used, which covers a broad spectral range
in the UV-VIS region. Spectral analysis was performed with a Acton 300i spectrometer with
a spectral resolution of 0.5 nm . The spectra were recorded with a 2048 × 512 pixel back
tinned CCD camera from Roper Scientific (Spec-10:2KBUV) in full vertical binning mode. A
spectrum covered a spectral range of about 80 nm and the center wavelength could be adjusted
by turning the motorized grating of the Acton 300i spectrometer.

7.3.1. Measurement Sequence
Measurements were performed in four spectral ranges specified in Tab. 7.3 with center
wavelengths 330 nm, 400 nm, 560 nm, 640 nm. The measurement sequence applied during the
New Zealand Campaign was similar to the other LP-DOAS instruments described above. First a
set of eight atmospheric spectra and nine Lamp reference spectra (shortcut) was recorded, with
each atmospheric spectrum being nested between two shortcuts. The atmospheric measurement

Figure 7.5. Telescope of the Amundsen LP-DOAS setup at Shag Point New Zealand.
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name spectral window comment
330 nm 291 nm to 375 nm measured all day and night
400 nm 362 nm to 445 nm measured all day and night
560 nm 524 nm to 602 nm measured all day and night
640 nm 604 nm to 681 nm nighttime measurement from 19h to 6h NZST

Table 7.3. Overview of the spectral windows measured by the Amundsen LP-DOAS

sequence was followed by the a measurement sequence with blocked light source to acquire
an atmospheric background spectrum and the corresponding background shortcut (a dark
spectrum).

7.3.2. Data Analysis
The analysis of the measured spectra is very similar to the procedure previously described in
sec. 7.1.2. In the following the DOAS retrieval settings for the evaluation of the measurements
of the New Zealand campaign 2013 and deviations form the standard evaluation procedure are
given for the different trace gases. Literatrure literature references to the used absorption cross
sections are given in the appendix in Tab. B.1.

IO was evaluated in the split spectral range from 416.2 nm to 429.1 nm and from 434.1 nm
to 441.3 nm which includes the three strongest and most characteristic IO absorption bands
at 420 nm, 427 nm and 436 nm, found in the measured spectral range. The gap in the spectral
window was chosen to avoid an unknown systematic spectral structure at 431 nm. Additionally
to IO also literature spectra of NO2 and H2O were included in the fit. As for the IO evolution of
the Mace Head LP-DOAS an atmospheric nighttime measurement recoded at an SZA between
110° and 180° was included to account for systematic instrumental effects and unknown
absorbers. Using a nighttime reference spectrum is justified since I2 photolysis is required for
the formation of IO. Even though including an atmospheric nighttime measurement didn’t
change the retried IO values significantly it helped to reduce the detection limit. An additional
deviation to the normal retrieval procedure was to include the inverse shortcut spectrum 1/I0 to
account for stray light (see sec. 4.2.2.1) which turned out to be a problem for the used Acton
spectrometer in this spectral range. For removal of spectrally broad structures a binomial high
pass filter with 2000 iterations was applied and a 4th order polynomial was included in the
DOAS fit. For the evaluation blocks of 32 spectra were added to reduce the photonic noise
yielding an average RMS of 1.2 · 10−4 in the residual spectrum and gave a time resolution of
about 45min (depending on the visibility). Figure 7.6 shows example DOAS fit with an IO
mixing ratios of (0.9 ± 0.2) ppt. This was one of the strongest IO signals measured during the
New Zealand 2013 campaign. However, the significance of the fit is debatable since there are
still systematic residual structures at the strongest absorption lines of IO (427 nm and 436 nm)
this is further discussed in sec. 13.3 for the results of the New Zealnd campaign.
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Figure 7.6. Example for the spectral retrieval of IO with the Amundsen LP-DOAS.
The spectrum was recorded on March 27th 2013 at 10:06 NZST. The gray area marks
the gap in the split fit range, red lines shows the fitted references and the blue line the
sum of fit result and fit residual. The retrieved IO mixing ratios is (0.9 ± 0.2) ppt.

NO2 was evaluated with the same retrieval setting as IO with the exception that no nighttime
reference could be used since NO2 is expected to be present day and night. Also due to the
strong NO2 signal the number of added spectra was reduced to 8 for an increased the time
resolution of about 10min.

I2 and OIO were evaluated in the spectral range from 530.5 nm to 565.3 nm where they
both have their strongest differential absorption. Additionally the fit contained the reference
spectra of NO2 and H2O which also absorb in this spectral region and the optical density of
an atmospheric daytime reference. The daytime reference is an atmospheric measurement
recorded during the last or next day at an SZA between 75° and 85°. Additionally to the
reduction of systematic instrumental effects the main purpose of the daytime reference was
to account for strong H2O absorption between 540 nm to 548 nm (OD ∼ 10−2 peak to peak),
which is relatively constant between day and night. The reason for this is that the H2O literature
cross section are not accurate enough leaving residual structures in the order of up to 10−3 that
would interfere with the DOAS analysis of I2 and OIO. However, the H2O aborption spectrum
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is still included in the fit to account for the small difference in H2O absorption between the
atmospheric measurement and the daytime reference. For I2 and OIO a daytime reference is
justified since the are both not abundant at detectable mixing ratios in the presence of daylight
due to rapid photolysis.For removal of spectrally broad structures a binomial high pass filter
with 3000 iterations was applied and a 3rd order polynomial was included in the DOAS fit. For
the evaluation blocks of 8 spectra were added yielding an average RMS of 2.2 · 10−4 in the
residual spectrum and a time resolution of of about 10min. Adding blocks of up to 32 spectra
was tried but did not significantly improve the analysis in this spectral range.

NO3 was evaluated in the split spectral range from 614.4 nm to 644.8 nm and from 658.3 nm
to 673.8 nm. Each spectral window contains one of the two strong NO3 absorption bands. The
spectral gap was necessary since it contains an extremely strong set of absorption bands (OD
∼ 10−1) which would interfere with the retrieval NO3 with a typically two orders of magnitude
weaker absorption. Additionally the fit contained the reference spectra of NO2, H2O and O4 and
O2 which also absorb in this spectral region and the optical density of an atmospheric reference
recorded during twilight. Fitting the very strong O2 absorption (OD ∼ 5 · 10−2 only by the
literature cross section from HITRAN 2012 [Rothman et al., 2013] is known to be insufficiently
accurate, leaving residual structures which are known to cause significant interferences with the
NO3 retrieval (Denis Pöhler 2015, pers. comm.). Therefore a twilight reference, an atmospheric
measurement recorded at an SZA > 90°, is fitted which removes most of the very strong oxygen
absorption band (OD ∼ 5 · 10−2) which is constant over the course of a day. For NO3 a twilight
reference is justified since it is not abundant at detectable mixing ratios in the presence of
(dim) daylight due to rapid photolysis (see sec. 2.2.3). For the measurements in New Zealand,
unfortunately the time difference between the twilight reference and the evaluated nighttime
measurements is several days to weeks for most spectra, since measurements with an SZA
> 90° are only available during the first few days of the campaign due to an error in the set
time window for the measurements in the 640 nm grating position. This large time difference
between two spectra unfortunately introduced some additional systematic residual structures
which are accounted for by conservatively scaling the usual measurement error (fit error ×2) by
a factor of 1.5. Only 5th order polynomial was used to remove spectrally broad structures, since
the application of a binomial high pass filter did not make sense due to the relatively broad
absorption peaks of the NO3. For the evaluation blocks of 8 spectra were added yielding an
average RMS of 4.5 · 10−4 in the residual spectrum. This could not be reduced by adding more
spectra since the remaining structures at the 4 · 10−4 noise level are of systematic, instrumental
nature in this spectral range.

SO2 and HCHO were evaluated in the split spectral range from 297.8 nm to 307.4 nm and
from 311.6 nm to 324.3 nm where both gases show strong characteristic absorption. The gap in
the spectral window was chosen to avoid systematic spectral structures which appear in this
region. Additionally the fit contained the reference spectra of O3 and NO2 which also absorb in
this spectral region. Like for the IO evaluation the inverse shortcut spectrum 1/I0 was fitted to
account for stray light. For removal of spectrally broad structures a binomial high pass filter
with 2000 iterations was applied and a 4th order polynomial was included in the DOAS fit.
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For the evaluation blocks of 16 spectra were added to reduce the photonic noise yielding an
average RMS of 2.7 · 10−4 in the residual spectrum and gave a time resolution of about 23min
(depending on the visibility).

BrO and O3 were evaluated in the spectral range from 316.6 nm to 345.8 nm which contains
strong absorption bands for both gases. Additionally the fit contained the reference spectra
of NO2 and O4 which also absorb in this spectral region. To avoid known interferences with
BrO (Denis Pöhler 2015 per. com.) HCHO was not included in the fit since it was not found in
the the SO2 evaluation range. Also HONO was removed from the fit since a trial run also did
not show any significant absorption. Like for the IO evaluation the inverse shortcut spectrum
1/I0 was fitted to account for stray light. For removal of spectrally broad structures a binomial
high pass filter with 2000 iterations was applied and a 4th order polynomial was included in the
DOAS fit. For the evaluation blocks of 16 spectra were added to reduce the photonic noise
yielding an average RMS of 2.1 · 10−4 in the residual spectrum and gave a time resolution of
about 23min (depending on the visibility).
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8.1. Ireland Campaigns 2011/12

8.1.1. Meteorological Data

TheMaceHead Research Station operated by the National Universtiy of IrelandGalway records a
full set of meteorological parameters according to the standards set by the World Meteorological
Oranisation [WMO, 2010]. Data of wind speed, wind direction, surface temperature, relative
humidity and atmospheric pressure and solar irradiance were provided by the National Universtiy
of Ireland Galway (Darius Ceburnis NUIG, pers. com. 2011/12) and the precipitation data was
accessed from reliable prognosis (http://rp5.md/archive.php?wmo_id=3963&lang=en accessed
1/10/2015). Additionally for basic measurements measurements of the local meteorology a
mobile Oregon Scientific WMR200 weather station was used. The set of measured parameters
and their accuracies are summarized in Tab. 8.1.

parameter unit accuracy

wind speed m s−1 ±3m s−1 below 10m s−1
and ±10% for higher wind speeds

wind direction ◦ ±23°
air temperature ◦C ±1 ◦C for T = 0 − 20 ◦C
relative humidity % ±7%
UV-index a.U. 0 low, 11 extremely high N.A.

Table 8.1. Summary of meteorological parameters measured Oregon Scientific
WMR200 weather station druing the Ireland 2011/12 campaign. Specified accu-
racies were taken from the user manual.
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8.1.2. Measurements of Tidal Height in Ireland
Data of tidal height, used for the Irish West coast, were measured at Galway Port by the
Marine Institute within the frame of the Irish National Tide Gauge Network (http://www.
marine.ie/Home/site-area/data-services/real-time-observations/tidal-observations-imos) and
were accessed over their official data archive http://data.marine.ie/Dataset/Details/20932. The
tidal height is given in meters relative to the Malin Head Ordnance Datum, which is the official
vertical datum of the Irish Grid Reference System. The tidal height measurements have an
accuracy better than 1 cm over the entire tidal range, in accordance with the international
GLOSS1 standard.

8.1.3. In-situ Particle Measurements
During the campaign of 2012, measurements of the aerosol particle size distribution at the
Mace Head Research station were performed by the National Universtiy of Ireland Galway.
Particle size distributions were sampled using TSI a nano-Scanning Mobility Particle Sizer
(SMPS) between 3 and 20 nm and a SMPS between 20 and 500 nm [Wang and Flagan, 1990].
Additionally meaurements of bot instruments were combined to calculate the total particle
concentration between 3 and 500 nm. Both instruments sampled from a 10m height at a
distance of 10m to 100m from the intertidal zone [Flanagan et al., 2005].

1Global Sea Level Observing System http://www.gloss-sealevel.org/
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8.2. New Zealand Campaign 2013

8.2. New Zealand Campaign 2013
A Vaisala Weather Transmitter WXT520 and a pyranometer (Kipp&Zonen CM11) were applied
for continuous measurements of meteorological parameters summarized in Tab. 8.2. Both
Instruments were setup 1.5m above the roof of the Shag Point Cottage as shown in Fig. 13.2.
Additionally for measurements of the local wind speed and direction at the CE-DOAS instrument
a Metec USA1 sonic anemometer was used.
For in-situ O3 measurements NIWA applied a Thermo Environmental Instruments Inc.

(TEI) Model 49, time-shared dual UV photometric ambient ozone analyzer. However, these
measurements only give very rough Ozone values within a factor 1.5-2 due to problems with
the instruments calibration and no recalibration was possible at NIWA (Alan Thomas 2013,
pers. com.).

8.2.1. Measurements of Tidal Height
Data of tidal height were measured at Port Chalmers (station name OTAT, Lat: −45.8143°,
Lon: 170.6294°) by Land Information New Zealand (http://www.linz.govt.nz/sea/tides) and
were accessed over their official data archive http://apps.linz.govt.nz/ftp/sea_level_data/OTAT/.
The tidal heights have an accuracy better than 1 cm over the entire tidal range, in accordance
with the international GLOSS standard. Tidal heights are given as meters above an arbitrary
sensor zero which is unfortunately not specified relative to a vertical standard datum but on the
other hand no problem for this work since only relative changes are of interest.

8.2.2. µDirac Gas Chromatograph (GC)
The µ-Dirac instrument is a GC with electron capture detector (GC-ECD) developed by Gostlow
et al. [2010] for autonomous measurements of halo carbon species. During the New Zealand
2013 campaign it was applied by NIWA in cooperation with University of Cambridge for the

parameter unit accuracy
wind speed m s−1 ±3% at 10m s−1
wind direction ◦ ±3°
air temperature ◦C ±0.3 ◦C at 20 ◦C
barometric pressure mbar ±0.5mbar at T=0...30 ◦C
relative humidity % ±3% within 0...90%
solar irradiance Wm−2 N.A.

Table 8.2. Summary ofmeteorological parametersmeasured at the Shag Pont Cottage
during the New Zealand 2013 campaign. All parameters were measrured by a Vaisala
Weather Transmitter WXT520 except for solar irradiance measured by a Kipp&Zonen
CM11 pyranometer.
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Chapter 8. Other Instrumentation

species detection limit (ppt)
CH2BrI 0.23
CH2ClI 0.22
CH3I 0.47
CH2Br2 0.18
CHBr3 0.22
CH2BrCl 0.23
CHBr2Cl 0.27

Table 8.3. Detection limits of halocarbons measured by the µDirec GC. Data provided
by Andrew David Robinson (pers. com. 2013)

measurement of the halogen species CH2BrI, CH2ClI, CH3I, CH2Br2, CHBr3, CH2BrCl and
CHBr2Cl. The instruments detection limits for the different species are summarized in Tab. 8.3.
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9
The iterative CE-DOAS (iCE-DOAS)

Algorithm
This section introduces the iterative CE-DOAS (iCE-DOAS) algorithm which makes the
CE-DOAS evaluation robust against broadband fluctuations of the measured light intensities.
Thus, iCE-DOAS overcomes the limitation of the classical approach described in sec. 4.3.3
which requires an absolute stability of the light source intensity and the optical setup between
the measurement of I0 and I. Instruments applying iCE-DOAS can therefore use a simplified
setup to develop compact and lightweight CE-DOAS instruments with high measurement
accuracy. A first approach to iCE-DOAS was made in Horbanski [2010], which has been
further developed in the frame of this thesis.
Assuming that we know the number densities ρ̄i and the total cross sections σi (λ) of all trace

gases with differential absorption, the extinction ∆εRayleigh(λ) due to differences in Rayleigh
scattering between the absorber filled resonator and the “empty resonator” and additional
broadband extinction due to scattering and turbulence, we can calculate the true cavity enhanced
optical density after eq. (4.34) as

DCE(λ) = ln

1 + L̄0(λ)

∑
i

σi (λ) ρ̄i + ∆εRayleigh(λ) + εbroadband(λ)


(9.1)

and thus compute K (λ) and L̄eff(λ) according to eq. (4.32). While ∆εRayleigh(λ) is easily
calculated from measured pressure and temperature, the number densities ρ̄i are generally a
priori not known, as well as the broadband extinction εbroad (λ).
The basic idea of iCE-DOAS is to get a first approximation for the number densities of trace

gases with differential absorption from a DOAS fit using the path length of the “empty resonator”
L̄0(λ). Which can then be used to calculate a first approximation of L̄eff(λ) and subsequently
apply DOAS fitting to get better approximations of the trace gas number densities. However,
this still leaves the problem of unknown broadband extinction εbroadband(λ). For closed path
CE-DOAS instruments this is usually no problem since they remove broadband extinction using
a fine pored aerosol filter and turbulence can usually be neglected at typical purge rates of few
liters per minute. It should also be noted that the broadband extinction could be treated like
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Chapter 9. The iterative CE-DOAS (iCE-DOAS) Algorithm

a differential absorber if the wavelength dependency imprinted by the wavelength depended
path length is sufficiently strong. For the sake of simplicity in the following the broadband
extinction εbroadband(λ) is assumed to be zero.
The iterative evaluation scheme, shown in fig. 9.1, starts by initializing the trace gas number

densities to ρ̄(0)
i . In the simplest case the initial values are zero. Better initial values, e.g.

retrieved values from the previous measurement in a time series, can significantly improve
the convergence speed. Furthermore, in this step ∆εRayleigh(λ) is calculated 1. With these
parameters and the previously measured L̄0(λ) an initial approximation of the true cavity
enhanced optical density is calculated according to eq. (9.1), which is then used to calculate
an approximation L̄(1)

eff (λ) of the effective path length according to eq. (4.32). Subseqently, in
order to account for the wavelength dependency of L(1)

eff (λ), effective fit referees are computed
for each trace gas:

ϑ(1)
i (λ) =

(
L̄(1)
eff (λ) · σi (λ)

)
(9.2)

The highly resolved effective fit references are then adapted to the lower spectral resolution of
the measurement by convolution with the instrument function H (λ) of the spectrograph:

Θi (λ) = H (λ) ~ ϑi (λ) :=
∫ ∞

0
H (λ ′) · ϑi (λ − λ ′)dλ ′ (9.3)

The last step of the (first) iteration is a DOAS fit to the measured optical density which uses the
effective fit references Θ(1)

i (λ) to get first estimates for the trace gas number densities ρ̄(1)
i . In

the subsequent iteration these concentrations are used together with the Rayleigh extinction to
compute an improved correction factor K (n+1) (λ) and thus better fit references Θ(1)

i (λ) which
are used in a DOAS fit to get a more accurate set of trace gas concentrations ρ̄(n+1)

i . This
scheme is repeated until the approximated ρ̄i converge to their true value. Several termination
conditions are possible:

• a predefined number of iterations can be given

• a threshold for the RMS or peak to peak value of the fit residual

• a threshold defined by the change of the retrieved densities between the current and the
last iteration

The last criterion has proven to be very robust. Thus, the iterative procedure terminated if for
all species the change in the number density between the last two iterations is smaller than their
DOAS fit errors.

Strong absorbers: For strong absorbers with absorption structures much narrower than
the spectral resolution of the measurement there is in general no linear relationship between
the measured optical density and the trace gas concentrations. As discussed in sec. 4.3.3.1 for
CE-DOAS this effect commonly known as saturation effect, is even stronger since the effective
path length is also influenced by the optical density. Starting from the second iteration we

1∆εRayleigh(λ) is zero if I0 was measured in air at the same pressure and temperature as I
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can easily correct for this effect since we have estimates for the fitted trace gas densities. The
saturation corrected fit references are calculated as

Θ
(n)
i,sat. (λ) =

−1
ρ̄(n−1)
i

ln
[
H (λ) ~ e−L

(n)
eff ·σi (λ) ·ρ̄ (n−1)

i

]
(9.4)

where ρ̄(n−1)
i is the trace gas number density retrieved in the last iteration.

9.1. Simulations using the iCE-DOAS Algorithm

In order to test the iCE-DOAS algorithm we evaluated modelled measurements (without
noise) with different NO2 concentrations (1 ppbv, 10 ppbv, 100 ppbv, 1000 ppbv, 3000 ppbv).
Furthermore, we compared the iCE-DOAS evaluation to evaluations using the classical equation
(eq. (4.33)) and investigated their respective sensitivities to broadband fluctuations in the light
intensity.
The instrumental parameters for the simulations were similar to the compact closed path

CE-DOAS described in 6 with mirror reflectivity R(λ) = 99.97%, cavity length d = 50 cm and
the spectrograph instrument function H (λ) with a FWHM of 0.5 nm. The spectral range of the
simulated data evaluation between 458 nm and 480 nm was also matched to this instrument.
The intensity I0(λ) transmitted by the empty cavity was chosen to be unity over the entire
spectral range. The intensity transmitted by the absorber filled cavity was then calculated
according to Fiedler [2005] as

I (λ) = I0(λ) ·
T (λ)(1 − T0(λ)2 · R(λ)2)
T0(λ)(1 − T (λ)2 · R(λ)2)

(9.5)

with the the single pass transmittance of zero air

T0(λ) = exp
(
−d εRayleigh

)
and the single pass transmittance for sample air

T (λ) = exp
(
−d

(
σNO2

ρ̄NO2
+ εRayleigh

))
with a NO2 number density ρ̄NO2

. The NO2 absorption was calculated using the laboratory
cross section σNO2

of A. C. Vandaele et al. [2002] and for Rayleigh scattering the cross section
σray (λ) from Bodhaine et al. [1999] was used. In order to capture high resolution features of
the NO2 spectrum the intensity I was calculated at a spectral resolution of 0.001 nm. In a final
step the the measured intensity Imeas(λ) was obtained from the high resolution spectrum I (λ)
by convolution with the with the instrument function H (λ). The modeled measurements are
shown in fig. 9.2a).
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Figure 9.1. Scheme of the iCE-DOAS evaluation
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9.1. Simulations using the iCE-DOAS Algorithm

9.1.1. Evaluation with the iCE-DOAS Algorithm
The iCE-DOAS algorithm was applied to the spectra modeled in the last section. The
performance of the iterative algorithm is illustrated in fig. 9.2. It converges for all tested mixing
ratios. Even for a mixing ratio as high as 3000 ppbv the accuracy is better than 99.9% (starting
from an initial underestimation of nearly 80%, i.e. without correction only 20% of the true
value would be found in this extreme case). As expected the convergence is faster for lower
concentrations since they only cause little reduction of the effective light path.
The improvement of the DOAS fit from the first iteration to the final iteration with optimized

fit references is illustrated in Fig. 9.2b). In the initial fit (0th iteration) the shape of the NO2
absorption bands in the simulated optical density and fit reference show significant differences
leading to strong residual structures with a peak to peak distance of up to 8 · 10−2. In the
subsequent iterations the estimate of the NO2 concentration are improved and thus the correction
factor K (λ). In the final iteration the simulated NO2 absorption bands are almost perfectly
matched, reducing the fit residual by four orders of magnitude. There are still small residual
structures, with increasing magnitude for higher concentrations (fig. 9.2d). The reason for
these small differences is that CE-DOAS (and BBCEAS) assumes a weak absorber (see sec.
4.3.3.1), while the calculation of the modeled measurements (eq. (9.5)) does not make this
assumption. However, even for mixing ratios as high as 3000 ppbv the residual is still more
than one order of magnitude lower than the optimal photonic noise levels (1 · 10−4 peak to
peak) which could be achieved with typical spectrographs. Thus, this shows the high accuracy
that can be achieved with the iCE-DOAS evaluation.

9.1.2. Comparison iCE-DOAS vs. BBCEAS
One of the major motivations for the development of the iCE-DOAS algorithm is the need for
an evaluation which is robust against broadband fluctuations of the measured light intensity. In
order to test the influence of such intensity fluctuations a drifting light source was simulated
by scaling the amplitude of the previously simulated I0 with values 0.9, 0.7, 0.5 and 0.1.
Subsequently cavity enhanced differential optical densities were calculated at the instrument
resolution using the scaled I0 and the previously simulated I spectra for NO2 mixing ratios of
1 ppb, 10 ppb, 100 ppb, 1000 ppb, 3000 ppb. Both the iCE-DOAS and the classical/BBCEAS
evaluation were applied to the optical densities to retrieve NO2 mixing ratios. The results shown
in fig. 9.3 clearly demonstrate that the iCE-DOAS algorithm is insensitive to broadband intensity
fluctuations while in contrast to that the concentrations retrieved by the classical/BBCEAS
evaluation show a linear dependency on the broadband light intensity change. This example
clearly shows that iCE-DOAS achieves the desired robustness of the data evaluation against
broadband fluctuations/drifts of the light intensity.
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Figure 9.2. Simulated iCE-DOAS evaluations. a) shows the measured spectra, modeled
without photon shot noise for different NO2 mixing ratios. Figure b) shows DOAS fits
for a NO2 mixing ratio of 3000 ppbv. It shows the improvement of the DOAS fit from
the initial iteration to the final iteration with optimized fit references. In the final iteration
the NO2 absorption bands in the simulated optical density are almost perfectly matched,
reducing the fit residual by four orders of magnitude. The convergence of the retrieved
NO2 towards its true value is shown in c) as a function of the iCE-DOAS iteration number.
Plot d) shows the improvement of the fit residual during the iterative evaluation.
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Figure 9.3. Comparison of the underestimation of the true NO2 concentration as a
function of relative light source intensity. Blue dots show the influence on the
iCE-DOAS evaluation and red dots the sensitivity of of the classical/BBCEAS evaluation.
It can be clearly seen that iCE-DOAS is robust against broadband intensity drifts while
the classical/BBCEAS evaluation shows a linear dependence. The modeled spectra did
not contain photon shot noise.
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10
Correction of Spectrograph

Nonlinearity
An important characteristic of the spectrographs applied for DOASmeasurements is the linearity
of the response to the incident light intensity. In a spectrograph the function of the detector,
usually a CCD, is to convert the photons carrying the spectral information into an electronic
signal. After digitization, the numerical value I+, given in detector counts, should be linear
proportional to the incident light intensity I. Mathematically, I and I+ are related by a transfer
function T

I+ = T (I) (10.1)

As shown in Fig. 10.1 the relative detector linearity β(I) is defined as the ratio of T (I) and an

Figure 10.1. Illustration of the nonlinear transfer function for a CCD detector.
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ideal linear transfer function T∗ · I.
β(I) =

T (I)
T∗I

(10.2)

With the definition β(Iref) = 1 at a reference intensity Iref. The nonlinearity at an intensity I
is then given as β(I) − 1. For a CCD detector [Boyle and G. E. Smith, 1970] the response
function T is the result of a multi-step process: First the charge generated by a fraction of the
incident photons is stored in potential wells, so called pixels, created by electrodes arranged
in a regular periodic one or two dimensional array on the surface of the semiconductor. By
applying an appropriate waveform to the electrodes the charges are moved to one edge of the
semiconductor where they are sent to an amplifier and subsequently converted to their digital
numeric representation by an ADC. With a proper device design, for CCD detectors the linearity
of the transfer function to the incident light intensity can be better than 99%1. However, recently
a growing number of DOAS instruments, especially those designed for mobile applications,
apply compact spectrometers like the Avantes spectrometers in the CE-DOAS instruments
(chap. 5 and 6), the Ocean optics USB2000 applied in the Mace Head LP-DOAS (sec. 7.1)
and the OMT spectrograph used in the MoLP-DOAS (sec. 7.2). Compact spectrometers
usually use a simpler design of the readout electronics and often cheaper CCDs, which leads
to significantly higher nonlinearity of the transfer function typically in the order of several
percent (e.g. Fig. 5.7), which can cause severe problems for the spectral analysis if not corrected
properly.
In the following a theoretical examination of the effects of detector nonlinearity is given,

followed by a description of two methods to characterize and correct the detector nonlinearity
and finally several examples of effects on the data evaluation in this work is given.

10.1. Effect of Detector Nonlinearity
According to eq. (10.2) the detector signal is given as

I+ = I T∗ β(I) and
dI+

dI
= I T∗

dβ(I)
dI

+ T∗ β(I) (10.3)

If the detector shows a nonlinear intensity response the sensitivity β(I) changes with I and
there exists at least one intensity where dβ

dI , 0.
The effect of nonlinearity on absorption spectroscopy is demonstrated by the following

consideration. The detected optical density DD is given by

DD = ln
( I+0

I+

)
= ln

(
T∗I0 β(I0)
T∗I β(I)

)
= ln

(
I0
I

)
︸  ︷︷  ︸

D

+ ln
(
β(I0)
β(I)

)
(10.4)

≈
|β (I0)/β (I ) |≈1

D +
β(I0) − β(I)

β(I)︸           ︷︷           ︸
rel. change in linearity

(10.5)

1ANDORNewton CCD data sheet http://www.andor.com/pdfs/specifications/Andor_Newton_CCD_
Specifications.pdf accessed May 5 2015
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10.1. Effect of Detector Nonlinearity

The difference between the detected optical density DD and the true optical density is therefore
given by the second term of the above equation. For a light source with a “constant” spectral
intensity distribution the effect would only be caused by the spectral variation due to the
differential optical absorption in I because a constant offset between I and I0 would be removed
by the high pass filter applied in a DOAS analysis. For example if the detector linearity β

varies over the full intensity range of the CCD detector (linearly) by 10% and the measured
signal I is at about 50% saturation of the detector, then the error on the optical density would
be 5% of the trace gas optical density, leading to an equivalent error in the retrieved trace gas
optical densities. Of course the problem becomes more difficult when measuring several trace
gas species with different strength in absorption which is a common problem in many DOAS
applications e.g. measurement of HCHO in the presence of high O3 columns. Then the error
in the optical density of the stronger absorber can lead to significant cross correlations due to
systematic residual structures as described in sec. 4.2.3.2.
The problems with a nonlinear detector response are even higher if the instrument applies

a light source which rapidly varies over a small spectral range like the LEDs applied in this
work, which change their light intensity by almost 100% within 20 nm. Depending on the
smoothness of β(I) this can induce significant narrow band spectral structures in DD with a
peak to peak value of more than 10−3 which an cause significant systematic errors, especially
for weakly absorbing trace gases as demonstrated in sec. 10.2.1.
For DOAS applications like MAX-DOAS that measure sunlight the spectral variation of

the light intensity is even higher due to the highly structured solar spectrum [e.g. Chance
and Kurucz, 2010]. For example at a spectral resolution of 0.5 nm the light intensity varies
by a factor of three within 2 nm at the well known calcium lines at 393.4 nm and 396.8 nm.
Therefore, it is expected that at least for compact spectrometers nonlinearity can also be a
significant error source for DOAS applications using sunlight.

10.1.1. Characterization of the Detector Nonlinearity
In order to correct for the nonlinearity, we need to determine the inverse of the transfer function
T which can be decomposed into a linear part and a signal dependent correction α(I+) which is
defined to be unity at a reference signal I+ref

I = T−1(I+) =
1

T∗
I+α(I+) (10.6)

In fact it is sufficient to determine α(I+) since we are not interested in an absolute intensity
calibration. Several methods to characterize the linearity have been described in the literature
[e.g. Sanders, 1972; Coslovi and Righini, 1980; Frehlich, 1992]. Ideally one would use an
adjustable light source with known spectral power at each intensity level. Then the nonlinearity
correction can be determined simply by measuring the detector response S at known intensity
levels I. However, the estimates in the last section showed that the characterization should be
good enough to reduce the nonlinearity to less than one percent and an example in the next
section shows that under some circumstances the characterization of nonlinearity need to be
better than 0.1%. Thus for such a light source the accuracy of the set intensities would need to
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be better than 10−3, which is very difficult to achieve. In the following three alternative methods
will be described.

10.1.1.1. Method 1: Varying Exposure Time at Fixed Light Intensity

This is the method used in this work to characterize the nonlinearity of the spectrographs CCD
detectors. The basic idea is to record spectra of an intensity stable light source at different
exposure times. In our case the light source are high power LEDs (CREE XP-E), which are
temperature stabilized with ∆T < 0.1K to achieve the required intensity stability (relative
intensity variation < 10−3 h−1).
It is assumed that (at a constant number of scans) the number of collected photons is

proportional to the exposure time. Thus, in the linear case increasing the exposure texp time
by a factor x should also lead to the same increase of the signal I+. In order to determine the
deviation from linearity the sensitivity for each saturation level is computed by dividing the
signal I+ by the respective exposure time texp. As we are only interested in the relative change
in sensitivity it is normalized by the sensitivity at an arbitrarily chosen reference saturation
(usually between 10% and 60% saturation). The normalized (inverse) sensitivity is then given
by:

S(I+) =
I+/texp

I+ref/texp,ref
(10.7)

To reduce the influence of measurement noise this function is usually approximated by a
polynomial fit to the measured data. In cases where the non-linearity is more complex a spline
interpolation can be a better choice. The non-linearity correction function α(S) is then simply
the reciprocal of S(I+).

α(I+) =
1

S(I+)
(10.8)

Precision and accuracy of this method: From the characterizations performed in this
work shown in Fig. 5.4, Fig. 5.7 and Fig. 6.3 it can be seen that this method allows a very
precise characterization of the detector nonlinearity. The scatter of the data points for a specific
saturation show a Gaussian distribution with a standard deviation of about than 0.1%, which is
also the precision of the nonlinearity correction achieved with this method.
The only drawback of this method is that it relies on the correct timing of the set exposure

times. This is especially a problem as for some manufacturers the set exposure time also
includes the readout time. Thus the accuracy of this method is manufacturer depended, but at
least for the Avantes spectrometers used in this work it does not seem to be a problem.

10.1.1.2. Method 2: Differential Intensity Measurements

For some instruments the uncertainties in the exposure time may be too big to derive a good
non-linearity correction. For this reason a second method based on the paper from Frehlich,
1992 is presented. It is independent of the absolute light intensities and the the exposure times.
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The nonlinearity correction is determined by measuring the superposition of light intensities
from two sources as illustrated in Fig. 10.2. The base intensity I0 is provided by light source
one, which is the stronger of the two light sources and variable in intensity. Light source two
provides a intensity δI, which is weak compared to I0 but has a constant intensity throughout
the entire measurement. δI can be added and removed form the measured light using a shutter
(see Fig. 10.2). The corresponding detector signals are I+0 for the base intensity and I+0+δ for
the superposition of both light sources. The response of the detector δI+(I+) to a small change
in intensity δI then be related to the first derivative of the inverse transfer function T−1 using
eq. (10.6)

δI = T−1(I+0+δ ) − T−1(I+0 )

=
T−1(I+0+δ ) − T−1(I+0 )

δI+(I+)
δI+(I+)

≈
dT−1(I+)

dI+
δI+(I+) (10.9)

=⇒
dT−1(I+)

dI+
= c δI+(I+) (10.10)

where c = 1/δI is a constant. Thus, if δI+(I+) is measured at many saturation levels, the
inverse transfer function T−1(I+) can be obtained up to a constant factor by integration

T−1(I+) = c
∫ I+

0
δI+(I+′)dI+′ (10.11)

Since we are not interested in an absolute intensity calibration we can freely choose a reference
saturation I+ref where

T−1(I+ref ) = I+ref (10.12)

Thus at an arbitrary saturation the inverse transfer function is given by

T−1(I+) = I+ref

∫ I+

0 δI+(I+′)dI+′∫ I+ref
0 δI+(I+′)dI+′

(10.13)

The disadvantage of this method is that by integration the errors of the individual measurements
accumulate. This could be improved by increasing the magnitude of the differential signal δI.
However, this will reduce the accuracy of the approximation made in eq. (10.10). Therefore, a
lab study will be necessary to find an optimal measurement setup and to determine the accuracy
of the derived non-linear response function.

10.1.1.3. Method 3: Attenuator Method

The attenuator method [Coslovi and Righini, 1980] is also independent of the absolute light
intensities and the exposure times. It uses a filter of known optical density as an attenuator.
For many intensity levels of a light source, and thus saturation levels of the detector the signal
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Figure 10.2. Illustration of a setup for the characterization of the detector linearity
using differential intensity measurements. LED one provides the base intensity I0,
which can be variably adjusted. The second LED provides a small but constant
“differential” intensity δI, which can be added to I0 using a shutter.

with and without the filter is measured. Thus for each detector saturation level one gets the
apparent optical density of the filter, which should be the same at all saturation if the detector
was linear. If the apparent optical density changes with saturation of the detector it can be used
to determine the nonlinearity of the detector response [e.g. Coslovi and Righini, 1980].

10.2. Practical Examples for the Effect of Nonlinearity
The following section discusses effects of nonlinearity encountered in the analysis of spectra
measured in the frame of this work, exemplary for the OP-CE-DOAS MK-II system. This
system was chosen because the used compact spectrograph (Avantes AvaSpec ULS2048L)
has a very pronounced nonlinear detector response, which is illustrated in Fig. 10.3 using the
nonlinearity correction function derived in sec. 5.2.1. The magnitude of the correction is
about 5% over the relevant saturation range form 1% to 80%. The spline interpolation of
the measured correction function also features an odd S-shaped bend in the saturation range
between 20% and 27% which will show to cause significant spectral problems if nonlinearity
is not accounted for.

10.2.1. CE-DOAS Analysis
Fig. 10.4 shows a typical measurement by the OP-CE-DOAS MK-II with a detector signal
I+0 (λ) from reference measurement in “zero air” and I+(λ) from an atmospheric measurement.
The peak intensity of I+0 (λ) with 3.4 · 104 counts corresponds to a detector saturation of 50%
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but towards shorter wavelengths the light intensity decreases by more than a factor four withing
20 nm, due to the strong wavelength dependence of the used LED light source. The peak
intensity of I+(λ) is about 13% lower compared to I+0 (λ), mostly due to broadband mie
scattering on atmospheric aerosols and due to atmospheric turbulence. The corresponding
effective optical density Deff(λ) =

I+0 (λ)
I+ (λ) − 1, shown in Fig. 10.4, has a spectral dip at about

435 nm, which is not caused by trace gas absorption. At this wavelength both detector signals
I+0 (λ) and I+(λ) correspond to a saturation of 23% and 26%, which is in both cases in the
saturation range where the nonlinearity correction shows the S-shape bend (see Fig. 10.3).
This already hints to a problem with detector nonlinearity. To further investigate this problem,
a DOAS analysis was applied to Deff(λ) as shown in Fig. 10.5 according to the IO retrieval
settings for the OP-CE-DOASMK-II instrument, specified in sec. 5.6. If the detector signals are
not corrected for nonlinearity the above mentioned spectral structure at 435 nm is present with a
peak to peak value of 2 · 10−3. This has a particularly strong effect on the fit of the IO absorption
cross section which finds apparently significant IO with a mixing ratios of (5.50 ± 0.05) ppt.
However, if the nonlinearity of the detector signals is corrected, using the spline approximation
of the correction function, the spectral structure is greatly reduced (peak to peak < 6 · 10−4)
and the IO mixing ratio reduces to (1.2 ± 0.6) ppt which is not significant since it is exactly
at the 2σ detection limit. It is important to notice that correcting the detector signals by a
9th order polynomial approximation of the correction function is not sufficiently accurate
to remove the spectral structures at 435 nm and even seems to amplify spectral structures at
445 nm. Even though the difference of relative difference between the 9th order polynomial and
the spline interpolation is only in the in the 10−3 range, the polynomial is too stiff to capture the

1 0 0 0 0 2 0 0 0 0 3 0 0 0 0 4 0 0 0 0 5 0 0 0 0
- 1 . 2
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

b )  r e l a t i v e  d i f f e r e n c e  b e t w e e n  
s p l i n e  a n d  p o l y n o m i a l  c o r r e c t i o n

rel
ativ

e d
iffe

ren
ce 

(10
-3 )

i n t e n s i t y  ( d e t e c t o r  c o u n t )
1 0 0 0 0 2 0 0 0 0 3 0 0 0 0 4 0 0 0 0 5 0 0 0 0

0 . 9 8

1 . 0 0

1 . 0 2

1 . 0 4  αs p l i n e ( I + )  s p l i n e  f u n c t i o n
 αp o l y ( I + )  9 t h  o r d e r  p o l y n o m i a l

no
nlin

ea
rity

 co
rre

ctio
n f

act
or

i n t e n s i t y  ( d e t e c t o r  c o u n t )

a )  n o n l i n e a r i t y  c o r r e c t i o n  α( I + )  

Figure 10.3. Nonlinearity correction function for the spectrometer used in the OP-CE-
DOAS MK-II. a) polynomial approximation (red) and spline interpolation (blue) of the
measured nonlinearity correction. b) The relative difference between both curves is in
the 10−3 range. However, the polynomial is not able to capture the the odd S-shape bend,
also present in the measured data in the intensity range between 1.3 · 104 and 1.8 · 10−4
ADC counts, which corresponds to a saturation range between 20% and 27%.
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Figure 10.4. Example for the effect of detector nonlinearity on the optical density
measured by the OP-CE-DOAS MK-II. Top: I+0 (λ) is the detector signal of an
reference measurement in “zero air” and I+(λ) the detector signal of an atmospheric
measurement. Bottom: The effective optical density Deff(λ) =

I+0 (λ)
I+ (λ) − 1 has a spectral

dip at about 435 nm, which is attributed to the nonlinear intensity response of the detector.

S-shape bend in the saturation range between 20% and 27% which seems to be the critical
difference between both interpolations. Further investigation with higher order polynomial
interpolations showed that the error in the nonlinearity correction function needs to be less
than 10−4 for a sufficiently accurate representation of the S-shape bend required to remove the
residual structures at 435 nm.
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Figure 10.5. Example for the effect of detector nonlinearity on a CE-DOAS evaluation.
a) DOAS analysis applied to optical densities, which were calculated from intensities
without nonlinearity correction (top), with nonlinearity correction using the 9th order
polynomial αpoly (middle) and using using the spline function αspline (bottom). b) DOAS
fit residuals for the evaluations in a)
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10.2.2. Path Length Calibration by the Helium/air Method.
Calibration of L̄0(λ) by the Helium/air Method makes use of the broadband intensity change
between a resonator filled with air and Helium as described in sec. 4.3.3.2

L̄0(λ) =
Iair (λ)

IHelium (λ) − 1
εHelium(λ) − εair(λ)

. (4.35)

Thus, the difference in detector linearity between the intensity levels Iair(λ) and IHelium(λ)
directly translates in the error of the determined curve for L̄0(λ). Figure 10.6 shows as an
example the influence on the calibration of the OP-CE-DOAS MK-II system on April 3 2013,
which was previously described in sec. 5.3. The error in the order of few percent translates into
the effective fit references used in the DOAS evaluation and thus directly causes an error of the
retrieved mixing ratios in the same order of magnitude which might be regarded negligible in
field applications. However, the error in L̄0(λ) is also wavelength depended and even shows
differential features which affect the derived effective fit references Θi (λ) of the trace gases i
(see sec. 5.6 and chap. 9) and therefore also introduces systematic residual structures to the fit
which become particularly problematic when trying to simultaneously retrieve mixing ratios of
strongly and weakly absorbing gases as discussed in sec. 4.2.3.2.
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Figure 10.6. Example for the effect of detector nonlinearity on the Helium/air calibra-
tion of L̄0(λ) for the OP-CE-DOAS MK-II system on April 3 2013. Details on the
measurements are given in sec. 5.3. If the nonlinearity is not corrected for the measured
intensities the retrieved L̄0(λ) curve deviates by several percent. The error of L̄0(λ)
induced by nonlinearity is wavelength dependent and even shows differential structures
affecting the effective fit references used in the DOAS retrieval.
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11
A Corrected IO Absorption Cross

Section
Open Path CE-DOAS measurements of high IO mixing ratios (serval 100 ppt) revealed
differences in the relative band strength of the observed IO abortion and the high resolution IO
literature cross section of Gómez Martín et al. [2005], commonly used for DOAS retrievals of
IO. The observed deviation was particularly strong for the absorption between 443.5 nm and
451.2 nm (IO(2← 0) band) which was observed to be about 1.5 times stronger than expected.
This chapter first discusses the optical absorption spectrum of IO and the uncertainties in
the currently used literature cross sections. This is followed by an analysis of the origin of
the deviations between the observed IO absorption and the literature cross section. Finally
correction factors for the relative strengths of the absorption bands are derived which are used
for make a corrected high resolution IO reference spectrum.

11.1. The IO absorption cross section
In the UV-VIS wavelength range IO has a prominent system of absorption bands which are
strongest between 400 nm to 460 nm. This band system can be attributed to transitions from
the IO

(
X2Π3/2

)
ground state to the IO

(
A2Π3/2

)
excited state. These are further subdivided

into ground state IO(ν′ ← 0) transitions originating from the vibrational ground state ν′′ = 0
and vibrationally excited IO(ν′ ← ν′′) transitions (mainly from ν′′ = 1).
However, due to the high reactivity of IO the experimental determination of its cross section

is challenging. Elaborated experimental setups and chemical kinetics calculations are required
to determine the IO concentration during a spectroscopic measurement [e.g. Gómez Martín
et al., 2005]. Despite these efforts, the literature values for the absorption cross section of
the individual transitions still come with relatively high uncertainties of at least 10% to 20%
[e.g. Gómez Martín et al., 2005]. There are only few spectrally resolved measurements of
the IO absorption cross section [Laszlo et al., 1995; Bloss et al., 2001; Spietz et al., 2005;
Gómez Martín et al., 2005], and only the literature spectrum of Gómez Martín et al. [2005] has
a sufficiently high resolution (0.07 nm) for DOAS Analysis and is therefore the quasi standard
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Figure 11.1. Residual analysis for the data set recorded between 03/21 and 04/04/2013
with the OP-CE-DOAS MK-II instrument. The parameters of the DOAS retrieval
are summarized in. Tab. 11.1. Figure a) shows a pronounced correlation between the
RMS of the fit residual and the IO mixing ratio. Figure b) Shows the Gómez Martín
et al. [2005] cross section, convoluted to the instrument resolution and the component
of the fit residual that correlates with the IO mixing ratio, which was extracted using
multiple linear regression (see section 4.2.5.1).

cross section for DOAS analysis.

11.1.1. Deviations Between Literature Cross Sections and
CE-DOAS measurements

Analysis of the CE-DOASmeasurements recorded in the frame of this thesis showed a significant
correlation between residual structures and the retrieved IO mixing ratio if the Gómez Martín
et al. [2005] IO cross section is used as fitting reference (see Fig. 11.1). Especially the
IO(2 ← 0) band (443.5 − 451.2 nm) seems to be underestimated systematically. There are
several possible explanations for the deviations:

1. Wavelength calibration errors could in principle account for some of the observed
residual structures. However, this effect can be ruled out as the error source because:

• The wavelength to pixel mapping is very well approximated by a 2nd order
polynomial. Thus, small errors in the wavelength calibrationwould be compensated
by a global shift and squeeze of the fitted spectra.

• Very similar residual structures appear in measurements with different DOAS
instruments. It is very unlikely that exactly the same calibration error is made
several times.
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trace gas lit. cross section shift
IO Gómez Martín et al. [2005] free
NO2 A. C. Vandaele et al. [2002] linked to IO
H2O Rothman et al. [2010] linked to IO
O4 Hermans et al. [1999] linked to IO

Table 11.1. DOAS retrieval scenario used for residual analysis. Before the retrieval a
binomial high pass filter with 1000 iterations was applied to the measured data and all
fitted cross sections. The DOAS retrieval was performed in the spectral window 417 nm
to 461.5 nm. A second order polynomial was fitted simultaneously to the trace gas cross
sections.

2. An Error in the calibration of the path length curve L0(λ) could introduce residual
structures correlating with the IO concentrations. However, compensation of the residual
structures by a correction of L0(λ) would introduce strong, absorption band like, narrow
band features to L0(λ), which is not physical. Furthermore, if the residual structures
originated from an error in L0(λ), the NO2 retrieval would need to show similar residual
structures, which is not the case. Finally, since very similar residual structures appear for
measurements with different DOAS instruments, the same calibration error would have
been made during different campaigns with different instruments, which is very unlikely.

3. Spectral resolution of the literature cross section σIO(λ) is 0.07 nm, which is only 6
to 7 times better than the spectral resolution of the DOAS instruments used in this thesis.
Thus, adaption of the literature spectrum to a DOAS instrument by convolution with
the respective instrument function introduces an error leading to systematic residual
structures in the DOAS fit. Deconvolution of the literature cross section is desirable, but
is generally not possible, since it does not contain the necessary information. However,
deconvolution is possible if combined with a subsequent convolution with DOAS
instrument HDOAS to the lower resolution of the DOAS instrument. This is compared to
a normal convolution with the DOAS instrument HDOAS in order to r to asses in order to
asses the magnitude of the spectral structures induced by the finite spectral resolution of
the literature cross section. Three different deconvolution/convolution methods are used1.
In all cases the instrument function Hlit(λ) of the literature cross section is assumed to be
a Gaussian with 0.07 nm FWHM, and the instrument function of the DOAS instrument
HDOAS(λ) is taken form the characterization of the OP-CE-DOAS MK-II.

a) Convolution by a constant instrument function can be turned into a simple
multiplication in frequency space, using Fourier-Transformation. Therefore, in
frequency space, deconvolution with Hlit(λ) and convolution with HDOAS(λ)
can be calculated as multiplication of σ̂IO(ν) with ĤDOAS(ν)/Ĥlit(ν), where ˆ

1Deconvolution methods were adapted from a MATLAB script by Johannes Lampel. Also see
section 3.1.3 in Lampel [2014]
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denotes the Fourier transformed spectra. In order to avoid zero division and noise
amplification Ĥlit(ν) is set to one if ���Ĥlit(ν)��� is below a threshold γ. This filter is
justified as ���ĤDOAS(ν)��� is also close to zero in these regions. Finally, an inverse
Fourier-Transformation is performed to obtain the convoluted cross section in
wavelength domain.

b) Convolution can also be represented as a matrix operation C on σIO,lit. However,
simple deconvolution using the inverse is not possible, since C is degenerate.
Truncated singular value decomposition (TSVD) of C can be used to compute a
regularized pseudo inverse C−1R [Hansen, 1987]. The regularization parameter γ is
chosen appropriately to cut off small, noise dominated singular values.

C = UΣV † (11.1)

Σ
−1
ii,R =




0 if Σii < γ

1/Σii otherwise
(11.2)

C−1R = VΣ−1R U† (11.3)

σIO,deconv = C−1R σIO,lit (11.4)

Finally, convolution with HDOAS(λ) is used to adapt σIO,deconv(λ) to the DOAS
instrument resolution.

c) Deconvolution by the Lucy-Richardson method [Richardson, 1972] using Hlit(λ),
as implemented in MATLAB. Adaption of σIO,deconv(λ) to the DOAS instrument
resolution is done by subsequent convolution with HDOAS(λ).

As shown in Fig. 11.2 all three deconvolution/convolution methods give almost exactly
the same results, and differ to the normal convolution by less than one percent. This
difference is one order of magnitude smaller than the residual structures observed in the
analysis of CE-DOAS measurements (see Fig. 11.1). Thus, the resolution effect cannot
be the main error source.

4. Errors in the literature cross sections. Spietz et al. [2005] and Gómez Martín et al.
[2005] reported problems for the measurement of the IO(2← 0) band. They observed
that the strength of the IO(2← 0) band relative to the remaining bands changed during
their measurements. IO(2 ← 0) appeared smallest in low pressure experiments and
recovered systematically when the pressure was increased. A similar but much weaker
effect was also observe for the IO(3 ← 0) band. They hypothesize that this effect is
caused by a partial population inversion of the excited IO

(
A2Π3/2

)
state at ν′ = 2 and

ν′ = 3. While IO
(
A2Π3/2

)
at ν′ = 2 and ν′ = 3 is rapidly quenched to the ground

state at atmospheric pressure, it has a sufficiently long life-time (10 ps to 100 ps) at low
pressures. Thus, in their low pressure measurements stimulated emission could compete
with absorption, lowering the apparent absorption cross section. Other vibrational levels
in the IO

(
A2Π3/2

)
did not show this effect as they have much shorter lifetimes (less

than 1 ps [Newman et al., 1998]), being heavily predissociated. This effect could explain
the discrepancy at the IO(2 ← 0) band between the CE-DOAS measurement and the
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Gómez Martín et al. [2005] cross section, measured at p = 30mBar, which is low
enough for stimulated emission to be effective.

Furthermore, the low pressure conditions in Gómez Martín et al. [2005] can also
influence the apparent strength of transitions of electronic ground state vibrationally
excited IO

(
X2Π3/2, ν

′′ > 0
)
, from now on denoted as IO∗. The reactions used by

Gómez Martín et al. [2005] for the formation of IO are known to produce substantial
amounts of IO∗ [e.g. Durie and Ramsay, 1958; Clyne and Cruse, 1970]. Generally
IO∗ is rapidly quenched to the ground state. However, at very low pressures (less than
100mBar) quenching is slow enough to observe a non-equilibrium population of IO∗
[Gómez Martín et al., 2005]. If this is not corrected properly, cross sections of IO∗
transitions are be overestimated.

Since the first three points can be ruled out as main error source, it is most likely that the
observed residual structures in the CE-DOAS analysis originate from errors in the literature
cross section.

11.2. Correction of the IO Absorption Cross Section
In this section CE-DOAS field measurements with strong IO absorption are used to derive a
correction for the high resolution IO spectrum by Gómez Martín et al. [2005] in the wavelength
range from 416 nm to 462 nm at atmospheric pressures and room temperature (≈ 293K).
Spectra with very high IO concentrations were measured in the coastal campaigns, especially

during the incubation chamber study in New Zealand (see chapter 13). With IO optical densities
up to 10−1, absorption signal to photon noise ratios of more than 100 are reached for many
measurements, giving a unique opportunity to retrieve corrections of the strengths, position and
shape of individual absorption bands. However, the correction of the band shape is reduced
to a spectral squeeze, because the information on the band shape is limited by the relatively
low spectral resolution (∼ 0.5 nm) of the spectrographs used for the CE-DOAS measurements
in this thesis. The correction for an absorption band IO(ν′ ← ν′′), in a wavelength interval
centered at λc , can then be described by a simple three parameter fit-model with a scaling β0, a
spectral shift β1 and a spectral squeeze β2:

σIO(ν′←ν′′),corr(λ, β0, β1, β2) = β0 · σIO(λ + β1 + (λ − λc ) · β2) (11.5)

Positive values of β1 shift the cross section towards shorter wavelengths, positive values of β2
make the absorption band narrower.
The data set used for the retrieval of the correction parameters was recorded in the period

between March 25 and April 1 2013 during the seaweed incubation chamber studies in New
Zealand. This data set was chosen as it contains the largest number of spectra with a strong
IO signal and low NO2 levels. To ensure a good signal to noise ratio only spectra containing
more than 100ppt of IO were used in the analysis. Most spectra with a strong IO signature,
acquired during this thesis, also contain absorption from NO2 and H2O, both absorbing in
the same spectral region as IO. Spectra containing more than 0.5 ppb NO2 are discarded (this
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Figure 11.2. Effect of deconvolution on theGómezMartín et al. [2005] IO cross section.
For the comparison, after deconvolution the high resolution cross sections were adapted
to the spectral resolution of the OP-CE-DOAS MK-II. The top plot shows the total
absorption cross section at the instrument resolution. The bottom plot shows the
difference of the convoluted cross section to the convolution of the deconvolution cross
sections, which is, within numerical accuracy, identical for all tested methods. This effect
can only account for residual structures on the order of less than 1% of the IO absorption,
which is at least one order of magnitude below the residual structures extracted from
CE-DOAS measurements (see Fig. 11.1). Thus, this effect cannot be the main error
source.
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IO(ν′ ← ν′′) fit-range (nm) rescaling β0 (a.u.) shift β1(nm) squeeze β2 (a.u.)
5← 0 416.1 − 424.4 0.97 ± 0.02 −0.03 ± 0.01 0
4← 0 424.4 − 431.4 1 −0.031 ± 0.005 0
3← 0 433.5 − 438.5 1.02 ± 0.01 0.042 ± 0.004 −0.015 ± 0.005
4← 1 439.0 − 442.0 0.44 ± 0.06 −0.05 ± 0.10 0
2← 0 443.5 − 448.0 1.53 ± 0.03 0.090 ± 0.008 0.12 ± 0.01
3← 1 448.0 − 451.2 0.46 ± 0.05 −0.01 ± 0.03 0
1← 0 453.6 − 458.0 1.07 ± 0.01 −0.055 ± 0.003 0
2← 1 457.3 − 462.0 0.5 ± 0.05 −0.064 ± 0.0019 0

Table 11.2. Summary of the corrections retrieved for different IO transitions. The
scaling of the band strength was evaluated relative to IO(4← 0), since no independent
measurement of the true IO concentration was available. IO(4 ← 0) was chosen as
scaling reference, as it is assumed to be the best characterized transition in Gómez Martín
et al., 2005. Blue entries indicate evaluations with β2 fixed to zero, which was done if
the squeeze was not significant or not consistent over the evaluated spectra. Fits with
insignificant shift, are indicated by red entries.

corresponds to D′ ≈ 2 · 10−3 for the OP-CE-DOAS MK-II). This ensures that the absorption
signal by of most IO bands in the spectral range from 410 nm to 460 nm is at least 10 times
stronger than the NO2 absorption. After filtering, 65 spectra remain for the analysis, which
were corrected for the remaining small NO2 and H2O absorption by the following steps:

1. CE-DOAS retrieval of the NO2 concentration in the split fit range 414 nm to 432.5 nm,
450.4 nm to 457.5 nm and 460.9 nm to 475.7 nm. The fit range was split to exclude
spectral regions where the retrieval of the NO2 concentration is biased by errors in the
simultaneously fitted IO cross section.

2. Subtraction of the NO2 absorption from the measured spectra using the previously
retrieved NO2 concentrations.

3. CE-DOAS retrieval of the H2O concentration in the spectral window 440.8 nm to
445.13 nm.

4. Subtraction of the H2O absorption from the measured spectra using the previously
retrieved H2O concentrations.

5. Binomial high pass filtering with 5000 iterations, of the corrected spectra

For each IO absorption band the correction parameters β0, β1, β2 are determined by a
non-linear least squares fit2 of eq. (11.5) plus a first order polynomial to the measured spectra.
Before fitting, the Gómez Martín et al. [2005] literature cross section is convoluted to the
instrument resolution and filtered with a binomial high pass filter with 5000 iterations. The

2MATLAB lsqcurvefit implementation of the Levenberg-Marquardt algorithm was used for non-
linear least squares fitting
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trace gas lit. cross section fit range (nm) shift
IO Gómez Martín et al. [2005] 425.3 − 447.8 free
IO(2← 0) Gómez Martín et al. [2005] (442 − 447.8)∗ linked to IO
NO2 A. C. Vandaele et al. [2002] 425.3 − 447.8 linked to IO
H2O Rothman et al. [2010] 425.3 − 447.8 linked to IO
O4 Hermans et al. [1999] 425.3 − 447.8 linked to IO

Table 11.3. Fit scenario used for the validation of the relative scaling of the IO(2← 0)
absorption band. Before the fit a binomial high pass filter with 1000 iterations is
applied to the measured spectra and all absorption cross sections. The DOAS fit is
performed in the spectral window from 425.3 nm to 447.8 nm. A global shift is allowed
to compensate for small errors in the wavelength to pixel mapping. ∗The IO(2 ← 0)
cross section was extracted form Gómez Martín et al. [2005] in the spectral window
442 nm to 447.8 nm and set zero elsewhere.

spectral windows of the fits, specified in Tab. 11.2, are chosen to contain only individual IO
bands. Additionaly, each IO band is also fitted with the squeeze parameter fixed to β2 = 0, to
check its influence on the shift β1.
The fit results are shown in appendix A, Fig. A.1 to Fig. A.8 and summarized in table

Tab. 11.2. Scaling of the IO bands was evaluated relative to IO(4← 0), since no independent
measurement of the true IO concentration was available. IO(4 ← 0) was chosen as scaling
reference, as it is assumed to be the best characterized transition in Gómez Martín et al., 2005,
being the strongest transition without the anomalous pressure dependence described in section
11.1.1. For all bands where the squeeze β2 was not significant or not stable over the evaluated
spectra, the shift was determined using the fit with β2 fixed to zero. Furthermore, for all bands
were the shift β1 was not significant it was discarded in the correction.
The most significant correction is found for the IO(2← 0) transition, which is up-scaled by

53%, shifted 0.09 nm towards shorter wavelengths and 12% narrower (squeeze), hinting at an
insufficient correction of the pressure anomaly in Gómez Martín et al. [2005]. Furthermore the
IO(ν′ ← 1) transitions of vibrationally excited IO are about 50% weaker after the correction,
possibly due to a non-equilibrium population of IO

(
X2Π3/2, ν

′′ = 1
)
in Gómez Martín et al.

[2005]. Minor corrections are found for the remaining absorption bands. Comparison with the
uncorrected Gómez Martín et al. [2005] cross section is shown in Fig. 11.3.

11.2.1. Validation of the Correction for the IO(2← 0) Transition
For the IO(2 ← 0) transition a lager data set with IO levels down to 10 ppt could be used
to validate the scaling factor β0 determined in the last section. Unfortunately, in the larger
data set the signal to noise ratio of the IO absorption is not good enough to validate the shift
and squeeze parameter of the IO(2 ← 0), or any parameters of the other bands. IO was
fitted over the spectral windows from 425.3 nm to 447.8 nm, simultaneously with NO2, O4,
H2O and an additional single band IO(2 ← 0) cross section. The IO(2 ← 0) was extracted
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Figure 11.3. Comparison between the IO cross section before and after the correction.
Strongest difference is found for the IO(2← 0), which becomes 53% stronger, shifted
0.09 nm towards shorter wavelengths and about 12% narrower after correction. Further-
more the transitions of vibrationally excited IO(ν′ ← 1) are about 50% weaker after the
correction. Minor corrections are found for the remaining absorption bands.

from Gómez Martín et al. [2005] in the spectral range from 442 nm to 447.8 nm, covering the
IO(2← 0) transition, and is zero elsewhere. Thus, the scaling correction for the IO(2← 0)
band can by retrieved from the correlation between the fit of the full IO cross section and the
IO(2← 0) cross section. Detailed information on the fitting scenario is shown in Tab. 11.3.
Five different data sets recorded by three different instruments, during the campaigns in

Ireland 2012 and New-Zealand 2013, were used for the retrieval of the scaling factor β0 for the
IO(2← 0) transition. In order to reduce the influence of NO2 and systematic errors, the data
set was further reduced by the following filters:

• IO mixing ration more than 10 ppt (from fit of the full IO cross section)

• NO2 less than 1 ppb

• NO2/IO ratio less than 25, to ensure that IO absorption is stronger than the NO2
absorption
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correction correlation
factor campaign instrument time span plot

1.54 ± 0.01 IRL 2012 OP-CE-DOAS MK-I 07/19 - 07/25/2012 Fig. A.9
1.52 ± 0.01 IRL 2012 OP-CE-DOAS MK-I 08/05 - 08/06/2012 Fig. A.10
1.55 ± 0.03 IRL 2012 CP-CE-DOAS 07/26 - 08/04/2012 Fig. A.11
1.52 ± 0.02 NZ 2013 OP-CE-DOAS MK-II 03/12 - 03/16/2013 Fig. A.12

1.526 ± 0.004 NZ 2013 OP-CE-DOAS MK-II 03/21 - 04/04/2013 Fig. A.13

Table 11.4. Correction factors for the strength of the IO(2 ← 0) transition, retrieved
from different data sets. The derived correction factors, agree with the scaling
factor of 1.53 from the last section within 1%

• RMS of the fit residual less than 10−3

The corresponding correlation plots between the fit of the full IO cross section and the IO(2← 0)
cross section are shown in appendix A, Fig. A.13 to Fig. A.11. The derived correction factors,
summarized in Tab. 11.4, agree with the scaling factor of 1.53 (section 11.2) within 1%.

11.2.2. Effect on the Data Analysis
This section analyzes effects on the DOAS analysis when using the corrected IO cross section
determined in this section, instead of the uncorrected Gómez Martín et al. [2005] literature
reference. The data set used for this analysis was recorded with the OP-CE-DOAS MK-II
instrument from 03/21/2013 to 04/04/2013 in New Zealand, details on the time series for the
observed trace gases are given in sec. 13.4. The data was evaluated according to the retrieval
scenario in Tab. 11.1 once using the uncorrected Gómez Martín et al. [2005] literature reference
and once using the corrected IO cross section. As expected the IO mixing ratios retrieved from
both scenarios shows a linear correlation, but IO mixing ratios retrieved using Gómez Martín
et al. [2005] are consistently higher by 5% as shown in the Fig. 11.4 a). Fitting over four
IO absorption bands (5 ← 0 to 1 ← 0) reduced the effect of the relatively large error in the
IO(2← 0) band on the retrieved mixing ratios. However, when using smaller spectral ranges
the influence of individual abortion bands becomes higher. In CE-DOAS application also the
wavelength depended mirror reflectivity and thus L̄0(λ) changes the weight of the individual
bands in the DOAS fit.
Figure 11.4 b) shows the corresponding series of fit residual for the evaluation with the

uncorrected Gómez Martín et al. [2005] cross section.Figure 11.4 c), which shows the fit
residuals for the corrected IO cross section, clearly shows much smaller systematic residual
structures, especially at the IO(2 ← 0) transition. As shown in Fig. 11.4 d) the portion of
unaccounted IO in the fit residual is strongly reduced for the retrieval with the corrected IO
cross section. However, there is still a linear correlation visible between the fit residuals RMS
and the observed IO absorption. Fig. 11.4 e) shows the component of the residual correlating
to the IO mixing ratio, which was extracted from the residual series using multiple linear
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regression (see sec. 4.2.5.1).
In summary the derived correction of the IO absorption cross section significantly improves

the DOAS analysis of IO. The determined correction was derived from field measurements and
therefore is only a relative rescaling of the Gómez Martín et al. [2005] literature absorption
cross section. Therefore, further laboratory work is necessary to verify this correction and
extend it on the absolute scale. Also a higher spectral resolution would be necessary for a broad
application with other DOAS instruments.
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Figure 11.4. Effect of using the corrected IO cross section in the DOAS retrieval. A
data set recorded with the OP-CE-DOAS MK-II instrument from 03/21 to 04/04/2013 in
New Zealand (see sec. 13.4), was evaluated with the corrected IO cross section derived
in this section and the uncorrected literature cross section by Gómez Martín et al. [2005].
a) Using the uncorrected cross section yield 5% higher IO mixing ratios. b) and c) Time
series of residual spectra for the evaluation with the corrected and the uncorrected IO
cross section. Horizontal stripes in b) are strong systematic residual structures when
using the uncorrected IO cross section. d) Correlation between the RMS of the fit
residual and the IO level. e) The residual component correlating with the IO mixing
ratios.
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Ireland 2011/2012

In the frame of this thesis two campaigns were carried out on the west coast of Ireland in
late spring 2011 and summer 2012. The objective was to study the atmospheric chemistry of
reactive iodine emitted by seaweed using a new generation of mobile LP-DOAS and CE-DOAS
instruments. A particular focus was to investigate the spatial distribution of reactive iodine on a
local and regional scale, investigate and quantify different emission sources and study emission
profiles. It was an aim also to cover two measurement sites that were already investigated
before, like Mace Head and the Martin Ryan Institute (MRI), to compare them with our new
observations, and very importantly to investigate how representative these previous observations
are for the entire coast.
The outline of this chapter is as follows. Section 12.1 gives an overview of the measurement

sites and seaweed distribution on the Irish west coast. Section 12.2 presents the measurement
concept and the used instruments. Section 12.3 gives an overview on the meteorological
conditions during both campaigns. In section 12.4 the measurement results of both campaigns
are first summarized, followed by detailed results on a per-site basis, which is combined with
detailed descriptions of the measurement sites. The results are analyzed and discussed in
the following sections for the chemical interation between IO and NOx (section 12.6) and the
dependence of observed IO on solar irradiance including night time chemistry (section 12.7).
The regional distribution of in the investigated area is discussed (section 12.8), as well as
local IO sources and their spatial distribution in the intertidal zone (section 12.9) and rates for
the (secondary) IO emissions are determined (section 12.10). Section 12.11 formulates the
conclusions on iodine sources on the Irish West Coast. In section 12.12 these new findings
are used for improved estimates of the Irish and global iodine emissions on coastal sites.
Summarizing conclusions for the entire chapter are given in section 14.1.

12.1. Measurement Sites
Both measurement campaigns took place in the Connemara region on the Irish West Coast,
which features a very rugged coastline with many islands, peninsulas and bays. Measurements
were performed at eight locations along the coastal strip between Lettermore Island in the south
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Figure 12.1. Overview of the measurement locations for the campaigns in 2011 and
2012. Measurements took place in the Connemara region on the Irish West coast. Mace
Head research station (a) is highlighted yellow as it played a special role, serving as
location for reference measurements during the 2012 campaign. Both, Mace Head
research station and the Martin Ryan Institute (MRI) are part of the National University of
Ireland (NUI), Galway. Map layer OpenStreetMap HDM ©OpenStreetMap contributors.
Shoreline taken from GSHHG [Wessel and W. H. F. Smith, 1996]

and Ballyconneely in the north (see sites labeld a-h in Fig. 12.1). This area is very rural and
therefore local sources of anthropogenic emissions are realtively low. However, it is generally
not a remote site due to local traffic, small boats and even increased pollution during peat land
burning events. The prevailing westerly winds generally transport clean air from the Atlantic
Ocean and therefore at the shoreline pollution events are observed mainly when air masses
move in from the land or from the European continent.
The shoreline can be divided into the intertidal zone, which is regularly exposed to air due to

the tidal movement and the subtidal zone which is always covered by water. The tidal pattern,
i.e. the periodic rise and fall of the oceans sea level, at the Irish west coast is semi-diurnal
with a period of about 12.5 h between two low waters. Furthermore, the amplitude of the
tide is modulated by the relative position of sun and moon leading to a roughly semimonthly
pattern [e.g. Morrissey and Sumich, 2011]. The maximum of the tidal amplitude, called spring
tide, is found when the moon and sun are in alignment, i.e. at full moon and new moon.
Correspondingly, the minimum tidal amplitude, called neap tide, is found when moon and sun
are perpendicular relative to the earth, i.e. at half moon. Therefore during each lunar month
(∼ 27 d) two sets of spring and neap tide are encountered. According to the lunar cycle different
low (and high) water marks are defined. The two datums used in this thesis are the average low
water over the entire lunar cycle, short Mean Low Water (MLW) and the average low water at
spring tide, short Mean Low Water Springs (MLWS).
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12.1.1. Seaweed

The rocky shores of the Irish West Coast are an ideal habitat for many different seaweed
species, about 80 species of green seaweed, 274 species of red seaweed and about about 147
species of brown seaweed [Morrissey et al., 2001]. Over 90% of the seaweed biomass on the
Irish West Coast is made up by brown seaweeds of the families Laminariaceae and Fucaceae
[Irish Seaweed Center, 2001]. With a standing stock of more than 2Mt fresh weight, the
largest contribution comes from Laminaria digitata and Laminaria hyperborea [Hession et al.,
1998; Morrissey et al., 2001], both of the family Laminariaceae. The second larges contrition
comes from Ascophyllum nodosum (family Fucaceae), with an estimated standing stock of
about 0.3Mt [Hession et al., 1998], followed by Fucus vesiculosus (family Fucaceae) which
contributes approximately half the biomass of A. nodosum [Irish Seaweed Center, 2001].

However, there is a distinct zonation between these dominant seaweed species as shown in
Fig. 12.2. Laminariaceae species, which are intolerant of air exposure are the dominant species
of the subtidal zone where they form large kelp forests. While Laminaria hyperborea is found
exclusively in the subtidal zone, a small fraction of the L. digitata population (5-10%) grows
in the lower part of the intertidal zone around the MLWS. However, the air exposure of these
intertidal L. digitata is very short ranging from zero during neap tide and a few minutes to
an hour during spring tide (personal observation during the 2012 campaign). The dominant
seaweed species of the inter tidal zone are Fucaceae mainly A. nodosum and F. vesiculosus,
growing in the mid-intertidal zone which is exposed to air more than four hours during each
tidal period. Fucus serratus is another common Fucaceae which grows in the mid- to low
intertidal zone, closing the gap to the “Laminaria zone”. The abundance and distribution of
intertidal seaweeds is also dependent on the type of the shore (see Fig. 12.2). Wave sheltered
shores and especially bays typically have an extended mid-intertidal zone with dense beds
of A. nodosum and F. vesiculosus that can reach a cover of almost 100%. With increasing
wave exposure the abundance of intertidal seaweed decreases and the more wave resistant F.
vesiculosus becomes the dominant species. Additional to the standing stock, also drift seaweed,
washed up due to storms and tides is present the intertidal zone and on beaches [Guiry and
Blunden, 1991]. Reports by E. Kelly [2005] and Bruton et al. [2009] state that in Connemara
every year large quantities of mainly L. hyperborea are cast ashore, mostly during the autumn
and winter months but these events can occur at any time depending on when storms happen.
However, there is little quantitative information on drift seaweed bio mass on the Irish West
Coast. According to Bruton et al. [2009] in some years up to 20% of standing stocks of L.
hyperborea are washed up on the Irish coast.

In the frame of this work, it was tried to get a representative coverage of the area by selecting
measurement sites with different types of shores and seaweed population. However, the selection
of sites is biased due the fact that only locations with a close by road and good access could be
chosen.
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Figure 12.2. Sketch of combined LP-DOAS and CE-DOAS measurements and seaweed distribution on different shore types.
Measurement principle: LP-DOAS measures average trace gas concentrations along a several hundred meter to kilometer
long light path. The light path crosses inter tidal areas with seaweed but also subtidal areas, always covered by water, and land.
Complementary point measurements of trace gas concentrations were performed using mobile CE-DOAS instruments. If possible,
the CE-DOAS was moved into the intertidal zone during low tide to get in-situ concentrations over seaweeds, the expected major
source of reactive iodine. Shore types: Wave sheltered shores (left hand side) have an extended intertidal zone with dense seaweeds
beds, mainly A. nodosum and F. vesiculosus. On wave exposed shores (right hand side) the intertidal area is generally smaller and
the seaweed density is lower.



12.2. Instrumentation

time period exposure time (ms/scan) # scans accumulated
5/19 - 5/21/2011 40 1000
from 5/22/2011 30 1000
7/15 - 7/29/2012 20 1000
from 7/30/2012 10 1000

Table 12.1. Summary for the Open Path CE-DOAS measurement parameters. The
exposure times were adapted so that the saturation of the detector did not exceed 60%. In
order to reduce delays due to USB data transfer, 1000 subsequent scans were accumulated
in the spectrograph before they were transferred to the PC and saved as a spectrum.

12.2. Instrumentation
In order to investigate the reactive iodine chemistry on different spatial scales, a new combination
of spatially averaging and in-situ measurement techniques was applied as illustrated in Fig. 12.2.
LP-DOAS measures along a several hundred meter to kilometer long light path. It was usually
tried to mainly cross seaweed rich intertidal areas, but due to the shape of the shoreline and
available locations to setup the telescope and the retro reflector, at least parts of the light path
always crossed constantly submerged subtidal areas and even short parts of the land. Thus,
LP-DOAS measures average trace gas concentrations over these different areas crossed by the
light path. Complementary point measurements of trace gas concentrations were performed
using mobile CE-DOAS instruments. If possible, the CE-DOAS was moved into the intertidal
zone during low tide to get in-situ concentrations over seaweeds, the expected major source of
reactive iodine at the field sites.
In both campaigns the Open Path CE-DOAS Mark I (sec. 5.1) was applied for in-situ

measurements of IO and NO2. However, some modifications were made between the campaigns.
Most importantly, in 2011 broadband CRDSwas used for path lengths calibration and in 2012 the
wavelength resolved CRDS system was used. Both are described in sec. 5.1. The measurement
routine described in sec. 5.1 was followed in both campaigns, but the spectrograph exposure
time varied over the campaigns as summarized in Tab. 12.1. During both campaigns the mirrors
were contaminated with raindrops or aerosol several times. Mirror cleaning was difficult due
to missing clean lab conditions and often was performed in the field. Thus, the optical path
lengths obtained after the cleaning process varied strongly. Every time the mirrors had to be
cleaned, the measurement series was divided into a new sequence called mirror configuration.
An overview of the different mirror configurations with path lengths and light intensities is
shown in Fig. C.1 for 2011 and Fig. C.2 for 2012. During the campaign of 2012, the Compact
Closed Path CE-DOAS was applied for additional IO and NO2 in-situ measurements at a higher
spatial resolution. A description of the instrument and the measurement routine is given in sec.
6. Since the sampled air passed a particle filter before it entered the closed measurements cell,
no contamination of the resonator mirrors did occur during the entire campaign, which made
the field operation much easier compared to the Open Path CE-DOAS Mark I instrument.
The MoLP-DOAS was applied in both campaigns for path averaged measurements of IO,

NO2 and I2, at different sites. A description of the instrument and the measurement routine
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is given in sec. 7.2. Description of the different light paths, which varied between 532m
to 6160m length, is given in the result section 12.4 for the individual measurement sites.
Additionally, in 2012 the stationary “Mace Head LP-DOAS” instrument for IO, I2, OIO and
NO2 (sec. 7.1) was applied at Mace Head. The idea was to get reference measurements at
Mace Head, reducing the influence of meteorology when comparing the mobile measurements.
Additionally it also allowed to set our measurements in relation to previous studies, carried out
mainly at Mace Head. It should also be noted that, like in previous studies at Mace Head, the
stationary LP-DOAS mostly measured over the constantly submerged intertidal zone (> 90%
of the ligh path), giving average mixing ratios for the larger coastal are.
The spectroscopic measurements where complemented with basic measurements of the local

meteorology at the different measurement sites, using a mobile Oregon Scientific WMR200
weather station. The meteorological station at the Mace Research Station, operated by National
University of Ireland Galway, provided a complete set of meteorological parameters, which
was the main set of meteorological data used for the data interpretation. During the 2012
campaign, additional nano-SMPS measurements of the particle size distribution at Mace Head
were provided by the National University of Ireland Galway . For all measurement locations
the tidal height at Galway port is used, which is the closest station of the Irish National Tide
Gauge Network. Details on these complementary measurements is provided in sec. (see 8.1 ).
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12.3. Meteorology
This section gives a general overview of the meteorological conditions in 2011 and 2012,
based on the measurements at Mace Head by NUIG (sec. 8.1.1) and personal observations.
Measurements of wind speed and direction at other sites are presented separately in the results
section 12.4. At the MRI no local wind measurements are available due to instrumental
problems. Fortunately the Mace Head data is relatively representative for MRI since both
locations are close by without significant elevations in between.

12.3.1. Meteorology 2011
During the 21 days of the campaign the meteorological conditions were relatively cloudy and
rainy with only short periods of sunshine. June 2nd was the only cloud free and sunny day.
Figure 12.3 shows an overview of the meteorological conditions at Mace Head (for details
on the National University of Ireland Galway (NUIG) weather station see sec. 8.1.1). The
average air temperature was 11 °C and varied between 7 °C and 18 °C. Relative humidity

Figure 12.3. Overview of themeteorology atMaceHead during the the 2011 campaign.
(Data from Darius Ceburnis NUIG, pers. com.)
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Figure 12.4. Distribution of wind direction and speed at Mace Head during the 2011
campaign. (Data from Darius Ceburnis NUIG, pers. com.)

showed variations between 55% and 98%, which is typical for oceanic climate. The wind
speed was on average 9.7m/s which is relatively high but normal for a coastal site. On May
23rd a heavy storm took place with a maximum wind speed of 25.2m/s and gust up to 31m/s.
The prevalent wind direction was south-west to west (Fig. 12.3) which is in the clean air sector
for Mace Head.

12.3.2. Meteorology 2012
During the 25 days of the campaign in 2012, the weather was generally warmer and sunnier, as
compared to the 2011 campaign, but still only few days were completely free of rain. Most
days were cloudy and showed very variable weather conditions with periods of sunshine and
quick rain showers. Figure 12.5 shows an overview of the meteorological conditions at Mace
Head during this campaign. The average air temperature was 14 °C, varying between 9 °C and
21 °C. Relative humidity varied between 54% and 99%. Wind speed was moderate, compared
to the previous year, with an average of 6m/s and a maximum of 16m/s. At Mace Head the
wind direction was mainly west to north-west (Fig. 12.6) leading to relatively clean conditions
with NO2 levels mostly below 0.5 ppb. Between July 30th and August 4th, the wind turned and
air masses from the southern and eastern to north-eastern sector were transported to this area,
leading to events of elevated NO2 (see Fig. 12.6).
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Figure 12.5. Overview of themeteorology atMaceHead during the the 2012 campaign.
(Data from Darius Ceburnis NUIG, pers. com.)

Figure 12.6. Distribution of wind direction and speed at Mace Head during the 2012
campaign. (Data from Darius Ceburnis NUIG, pers. com.)
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12.4. Results
For the first time, successful direct in-situ measurements of atmospheric IO by Open Path
Cavity Enhanced DOAS were performed using the newly developed Open Path CE-DOAS
Mark I instrument. These are also the first in-situ observations of IO directly above seaweed in
the intertidal zone.
Figure 12.7 and 12.8 show the series of IO and NO2 mixing ratios observed during the

2011 and 2012 campaign respectively.Tables 12.2, 12.3 and 12.4 give an overview of the
resulting mixing ratios and detection limits at every measurement site for the Open Path
CE-DOAS, MoLP-DOAS and the Mace Head LP-DOAS respectively. For the MoLP-DOAS,
additionally, the lengths of the LP-DOAS light paths are given. Details on the DOAS retrieval
are discussed in the instrument sections 5.1 (Open Path CE-DOAS), 6 (Closed Path CE-DOAS),
7.2 (MoLP-DOAS) and 7.1 (Mace Head LP-DDOAS). Measurements with the Closed Path
CE-DOAS did not give quantitative results due to unknown losses of IO in the sampling system,
which is further discussed in sec. 12.5.
IO and NO2 were regularly observed above their respective detection limits by the Open

Path CE-DOAS, MoLP-DOAS and the Mace Head LP-DOAS, while I2, OIO and (CHO)2
could not be detected. In agreement with previous studies, observation of IO always coincided
with low tide periods during daytime [e.g. Alicke et al., 1999; Hebestreit, 2001; Seitz et al.,
2010; Commane et al., 2011]. Contrary to Saiz-Lopez and Plane [2004] and Mahajan et al.
[2009], no IO was identified above the detection limit during nighttime by either the CE-DOAS
or the LP-DOAS. which is further discussed in sec. 12.7.1. Open path CE-DOAS in-situ
measurements show strong horizontal variations of IO levels on scales between few meters
and several ten meters, with the highest IO mixing ratios of several 10 ppt and up to more
than 100 ppt when measuring directly above seaweed exposed during low tide. These findings
support the “hot-spot” theory described in Burkholder et al. [2004]. Measurements of the
vertical IO gradient in the first two meters over seaweed patches show a strong decline of the
IO mixing ratio with increasing height (see sec. 12.10). Depending on the measurement site
and meteorology also the LP-DOAS could observe several 10 ppt IO on larger scales of several
100m. A detailed discussion of small scale variations in the IO mixing ratios is given in sec.
12.9. Additionally, strong differences in the IO concentrations were observed between the
different sites, with much lower IO levels at Mace Head, as compared to the other sites. This
important finding is further discussed in sec. 12.8 as the question arises how representative all
previous studies at Mace Head are for the whole coastline.
As expected for a rural area, the observed NO2 mixing ratios were generally low, with average

mixing ratios of less than 300 ppt at most sites. The presence of elevated NO2 levels > 500 ppt
strongly depended on the measurement sites and the wind direction and could be used as an
indication for generally polluted air masses.
The shoreline, seaweed abundance and measurement geometry significantly differ between

the measurement sites. Therefore, the following sections present more detailed results for
each measurement site together with a more detailed description of the respective site and
instrumental setup.
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Location (year) IO mixing ratio (ppt) NO2 mixing ratio (ppb)
average max. av. d. l. average max. av. d. l.

Mace Head (11) 3.7 ± 1.1 15.3 ± 1.0 2.3 ± 1.5 0.05 ± 0.07 0.6 ± 0.1 0.13 ± 0.09
Mace Head North (11) 6.3 ± 1.3 25.0 ± 1.6 2.5 ± 0.4 < d. l. < d. l. 0.13 ± 0.03

MRI (11)* 7.3 ± 0.8 58.0 ± 3.7 1.6 ± 0.8 0.02 ± 0.05 4.2 ± 0.1 0.09 ± 0.05
Mweenish (11) 22.0 ± 0.7 40.0 ± 0.7 1.3 ± 0.2 < d. l. < d. l. 0.07 ± 0.01

Bellyconneely North (11) 15.4 ± 1.0 30.7 ± 0.8 1.9 ± 0.3 < d. l. < d. l. 0.11 ± 0.02

Mace Head (12) 1.5 ± 1.0 14.9 ± 0.6 1.9 ± 1.2 0.05 ± 0.05 0.44 ± 0.06 0.11 ± 0.07
MRI (12)** 3.9 ± 1.2 65.8 ± 0.8 2.3 ± 0.8 0.23 ± 0.07 5.2 ± 0.1 0.14 ± 0.05

Lettermore North (12) 20.8 ± 0.7 50.5 ± 0.7 1.4 ± 0.3 0.31 ± 0.04 1.4 ± 0.0 0.08 ± 0.02
Lettermore South (12) 5.3 ± 1.1 24.9 ± 0.7 2.1 ± 0.6 0.70 ± 0.06 2.0 ± 0.0 0.12 ± 0.04

Cashel Bay (12) 27.7 ± 1.1 62.4 ± 1.1 2.3 ± 0.7 0.16 ± 0.05 0.3 ± 0.1 0.10 ± 0.03
Ballyconeelly Bay(12) 10.7 ± 0.4 37.4 ± 0.4 0.86 ± 0.03 0.21 ± 0.03 0.6 ± 0.0 0.05 ± 0.00

Table 12.2. Overview of the IO and NO2 mixing ratios and detection limits measured
by the Open Path CE-DOAS. For each species average and maximum mixing ratios
and the average detection limit (av. d. l.) is given. Errors for the average mixing
ratios are the average measurement errors. For the average detection limit the standard
deviation is given as uncertainty. Retrieved (CHO)2 mixing ratios were always below
the detection limit of (0.12 ± 0.03) ppb. * For the measurements at the MRI in 2011 the
period between June 1st and June 2nd was excluded from the calculation of the average
detection limit, since the detection limit was about 10 times higher due to instrumental
problems. ** Profile measurements on July 30th, which went down to 10 cm above the
seaweed, were excluded from this overview.

Location (year) a. p. l. IO mixng ratio (ppt) NO2 mixng ratio (ppb)
(m) average max. av. d. l. average max. av d. l.

Mace Head (11) 6160 0.9 ± 0.6 5 ± 1 1.1 ± 0.4 0.07 ± 0.04 0.78 ± 0.03 0.08 ± 0.03
MRI short path (11) 532 2 ± 7 35 ± 7 14 ± 3 0.4 ± 4 2.5 ± 0.5 0.7 ± 0.5
MRI mid path (11) 1112 4 ± 4 27 ± 4 8 ± 3 0.3 ± 0.3 1.3 ± 0.5 0.5 ± 0.2
MRI long path (11) 3780 2 ± 2 19 ± 2 3 ± 1 0.3 ± 0.1 1.8 ± 0.1 0.18 ± 0.07
Mweenish Isl. (11) 1710 5 ± 3 14 ± 3 6.5 ± 0.5 - < d. l. 0.44 ± 0.03

Ballyconneely North (11) 1002 3 ± 4 11 ± 5 8.7 ± 0.9 - < d. l. 0.60 ± 0.07

Mace Head South (12) 638 - < d. l. 11 ± 1 - < d. l. 0.8 ± 0.1
Moyrus Bay (12) 1978 1 ± 2 14 ± 2 3.5 ± 1.3 0.1 ± 0.2 0.5 ± 0.1 0.3 ± 0.1

MRI (12) 1264 6 ± 2 46 ± 4 3.6 ± 1.6 0.2 ± 0.1 2.3 ± 0.1 0.1 ± 0.1
Lettermore North (12) 1744 4 ± 2 30 ± 2 3.7 ± 0.5 0.1 ± 0.2 0.4 ± 0.2 0.27 ± 0.04
Lettermore South (12) 1616 4 ± 2 14 ± 2 3.6 ± 0.5 0.7 ± 0.2 2.5 ± 0.2 0.27 ± 0.04

Cashel Bay (12) 1396 10 ± 2 19 ± 2 3.8 ± 0.4 0.2 ± 0.1 0.4 ± 0.1 0.28 ± 0.03
Ballyconneely Bay (12) 2070 7 ± 1 18 ± 1 2.1 ± 0.2 0.3 ± 0.1 0.5 ± 0.1 0.15 ± 0.01

Table 12.3. Overview of the IO and NO2 mixing ratios and detection limits measured
by the MoLP-DOAS. For each species average and maximum mixing ratios and the
average detection limit (av. d. l.) is given. Errors for the average mixing ratios are the
average measurement errors. For the average detection limit the standard deviation is
given as uncertainty. Furthermore, the absorption path length (a. p. l.) is provided for
each site. Measurements of I2 at the MRI in 2012 were always below the detection limit
of (125 ± 36) ppt.
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species average maximum av. d. l.
IO (1.0 ± 0.9) ppt (13 ± 1) ppt (2.2 ± 0.5) ppt
I2 - < det. lim. (75 ± 10) ppt
NO2 (0.28 ± 0.09) ppb (3.0 ± 0.1) ppb (0.18 ± 0.04) ppb
(CHO)2 - < det. lim. (0.16 ± 0.04) ppb

Table 12.4. Overview of themixing ratios and detection limits for the speciesmeasured
by the Mace Head LP-DOAS during campaign 2012 (light path 6160m) For each
species average and maximum mixing ratios and the average detection limit (av. d. l.)
are given. Errors for the average mixing ratios are the average measurement errors. For
the average detection limit the standard deviation is given as uncertainty.

Figure 12.7. Overview of the DOAS measurements during the 2011 campaign. IO and
NO2 mixing ratios observed by the different instruments are shown as black dots, and the
respective detection limits in red. The top row indicates the location of the CE-DOAS
and the mobile LP-DOAS. For a map of the measurements sites see Fig. 12.1.
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Figure 12.8. Overview of the DOAS measurements during the 2012 campaign. IO and
NO2 mixing ratios observed by the different instruments are shown as black dots, and the
respective detection limits in red. The top row indicates the location of the CE-DOAS
instruments and the mobile LP-DOAS. For a map of the measurements sites see Fig. 12.1.
Closed Path CE-DOAS data are not used due to instrumental problems (see sec. 12.5).
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12.4.1. Mace Head
The Mace Head Atmospheric Research station, operated by NUIG, is located on a remote
headland north-west of Carna about 60 km east of Galway. It is a, clean air site for wind
directions between 180° and 300°, which is the case for 60% of the air masses ariving
at the station. Since local emissions are negligible, the station is ideal for studies under
northern hemisphere background conditions. Due to the ideal location and due to the provided
infrastructure, necessary for most classic instruments, Mace Head has been the main location
for studies of reactive halogen chemistry and iodine emissions by seaweed on the Irish west
coast [e.g. Alicke et al., 1999; Hebestreit, 2001; Saiz-Lopez and Plane, 2004; Seitz, 2009;
Commane et al., 2011]. LP-DOAS light paths used in previous studies are shown in Fig. 12.9.
The Mace Head research station consists of three laboratory buildings, two lower cottages

at about 90m and the upper cottage at about 300m from the shore. This is illustrated in the
sectional view in Fig. 12.10. Close to the upper cottage is a 10m meteorological tower where
data such as wind speed, wind direction, pressure, temperature, relative humidity and solar
radiation are measured continuously.
The shore west to the station, which is strongly wave exposed, is predominantly inhabited by

the kelps L. digitata and L. hyperborea (see. Fig. 12.9). Therefore, previous observations of IO
at the Mace Head station were attributed to these seaweed species. However, during the 2011
and 2012 campaigns it was observed, that only a small fraction of L. digitata is in the intertidal
zone and therefore ever exposed to air. This is in agreement with previous measurements,
where high IO levels were observed only at spring tide [e.g. Seitz, 2009; Commane et al.,
2011]. A much larger abundance of intertidal seaweed was found in the small sheltered bay
directly north of the station and the larger Moyrus Bay about 3km north east of the station, both
predominantly inhabited by A. nodosum and F. vesiculosus. Mobile measurements at different
locations close to Mace Head, for the first time allowed the estimation of sources relevant for
reactive iodine measurements at Mace Head.
Measurements at Mace Head station were made during both campaigns in 2011 and 2012.

An overview of instrument locations and the LP-DOAS light path is given in Fig. 12.9.

12.4.1.1. Campaign 2011

Measurements in 2011 were performed between May 19th and May 30th. This period of
the campaign was conducted in the frame of the ACTRIS project MaCloud Inc. (Marine
Aerosol –Cloud Interactions). MaCloud Inc. was aimed to built on recent advances in marine
aerosol formation, both in in terms of secondary and primary formation processes. The
project aimed to characterize the growth factor and CCN activity of varying enrichment in
sea-spray aerosol by combining different gas phase characterizations with aerosol measurement
techniques for chemical and physical characterization. The 2011 summer campaign focused
on the primary/secondary and organic/biological impact on cloud microphysics within a high
biological activity period. Thus, in addition to the measurements of iodine compounds presented
in this thesis, different aerosol mass spectrometry observations were used to quantify marine
aerosol organic characteristics with effective cloud nucleating properties.
The MoLP-DOAS measured along the shore between the station and a retro reflector placed
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Figure 12.9. Measurement sites Mace Head and Moyrus Bay. a),b) Shore at Mace Head
in western and northern direction at low tide (water levels −1.5m and −0.6m). c)
Overview map with LP-DOAS light paths and one way path lenghts I) this study, II)
Alicke et al. [1999], Seitz [2009] and Hebestreit [2001], III) Saiz-Lopez and Plane
[2004]. d) Map of the larger area with the main Mace Head LP-DOAS light path and the
MoLP-DOAS light path across Moyrus Bay. e) zoomed map with the different locations
of the Open Path CE-DOAS around the Mace Head station, labeled (1) to (3), and the
additional MoLP-DOAS light path from the 2012 campaign. The seaweed layer is based
on maps from Stefan Schmitt (pers. observ. Ireland 2011/12), Hession et al., 1998 and
Irish Seaweed Center [2001]. Satellite images ©Google Earth, ©DigitalGlobe.
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Figure 12.10. East/west sectional view of the Mace Head research station. Adapted
from Hebestreit [2001]

3.08 km north, giving an optical light path length of 6.16 km (see Fig. 12.9). Close to the
station and close to the reflector the light path crossed dense beds of A. nodosum which were
exposed during each tidal cycle. The large areas in between, which were always covered with
water, were predominantly inhabited by the subtidal species L. digitata and L. hyperborea. The
IO mixing ratios detected by the MoLP-DOAS are shown in Fig. 12.11 and Fig. 12.12. They
were relatively low and exceeded the average detection limit of 1.1 ppt only on four days, with a
maximum of (5 ± 1) ppt on May 29th. Unfortunately, the LP-DOAS time series is relatively
fragmented due to mechanical and electronic instabilities of the instrument which was still
under development at the time. Also the compact design, particularly the short focal length of
the telescope, was not optimal for the long light path at Mace Head.
The Open Path CE-DOAS performed in-situ measurements at two different locations,

indicated as (1) and (3) in Fig. 12.9. From May 19th to May 23rd, it measured at location (1)
west of the station about 40m from the shore line were intertidal L. digitata is found. On three
of the four measurement days, shown in Fig. 12.11, IO could be detected during daytime and
low tide, with a maximum IO concentration in a short period around the tidal minimum. The
maximum IO mixing ratio of (15 ± 1) ppt was observed on May 19th, a day of spring tide.
During the subsequent days the IO peak during low tide decreased simultaneously with the
tidal amplitude. The only available night measurement on May 21st showed no IO above the
detection limit of 2 ppt. Further night measurements were not possible due to frequent rain,
when the instrument was not operated to avoid water contamination of the resonator mirrors.
Rain is also the reason for the missing measurements on May 21st.
After a one day interruption due to a storm on May 23rd, the Open Path CE-DOAS measured

from May 24th to May 30th at location (3), which is about 250m north of the station and about
10m from the shore line where A. nodosum is predominant. Unfortunately, the bad weather
conditions at this site also caused several longer gaps in the IO time series, shown in Fig. 12.12,
and did not allow for continuous over night measurements. On May 26th, 29th and 30th IO
could be detected during periods of low tide and daytime. The maximum IO mixing ratio of
(25.0 ± 1.6) ppt was observed on May 29th, which was an almost rain-free day. On this day
the anti-correlation between IO and tidal height is seen particularly well, since IO is increased
in the morning during low tide, decreases in the early afternoon as the tidal height rises and
increases again in the late afternoon during the second low tide of the day just before sunset.
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Figure 12.11. Detailed results of IO and NO2 for Mace Head Station from the 2011
campaign. The Open Path CE-DOAS measured at location (1), west of the lower cottage
as indicated in Fig. 12.9. IO and NO2 measurements are shown in the top and middle
graph respectively, both for the Open Path CE-DOAS (black), and the MoLP-DOAS
(green). Also shown are the tidal height (top), solar irradiance (middle), wind speed and
direction (bottom) at the Mace Head Research Station. A description of the tidal and
meteorological measurements is given in sec.8.1.1.

157



C
hapter12.

Ireland
2011/2012

Figure 12.12. Detailed results of IO and NO2 for Mace Head North from the 2011 campaign. The Open Path CE-DOAS
measured at location (3), about 205m north of the station as indicated in Fig. 12.9. IO and NO2 measurements are shown in
the top and middle graph respectively, both for the Open Path CE-DOAS (black), and the MoLP-DOAS (green). Also shown
are the tidal height (top), the solar irradiance (middle) and wind speed and direction (bottom) at the Mace Head Research
Station. A description of the tidal and meteorological measurements is given in sec. 8.1.1.
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12.4.1.2. Campaign 2012

Stationary measurements by the Mace Head LP-DOAS During the 2012 campaign,
a stationary LP-DOAS was used to measure on the same light path as the MoLP-DOAS in
the 2011 campaign (see Fig. 12.9). This stationary LP-DOAS measured between July 14th to
August 6th, to provide a continuous reference for comparisons with mobile measurements at
other locations. Table 12.9 summarizes the detection limits and the observed maximum and
average mixing ratios for IO,I2, NO2 and (CHO)2. Retrieved I2 mixing ratios were always below
the detection limit of (75 ± 10) ppt. Also additional measurements of (CHO)2 were always
below the detection limit of (0.16 ± 0.04) ppb. IO was detected on 15 of the 22 measurement
days above the detection limit of 1.8 ppt and showed a positive correlation to low tide as
described in previous studies [Alicke et al., 1999; Hebestreit, 2001; Saiz-Lopez et al., 2006;
Seitz, 2009; Commane et al., 2011]. However, on some days the data also show some significant
negative IO values which exceed the detection limit due to systematic residual structures. The
maximum IO mixing ratio of (13 ± 1) ppt was observed on August 8th which was a day of
spring tide. A detailed discussion of the results is given in sec. 12.9.2.1

Intensive measurement periods at Mace Head Two sets of intensive measurements
were conducted at Mace Head, first at the beginning of the campaign between the July 15th and
July 20th and secondly on August 5th and 6th, the last days of the campaign.
From July 15th to July 18th the Open Path CE-DOAS measured in front of the lower cottage

at location (1), which was also part of the 2011 campaign. Detailed data for this period is
shown in Fig. 12.14. The both the Mace Head LP-DOAS and the CE-DOAS did not detect
any significant IO above their respective average detection limits of 2.5 ppt and 3.5 ppt during
this period. Interpretation of the data is only possible for July 18th because on the other days
frequent rain showers interfered with the measurements. July 18th, was a rain free day and the
CE-DOAS was directly downwind of the L. digitata patches. The absence of IO on this day can
be explained by the insignificant exposure of L. digitata during low tide on this day.
Subsequently, on July 19th and 20th the Open Path CE-DOAS measured at location (2) about

80m further to the south and about 30m from the shore line where a second patch of L. digitata
is located in the intertidal zone. Detailed data for this period is shown in Fig. 12.15. On both
days an IO peak was observed by the Open Path CE-DOAS during daytime low tide. The
increase of the maximum IO mixing ratios by a factor of 1.6 from (9.2 ± 0.8) ppt on July 19th
to (14.7 ± 0.8) ppt July 20th correlates with an increase in the tidal amplitude.
On July 20th the MoLP-DOAS was placed at the location indicated in Fig. 12.9 as “LP-DOAS

mobile 2012 south” and measured on an additional 0.53 km long light path (two-way), parallel
to the shoreline to the west of Mace Head station. However, the IO measurements show no
correlation with low tide and no IO could be detected above the rather high detection limit of
10 ppt, caused by the short measurement path.
On August 6th the CE-DOAS measured again at location (1) while the MoLP-DOAS was

setup about 3 km north east of the station on a 1.97 km long light path (two-way) across Moyrus
Bay (see Fig. 12.9 and Fig. 12.13). A detailed plot of the measurements in this period is
shown in Fig. 12.16. The Open Path CE-DOAS observed elevated IO levels during the daytime
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Figure 12.13. Picture across Moyrus Bay. Taken from the position of the retro reflector
towards the LP-DOAS telescope in the south. The speckles on the water are floating
blades of A. nodosum seaweed. The major part of the seaweeds was already submerged.
The picture was taken on August 6th at 17:30 close to high tide at a water level of 1.3m.

low tide of on average 5 ppt (one peak of (14.9 ± 0.6) ppt) and in addition the IO shows a
dependency on the wind direction. For the first half of the low tide period with a south westerly
wind direction, only a weak increase of the IO mixing ratios with the sinking tide is observed
and the maximum IO mixing ratios is (3.6 ± 0.5) ppt. At 13:15h the wind direction turned to
westerly and the observed IO mixing ratio increases by more than a factor of two and the time
series becomes similar to the measurement on July 19th at location (1), which was made at a
similar tidal amplitude. This is further discussed in the context of local IO sources in sec. 12.9.
Furthermore, the slightly elevated NO2 mixing ratios of up to (280 ± 30) ppt around 12:50
anti-correlate with the observed IO levels, hinting to chemical reaction between IO and NO2 as
discussed in sec. 12.6. The IO levels observed by the MoLP-DOAS also correlated with day
light and low tide. The average IO mixing ratios detected by the MoLP-DOAS at Moyrus Bay
during the low tide period were on average two to three times higher than the simultaneous
Open Path CE-DOAS measurements at Mace Head, even though the maximum IO mixing ratio
of (14 ± 2) ppt (MoLP-DOAS) and (14.9 ± 0.6) ppt (Open Path CE-DOAS) are comparable.
However, the Mace Head LP-DOAS whose light path was roughly west to south west of the
MoLP-DOAS did not detect any significant IO even though both light path were relatively
close. These differences between the MoLP-DOAS and the Mace Head LP-DOAS IO levels are
further analyzed in section 12.9 in the context of the IO sources and their locations.

160



12.4. Results

0

5

0 . 0
0 . 2
0 . 4
0 . 6

- 2

0

2

tida
l he

igh
t (m

)

( 1 )  i n t e r -
t i d a l

h ~ 1 . 3 m
o p e n  p a t h  C E - D O A S  a t  M a c e  H e a d  S t a t i o n  ( 1 )   

CE
-DO

AS
loc

atio
n

 o p e n  p a t h  C E - D O A S
 M a c e  H e a d  L P - D O A S

IO 
(pp

t)

0 . 0

0 . 5

1 . 0

sol
ar 

irra
d (

kW
m

-2 )

NO
2 (p

pb
)

N
E
S
W
N

win
d d

ire
ctio

n
0 7 / 1

5  0 9
: 0 0

0 7 / 1
5  1 2

: 0 0

0 7 / 1
5  1 5

: 0 0

0 7 / 1
5  1 8

: 0 0

0 7 / 1
5  2 1

: 0 0

0 7 / 1
6  0 0

: 0 0

0 7 / 1
6  0 3

: 0 0

0 7 / 1
6  0 6

: 0 0

0 7 / 1
6  0 9

: 0 0

0 7 / 1
6  1 2

: 0 0

0 7 / 1
6  1 5

: 0 0

0 7 / 1
6  1 8

: 0 0

0 7 / 1
6  2 1

: 0 0

0 7 / 1
7  0 0

: 0 0

0 7 / 1
7  0 3

: 0 0

0 7 / 1
7  0 6

: 0 0

0 7 / 1
7  0 9

: 0 0

0 7 / 1
7  1 2

: 0 0

0 7 / 1
7  1 5

: 0 0

0 7 / 1
7  1 8

: 0 0

0 7 / 1
7  2 1

: 0 0

0 7 / 1
8  0 0

: 0 0

0 7 / 1
8  0 3

: 0 0

0 7 / 1
8  0 6

: 0 0

0 7 / 1
8  0 9

: 0 0

0 7 / 1
8  1 2

: 0 0

0 7 / 1
8  1 5

: 0 0

0 7 / 1
8  1 8

: 0 0
0
3
6
9

1 2

win
d s

pe
ed

 (m
/s)

d a t e  ( t i c k s  0 0 : 0 0  U T C  y e a r  2 0 1 2 )

Figure 12.14. Detailed results of IO and NO2 for Mace Head Station between July
15th and July 18th 2012. The Open Path CE-DOAS measured at location (1), in front
of the lower cottage as indicated in Fig. 12.9. IO and NO2 measurements are shown in
the top and middle graph respectively, both for the Open Path CE-DOAS (black), and
the stationary LP-DOAS (red). Also shown are the tidal height (top), solar irradiance
(middle), wind speed and direction (bottom) at the Mace Head Research Station. A
description of the tidal and meteorological measurements is given in sec.8.1.1.
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Figure 12.15. Detailed results of IO and NO2for Mace Head Station at July 19th
and July 20th 2012. Fig. 12.9 shows the measurements the Open Path CE-DOAS
measurement location (2) south of Mace Head Station and the MoLP-DOAS light path to
the west. IO and NO2 measurements are shown in the top and middle graph respectively,
for the Open Path CE-DOAS (black), and the MoLP-DOAS (green) and the stationary
Mace Head LP-DOAS (red). Also shown are the tidal height (top), solar irradiance
(middle), wind speed and direction (bottom) at the Mace Head Research Station. A
description of the tidal and meteorological measurements is given in sec.8.1.1.

162



12.4. Results

0

5

1 0

1 5

0 . 0
0 . 2
0 . 4
0 . 6

- 2

0

2

tida
l he

igh
t (m

)

( 1 )  i n t e r -
t i d a l

h ~ 1 . 3 m
o p e n  p a t h  C E - D O A S  a t  M a c e  H e a d  S t a t i o n  ( 1 )   /  

m o b i l e  L P - D O A S  a t  M o y r u s  B a y  ( 3 k m  N E  o f  M a c e  H e a d  s t a t i o n )

CE
-DO

AS
loc

atio
n

 o p e n  p a t h  C E - D O A S
 m o b i l e  L P - D O A S
 M a c e  H e a d  L P - D O A S

IO 
(pp

t)

0 . 0

0 . 5

1 . 0

sol
ar 

irra
d (

kW
m

-2 )

NO
2 (p

pb
)

N
E
S
W
N

win
d d

ire
ctio

n
0 8 / 0

5  2 2
: 0 0

0 8 / 0
5  2 3

: 0 0

0 8 / 0
5  0 0

: 0 0

0 8 / 0
6  0 1

: 0 0

0 8 / 0
6  0 2

: 0 0

0 8 / 0
6  0 3

: 0 0

0 8 / 0
6  0 4

: 0 0

0 8 / 0
6  0 5

: 0 0

0 8 / 0
6  0 6

: 0 0

0 8 / 0
6  0 7

: 0 0

0 8 / 0
6  0 8

: 0 0

0 8 / 0
6  0 9

: 0 0

0 8 / 0
6  1 0

: 0 0

0 8 / 0
6  1 1

: 0 0

0 8 / 0
6  1 2

: 0 0

0 8 / 0
6  1 3

: 0 0

0 8 / 0
6  1 4

: 0 0

0 8 / 0
6  1 5

: 0 0

0 8 / 0
6  1 6

: 0 0

0 8 / 0
6  1 7

: 0 0
0
3
6
9

1 2

win
d s

pe
ed

 (m
/s)

d a t e  ( t i c k s  0 0 : 0 0  U T C  y e a r  2 0 1 2 )

Figure 12.16. Detailed results of IO and NO2 on at August 6th 2012. The Open Path
CE-DOAS measured close to Mace Head station at location (1) while the MoLP-DOAS
simultaneouslymeasured atMoyrus Bay (also see Fig. 12.9).ceIO andNO2measurements
are shown in the top and middle graph respectively, for the Open Path CE-DOAS (black),
and the MoLP-DOAS (green) and the stationary Mace Head LP-DOAS (red). Also shown
are the tidal height (top), solar irradiance (middle), wind speed and direction (bottom)
at the Mace Head Research Station. A description of the tidal and meteorological
measurements is given in sec.8.1.1.
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12.4.2. Martin Ryan Institute
The Martin Ryan Institute (MRI) is located in the south of Carna at the causeway connecting
Mweenish Island with the main land, and is about 5 km south-east of Mace Head. The MRI
is surrounded by seaweed fields in Mweenish Bay, which covers the north eastern to south
western sector, and Ard Bay, which covers the western to north western sector. Thus, it is
characterized by iodine source regions for all wind directions except north. An overview of the
seaweeds present in the different areas is given in Fig. 12.17. Generally speaking, in the wave
sheltered bays A. nodosum and F. vesiculosus are the co-dominant species of the middle and
upper intertidal zone. The latter is also the predominant species in the middle to upper intertidal
zone of wave exposed shores. The lower intertidal to subtidal zone of the semi wave exposed
outer bays and the wave exposed shore outside of the bays are dominated by L. digitata.
In both campaigns CE-DOAS and LP-DOAS measurements were performed in the small bay

east of the MRI. Detailed maps with locations of the instruments and the LP-DOAS light paths
are provided in Fig. 12.18. Due to the good infrastructure at the MRI this bay was also the
location for previous studies of reactive halogen chemistry and iodine emissions form seaweed
by Seitz et al. [2010], Huang et al. [2010a], and Huang et al. [2013].
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Figure 12.17. Overview on the Seaweed distribution in the vicinity of Mace Head and
the Martin Ryan Institute In the wave sheltered bays A. nodosum and F. vesiculosus
are the co-dominant species of the middle and upper intertidal zone. The latter is also
the predominant species in the middle to upper intertidal zone of wave exposed shores.
The lower intertidal to subtidal zone of the semi wave exposed outer bays and the wave
exposed shore outside of the bays are dominated by L. digitata. Adapted from Irish
Seaweed Center [2001]
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Figure 12.18. Measurement site MRI. a) Intertidal zone at MRI photographed northeastwards from location (3) in c). Picture
taken on July 25th at 15:49 close to low tide (water level −1.6m). b) The three LP-DOAS light paths implemented in the
2011 campaign. a) the 1264m long (two-way) LP-DOAS light path implemented in the 2012 campaign and the different
locations (1-5) of the Open Path CE-DOAS. Land positions (4,1) are marked in orange, and intertidal locations (2,3,5) in blue.
The seaweed distribution is based on maps from Stefan Schmitt (pers. observ. Ireland 2011/12), Hession et al., 1998 and
Irish Seaweed Center [2001]. Satellite images ©Mapbox, ©OpenStreetMap
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12.4.2.1. Campaign 2011

In 2011 Open Path CE-DOAS and LP-DOASmeasurements at theMRI were performed between
May 31st and June 5th and on June 7th. Detailed times series for this period are shown in
Fig. 12.19 to Fig. 12.22. Meteorological data from Mace Head was used for the interpretation
of the results, since no local meteorological measurements at the MRI were available.
Open path CE-DOAS measurements were performed at three different locations marked as

(3), (4) and (5) in Fig. 12.18. Measurements on land were performed at location (4), which also
included several nighttime measurements. On each day, several hour-long measurements were
performed during low tide in the intertidal bed of A. nodosum and F. vesiculosus at location
(3) and (5). Very high IO mixing ratios were observed during low tide when the CE-DOAS
was placed in the intertidal seaweed beds. The highest IO mixing ratio of (58.0 ± 3.7) ppt was
detected on June 2nd at 12:30h. Measurements on June 3rd and 4th show much higher IO
mixing ratios in the seaweed field than on land at similar tidal heights which is further discussed
in sec. 12.9. On June 4th an 10 ppt increase in the IO mixing ratio was observed when the
Open Path CE-DOAS was lowered down from its normal measurement height of 1.3m to a
height of 0.4m above the seaweed bed. A repetition of this measurement on July 30th 2012
with a finer height resolution is discussed in sec. 12.10. It yielded up to 131 ppt IO at 25 cm
above the seaweed bed. Furthermore, IO levels at fixed locations in seaweed field showed a
correlation to the solar radiation (e.g. on June 2nd) and an anti-correlation to NO2 (on May 31st
and June 4th), which are further discussed in sec. 12.7 and sec. 12.6 respectively. No IO above
the average detection limit of 1.6 ppt was detected during the three night time measurements on
June 3rd, 4th and 5th, while during low tide at daytime IO up to (8.5 ± 0.7) ppt was detected
on June 3rd and 4th at the same land positions (see sec. 12.7.1).
In order to determine the spatial distribution of IO, the LP-DOAS measured along three

almost parallel light paths with one-way lenghts of 266m, 556m and 1890m which crossed
the bay in south eastern direction and only one to two meters above the high water spring mark
as shown in Fig. 12.18. The middle and long light path are very similar to a previous study
in 2007 by Seitz et al. [2010]. On all three light paths the observed IO mixing ratios show a
correlation with low tide and daylight. Maximum IO mixing ratios are (35 ± 7) ppt on the short
light path, (27 ± 4) ppt on the middle light path and (19 ± 2) ppt on the long light path. This
already indicates differences in the horizontal distribution of IO which is discussed in detail in
sec. 12.9.1.4.
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Figure 12.19. Detailed results of IO and NO2 for MRI at May 31st and June 1st 2011.
The top row indicates the measurement locations of the Open Path CE-DOAS on land
(orange) and in the intertidal zone (blue), and the measured IOmixing ratio. The numbers
correspond to the markers in Fig. 12.18. IO measurements along the different LP-DOAS
light paths (Fig. 12.18) are shown in the second top graph (no long light path in this
period). NO2 data is only shown for the Open Path CE-DOAS and the middle LP-DOAS
light path. Also shown are the tidal height (top), solar irradiance (2nd from bottom),
wind speed and direction (bottom) at the Mace Head Research Station. A description of
the tidal and meteorological measurements is given in sec.8.1.1.
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Figure 12.20. Detailed results of IO and NO2 for MRI at June 2nd and 3rd 2011. The
top row indicates the measurement locations of the Open Path CE-DOAS on land
(orange) and in the intertidal zone (blue), and the measured IO mixing ratio. The
numbers correspond to the markers in Fig. 12.18. IO measurements along the different
LP-DOAS light paths (Fig. 12.18) are shown in the second top graph. NO2 data is
only shown for the Open Path CE-DOAS and the middle LP-DOAS light path. Also
shown are the tidal height (top), solar irradiance (2nd from bottom), wind speed and
direction (bottom) at the Mace Head Research Station. A description of the tidal and
meteorological measurements is given in sec.8.1.1.
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Figure 12.21. Detailed results of IO and NO2 for MRI at June 4th 2011. The top row
indicates the measurement locations of the Open Path CE-DOAS on land (orange) and in
the intertidal zone (blue), and the measured IO mixing ratio. The numbers correspond to
the markers in Fig. 12.18. IO measurements along the different LP-DOAS light paths
(Fig. 12.18) are shown in the second top graph. NO2 data is only shown for the Open
Path CE-DOAS and the middle LP-DOAS light path. Also shown are the tidal height
(top), solar irradiance (2nd from bottom), wind speed and direction (bottom) at the Mace
Head Research Station. A description of the tidal and meteorological measurements is
given in sec.8.1.1.
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Figure 12.22. Detailed results of IO and NO2 for MRI at June 6th 2011. The top row
indicates the measurement locations of the Open Path CE-DOAS on land (orange) and in
the intertidal zone (blue), and the measured IO mixing ratio. The numbers correspond to
the markers in Fig. 12.18. IO measurements along the different LP-DOAS light paths
(Fig. 12.18) are shown in the second top graph. NO2 data is only shown for the Open
Path CE-DOAS and the middle LP-DOAS light path. Also shown are the tidal height
(top), solar irradiance (2nd from bottom), wind speed and direction (bottom) at the Mace
Head Research Station. A description of the tidal and meteorological measurements is
given in sec.8.1.1.
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12.4.2.2. Campaign 2012

The MRI was also investigated in the frame of the 2012 campaign. Open path CE-DOAS and
MoLP-DOAS measurements were performed for the extended period from July 21st to 30th.
The MoLP-DOAS measured only along one light path corresponding to the middle light path

from the previous year, which gives the best sensitivity to IO since it completely covers the
relevant intertidal seaweed bed (see sec. 12.9.1.4). For the sake of a higher time resolution
and a simpler operation of the instrument the short and long light path were discarded. In
combination with further improvements of the MoLP-DOAS it was possible to improve the
average IOdetection limit to 3.6 ppt, which is more than a factor of two better than in the
previous year. Like in 2011 campaign, IO peaks correlated with daytime and low tide. Striking
examples for this correlation are the measurements on July 27th and 29th, where IO peaks were
observed during the morning and afternoon low tide periods, but vanished during the high
tide period around noon. The daily maximum IO levels which were found around the daytime
low water varied between (8 ± 2) ppt on July 22nd and (46 ± 4) ppt on July 26th. Differences
between the IO concentrations observed on the individual days can be attributed mainly to the
local meteorology, especially solar irradiance (sec. 12.7), wind speed and direction (sec. 12.9)
and precipitation.
Simultaneous LP-DOAS measurements at Mace Head also detected elevated IO at daytime

low tide on most days. However the levels of IO were were about one order of magnitude lower
compared to the MoLP-DOAS measurements. MoLP-DOAS measurements and Mace Head
LP-DOAS measurements are compared in detail in sec. 12.8.
In 2012 CE-DOAS measurement were performed at two different locations at land (1) and (4)

and three different locations ((2), (3) and (5)) in the intertidal zone. Like in the previous year,
when placed in the seaweed bed during daytime low tide the Open Path CE-DOAS measures
high IO mixing ratios of up to (30.1 ± 0.6) ppt at 1.3m above the seaweed and (65.8 ± 0.8) ppt
at 45 cm above the seaweed. The good agreement between Open Path CE-DOAS point
measurements in the seaweed bed and the LP-DOAS measurements across it suggest a relatively
homogeneous IO distribution across the intertidal zone which is further discussed in sec.
12.9.1.2. In order to investigate the vertical distribution of IO, CE-DOAS measurements at 20
different height levels between 0.1m and 2.2m were performed on July 30th. The IO mixing
ratios showed a strong decrease with height form more than 100 ppt close to the ground down
to about than 20 ppt at 2m height. A discussion of the resulting IO height profile is given in
sec. 12.10.
The Open Path CE-DOAS was also used to investigate several tidal cycles completely at the

land positions (1) and (4) less than 10m away from the seaweed bed. The observed IO mixing
ratios on land show a greater day to day variation compared to the measurements in the intertidal
zone. Also a strong variation in the relative IO mixing ratios between the CE-DOAS and the
MoLP-DOAS was observed ranging from similar mixing ratios observed by both instruments
on July 22nd, to less than 2 ppt observed by the CE-DOAS while the MoLP-DOAS measured
up to (26.3 ± 3.9) ppt on July 29th.The detailed analysis of the CE-DOAS and MoLP-DOAS
results in the context if iodine source locations is given in sec. 12.9.1.2.
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Figure 12.23. Detailed results of IO and NO2 for MRI from July 21 to 25 2012. The top row indicates the measurement
locations of the Open Path CE-DOAS on land (orange) and in the intertidal zone (blue). The numbers correspond to the
markers in Fig. 12.18. IO and NO2 measurements are shown in the top and middle graph respectively, for the Open Path
CE-DOAS (black), and the MoLP-DOAS (green) and the stationary Mace Head LP-DOAS (red). Also shown are the tidal
height (top), solar irradiance (middle), wind speed and direction (bottom) at the Mace Head Research Station. A description
of the tidal and meteorological measurements is given in sec.8.1.1.
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Figure 12.24. Detailed results of IO and NO2 for MRI from July 25th to 30th 2012. The top row indicates the measurement
locations of the Open Path CE-DOAS on land (orange) and in the intertidal zone (blue). The numbers correspond to the
markers in Fig. 12.18. IO and NO2 measurements are shown in the top and middle graph respectively, for the Open Path
CE-DOAS (black), and the MoLP-DOAS (green) and the stationary Mace Head LP-DOAS (red). Also shown are the tidal
height (top), solar irradiance (middle), wind speed and direction (bottom) at the Mace Head Research Station. A description
of the tidal and meteorological measurements is given in sec.8.1.1.
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12.4.3. Lettermore Island
Lettermore is the east most island of the Ceantar na nOileán island group, about 40 km east of
Galway (see Fig. 12.1). These island are about one to two kilometers away from the mainland,
forming multiple wave sheltered bays where A. nodosum is very abundant in the intertidal zone
[Hession et al., 1998]. Measurements were performed at two different locations on Lettermore
Island.

12.4.3.1. Lettermore Island north

The Lettermore Island north site is located at the northern shore of Greatman’s Bay and south
of the road connecting Lettermore Island with the main land (see Fig. 12.25). The shore at the
site is wave sheltered and has a large and shallow mid-intertidal zone with a dense seaweed bed
dominated by A. nodousum and to a smaller extend F. vesiculosus. A. nodousum extends to the
lower intertidal zone where it stays the dominant species. Further very similar seaweed beds
are found in the entire Greatman’s bay and also in the adjacent Kilkieran Bay and Camus Bay,
which are located north west and north of the measurement location respectively [Hession et al.,
1998]. Air masses at the site are expected to show some pollution due to the nearby access road
and small settlements in almost all wind sectors.
Measurements at Lettermore Island north were performed in 2012 on August 1st and 2nd.

The MoLP-DOAS measured parallel to the shore on a 0.87 km long light path (one-way) over
the seaweed bed (see Fig. 12.25). Open Path CE-DOAS measurements were performed at three
different locations marked in Fig. 12.25. During low tide the Open Path CE-DOAS measured
over in the seaweed field at location (1) (on August 1st) and location (2) (on August 2nd). It was
moved on both days to location (3) when the water started to cover the intertidal measurement
locations. Due to the unstable weather conditions with rain and wind the Open Path CE-DOAS
was not operated over night. But during daytime measurements could be performed despite the
rainy conditions. Detailed Open Path CE-DOAS and LP-DOAS time series of IO and NO2 are
shown in Fig. 12.26.
The IO was observed by the MoLP-DOAS during all three low tide periods but showed

strong variations in the amplitude of the IO peaks. Maximum IO mixing ratios for the three
low tide periods of (29.7 ± 2.1) ppt at August 1st 11:53h, (7.1 ± 1.8) ppt at August 1st 19:39h
and (14.4 ± 1.8) ppt at August 2nd 11:25h correlate well with the respective solar irradiance of
∼ 750W/m2, ∼ 100W/m2and ∼ 300W/m2. This is discussed further in sec. 12.7. Another
very interesting observation from the MoLP-DOAS data is that the IO levels were not influenced
by the two periods of rain showers on August 2nd which is further discussed in sec. 12.9.1.5.
The Open Path CE-DOASmeasurements show the same time dependence as theMoLP-DOAS

measurements. However, in the periods where the Open Path CE-DOAS measures in the
intertidal zone directly above the seaweed the IO levels are about 70% higher on August 1st and
more than 150% higher on August 2 compared to the MoLP-DOAS. This is further discussed in
sec. 12.9.1.2. Furhtermore, on August 1st the CE-DOAS observes relatively high NO2 mixing
ratios which are regularly above 0.5 ppb. However, the elevated NO2 mixing ratios do not seem
to influence the simultaneous IO peak, which is further discussed in sec. 12.6.
The stationary Mace Head LP-DOAS observed no significant IO above the 1ppt detection
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limit on August 1st, but on August 2nd it observes significantly elevated IO during the daytime
low tide with mixing ratios up to (6.3 ± 1.2) ppt. The elevated IO on August 2nd is mostly
attributed to the southerly wind direction at Mace Head and the relatively high tidal amplitude
(see 12.4.1.2). But the peak concentration at Mace Head is still a factor of 4.7 below the
MoLP-DOAS measurements and a factor 8 below the Open Path CE-DOAS measurements (see
section 12.8).

Figure 12.25. Measurement site Lettermore Island north. a) Photograph of the seaweed,
from the middle of the causeway in eastern direction. The picture was taken on August
1st at 12:40 close to low tide (water level −1.1m). b) Map with the MoLP-DOAS light
path of 1744m lenght (two-way), spanning the intertidal seaweed. The measurement
locations (1-3) of the Open Path CE-DOAS are also shown. Location (2) is on land
and locations (1) and (3) are in the intertidal zone. The seaweed distribution is based
on maps from Stefan Schmitt (pers. observ. Ireland 2012). Satellite images ©Mapbox,
©OpenStreetMap
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Figure 12.26. Detailed results of IO and NO2 for Lettermore North. The top row
indicates the measurement locations of the Open Path CE-DOAS on land (orange) and in
the intertidal zone (blue). The numbers correspond to the markers in Fig. 12.24. IO and
NO2 measurements are shown in the top and middle graph respectively, for the Open
Path CE-DOAS (black), and the MoLP-DOAS (green) and the stationary Mace Head
LP-DOAS (red). Also shown are the tidal height (top) at Galway port, solar irradiance at
Mace Head (middle) and the local wind speed and direction at the Lettermore North
site (bottom). A description of the tidal and meteorological measurements is given in
sec.8.1.1. Two periods of rain showers are marked on August 2nd, but light drizzle was
common during that day.
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12.4.3.2. Lettermore Island south

The Lettermore Island south site is located on a wave-sheltered bay, formed between the
southern shore of Lettermore Island and the neighboring Gorumna Island (see Fig. 12.27).
The intertidal zone at the measurement site shows a relatively dense seaweed coverage with
roughly equal abundance of A. nodousum and F. vesiculosus. Other nearby locations with
high abundance of A. nodousum are Greatman’s Bay in the east and Casheen Bay in the west
[Hession et al., 1998].
The tidal cycle at the Lettermore Island south site is delayed to the available measurements at

Galway Port. The reason for this delay is the relatively narrow connection to Greatman’s Bay
and to Casheen Bay which limit the water flow in an out of the bay, and thus delaying the tidal
cycle and damping the amplitude. Own observations indicate an approximate 60min delay of
the tidal cycle around low tide but since the width of the bays opening narrows with lower tide
levels it is assumed that the shift is lower at higher tide levels. Therefore, both the unshifted
and a 60 min delayed tidal cycle are shown in Fig. 12.28.
Fig. 12.28 shows the results of the measurements at Lettermore Island performed in 2012

on August 3rd. The MoLP-DOAS measured parallel to the shore on a 0.81 km long light path
(one-way) over the seaweed bed (see Fig. 12.27). The Open Path CE-DOAS first measured at
postition (1. Fig. 12.28) at the beginning of the intertidal zone when most of the seaweed was
still submerged. Subsequently with sinking water levels the CE-DOAS was moved further in
the intertidal zone to position (2) for measurements directly over the exposed seaweed bed. The
CE-DOAS stayed there until the seaweed was again submerged and was subsequently moved
back to the land to position (3) before the tripods were too deep in the water.
Like at the previous sites, the IO observed by the MoLP-DOAS shows an anti correlation

to the tidal height with a maximum of (14 ± 2) ppt at 12:51h, which is close to the tidal
minimum. The time dependence of IO point measurements in the seaweed bed (postition 2) by
CE-DOAS is similar to the MoLP-DOAS but with a higher amplitude of the IO levels which
reached (24.9 ± 0.7) ppt. The higher maximum IO level observed by the Open Path CE-DOAS
compared to the MoLP-DOAS is expected since only about half of the MoLP-DOAS light path
crosses intertidal seaweed beds and the rest is over sub tidal areas. For both, LP-DOAS and
CE-DOAS measurements the frequent rain showers did not seem to affect the observed IO
levels directly, which is further discussed in sec. 12.9.1.5. The NO2 mixing ratios observed by
the Open Path CE-DOAS and the MoLP-DOAS agree very well which indicates that NO2 is
well mixed in the observed air masses. However, it is not possible to further investigate the
reaction between IO and NO2, since NO2 was mainly observed at the beginning and end of the
low tide period when IO levels are generally low.
On August 3rd the stationary reference LP-DOAS at Mace Head observed IO mixing ratios

of up to (7.5 ± 1.6) ppt which are relatively high for this location. However, measurements
at Lettermore Island south observed IO much more constantly compared to the reference
LP-DOAS at Mace Head.
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Figure 12.27. Measurement site Lettermore South. a) Photograph of the measurement
site shot from the MoLP-DOAS location in eastern direction. The picture was taken on
August 3rd at 13:00 close to low tide (water level −1.9m). b) Map with the MoLP-DOAS
light path of the of 1616m length (two-way) spanning the intertidal seaweed. The
measurement locations (1-3) of the Open Path CE-DOAS are also shown. Location (3)
is on land and locations (1) and (2) are in the intertidal zone. The seaweed distribution
is based on maps from Stefan Schmitt (pers. observ. 2012) and Hession et al., 1998.
Satellite images ©Mapbox, ©OpenStreetMap
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Figure 12.28. Detailed results of IO and NO2 for Lettermore South. The top row in-
dicates the measurement locations of the Open Path CE-DOAS on land (orange) and
in the intertidal zone (blue). The numbers correspond to the markers in Fig. 12.27.
IO and NO2 measurements are shown in the top and middle graph respectively, for
the Open Path CE-DOAS (black), and the MoLP-DOAS (green) and the stationary
Mace Head LP-DOAS (red). The blue solid line in top graph shows the tidal height
at Galway Port, additionally the blue dashed line shows a 60min shifted tidal cycle,
which is a better match to personal observations. Also shown are the solar irradiance at
Mace Head (middle) and the local wind speed and direction at the Lettermore South
site (bottom). A description of the tidal and meteorological measurements is given in
sec.8.1.1. Additionally periods of stronger rain showers are marked, but light drizzle was
common during the entire day.
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12.4.4. Cashel Bay
Cashel Bay is located about 11 km north north east of Mace Head. In the south west, Cashel
Bay opens out into the larger Bertraghboy Bay. In both bays A. nodosum and F. vesiculosus
are the co-dominant species of the intertidal shore forming dense beds [Irish Seaweed Center,
2001]. Local anthropogenic emissions are low since the area is only sparsely populated. A
small village, Roundstone, is located about 8 km to the west. The next town is Clifden, which is
located about 15 km north-west.
Similar to Lettermore Island south the tidal cycle is delayed compared to the measurements

at Galway Port due to the relatively small opening of the bay. Own observations indicate an
approximate 45min delay of the tidal cycle around low tide but since the width of the bays
opening narrows with lower tide levels it is assumed that the shift is lower at higher tide levels.
Measurements at the eastern part of Cashel bay were performed on August 4th 2012. The

MoLP-DOAS measured across the bay over the intertidal seaweed on a 1.4 km long light path
(two-way) (see Fig. 12.29). During low tide, in-situ measurements by Open Path CE-DOAS
were performed in the intertidal zone directly over the seaweed bed (position 1). As the water
level rose, the CE-DOAS was moved out of the intertidal zone and continued measuring on land
(position 2). A detailed time series of the measurements on Cashel bay is shown in Fig. 12.30.
Both the MoLP-DOAS and the Open Path CE-DOAS detected high levels of IO during low

tide. They showed the same time dependence for both instruments, but seem to be delayed with
respect to the tidal cycle by 1-2 hours. Instead of a clear IO peak the MoLP-DOAS observed
relatively constant plateau between 13:15h an 15:00h with and average IO mixing ratio of
(14 ± 2) ppt and a maximum of (19 ± 2) ppt at 14:47h.
The IO mixing ratios observed by the Open Path CE-DOAS at location (1) in the seaweed bed

show a much higher temporal variability compared to the MoLP-DOAS measurements. In order
to capture these IO variations the data from the Open Path CE-DOAS was evaluated at a time
resolution of 10 s for this day (correspondig to 1000 accumulated scans at 10ms exposure time).
In the first measurement period, between 11h and 11:30h, IO varied between 2 ppt and 43 ppt
with an average of 15 ppt. In the second period, between 13:20h and 14:50h, IO varied between
5.3 ppt and 81.7 ppt with an average of 38.7 ppt. The gap in between the first two periods is due
to instrumental problems. After the second period the CE-DOAS was moved to land position
(2) which was about 20 − 30m downwind of the seaweed. The temporal variability of the
IO levels at the land position was lower compared to the measurements in the seaweed bed.
In the first 15 − 20min of the land measurements, when large parts of the intertidal seaweed
were still exposed, the IO mixing ratios were on average 44 ppt with a standard deviation of
11 ppt which is comparable to the IO levels observed in the seaweed bed. Later, the IO levels
gradually decreased down, with increasing water level until about 16:30h when they went below
the detection limit of about 3 ppt. The differences between the MoLP-DOAS and the Open Path
CE-DOAS IO measurements and the temporal variability of the latter is caused by different
local IO sources and transport processes. This is discussed in sec. 12.9.1.2.
August 4th was also the day where the stationary reference LP-DOAS at Mace Head observed

the highest IO mixing ratio during the entire campaign of (13 ± 1) ppt. A discussion of the
possible source region is given in sec. 12.9.2.1 and the comparison to the mobile measurements
is discussed in sec. 12.8.
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Figure 12.29. Measurement site Cashel Bay. a) Photograph of the measurement site shot
from the MoLP-DOAS northeastwards. The picture was taken on August 4th at 11:30
at low tide (tidal height −2m). b) Map of the measurement site with the MoLP-DOAS
light path of 1396m length (two-way) spanning the intertidal seaweed. Also shown are
the measurement locations of the Open Path CE-DOAS in the intertidal zone (1) and on
land (2). The seaweed distribution is based on maps from Stefan Schmitt (pers. observ.
Ireland 2012), Hession et al., 1998 and Irish Seaweed Center [2001]. Satellite images
©Mapbox, ©OpenStreetMap.
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Figure 12.30. Detailed results of IO and NO2 for Cashel Bay. The top row indicates
the measurement locations of the Open Path CE-DOAS on land (orange) and in the
intertidal zone (blue). The numbers correspond to the markers in Fig. 12.28. IO and
NO2 measurements are shown in the top and middle graph respectively, for the Open
Path CE-DOAS (black), and the MoLP-DOAS (green) and the stationary Mace Head
LP-DOAS (red). In order to capture the high temporal variability of IO the shown
CE-DOAS data are 10s averages. The blue solid line in top graph shows the tidal height at
Galway Port, additionally the blue dashed line shows a 45min shifted tidal cycle, which
is a better match to personal observations. Also shown are the solar irradiance at Mace
Head (middle) and the local wind speed and direction at the Cashel Bay site (bottom). A
description of the tidal and meteorological measurements is given in sec.8.1.1. Even
though the one minute average wind speed was moderate it actually blew in squalls
which could not be resolved by the weather station.
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12.4.5. Ballyconneely
Ballyconneely is a peninsula located about 15 km north east of Mace Head (see Fig. 12.1). Its
north-western to south-western shore has a strong exposition to waves and has an abundant
kelp resource with L. hyperborea being the most prevalent species [Hession et al., 1998].
Considerably calmer conditions are found in the crescent shaped Ballyconneely Bay (see
Fig. 12.31) in the south eastern part of the peninsula where A. nodosum grows in great
abundance in the intertidal zone [Irish Seaweed Center, 2001]. Measurements performed at
two locations on Ballyconneely are described in the following.

12.4.5.1. Ballyconneely Bay

Measurements at Ballyconneely Bay were performed in 2012 on August 5th. The MoLP-DOAS
measured along the shore over the intertidal seaweed on a 1 km long light path (one-way) (see
Fig. 12.31). The Open Path CE-DOAS was operated on a pier for in-situ measurements three
to four meters above the adjacent seaweed bed. Like at Cashel Bay the CE-DOAS data was
evaluated additionally at 10 s integration time to capture the high temporal variability of IO.
The LP-DOAS light path crossed the pier right next to the CE-DOAS both measuring on the
same height level.
The detailed time series for Ballyconneely Bay in Fig. 12.32 shows high IO during low tide for

both the MoLP-DOAS and the Open Path CE-DOAS, and similar trends in the time dependence
of the IO levels. However, the CE-DOAS data show a much higher temporal variability of up to
a factor 10 within only two minutes. At 10:30h the maximum IO mixing ratios were observed,
which were (18 ± 1) ppt for the MoLP-DOAS. For the Open Path CE-DOAS they reached
even (46.9 ± 0.8) ppt at an averaging time of 10 s and (37.4 ± 0.4) for 100 s respectively. The
difference between IO levels observed by the Open Path CE-DOAS and MoLP-DOAS and
the large variability of the IO mixing ratios observed by the the Open Path CE-DOAS are
discussed in sec. 12.9.1.2. Surprisingly, IO was observed by both MoLP-DOAS and the Open
Path CE-DOAS for another 45min after the seaweed was already covered by water at 16:41h.
Explanations for this behaviors and implications for the iodine emission by A. nodosum are
discussed in sec. 12.9.1.5.
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Figure 12.31. Measurement site Ballyconneely Bay. a) Photograph of the measurement
site short from between the MoLP-DOAS and the CE-DOAS location in nortwestern
direction. The picture was taken on August 5th at 16:00 in the middle of the tidal
cycle (water level 0m). b) Map of the measurement site with the location of the Open
Path CE-DOAS on a pier and the MoLP-DOAS light path of 2070m length (two-way)
spanning over the intertidal seaweed. The seaweed distribution is based on maps from
Stefan Schmitt (pers. observ. Ireland 2012), Hession et al., 1998 and Irish Seaweed
Center [2001]. Satellite images ©Mapbox, ©OpenStreetMap.
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Figure 12.32. Detailed results of IO and NO2 for Ballyconneely Bay The Open Path
CE-DOAS measured at a fixed location on a pier close to the Seaweed field. IO and
NO2 measurements are shown in the top and middle graph respectively, for the Open
Path CE-DOAS (black), and the MoLP-DOAS (green) and the stationary Mace Head
LP-DOAS (red). In order to capture the high temporal variability of IO the shown
CE-DOAS data are 10s averages. Also shown are the tidal height (top) at Galway
port, solar irradiance at Mace Head (middle) and the local wind speed and direction at
Ballyconneely Bay (bottom). Towards the end of low tide two time periods are marked:
The light gray are marks the period when A. Nodosum float on the water surface. The
darker gray area indicates the time when A. Nodosum are is completely submerged.
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12.4.5.2. Northern shore of the Ballyconneely peninsula

The Ballyconneely north site is located at the sandy beaches west of Knock Head, the
northernmost point of Ballyconneely. The coastal relief is a mixture of sand beach, flat rock
platform, rock islets, reefs and occasional low cliff. A high abundance of mixed L. digitata
and L. hyperborea beds is found in the lower intertidal to subtidal zone [Irish Seaweed Center,
2001]. Due to the high wave exposure, there is no recorded growth of A. nodosum or other
fucoids [Hession et al., 1998].
Measurements were performed in 2011 on June 7th. On this day, drift seaweed (mainly L.

digitata and L. hyperborea) was very abundant on the beaches in the area, which is common
especially after stormy weather. At the measurement site washed up drift seaweed densely
covered an area of roughly 30m × 50m (see Fig. 12.33). For in-situ measurements the Open
Path CE-DOAS was situated in the middle of the drift seaweed patch and the MoLP-DOAS
measured along a 1002m long light path (two-way) which was set up to cross the drift seaweed
patch but also went over steeper, more rocky parts of the shore, where L. digitata and L.
hyperborea are found in the lower intertidal to subtidal zone (see Fig. 12.33).
Placed in the patch of drift seaweed, the Open Path CE-DOAS observed significant IO with

an average mixing ratio of (15 ± 1) ppt and a peak value of 30.7 ppt. In contrast, the LP-DOAS
did not detect any significant IO above the detection limit which was on average 8.7 ppt. The
differences between the CE-DOAS and LP-DOAS measurements are further discussed in the
frame of local sources in sec. 12.9.3.

Figure 12.33. Measurement site northern shore of Ballyconneely. a) Picture of the drift
seaeedweed patch with the location of the CE-DOAS and MoLP-DOAS instrument. b)
Map with the MoLP-DOAS light path of the MoLP-DOAS of 1002m length (two-way)
and the location of the Open Path CE-DOAS in a patch of drift seaweed. The seaweed
distribution is based on maps from Stefan Schmitt (pers. observ. Ireland 2011) and
Irish Seaweed Center [2001]. Satellite images ©Mapbox, ©OpenStreetMap.
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Figure 12.34. Detailed results of IO and NO2 for the northern shore of Ballyconneely
The Open Path CE-DOAS and the MoLP-DOAS measured mainly over a patch of drift
seaweed and were setup according to Fig. 12.33. The top graph shows IO mixing ratios
measured by the Open Path CE-DOAS (black), and the MoLP-DOAS (green). NO2
measured by the Open Path CE-DOAS is shown in the middle graph. Also shown are the
tidal height (top) at Galway port, solar irradiance at Mace Head (middle) and the local
wind speed and direction (bottom) at the Ballyconneely North site. A description of the
tidal and meteorological measurements is given in sec.8.1.1. Additionally periods of
rain showers are marked in grey, but light drizzle was encountered during the whole day.
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12.4.6. Mweenish Island
Located directly east of the MRI, Mweenish is a small island that is connected to the land
by a road. The southern shore of Mweenish Island has a seaweed population typical for an
exposed rocky coast. The upper shore has sparsely populated by fucoids, either F. spiralis or F.
vesiculosus. At some exposed shores F. serratus is found in the mid- to lower intertidal zone.
High abundance of L. digitata and L. hyperborea is found in the subtidal zone and to some
extend L. digitata is also present in the lower intertidal zone. [Irish Seaweed Center, 2001]
Open path CE-DOAS and MoLP-DOAS measurements were performed on June 6th 2011 on

the southern shore in a bay with sandy beaches. The measurement setup is shown in Fig. 12.35.
Similar to Ballyconneely north, a 20m × 60m large patch of drift seaweed mainly composed of
L. hyperborea and L. digitata, was found at the measurement site. The results of the Open Path
CE-DOAS and MoLP-DOAS are shown in Fig. 12.36.
From 9:00 to 12:00 and from 14:40 to 16:50 the Open Path CE-DOAS was applied for in-situ

measurements in the drift seaweed patch (location (1) in Fig. 12.35) where it observed on
average a IO mixing ratio of (26.2 ± 0.7) ppt and maximum of (40.2 ± 0.7) ppt at a height of
1.3m above the seaweed. At 12:10 when the tide was close to the low water level the CE-DOAS
was moved eastwards to location (2), a small seaweed patch in the mid-intertidal zone, mainly
of F. serratus and a single L. digitata plant. There, it first measured at a height of about 1.3m
above the seaweed and observed an average IO mixing ratio of (11.9 ± 0.6) ppt, which is less
than half of the IO mixing ratio observed above the drift seaweed. At about 12:40, when the
CE-DOAS light path was lowered to a height of 30 cm above the seaweed the average IO mixing
ratio increased by more than a factor of two to (26.8 ± 0.6) ppt which is consistent with the IO
height profile discussed in sect. 12.10. At location (3), the IO mixing ratio droped below the
detection limit of 1 ppt.
The MoLP-DOAS was set up close to the drift weed and measured along a 1710m long

light path (two-way) parallel to the rocky shore. The MoLP-DOAS observed an average IO
mixing ratio of (5 ± 3) ppt and a maximum value of (14 ± 3) ppt. Significant IO above the
detection limit of 6.5 ppt was only observed between 12:00h and 14:00h which corresponds to
a tidal height of less than −1.5m. The much lower IO levels observed by the MoLP-DOAS
compared to Open Path CE-DOAS measurements at location (1) and (2) in Fig. 12.35 are a
further discussed in the frame of local sources in sec. 12.9.3.
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Figure 12.35. Measurement site Mweenish Island. a) Picture of the measurement site with the CE-DOAS measuring in a patch
of washed up drift seaweed. b) Map with the MoLP-DOAS light path of 1710m length (two-way) and the three locations of
the Open Path CE-DOAS. Location (1) is in a patch of drift seaweed on the beach, location (2) a small intertidal seaweed
patch, and location (3) is on the grass at the northern end of the beach. The seaweed distribution is based on maps from Stefan
Schmitt (pers. observ. Ireland 2011) and Irish Seaweed Center [2001] Satellite images ©Mapbox, ©OpenStreetMap.189
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Figure 12.36. Detailed results of IO andNO2 forMweenish Island.The top row indicates
the measurement locations of the Open Path CE-DOAS on land (orange) and in the
intertidal zone (blue). The numbers correspond to the markers in Fig. 12.35. The top
graph shows IO mixing ratios measured by the Open Path CE-DOAS (black), and the
MoLP-DOAS (green). NO2 measured by the Open Path CE-DOAS is shown in the
middle graph. Also shown are the tidal height (top) at Galway port, solar irradiance at
Mace Head (middle) and the local wind speed and direction (bottom) at the Ballyconneely
North site. A description of the tidal and meteorological measurements is given in
sec.8.1.1.
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12.5. Discussion of Closed Path CE-DOAS
Measurements

Sampling of highly reactive compounds like IO into a closed measurement system is difficult
and prone to errors. Major issues are losses on the instruments surfaces/walls and changes in
chemical reaction paths due to the absence of sunlight and the respective photochemistry. It was
tried to reduce these influences in the Closed Path CE-DOAS by a short sample residence time
of less than 3 s in the system and by using inert Teflon parts in the gas flow system. However,
event with the applied efforts the Closed Path CE-DOAS measured only about 10% (highly
variable) of the IO mixing ratio detected by the Open Path CE-DOAS instrument when both
instruments are co-located in a seaweed field where significant IO is present. One approach
may be to characterize the losses and correct the measurements. An example time series
for July 21st 2012 is shown in Fig. 12.38 and the corresponding correlation plot is shown in
Fig. 12.68a). On the other hand, comparisons of NO2 between open and Closed Path CE-DOAS
shows a linear correlation with a slope of approximately 0.9 (see Fig. 12.37). Thus, the NO2
measurements of both instruments agree within the uncertainty of the optical path length (10%

Figure 12.37. Correlation of NO2 measurements from open and Closed Path CE-
DOAS. Measurements for the NO2 correlation shown in a) were recorded mainly
during high tide and night time (no IO was measured by the Open path CE-DOAS). Both
instruments were co-located on land and the top cover of the Closed Path CE-DOAS was
closed. Measurements for the NO2 correlation shown in b) were recorded during low
tide and day time. Both instruments were co-located in the intertidal zone and the top
cover of the Closed Path CE-DOAS was removed.
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Figure 12.38. Closed Path and Open Path CE-DOASmeasurements on July 21st 2012
at the MRI. In this period, both instruments were co-located and measured at the same
height level. The top cover of the Closed Path CE-DOAS was always closed.

for both instruments), which allows to rule out a general malfunction or miscalibration of the
Closed Path CE-DOAS.
In order to investigate the role of photochemistry, the top cover of the Closed Path CE-DOAS

was removed for further side by side comparisons of the two instruments. With the top cover
removed, the Teflon tubing, aerosol filter unit and measuring cell are illuminated by direct
and scattered sunlight (see Fig. 6.1). This allows the photolysis chemical compounds in the
sampled air within the tubing and possibly also the measuring cell. Especially the tubing and
the aerosol filter are made of relatively thin PFA (1 − 2mm) so that a substantial amount of the
visible sunlight could be transmitted. For the measuring cell, transmission of solar radiation
is much weaker because its PTFE walls are already more than 10mm thick. As shown in
Fig. 12.39 and Fig. 12.41 the IO level detected by the closed path CE-DOAS was increased
by a factor of 2.4 to 3.0 when the top cover was removed. This increase generally happens
almost instantaneously between two subsequently recorded spectra and thus on a time scale of
less than 30 s. Additionally, for the removed top cover the IO mixing ratio measured by the
closed path CE-DOAS show a stronger variation with changes in the solar irradiance than the
Open Path CE-DOAS. This can be seen particularly when the sun disappears behind clouds as
shown in the middle of Fig. 12.39 and towards the end of Fig. 12.41. This effect can also be
seen in the correlation of IO mixing ratios separated for measurements with closed top cover
and open top cover as shown in Fig. 12.42a)-c). In both cases there is a linear correlation but
for measurements with open top cover the slope of 0.24 to 0.3 is much higher than the slope of
approximately 0.1 for measurements with closed top cover. A particularly striking example
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Figure 12.39. Closed Path and Open Path CE-DOASmeasurements on July 25th 2012
at the MRI. In this period both instruments are co-located and measure at same height
level. The top cover of the Closed Path CE-DOASwas removed in some periods, allowing
solar illumination of the gas flow system in the instrument.

are the measurements on June 7th at the MRI with switching between open and closed top
cover measurements. The results show distinct linear branches for each configuration in the
correlation plot in Fig. 12.42c).
Potential candidates for the loss paths in the Closed Path CE-DOAS are the reaction of IO

with NO2 and the IO self reaction (see Tab. 2.2) or wall losses. Even though these reactions
also occur in ambient air, in the dark Closed Path CE-DOAS the respective back reactions via
photolysis of IONO2 and OIO are not present. Thus, these loss paths become more efficient
compared to ambient air conditions. It was also considered that IO could be lost to aerosol
particles on the Teflon membrane filter, which could act as a reservoir of reactive iodine that
could be activated by solar radiation. However, this is unlikely because in this case there should
be no linear correlation between the Open Path and Closed Path CE-DOAS IO measurements.
In summary the Closed Path CE-DOAS could not be used for reliable IO measurements. The

losses for the closed top cover configuration of more than 90% are to high and the underlying
loss mechanisms remain unknown. Also the configuration with opened top cover could not be
used because for times scales of several ten minutes required for measurements of the vertical
gradient of IO in a seaweed field the solar irradiance at the Open Path CE-DOAS did not stay
constant. Thus at least an additional measurement of solar irradiation directly at the Open Path
CE-DOAS instrument would have been necessary.
In conclusion, the loss factors are variable and range between 97% and 70%. A reliable

correction is thus not possible. Additionally, the losses are to high to observe the low IO
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Figure 12.40. Closed Path and Open Path CE-DOAS measurements on August 1st
2012 at Lettermore Island North. In the shown period both instruments are co-located
and measure at same height level. The top cover of the Closed Path CE-DOAS was
removed for the whole time, allowing solar illumination of the gas flow system in the
instrument.
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Figure 12.41. Open path CE-DOAS measurements on August 4th 2012 at Cashel Bay.
The top cover of the Closed Path CE-DOAS was removed for some periods, allowing
solar illumination of the gas flow system in the instrument. No simultaneous Open Path
CE-DOAS measurements are available or the shown period.
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Figure 12.42. Correlation between close path and Open Path CE-DOAS IO measure-
ments. Both instruments measured simultaneously at the same location and the Closed
Path CE-DOAS sampled air masses at the height level of the Open Path CE-DOAS light
path.
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concentrations in many cases.
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12.6. Discussion of NOx - IO Interaction
The Irish west coast is a very rural area and generally considered an clean air location for
air masses from the ocean. However, due to local settlements and traffic air masses which
passed the land are considered as semi-polluted with NO2 mixing ratios of several hundred
ppt to few ppb. NO2 acts as sink for IO via reaction R 2.33 and I via reaction R 2.32 forming
IONO2 and INO2 respectively. Already at 1 ppb NO2 the formation of IONO2 through R 2.33
becomes comparably fast to the IO self reaction R 2.24a and the IO photolysis R 2.22. IONO2
is considered a sink since its photolysis is comparatively slow (0.5min to 5min lifetime) and it
can be removed by uptake into moist sea-salt aerosol. Therefore, an anti-correlation between
IO and high NO2 levels is expected and has been observed in previous studies Hebestreit [e.g.
2001]. However, two LP-DOAS studies [Stutz et al., 2007; Mahajan et al., 2009] observed high
levels of IO in polluted environments. Quantum chemical calculations by Kaltsoyannis and
Plane [2008] suggest a possible rapid recycling of IONO2 back to I2 by reaction with I atoms
R 2.37. However, this is highly speculative since there is no experimental evidence for reaction
R 2.37 and there is a two order of magnitude uncertainty in the calculated reaction rate constant.
Also the interpretation of [Stutz et al., 2007] and [Mahajan et al., 2009] might be problematic
since they assumed that both IO and NO2 were observed at the same location. However, this
must not be true since IO and NO2 could also be located at different parts of their kilometer
long light paths, especially considering the assumed inhomogeneous distribution of IO sources
in so called “hot-spots”.
Our measurements with the stationary Mace Head LP-DOAS showed significant NO2 above
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Figure 12.43. IO vs. NO2, during daytime, and time series for August 3rd and 4th
2012, observed by the stationary Mace Head LP-DOAS Left: scatter plot IO vs NO2,
for solar irradiance above 20Wm−2, with detection limts (dashed grey lines). Right:
time series of IO and NO2 mixing ratios together with wind speed and direction, tidal
height as gray overlay in bottom graph and solar irradiance as orange overlay in the top
graph.
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Figure 12.44. IO vs. NO2 for measurements at Lettermore Island South on August
3rd 2012, during daytime Black dots show the LP-DOAS data and blue open boxes the
Open Path CE-DOAS data. The scatter plot shows an anti correlation between IO and
NO2. The corresponding time series is shown in Fig. 12.28

the 0.18 ppb detection limit only on 11 of the 22 measurement days. However, only on two days,
August 3rd and 4th 2012, elevated NO2 above 300 ppt was observed during daytime where it
could possibly interfere with IO. The IO vs. NO2 scatter plot for August 3rd and 4th 2012
Figure 12.43 indicates an anti correlation between high IO and high NO2 levels. However, the
wind direction and speed vary slightly in this period. Therefore, the observed anti correlation
between IO vs. NO2 could partly be an effect of different air masses observed by the LP-DOAS.
Measurements by the MoLP-DOAS rarely show significant daytime NO2. The few occasions

of elevated NO2 at MRI (July 22nd, 24th and 30th 2012 see Fig. 12.23 and Fig. 12.24) were
all very short peaks of NO2, probably form traffic, and during high tide period where no IO
is expected anyways. Lettermore Island south (August 3rd 2012) is the only other site were
the MoLP-DOAS observed elevated NO2, as shown in Fig. 12.28. The IO levels were not
influenced for NO2 mixing ratios up to 0.6 ppb. At 14:14h when NO2 increased to about 2 ppb
IO went from about 4 ppt below the detection limit of 3 ppt for the MoLP-DOAS and 2.1 ppt
for the Open Path CE-DOAS, which observed the very similar IO and NO2 levels. Thus, this is
another proof for the expected anti-correlation between IO and NO2.
The Open Path CE-DOAS observed elevated NO2 levels at some more days, which are

discussed in the following. On May 31st 2011 the Open Path CE-DOAS measured in the
seaweed bed at MRI. As shown in Fig. 12.19 between 10:31h and 10:42h a truck parking
upwind of the CE-DOAS caused an increase of NO2 from below 0.16 ppb (det. lim.) to an
average of 2.3ppt with a maximum of 4.1 ppt. Immediately when the NO2 peak arrived at the
CE-DOAS IO levels dropped from 17 ppt to 6 ppt and remained low until the end of the peak
after which the IO recovered back to a mixing ratio of 20 ppt. A similar situation was found on
June 4th 2011, again during a measurement in the seaweed bed at MRI. The time series shown
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in Fig. 12.21 starts with less than 1.3 ppt IO at (3.28 ± 0.04) ppb NO2, again due to a truck
parking upwind of the CE-DOAS. As the NO2 levels decrease over the subsequent 50min the
IO level simultaneously increases to its final level of (16.7 ± 0.6) ppt which is then sustained
for the subsequent three hours (without NO2). However, it should be notes that at the end of
the NO2 peak also the wind direction changes from SSW to NW and therefore most likely the
reduction of NO2 is due to different air masses.
Furthermore, on August 1st 2012 the CE-DOAS observes relatively high NO2 mixing ratios

of up to more than 1 ppb. However, the elevated NO2 mixing ratios do not seem to influence the
IO levels of up to (50.5 ± 7.0) ppt as can be seen from the IO vs. NO2 scatterplot in Fig. 12.45
and the time series in Fig. 12.26. Especially since there seems to be no anti correlation between
the observed IO and the NO2 peaks. At first sight this is surprising since at at 1 ppb NO2
the reaction IO + NO2→ IONO2 is expected to be a fast sink for IO with a lifetime of about
10 s. However, as illustrated in Fig. 12.46 NO2 and IO have a very different spatial distribution.
Additionally, a map of the measurement site is shown in Fig. 12.25. The CE-DOAS measured
in the seaweed bed about 1.3m above the seaweed. Thus, the estimated vertical transport time
of IO from the seaweed to the CE-DOAS is only 10 s for the typical wind speed of 8m/s on
August 1st, assuming neutral stability conditions and a logarithmic wind profile (see sec. 12.10).
On the other hand NO2 mainly originates from the close by causeway which at least 5m above
the seaweed bed and for the prevailing westerly wind about 80m upwind of the CE-DOAS
which corresponds to a travel time of 10 s at 8m/s wind speed. However, the few ppb NO2
observed by the CE-DOAS is still very low for a vehicle exhaust plume. Also the the plume
must be relatively narrow since the MoLP-DOAS, whose light path in parallel south to the
causeway, measures no elevated NO2. This shows that the CE-DOAS is only at the fringe of
the plume. Thus, the the contact time between IO and NO2 before the CE-DOAS measurement
is expected to be too short (� 10 s) to see an anti-correlation between IO and NO2.
In summary the results indicate a clear anti-correlation of IO and NO2 for well mixed air

masses. Therefore, no indication for the potential rapid recycling of IONO2 to I2 by reaction
with I R 2.37 was found.
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Figure 12.45. IO vs. NO2 for Open Path CE-DOAS measurements at Lettermore
Island North on August 1st and 2nd 2012 No correlation between IO and NO2 is
observed. The corresponding time series is shown in Fig. 12.26

Figure 12.46. Sketch of the IO -NO2 interaction at Lettermore IslandNorth onAugust
1st and 2nd 2012 The Open Path CE-DOAS instrument measures IO and NO2 in the
intertidal zone about 1.3m above the seaweed bed at location (1) in Fig. 12.25. NOx
(NO+NO2) is emitted by traffic on a causeway, which is at least 5m above the seaweed
bed and 80m up-wind of the CE-DOAS. Reactions between IO and NO2 can only occur
where both air masses air mixed.
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12.7. Discussion: Correlation of IO and Solar
Irradiance

Solar irradiance influences the observed IO mixing ratios in several ways. Firstly through
photochemistry (sec. 2.3): the source spices emitted by seaweed is I2, and to some minor
extend iodocarbons. Photolysis of these molecules yields I atoms which rapidly react with O3
to form IO. Photolysis of OIO and IONO2 may act as an secondary sources of IO but there
are still too many open questions on their photochemistry to asses their impact. IO itself is
also photoliable, however due to the rapid back reaction of I and O3 this essentially leads to a
null cycle. Details on the photochemistry is given in sec. 2.3.1. Secondly, photolytic stress
increases the emission of I2 by seaweeds which are the dominant I2 source at coastal sites.
Previous studies at mid-latitude coastal sites observed positive correlations of IO and solar

irradiance during low tide periods [e.g. Hebestreit, 2001; Furneaux et al., 2010]. This was also
observed during our study in Ireland. As an example the MoLP-DOAS measurements on June
30th 2012 at MRI are shown in Fig. 12.47. The shown time period is limited to tidal height
below 0m because only then most seaweed is exposed to air, a prerequisite for emission of I2.
Furthermore only the daytime low tide is shown since no significant IO is found during night.
A linear increase of IO levels with solar irradiance is observed. However, in the first hour of the
time series there is a delay between IO mixing ratios and the solar irradiance. The reason might
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Figure 12.47. Solar radiation and MoLP-DOAS IO measurement at MRI on
07/30/2012 Right: Time series of IO, solar irradiance, and tidal height during low
tide with water levels between −1.5m and 0m. Additionally shown is the average solar
irradiance of the past hour. The averages are constraint to time periods with water levels
below 0m. Left: IO mixing ratios vs. solar irradiance. For the solar irradiance the
average solar irradiance of the past hour is used. The scatter shows an excellent positive
linear correlation between IO levels and solar irradiance.
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Figure 12.48. Correlation of solar irradiance and IO levels observed by the MoLP-
DOAS at MRI IO mixing ratios are given as averages of 0.1 kWm−2 classes. The
averages only consider IO mixing ratios above the detection limit for periods with water
levels below 0m. Additionally a linear fit with 95% confidence bands is shown.

be that photolytic stress is not only directly caused by the solar irradiance but also by drying out
the seaweed which needs some time after exposure to air. A similar effect has been observed in
a laboratory study on A. nodosum by Kundel et al. [2012], where the full emission potential of
the seaweed is only developed after 30min to 60min exposure to air. Another reason for using
hourly averaged solar irradiance value is that the solar irradiance was measured at Mace Head
research station which is several 10 km away from most most measurement locations. Thus,
variations of the solar irradiance on shorter time scales would probably not be representative
for most measurement locations. Therefore, for the analysis of correlations the average solar
irradiance of the past hour is used. The solar irradiance is further, constraint to time periods
with water levels below 0m as most seaweeds are not exposed at higher water levels.
Fig. 12.47 shows the scatter plot of IO vs. solar irradiance for all MoLP-DOASmeasurements

at MRI (IO is averages over solar irradiance classes of 0.1 kWm−2 during low tide periods
with water level below 0m). It an shows an excellent linear correlation between IO and solar
irradiance with a Pearson’ r of 0.96.
A strong correlation between IO and solar irradiance is also observed at the other measurement

locations. A particularly good example are the MoLP-DOAS measurements at Lettermore
Island North. The dependence of the IO on the solar irradiance is particularly apparent in
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the maximum IO mixing ratios observed in the three low tide periods as shown in Fig. 12.26.
The corresponding correlation plot is shown in the appendix Fig. C.3. The MoLP-DOAS
observed the highest IO mixing ratios of up to (29.7 ± 2.1) ppt in the first low tide period
on August 1st between 11:30h and 13:00h when moderate average solar irradiance of about
750W/m2 was present. In the second low tide period, only a small IO peak with a maximum
mixing ratio of (7.1 ± 1.8) ppt is observed during dusk (solar irradiace < 100W/m2), and after
sunset IO immediately drops below the detection limit of 4 ppt. In the third low tide period,
during daytime on August 2nd the maximum IO mixing ratio of (14.4 ± 1.8) ppt is also much
lower compared to the first low tide period which is also consistent with the much lower solar
irradiance of about 250W/m2.
Several further examples for other measurement sites, including measurements by Open Path

CE-DOAS, are shown in Fig. C.3 in the appendix.

12.7.1. Nighttime IO
Nighttime chemistry of reactive iodine species is still controversially discussed in the scientific
community. Saiz-Lopez et al. [2006] proposed the reaction of I2and NO3 as a nighttime source
of IO to explain their observation of up to 3 ppt by LP-DOAS on a 4.2 km long light path (one
way) at Mace Head. However, all other LP-DOAS studies at Mace Head by Alicke et al. [1999],
Hebestreit [2001] and Seitz [2009] did not observe any significant nighttime IO above their
respective detection limits of 0.5 ppt, 0.3 ppt and 0.6 ppt. Also the only previous IO in-situ
measurement at Mace Head by Commane et al. [2011] did not observe IO above their 1.5ppt
detection limit. So far only one other study by Mahajan et al. [2009] at Roscoff, France reported
observation of nighttime IO at levels up to (3.0 ± 0.9) ppt. However, simultaneous IO point
measurements by LIF [Furneaux et al., 2010] and also failed to detect any significant IO above
their detection limit of about 2 ppt.
In this work, also IO was not observed at night with any instrument. Nighttime IO is analyzed

for the Open Path CE-DOAS measurements at the MRI in the 2011 and 2012 campaign (sec.
12.4.2) and the MoLP-DOAS in the 2012 campaign at the MRI (sec. 12.4.2.2) and Lettermore
Island North (sec. 12.4.3). MoLP-DOAS at MRI in the 2011 campaign were not used due to
instrumental problems. Unfortunately our stationary LP-DOAS measurements at Mace Head
could not be used to analyze IO night time chemistry since instrumental problems required
the use of a night-time reference in the data evaluation, which probably biased the retrieved
nighttime IO values (see sec. 7.1.2).
The histograms for both MoLP-DOAS and Open Path CE-DOAS measurements at MRI are

shown in Fig. 12.49 and Fig. 12.50 respectively. No IO was observed during night by both
instruments above their detection limits which were on average 2.3 ppt (Open Path CE-DOAS)
and 4.0 ppt (MoLP-DOAS) while during daytime both instruments regularly observed high
IO mixing ratios of several 10 ppt. The observations at MRI are further supported by the
MoLP-DOASmeasurements at Lettermore Island North, also did also not observe any night time
IO above the detection limit of 4 ppt but measured high daytime IO of up to (29.7 ± 2.1) ppt.
In summary measurements in this work did not observe any significant coastal nighttime

IO above 2.3 ppt ( CE-DOAS) and 4.0 ppt (MoLP-DOAS). We rate this as a contradiction to
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the 3 ppt nighttime IO reported by Saiz-Lopez et al. [2006]. They measured on a 4.3 km light
path with only a short path in the intertidal zone (see Fig. 12.9) which would indicate much
higher in-situ concentrations. However, this was only found druing daytime where our observed
maximum IO mixing ratios by both CE-DOAS and LP-DOAS were much higher than the
maximum daytime IO levels of 7 ppt reported in Saiz-Lopez et al. [2006]. This leads to the
conclusion that the observations by Saiz-Lopez et al. [2006] and alos Mahajan et al. [2009] are
measurement errors.
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Figure 12.49. Histograms of MoLP-DOAS night time IO measurements at MRI (2012
campaign) Right: all data for solar irradiance below 1W/m2. Left: only data during
low tide perios with tidal height below 0m. Both histograms do not show significant IO
above the detection limit, which was on average 4.0 ppt
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Figure 12.50. Histograms of Open Path CE-DOAS night time IO measurements at
MRI (2011 and 2012 campaign) Right: all data for solar irradiance below 1W/m2.
Left: only data during low tide perios with tidal height below 0m. Both histograms do
not show significant IO above the detection limit, which was on average 2.3 ppt.
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12.8. Discussion of the Regional IO Distribution on the
Irish West Coast.

In the literature, assessments of reactive iodine chemistry on the Irish west coast but also
extrapolations to its global impact are mostly based on measurements at Mace Head [e.g.
Saiz-Lopez et al., 2012]. Firstly most coastal measurement campaign were performed at
this location. Secondly Mace Head was also assumed to be a representative site for a shore
dominated by L. digitata seaweed, which was considered the dominant emitter of reactive
iodine species. However, at Mace Head previous studies observed high IO levels only for
extremely low water levels close to spring-tide low water, which are relatively rare events only
arising during 6 days of a 27 day tidal cycle (lunar month). During these rare events, path
averaging LP-DOAS measurements observed IO up to 7 ppt [Alicke et al., 1999; Hebestreit,
2001; Saiz-Lopez and Plane, 2004; Seitz, 2009] and LIF in-situ measurements at the main
station observed IO up to (29.3 ± 8.7) ppt [Commane et al., 2011]. First indications for other
locations with more regular and potentially also stronger IO emissions were given by Seitz et al.
[2010] at the MRI in Mweenish Bay. These are the only IO measurements on the Irish west
coast apart from Mace Head. For five days they consecutively observed high IO levels of up to
29 ppt over a seaweed bed during low tide and did not observe a significant dependence on the
tidal amplitude. Thus, one of the goals of Ireland campaign was to systematically investigate
if Mace Head is a representative location to study reactive iodine chemistry on the Irish west
coast.
As indicated in Fig. 12.1 mobile CE-DOAS and LP-DOAS measurements were performed

at 10 different locations. Mobile measurements mainly concentrated on wave sheltered bays
(7 locations) since they are very common on the Irish west coast and feature the largest areas
with inter-tidal seaweed (mainly A. nodosum and F. vesiculosu) regularly exposed to air during
low tide. In order to allow a direct comparison between different measurement sites and Mace
Head, a stationary LP-DOAS was installed at the Mace Head research station during the 2012
campaign. This was important, since we found out that meteorology, especially solar irradiance,
influences the stress level of seaweed exposed during low tide and thereby its I2 emission
rates (see sec. 12.7). Therefore, most meteorological effects should cancel out when looking
at relative IO levels between measurements at Mace Head and other locations, as they are
sufficiently close so that meteorological conditions are very similar. Figure 12.51 gives an
overview of the mobile Open Path CE-DOAS and the MoLP-DOAS during the 2012 campaign,
together with the simultaneous reference measurements at Mace Head. During daytime low
tide, on almost all days the mobile measurements observed much higher IO mixing ratios
compared to the stationary Mace Head LP-DOAS, which rarely observes IO above its 2.2 ppt
detection limit. The only significant exception are the CE-DOAS measurements at Mace Head
were IO was only detected during spring tide low water but then also at much higher levels
compared to the stationary LP-DOAS. This already shows, that IO observations at Mace Head
are much less regular and also much lower in magnitude compared to the other measurement
locations in wave sheltered bays.
Fig. 12.52 gives a direct comparison of the maximum and average IO levels observed by

the mobile CE-DOAS and MoLP-DOAS to the stationary LP-DOAS reference measurement
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Mace Head. Average IO mixing ratios are given for periods of low tide and sufficient solar
irradiance (>100Wm−2). Ratios of IO levels observed by the mobile instruments relative to
the stationary LP-DOAS were calculated with modified average values, where all data below
the detection limit were set to the detection limit. This made a big difference for the stationary
LP-DOAS since most of its measurements were below the detection limit of about 2.2 ppt and
dominated by systematic errors which could cause unreasonably low average values and thus
too high ratios. For the Open Path CE-DOAS and MoLP-DOAS measurements recalculating
the averages for the ratios made no significant difference because for both instruments almost all
measurements were above their detection limits. Thus, the ratios for all measurement locations
except for Cashel Bay and Lettermore Island south give lower limits, and could be significantly
higher.
The ratios for the 2012 campaign show that at all mobile locations, average IO levels observed

during daytime low tide by the MoLP-DOAS were two to seven times higher compared to the
Mace Head reference measurement. For CE-DOAS measurements in the seaweed bed (or less
than 5m downwind of it) ratios of the average IO levels were even higher with at some sites
up to a factor of 13 more IO observed by CE-DOAS compared to the Mace Head reference.
Mobile locations in the 2012 campaign were all wave sheltered shores, mainly bays.
The 2011 data is more difficult to compare due to a missing permanent reference measurement

at Mace Head. However, also in 2011 the measurements by the CE-DOAS and the MoLP-DOAS
at all sites, were much higher compared to the respective measurements at Mace Head. However,
the IO levels observed by the MoLP-DOAS at Balleyconnely North and Mweenish Island,
where L. digitata are the prevailing intertidal seaweed species, are still a factor two lower
compared to the MoLP-DOAS measurements at MRI, mainly over A. nodosum (middle and
short light path). Also a very interesting observation is, that the CE-DOAS measurements at
the A. nodosum bed 250m northeast of Mace Head station actually observed on average more
than twice the mixing ratio compared to the CE-DOAS measurements directly at the station
which is considered to be dominantly influenced by L. digitata.
Additionally, for a better comparability amongst the different mobile measurement sites the

data was normalized with respect to the solar irradiance. This was done to account for the
linear dependence of the observed IO levels on the solar irradiance as shown in sec. 12.7. The
resulting averages of the IO mixing ratios per solar irradiance are shown in Fig. 12.53. This
does not change the overall picture but emphasizes some mobile sites where the weather was
particularly bad, especially Lettermore Island North, and Ballyconneely Bay in 2012, and the
CE-DOAS measurements northeast of Mace Head station in 2011.
In conclusion, contrary to the expectation that Mace Head is a hot-spot for iodine emissions,

this comparison found that (at the same time) the IO concentrations at other measurement
locations, especially those featuring wave sheltered shores, were typically much higher. Two
main factors for these much lower concentrations observed at Mace Head were identified: Most
importantly, wave sheltered shores are typically much shallower and feature extended beds of
seaweed, mainly A. nodosum and F. vesiculosus, which are regularly exposed. On the opposite
at wave exposed shores, like Mace Head, the inter tidal zone is much smaller and features a
lower inter-tidal seaweed abundance mainly L. digitata, which is also less frequently exposed as
it is only found in the lower intertidal zone (see sec. 12.1.1). Thus, this comparison identified
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intertidal areas of wave sheltered shores as the major source areas for reactive iodine emission
on the Irish West Coast, which is further elaborated in the next section 12.9. Additionally, at
Mace Head most the LP-DOAS light path (> 90%) spanned over iodine source free subtidal
areas, while for MoLP-DOAS measurements at wave sheltered shores usually at least half of
the LP-DOAS light path spanned over the inter tidal area. This factor was certainly even more
severe in previous LP-DOAS studies at Mace Head [e.g. Alicke et al., 1999; Hebestreit, 2001;
Saiz-Lopez and Plane, 2004; Seitz, 2009] where the light paths were longer and even further
away form the coastline 12.9. However, this does not mean that wave-exposed shores would
feature higher IO levels with a different light-path, because the lower intertidal zone at these
shores is so small that there are no extended areas with high IO levels.
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Figure 12.51. Overview of IO measurements for the 2012 campaign. The plot shows simultaneous measurements by the
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below 5Wm−2.
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Figure 12.52. Comparison of average and maximum IOmixing ratios for the different
sites Percentage values are relative to the Mace Head LP-DOAS measurements (only for
2012) in the respective time period. CE-DOAS measurements within 5m (downwind)
of exposed intertidal seaweed were used for the average. Exceptions are: *At Mace
Head the distance of the CE-DOAS to the seaweed bed was 30 − 40m. **CE-DOAS
measurements were performed over patches of washed up drift seaweed.
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Figure 12.53. Comparison of average IO mixing ratios per solar irradiance for differ-
ent sites. Ratios to the stationary Mace Head LP-DOAS are not shown since, for this
instrument most data was below the detection limit which makes the normalization
to solar irradiance problematic. CE-DOAS measurements within 5m downwind of
exposed intertidal seaweed were used for the average. Exceptions are: *At Mace Head
the distance of the CE-DOAS to the seaweed bed was more than 30− 40m. **CE-DOAS
measurements were performed over patches of washed up drift seaweed.
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12.9. Discussion of IO Sources and their Spatial
Distribution

As described in the introduction (chap. 1) local sources of IO and their distribution are one of
the major open questions of the halogen chemistry in the mid-latitude coastal marine boundary
layer. The newly developed Open Path CE-DOAS instrument has several advantages to other
point measurement techniques of reactive iodine species (see chap. 1 and 5). Particularly, for
the first time it allowed to investigate the local IO concentration directly in intertidal seaweed
fields, which are believed to be the major sources of reactive iodine species.
Point measurements by Open Path CE-DOAS, which were performed in or very close to the

intertidal seaweed beds, generally observed very high IO mixing ratios of more than 20 ppt for
extended periods of more than an hour, during daytime low tide. At MRI, Lettermore Island
north and Cashel Bay, IO peak levels even exceeded 50 ppt. According to a laboratory and
modeling study by Burkholder et al. [2004] these IO levels are sufficient to account for iodine
mediated particle bursts observed in the coastal region around Mace Head in this study (see
sec. 12.9.2.1) and previous studies [e.g. O’Dowd et al., 2002b; Seitz et al., 2010]. It should be
highlighted, that the IO levels close to the seaweed are typically even higher as discussed in sec.
12.10. Thus, IO mixing ratios close to the seaweed are probably very often above 50 ppt. Only
point measurements close to the L. digitata beds at the Mace Head station seem to fall out of
this scheme. At this location in both years maximum IO mixing ratios, measured by CE-DOAS,
did not exceed 15 ppt and mixing ratios above 10 ppt were only observed for relatively short
time periods of less than 30min. This is an important difference, which is further discussed in
sec. 12.9.2 and also plays an important role for the comparison of the different measurement
sites in sec. 12.8.
The high IO mixing ratios measured by Open Path CE-DOAS in the seaweed field during

daylight low tide indicates that they are the major source of reactive iodine species as suggested
several laboratory studies discussed in sec. 3.1. Different combinations of CE-DOAS
point measurements, spatially averaged LP-DOAS measurements and auxiliary data such as
meteorology and tidal-height are used to discuss this hypothesis and investigate the spatial
distribution of IO. The following discussion is divided into measurements at wave sheltered
shores, wave exposed shores and measurements over drift seaweed, because these different
environments have a distinct mix of relevant seaweed species.

12.9.1. Wave Sheltered Bays
Wave sheltered shores, which are very common at the Irish west coast, usually have flat slopes
and therefore an extended upper and mid-intertidal zone with dense beds of F. vesiculosus
and A. nodosum. Measurement sites that fall into this category are the MRI (sec. 12.4.2),
Lettermore Island north/south (sec. 12.4.3), Cashel Bay (sec. 12.4.4), Ballyconneely Bay (sec.
12.4.5.1), the small bay north of Mace Head station (sec. 12.4.1) and Moyrus Bay (sec. 12.4.1).
In the following, different approaches are used to asses the IO distribution and sources.
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12.9.1.1. Mobile IO Point Measurements at Different Locations

Differences in IO mixing ratios between subsequent point measurements at different locations
can be used in combination with wind direction and wind speed to locate IO sources. Since it
was hypothesized that the intertidal seaweeds are the IO sources, we compare IO levels measured
directly over the intertidal seaweed beds with preceding and/or succeeding IO measurements
on land, outside of the intertidal zone. This comparison works of course best when air masses
measured at the land position originate from a background area with no IO sources. Also it is
important that all measurements are preformed in a time window where the seaweed exposure
is similar. At the MRI, measurements suitable for this analysis method were performed on June
3rd and 4th 2011 and on July 26th 2011. The IO levels at the land position were always much
lower compared to the measurements over the intertidal seaweed, if the air masses measured at
the land position originate from a background area with no or very low seaweed abundance:

• On June 3rd 2011 (Fig. 12.20), when CE-DOAS was moved into the seaweed bed, IO
levels increased by a factor of four from (5.1 ± 0.7) ppt on land to (20.7 ± 0.8) ppt in the
seaweed bed. Later, when the CE-DOAS was moved back to the land, IO dropped down
more than a factor of five from (39.5 ± 0.7) ppt in the seaweed bed to (7.3 ± 0.6) ppt on
land.

• On June 4th 2011 (Fig. 12.20), when the CE-DOAS was moved from the seaweed bed to
the land, an even stronger drop in IO of one order of magnitude from (12.8 ± 0.6) ppt in
the seaweed field down to (1.7 ± 0.5) ppt at land could be observed.

• On July 26th 2012 (Fig. 12.24), when the CE-DOAS was moved into the seaweed bed,
IO levels increased by a factor of six from (9.8 ± 1.0) ppt on land to (60.0 ± 1.3) ppt in
the seaweed bed. Later, when the CE-DOAS was move back to the land, IO dropped
down more than factor 5 from (18.6 ± 0.8) ppt in the seaweed bed to (3.5 ± 1.0) ppt
on land. When the CE-DOAS was move back to land, the solar radiation of 50Wm−2
was already relatively low which explains the generally lower IO levels during that time
period.

During all described measurements, the seaweed bed in the bay was exposed to air. The
significant IO levels on land at June 3rd 2011 and July 26th 2012 are most probably due to a
small and relatively sparse seaweed patch west to north west of the instrument location, which
was the upwind direction on these two days. On June 4th 2011 the northerly wind direction,
which comes almost exclusively form the land, explains the much lower IO levels on land
compared to the other days.
Another good examples for the influence of wind direction on the IO levels are the CE-DOAS

measurements on July 21st 2012 (Fig. 12.23). On this day the CE-DOAS observed high IO
mixing ratios of more than 10 ppt on the land location, which was less than 10m from the
shoreline. The observed IO mixing ratios did not change significantly when the Open Path
CE-DOAS was moved 20m into the seaweed bed. Also when the Open Path CE-DOAS was
moved back to the land location towards the end of the low tide period the observed IO mixing
ratio of more than 20 ppt at that time did no change significantly. The explanation is prevailing
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southerly wind direction on that day, for which the measurement location on land was directly
downwind of the seaweed bed. Thus, the mobile Open Path CE-DOAS point measurements
give evidence, that the major source of the observed IO is located in the large intertidal seaweed
bed.

12.9.1.2. Comparison Between CE-DOAS and mobile LP-DOAS Measurments

In this section, IO levels from CE-DOAS point measurements directly in the intertidal seaweed
beds are combined with simultaneous path averaged LP-DOAS measurements across seaweed
beds to locate IO sources. Simultaneous CE-DOAS point measurements and path averaged
LP-DOAS measurements were performed at MRI, Lettermore Island north/south, Cashel
Bay and Ballyconneely Bay. At all locations the CE-DOAS point measurements over the
intertidal seaweed generally showed higher IO levels compared to path averaged MoLP-DOAS
measurements crossing the intertidal seaweed beds. This proves that IO sources are not
homogeneously distributed along the MoLP-DOAS light path, but are rather concentrated in
strongly emitting hot-spots, the intertidal seaweed patches, as suggested by the previous study
of Seitz et al. [2010]. In the following, observations at the individual sites are discussed in
more detail:
MRI: On most of the days IO levels from CE-DOAS point measurements and path averaging

MoLP-DOAS1measurements show a good agreement within a factor of 1.5. The detailed
time series and the measurement setup are shown in sec. 12.4.2. However, contrary to
the expectation the CE-DOAS point measurements over the intertidal seaweed were not
always higher than the path averaged LP-DOAS measurements. On June 2nd 2011, July
21st 2012 and July 26th 2012 the CE-DOAS IO measurements relative to the LP-DOAS
data were a factor of 2.3, 1.2 and 1.4 higher respectively. But on June 6th 2011 and
on July 25th 2012 the IO levels measured by the CE-DOAS were a factor of 1.4 lower
compared to the LP-DOAS IO mixing ratios. Thus, in summary the relatively similar
IO levels observed by the CE-DOAS and LP-DOAS indicate an extended abundance
of reactive iodine sources in the intertidal area along the LP-DOAS light path. The
variations in the ratio between the LP-DOAS and CE-DOAS IO levels also indicate
significant inhomogeneities in the distribution of the reactive iodine sources in the
intertidal area. However, due the large extend of the seaweed bed, wind may mix up
IO homogeneously along the LP-DOAS light path, leading to higher IO levels for the
MoLP-DOAS if the CE-DOAS is (partly) measuring air masses form the land (with no
IO).

Lettermore Island north: As shown in Fig. 12.26, both the IO measurements by Open Path
CE-DOAS and LP-DOAS show the same time dependence.However, in the periods
where the Open Path CE-DOAS measured in the intertidal zone directly above the
seaweed, the IO levels were about 70% higher on August 1st and more than 150%

1For the 2011 campaign, at MRI the MoLP-DOAS data from the middle light path (see Fig. 12.18)
are used for comparison to the CE-DOAS data, since measurements on this light path give a good
coverage of the intertidal bay and are much more accurate compared to the short light path.
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higher on August 2nd compared to the MoLP-DOAS. The higher IO levels measured
by the CE-DOAS compared to the LP-DOAS are consistent with an inhomogeneous
distribution of seaweed along the LP-DOAS light path especially in the middle of the
LP-DOAS light path where no seaweed grows. The significantly higher CE-DOAS to
LP-DOAS IO ratio on August 2nd compared to August 1st is most likely an effect of
changes in the wind direction. As shown in Fig. 12.25, the eastern part of the LP-DOAS
light path, which is aligned in east-west direction, is close to the southern edge of the
intertidal seaweed bed. Thus, the change of the wind direction from westerly on August
1st to southerly on August 2nd may have transported more IO free air from the bay into
the LP-DOAS light path, causing lower IO mixing ratios while the CE-DOAS, which
measured on the northern edge of the seaweed bed, would not have been affected.

Lettermore Island south: The observations at this site are very similar to Lettermore Island
north. Detailed time series and the measurement setup are shown in sec. 12.4.3.2. The
detected maximum IO levels, which were reached around noon, were about a factor
of 1.7 higher for the CE-DOAS compared to the LP-DOAS. This is consistent with
the observation that only less than half of LP-DOAS light path was over the intertidal
seaweed beds. Furthermore, the low winds, which blew easterly in direction along the
MoLP-DOAS light path, can be assumed to have only little effect on the measurements.

Cashel Bay: At this site, which is described in sec. 12.4.4, the Open Path CE-DOAS
observed very high IO mixing ratios of up to (81.0 ± 1.4) ppt for 10s averages and up
to (62.4 ± 1.1) ppt for 100 s averages while the IO levels observe by the MoLP-DOAS
were on average about three times lower and did not exceed (19 ± 2) ppt (see Fig. 12.30).
The reason for this is a very inhomogeneous distribution of the iodine emitting seaweed
along the LP-DOAS light path. Seaweed is found in a narrow strip along the coastline
and several elevated rocks inside the bay which are exposed during low tide. The
measurement site with locations of instruments and intertidal seaweed is shown in
Fig. 12.29.

Compared to the previously discussed sites, the IO mixing ratios measured by the
CE-DOAS show a very high temporal variability of up to more than a factor of three
within 20s (see Fig. 12.30). One explanation for this observation lies in the very squally
wind during the measurements and the vertical IO gradient over seaweed patches as
observed at the MRI (see sec. 12.10). As described in sec. 12.10 the vertical IO gradient
decreases with increasing wind-speeds. Neglecting dilution, this leads to higher IO
levels at the CE-DOAS instrument height (1.3m) for higher wind speeds (see sec. 12.10).
Thus, squally winds could cause a high temporal variability of the IO levels observed
by the CE-DOAS. In addition, for a very patchy distribution of sources, the IO mixing
ratios observed by the CE-DOAS become very sensitive to wind speed and direction,
since this changes the effective area which is probed and also the amount of dilution. In
summary, the high temporal variability of the IO mixing ratios observed by CE-DOAS
show the presence of strong IO sources close to the instrument.

Ballyconneely Bay: In contrast to the previous sites, the CE-DOAS did not measure in the
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seaweed bed but on a pier next to the seaweed bed and at a height of three to four meters
above the seaweed bed, as shown in sec. 12.4.5.1. Nevertheless, during low tide, the
CE-DOAS point measurements observed on average a factor of two more IO, compared
to the MoLP-DOAS. This is again attributed to an inhomogeneous seaweed distribution
in the intertidal zone with many elevated rocks, covered by seaweed and small tidal
rivers in between which do not vanish at low water (see Fig. 12.31).

Furthermore, IO mixing ratios measured by the Open Path CE-DOAS show a variability
of up to a factor of 10 within only two minutes, which is even higher than at Cashel
Bay. Since the wind was also very squally on that day the explanation is analogous to
Cashel Bay and indicates that there are very strong iodine emitting “hot-spots” in the
seaweed bed, where the IO mixing ratio is expected to even exceed the peak mixing ratio
observed by the Open Path CE-DOAS of (46.9 ± 0.8) ppt.

Comparison of LP-DOAS to CE-DOAS Measurements Outside the Seaweed Bed:
Additionally, at the MRI the Open Path CE-DOASmeasured continuously at land locations close
to the seaweed bed. In combination with the LP-DOAS measurements and local meteorology
these measurements can also be used to investigate the IO distribution. Between July 22nd

Figure 12.54. IO vs wind direction, for CE-DOASmeasurements atMRI land position
(1) during daytime. Black points show measurements above the detection limit and
magenta points values below the detection limit. Significant IO was mainly detected
for southerly wind directions. The seaweed distribution is based on maps from Stefan
Schmitt (pers. observ. Ireland 2012) and Hession et al., 1998. Satellite images ©Mapbox,
©OpenStreetMap.
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and 24th 2012 the CE-DOAS continuously measured on land at location (1) which was less
than 10m north of the seaweed bed (see Fig. 12.18). On July 22nd for southerly wind the IO
time series of CE-DOAS and the LP-DOAS, shown in Fig. 12.23, correlated well with the
daytime low tide and showed similar IO levels of up to (12 ± 1) ppt and (8 ± 2) ppt respectively.
However, on July 23rd for westerly winds the CE-DOAS detected no significant IO and on
July 24th for westerly to northerly wind only a small peak of (5 ± 2) ppt was observed, while
the LP-DOAS IO levels correlated well with daylight low tide on both and reached up to
(26 ± 4) ppt and (20 ± 2) ppt on July 23rd and 24th respectively. In order to locate the IO
sources the correlation of IO observed by the CE-DOAS and wind direction is visualized as
a polar plot shown in Fig. 12.54. The observation of IO by the CE-DOAS correlates mainly
with southerly winds which bring air masses from the intertidal bed in the bay. Additionally for
north westerly winds, a small peak slightly above the detection limit of 3 − 4 ppt is seen. This
corresponds to the small IO peak observed on July 24th which may originate from ArdBay bay
located about 100m to the north west. Thus in summary, the CE-DOAS measurement at land
location (1) also show that local seaweed beds are the major IO source at the MRI.

12.9.1.3. LP-DOAS Measurements at Moyrus Bay

Moyrus Bay located about 3 km north east of Mace Head station is investigated as a possible
source region for the IO observed by the stationary Mace Head LP-DOAS. On August 6th 2012
the MoLP-DOAS measured on a 0.99 km long light path (one-way) across the Moyrus Bay as
shown in Fig. 12.55, this figure also shows the stationary Mace Head LP-DOAS light paths
which ran almost parallel 500m to the west but extended about 2.5 km further to the south. From
the time series, shown before in Fig. 12.16, it can be clearly seen that the MoLP-DOAS observed
significant IO during daytime low tide with a maximum IO mixing ratio of (14 ± 2) ppt. A
scatter plot of IO vs wind direction, overlaid on a map of the measurement site, is shown in
Fig. 12.55. However, simultaneous measurements by the Mace Head LP-DOAS did not show
any significant IO above the detection limit of 2.6 ppt. With the prevailing south westerly to
westerly winds on the August 6th 2012, this gives evidence that the source of the IO observed
by the MoLP-DOAS are most likely the beds of A. nodosum in Moyrus Bay and the headland
west of it. Thus, on other days with northerly to easterly wind, A. nodosum in Moyrus Bay and
west of the headland could act as source for IO observed by the Mace Head LP-DOAS.

12.9.1.4. LP-DOAS Measurements at MRI

At the MRI the MoLP-DOAS measured for an extended periods of six days in 2011 and nine
days in 2012. Thus, compared to other sites there is a relatively large data bases which can
be used to investigate IO sources from correlations to wind and tidal height. As described in
sec. 12.4.2, during both campaigns a 556m long light path (one way) was set up crossing the
intertidal area in front of the MRI. Furthermore in the 2011 campaign two additional, almost
parallel light path were used. The short light path crossed half of the intertidal area and the long
light path, which went to Finish Island, extended additionally over subtidal areas, constantly
covered by water. Thus, for the 2011 campaign a comparison of the IO mixing ratios along the
three light paths, gives additional information on the distribution of IO.
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Figure 12.55. Correlation of wind direction and IO at Moyrus Bay. IO mixing ratios
observed on August 6th 2012 along the Moyrus Bay light path are shown as open dots.
Only data above the detection limit is shown. No significant IO was observed along
Mace Head light path on August 6th 2012. The seaweed distribution is based on maps
from Stefan Schmitt (pers. observ. Ireland 2012/11) and Hession et al., 1998. Satellite
images ©Mapbox, ©OpenStreetMap.

Correlation to Wind and Tides Correlations to wind and tides are only discussed for the
2012 campaign due to the much better quality of the measurements. The respective correlation
plots for the 2011 data, which are compatible to the conclusion drawn in this section, are shown
in the appendix C.3.
Figures 12.23 and 12.24 show the IO time series for 2012. The amplitude of the IO peaks,

which were found on all days during daytime low tide, does not show a significant difference
between spring-tide (July 21st) and neap-tide (July 27th). This is also apparent from the
correlation of IO levels with tidal heights shown in Fig. 12.56. Significant IO of up to 10 ppt is
observed for a tidal height below 1.5m and observed IO levels further increase to about 30ppt
at tidal height of −0.25m, below which no significant increase of observed IO is found. In
agreement with a previous study by Seitz [2009] the explanation of this lies in the very shallow
intertidal zone which is already completely exposed to air for relatively high water levels of
−0.25m, which are reached even during neap tides where the minimum tidal height is at least
below −1m. Thus, this is a further indication that the A. nodosum seaweed bed in the intertidal
area in front of the MRI is the major source of IO precursors.
Figure 12.57 shows the correlation of IO to wind speed. There is a positive correlation of

increased IO mixing ratios and high wind speed up to 8m s−1, but for higher wind speeds the
IO levels show a negative correlation to the wind speed. This is similar to the observations
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Figure 12.56. Correlation of IO observed by the MoLP-DOAS with tidal height at the

MRI during the 2012 campaign. For easier identification data above and below the
detention limit are colored differently in black and magenta respectively. An anti-
correlation between IO and tidal height is seen for daytime data, while night time data
does not sow any correlation to tidal height.

of Seitz [2009] where a positive correlation up to wind speeds of 8m s−1 are reported. In
agreement with Seitz [2009] and the CE-DOAS measurements at Cashel Bay and Ballyconneely
Bay the explanation might be increased vertical transport of IO for higher wind speeds into
the LP-DOAS light path, which is about two to five meters over seaweed bed. The decrease of
IO for wind speeds above 8m s−1 might be due to dilution of the measured air masses with
IO free air from outside of the seaweed bed. Furthermore, as shown in Fig. 12.58, high IO
levels correlate with westerly and southerly winds. However, the dependence of IO to the wind
direction is very similar to the frequency distribution of wind directions and thus does not
indicate locations of IO sources.

Spatially Resolved LP-DOAS Measurements: Long path DOAS measurements only
give the average mixing ratio of trace gases along its several 100m to km long light path.
Thus, in order to study the horizontal distribution of IO, three almost parallel light paths
were established at MRI in 2011 using the MoLP-DOAS as shown in Fig. 12.18. A detailed
description of the MRI measurement site is given in sec. 12.4.2. The light paths crossed the bay
in south eastern direction and only one to two meters above the high water spring mark. Both
the short and the middle light path exclusively traveled the intertidal area, and only crossed beds
of A. nodosum and F. vesiculosus. The short light path (266m one way length) was established
to retro reflector “Retro 1”, placed on a rock in the middle of the intertidal zone. The middle
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Figure 12.57. Correlation between IO mixing ratios measured by the MoLP-DOAS
and wind speed at the MRI during the 2012 campaign. Increased IO mixing ratios
show a positive correlation to high wind speeds up to 8m s−1, but for higher wind speeds
the IO levels and wind speed seem to anti correlate.
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Figure 12.58. Distribution of wind directions and its correlation with IO measured by
the MoLP-DOAS at the MRI in 2012. Left: frequency distribution of wind direction
and wind speed. Right: correlation of IO with wind direction. High IO levels correlate
with westerly and southerly winds. However, this correlation of IO to the wind direction
is very similar to the frequency distribution of wind directions and thus does not indicate
locations of IO sources.
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light path (556m one way length) was established to “Retro 2” close to the south eastern end of
the intertidal area. The long light path (1890m one way length) was established to “Retro 3”
placed on Feenish Island. Thus, except for a small intertidal strip in front of Feenish Island,
the additional area crossed by the long light path is over the subtidal zone of Mweenish Bay.
The middle light path and the long light path are very similar to the two light paths used in a
previous study in 2007 [Seitz et al., 2010], which also investigated the horizontal distribution
of IO.
The time series for the measurements at MRI in 2011 are shown in Fig. 12.19 to Fig. 12.22.

IO levels observed on all three light paths show a strong correlation to low tide and solar
radiation. Maximum IO levels observed on the short light path (of (35 ± 7) ppt) and the
middle light path ((27 ± 4) ppt) are relatively similar while the maximum IO mixing ratio of
(19 ± 2) ppt on the long light path is significantly lower.
The wind direction plays an important role when comparing the measurements along the three

different LP-DOAS light paths. On June 2nd and 3rd, when the prevailing wind direction in the
relevant low tide period were south to south west and west respectively, IO mixing ratios along
the long light path were significantly lower (factor of two at low water) compared to the middle
light path (see Fig. 12.20). There also seems to be a tendency for higher IO mixing ratios along
the short light path compared to the middle light path, even though this has to be considered
cautiously since their values still agree withing the large uncertainty of the measurements on
the short light path. The approximately 50% lower average IO mixing ratio along the long light
path compared to the middle light path is a strong indication that the major contribution to
the detected IO comes from the A. nodosum and F. vesiculosus bed which ends shortly after
Retro 2. Also, due to the relatively low wind speeds of less than 5m/s and the prevailing wind
from the southern to western sector no IO could be transported from the intertidal zone into the
sub-tidal part of the long light path. The tendency of lower IO mixing ratios along the middle
light path compared to the short light path could also be explained by the prevailing wind from
the southern to western sector. The short light path ends in the middle of the A. nodosum and F.
vesiculosus bed so for both south to south westerly and westerly winds, IO should be distributed
homogeneously along the light path. The same applies to large extents for the middle light path,
except towards the end close to “Retro 2” where the A. nodosum and F. vesiculosus bed and
also the intertidal zone becomes narrower. Finally, In this last part of the middle light path, air
masses form the southern to western sector are likely to carry no IO, since they come either
from the land or the large subtidal area, and thus reduce the average IO mixing ratio by dilution.
A different situation was found on July 7th where very similar IO mixing ratios were detected

during the low tide period at daytime (see Fig. 12.22). In the measurement period between
12:00h and 19:30h the average wind speed of 11m/s is relatively high and the prevailing north
westerly wind direction is almost perfectly parallel to the LP-DOAS light paths. Thus the IO
containing air masses could be quickly transported along the long light path over the intertidal
zone (2 min transport time from Retro 2 to Retro 3) and provide similar mixing ratios on the
long light path and the shorter light paths.
In conclusion, the measurements along the three LP-DOAS light paths support the theory

that the major iodine sources are located in the A. nodosum and F. vesiculosus beds of the
intertidal zone. This is also in agreement with the spatially resolved LP-DOAS measurements

221



Chapter 12. Ireland 2011/2012

by Seitz et al. [2010], which compared IO levels observed on two light paths very similar to our
long and middle light path. They also found that almost all IO (max. 29 ppt) was concentrated
on our middle light path, but attributed the iodine emission mainly to L. saccharina probably
due to the lack of IO in-situ measurements and detailed seaweed maps.

12.9.1.5. IO emission and exposure to air

As discussed above the observed IO correlated to the exposure of seaweed to air during low
tide, i.e. generally IO is observed when seaweed is submerged. However in two cases it was
also observed that a thin water film covering the seaweed is not sufficient to inhibit the emission
of reactive iodine by the seaweed:

Lettermore North: On August 2, the elevated IO levels of up to 14 ppt, observed by the
MoLP-DOAS during low tide, showed no influence to the two period of rain showers
(see Fig. 12.26). Thus, the seaweed did not stop or reduce the emission of iodine into the
Atmosphere when their surface is wet, which was expected to reduce their stress level.

Ballyconneely Bay: As shown in Fig. 12.32 IO was observed by both, the MoLP-DOAS and
the Open Path CE-DOAS, for another 45min after the seaweed was already covered
by water at 16:41h. However, the buoyant fronds of A. nodosum were still floating on
the water surface, which indicates that also in this case the release of iodine into the
atmosphere could proceed through a thin water layer. As the water level rose further,
between 16:41h and 17:30h increasing parts of the fronds are dragged under water, as
their fronds become too short, until all A·nodosum are completely under water at 17:30h.
This is consistent with the decrease in the IO level after 16:41h until it is below the
detection limit after 17:30h. This effect could stretch the time period of iodine emission
at least by an hour for A. nodosum seaweed beds and thus significantly increase their
effect on air chemistry.

12.9.2. Wave Exposed Shores
Wave exposed shores are generally characterized by much steeper slopes and therefore a much
smaller intertidal area compared to wave sheltered shores. The dominant seaweed species are
the kelps growing in the lower intertidal zone (L. digitata) and the subtidal zone (L. digitata, L.
hyperborea). Thus, due to the steeper slope of the shore and the deeper location of the seaweeds
extended exposure is only reached around spring tide where the water level is lowest. However,
this makes the seaweed beds inaccessible for Open Path CE-DOAS measurements directly over
the seaweed. Therefore, at such locations the Open Path CE-DOAS is setup directly at the
shoreline, as close as possible to the seaweed.
CE-DOAS and LP-DOAS measurements at wave exposed shores were performed at Mace

Head, Ballyconneely North and Mweenish Island. However, IO from intertidal seaweed was
only found at Mace Head while the IO observed at the other two sites is attributed to drift
seaweed, which is further discussed in sec. 12.9.3.
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Figure 12.59. Tidal height vs IO observed by CE-DOAS at Mace Head station. A clear

anti-correlation of IO mixing ratios with tidal height is observed during day time but
there is no correlation to the tide at night. The shown data are CE-DOAS measurements
west and south west of the lower cottage from both campaigns 2011 and 2012.

12.9.2.1. Mace Head

At Mace Head CE-DOAS measurement were performed at two distinctively different types of
shores. As shown in Fig. 12.9 (sec. 12.4.1) the shore west of the lower cottage is very wave
exposed and predominantly inhabited by L. digitata and L. hyperborea. However, northwest
to north of the station there is a bay which is much less wave exposed, especially in the strip
between the mainland and the close-by Colt Island where A. nodosum is abundant. At both
shores CE-DOAS measurements were applied on land close to the shoreline since the intertidal
area was not accessible.

Shore West of Station: The CE-DOAS was setup at two measurement locations 40m and
30m from the shoreline (labeled (1) and (2) in Fig. 12.9). The respective IO time series from
both campaigns, shown in Figs. 12.11, 12.14, 12.15 and 12.16, show a strong correlation to the
tidal amplitude. The highest IO mixing ratio of (15 ± 1) ppt was observed on May 19th 2011
and July 20th 2012, both days with spring tide. The scatter plot of IO vs tidal height, shown
in Fig. 12.59, confirms that the highest IO levels are observed for a tidal height below −2m
which is only reached around spring tide. Furthermore, a closer analysis shows, that at site (2)
(in Fig. 12.9) IO levels above 5 ppt were only reached for a tidal height below −1.5m. The few
observations of more than 5 ppt for a tidal height between 0m and −1.5m were all made at
location (1). A likely explanation is that the high IO levels of up to 15 ppt originate form L.
digitata which are exposed to air only at very low water levels below −1.5m. The lower IO
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Figure 12.60. Tidal height vs IO observed by CE-DOAS at Mace Head north. The

anti-correlation of IO mixing ratios with tidal height is less pronounced compared to the
measurements west of Mace Head station. The shown data was recorded during daylight
time.

levels observed at site (1), roughly between 0.5m and −1.5m tidal height, most likely originate
from the close by A. nodosum field north-west of the station, since this field is already exposed
to air at a water level of 0.5m. Even though the wind direction was south westerly to westerly
on all days this is not necessarily a contradiction to IO from north west, because the wind was
measured 300m from the shore and several 10m above the water level (see Fig. 12.10). Thus,
the local wind direction at the shore could be significantly different due to orographic effects.
Our observations are in agreement with the only previous IO point measurements at Mace Head
research station by Commane et al. [2011]who measured close to our location (1). They see a
strong increase in the observed IO with values up to 29.3 ppt only for spring tide low water at
tidal heights around −2m which they also attribute to exposed L. digitata, and also observe
some lower IO levels of up to 8.2 ppt for water levels below 0.5m.

Shore North-West/North of Station: In 2011 CE-DOAS measurements were also per-
formed next to the A. nodosum bed north-west of the station. The Open Path CE-DOAS
was setup about 10m from the shoreline at the location labeled (3) in Fig. 12.9. Despite
relatively rainy conditions, IO was observed on three days with a maximum mixing ratio of
(25.0 ± 1.6) ppt. The anti correlation between IO and tidal height shown in Fig. 12.60 is less
pronounced, compared to the measurements at the shore west of Mace Head station, event
though this location is only 250m away. For tidal heights below 1m significant IO of more
than 5 ppt was observed. Maximum IO levels increase further with falling tide to about 20 ppt
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Figure 12.61. Wind direction vs IO observed by CE-DOAS at the shore north-
west/north of station. The Instrument was located in the center of the polar plot.
Observations of high IO levels correlates with westerly to northwesterly wind directions.
The seaweed distribution is based on maps from Stefan Schmitt (pers. observ. Ireland
2011/12) and Hession et al., 1998. Satellite images ©Mapbox, ©OpenStreetMap.

at a tidal height of −0.5m. No further increase of the maximum IO levels is observed for tidal
heights below −0.5m. It is also important to notice, that already at a tidal height of 0.5m IO
levels of 15ppt were observed, while west of Mace Head station such IO mixing ratios were
only observed for tidal heights around −2m. Therefore, there must be a strong IO source close
to location (3) which is completely exposed at tidal heights below −0.5m. The only possible
source is the A. nodosum bed west to north of the instrument location (3). This is also supported
by the correlation to wind directions, depicted in Fig. 12.61.It shows that high IO mixing ratios
correlate with westerly to northwesterly wind directions.

Stationary LP-DOAS Measurements at Mace Head: The stationary LP-DOAS mea-
surements during the 2012 campaign, which were primarily performed as a reference, also
contain information on the distribution of reactive iodine sources in the area. The IO time
series, in Fig. 12.8 and more detailed in Fig. 12.66 and Fig. 12.67, shows concentration peaks
during daytime low tide. Figure 12.62 shows the correlation of the observed IO with tidal
height. As expected from previous observation, it shows an anti-correlation with elevated IO
levels below 0.5 ppt. There is generally not much increase in the observed IO levels for tidal
levels below −1m, even though the maximum IO mixing ratio of (13 ± 1) ppt was observed on
August 8th during spring tide.
The correlation of IO with wind speed is shown in Fig. 12.63. Significant IO is observed

for wind speed above 2m s−1 and maximum IO levels increase for increasing wind speeds. A
likely explanation is, that the IO source was below the light path and increasing wind speed
results in increased vertical mixing as discussed in sec. 12.9.1.4 for the MRI. Also possible
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Figure 12.62. Correlation of tidal height and daytime IO observed by the stationary

Mace Head LP-DOAS. The data shows an anti-correlation between IO mixing ratios
and the tidal height.

is that, due to the short atmospheric life time of IO, only at higher wind speeds IO emissions
from distant sources can reach the LP-DOAS light path due to reduced transport time.
In order to locate the sources of IO, Fig. 12.64 shows the distribution of IO with respect

to wind direction. Due to the large scatter in the IO measurements, data was averaged over
relatively large sectors of 15°. Since IO is only expected for daytime low tide, the average
is computed only for periods with solar radiation above 10Wm−2 and tidal heights below
0m. Also for averaging all values below the detection limit are set to zero since systematic
residual structures in the spectra seemed to cause a 1 ppt to 2 ppt offset on several days (which
is generally withing the measurement accuracy). In the following the different source regions
are discussed in detail based on Fig. 12.64:

north east It can be clearly seen that the sector between 30° and 60° is the direction with the
highest average values in IO. As discussed in sec. 12.9.1.3 the A. nododsum beds in
Moyrus Bay in the north east and along the headland directly north of the light path
were identified as very likely sources for IO in this sector. Additionally, the more distant
Bertraghboy Bay (which includes Cashel Bay) in the north east also features a high
abundance of A. nododsum and F. vesiculosus [e.g. Hession et al., 1998]. However,
due to its larger distance to the light path of more than 5 km and the short atmospheric
lifetime of IO it is less likely that the seaweed in Bertraghboy Bay is the source of the
observed IO.

east south east The IO distribution in Fig. 12.64 shows a second strong peak in the ESE
sector between 90° and 135°, which is the direction of Ard Bay and Mweenish Bay.
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Figure 12.63. Correlation of wind speed and daytime IO observed by the Mace Head
LP-DOAS. Significant IO is observed for wind speed above 2m s−1 and maximum IO
levels increase for increasing wind speeds up to 11m s−1.

Figure 12.64. Correlation of wind direction and daytime IO observed by the stationary
Mace Head LP-DOAS. Left: Daytime data for tidal heights below 0m (greyed out
data is blow the det. lim.) with 15° average values in blue. Right: Polar plot of the
average IO mixing ratios overlaid on the shoreline taken from GSHHG v2.0 [Wessel
and W. H. F. Smith, 1996]. The polar plot is centered on the middle of the Mace Head
LP-DOAS light path, shown as pink dashed line.
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Both bays feature large beds of A. nododsum and F. vesiculosus (Fig. 12.17), which were
identified as the dominating local IO sources by our measurements at MRI (see sec.
12.4.2 and sec. 12.9.1). There are further bays in east south east direction between Mace
Head and Galway Bay (e.g. Greatman Bay and Kilkieran Bay) with high abundance of
A. nododsum and F. vesiculosus. Again, their much further distance (> 10 km) and the
short lifetime of IO makes them less likely as the source of the observed IO.

south Elevated IO levels were also found for southerly wind. For this direction the most likely
source is the A. nodosum bed north of Mace Head Station at the southern end of the
LP-DOAS light path, where CE-DOAS measurements, discussed earlier in this section,
observed high IO levels. Additionally, for southerly winds during spring tide a further
contribution could come from the L. digitata patches west and south of Mace Head
station.

north west IO observed for wind from the north western sector could come from the coastline
between Roundstone and Ballyconneely Bay where both A. nodosum and L. digitata is
abundant [e.g. Hession et al., 1998].

west Almost no significant IO was found for wind directions between south west and north
west, even though this was a frequent wind direction. In this direction the only possible
source would be the mostly subtidal L. digitata which are only exposed to air during
low water close to spring tide. Therefore, L. digitata could only act as source on about
six days per month and only for less than one hour per day. However, during the 2012
campaign spring tide low water did not coincide with westerly winds at Mace Head
during daytime.

The results of this work are not in contradiction with a previous campaign in 2007,
where up to 4.5 ppt IO was reported for westerly wind [Seitz, 2009] because: Firstly,
measurement during the 2007 campaign were performed on days were spring tide
coincided with westerly winds. Secondly, Seitz [2009] used a much longer LP-DOAS
light path (7 km one way) which extended in north westerly direction to Roundstone (see
Fig. 12.9), which makes it sensitive to additional sources in west of round stone, e.g.
Ballyconneely Bay. However, the light path in this work was shorter and setup closer to
the land, wich made it more sensitve to emissions at the coastline close to Mace Head.

IO Mediated Particle Formation at Mace Head: As described in sec. 2.3.3 previous
studies [e.g. O’Dowd et al., 2002a; McFiggans et al., 2010; Seitz et al., 2010] observed ultra
fine particle bursts at coastal sites during daytime low tide with particle concentrations up to
106 cm−3. These events were linked to the polymerization of iodine oxides [e.g. O’Dowd et al.,
2002b; Burkholder et al., 2004; Sellegri et al., 2005].
During our Ireland campaign in 2012 measurements by nano SMPS (data provided by NUIG,

see sec. 8.1.3) at Mace Head Atmospheric Research Station also observed bursts of ultra fine
particles during daytime low tide on 15 of the 22 measurement day as shown in Fig. 12.66
and Fig. 12.67. The peak level of the concentration of particles between 5 nm and 500 nm of
2.5 · 105 cm−3 is significantly lower to the previously reported maximum concentrations at
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Mace Head of 106 cm−3 [O’Dowd et al., 2002a]. Furthermore, only on eight days concentrations
of more than 2 · 104 cm−3 were observed. The particle burst in the night of July 31th is excluded
from the further discussion because it only contains particles greater than 10 nm and is therefore
more likely due to anthropogenic emissions which is also consistent with the northerly wind
direction which bring mainly air masses from the land.
In order to analyze the source regions of the particle bursts observed at Mace Head, Fig. 12.65

shows the distribution of the particle concentration with respect to wind direction. The polar
plot show average values of 15° sectors, for periods with solar radiation above 10Wm−2 and
tidal heights below 0m. Days without particle bursts (concentration < 1 · 103 cm−3) were
neglected to avoid biasing the averages. The overlay in the polar plot with the average IO
mixing ratios observed by the stationary LP-DOAS (see. last paragraph) shows that both have
a similar dependence on the wind direction, indicating that both have similar source regions.
This is in agreement with the hypothesis that iodine oxide is the precursor or the observed
particle bursts. The differences for northerly to north easterly wind direction are not unexpected
when comparing path averaged measurements by the LP-DOAS and point measurements by
the nano SMPS since they do not measure exactly the same air masses, which is particularly
important for close by sources as Moyrus Bay in the north east of Mace Head station.

Figure 12.65. Correlation of wind direction with daytime particle and IO concentra-
tions observed at Mace Head. Left:Particle concentrations for daytime data and tidal
heights below 0m (geyed out data is blow the det. lim.) and 15° average values in blue.
Right: Polar plot of the average particle concentrations and IO mixing ratios (Mace
Head LP-DOAS data from Fig. 12.64) overlaid on the shoreline taken from GSHHG v2.0
[Wessel and W. H. F. Smith, 1996]. The pink dashed line indicates, the LP-DOAS light
path. The polar plot is centered at the Mace Head Research station where the particle
concentrations were measured.

229



C
hapter12.

Ireland
2011/2012

Figure 12.66. Time series of IO and NO2 (Mace Head LP-DOAS) and aerosol particle concentration (nano-SMPS) at
Mace Head. a) IO mixing ratio (black, data below the detection limit is greyed out), tidal height (blue) and solar irradiance
(orange). b) LP-NO2 mixing ratio (black) and total concentration of aerosol particles between 5 and 500 nm (blue). c) Aerosol
size size distribution. d) wind speed and (black) and direction (blue).
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Figure 12.67. Continued, time series of IO and NO2 (Mace Head LP-DOAS) and aerosol particle concentration (nano-
SMPS) at Mace Head. a) IO mixing ratio (black, data below the detection limit is greyed out), tidal height (blue) and solar
irradiance (orange). b) LP-NO2 mixing ratio (black) and total concentration of aerosol particles between 5 and 500 nm (blue).
c) Aerosol size size distribution. d) wind speed and (black) and direction (blue).
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12.9.3. IO over Drift Seaweed Patches
During the 2011 campaign stormy weather caused a large abundance of washed up drift
seaweed on wave exposed shores of the Connemara for example on the western shore of
Mweenish Island and the northern shore of the Ballyconneely peninsula. As described in sec.
12.1.1 this is not a unique event, but happens regularly after storms. Therefore, the question
arose whether the drift seaweed is still capable to emit iodine. In order to investigate this,
measurements were performed over patches of washed up drift seaweed, mainly L. digitata and
L. hyperborea, were performed at Mweenish Island and Ballyconneely north during the 2011
campaign. Detailed descriptions of sites and setups are given in sec. 12.4.5.2 for the northern
shore of the Ballyconneely and in sec. 12.4.6 for Mweenish Island. At both sites the Open Path
CE-DOAS was placed in the middle of the drift seaweed patches which roughly covered an
area of 25m × 55m. The MoLP-DOAS measured across the patches but also several hundred
meters further along the shoreline.
At both sites CE-DOAS measurements in the drift weed patches showed high IO mixing

ratios of up to (40.2 ± 0.7) ppt at Mweenish Island and up to (30.7 ± 0.8) ppt at Ballyconneely.
Compared to that the LP-DOAS observed much lower IOmixing ratios of only up to (14 ± 3) ppt
at Mweenish Island and no significant IO at Ballyconneely (average det. lim. 8.7 ppt). At both
sites, this difference in observed IO mixing ratios between the CE-DOAS and the LP-DOAS
shows that there is an inhomogeneous distribution of IO with the drift weed patches acting as
strongly emitting “hot-spots”. This was also confiremed by moving the CE-DOAS out of the
patch. In the following a more detailed analysis is given for the two measurement locations:

Ballyconneely: Measurements were performed on June 7th 2011. At the measurement site
drift seaweed densely covered an area of roughly 30m × 50m (see Fig. 12.33) with
a depth of ∼ 0.5m. The Open Path CE-DOAS performed in-situ measurements in
the middle of the patch and about 1.3m above the drift weed. The MoLP-DOAS
measured along a 1002m long light path (two-way) which was setup to cross the drift
weed patch but also went over steeper, more rocky parts of the shore were L. digitata
and L. hyperborea are found in the lower intertidal to subtidal zone (see Fig. 12.33).
Detailed time series for both the Open Path CE-DOAS and the MoLP-DOAS are shown
in Fig. 12.34.
The Open Path CE-DOAS observed an average IO mixing ratio of (15 ± 1) ppt and a
peak value of 30.7 ppt. This is remarkable since the solar irradiance of 380Wm−2 was
relatively low on that day and the weather was relatively rainy. This interesting finding
gives further evidence that IO emissions do not necessarily need sunny weather (see.
sec. 12.7) and that even wet, water covered seaweed emits iodine (see sec. 12.9.1.5).
This also means that on a day of good weather with high solar irradiance even higher
IO mixing ratios would be expected. The MoLP-DOAS did not measure significant IO
above the 8.7 ppt detection limit. Thus the mixing ratios observed by the CE-DOAS
were on average at least a factor 1.7 higher and in the maximum more than a factor of
3.5 ppt higher.
With the local wind direction of SW to SSW (see. Fig. 12.33) the air masses measured
at the CE-DOAS traveled over land for at least one to two kilometers before arriving at
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the drift weed patch. Thus, the washed up drift seaweed is the only source for the high
IO levels observed by the CE-DOAS.

Mweenish Island Measurements were performed on June 6th 2011 on the southern shore
in a bay with sandy beaches as shown in Fig. 12.35. Similar to Ballyconneely north,
a 20m × 60m large patch of drift seaweed (depth ∼ 0.5m) mainly composed of L.
hyperborea and L. digitata, was found at the measurement site. Detailed time series for
both, the Open Path CE-DOAS and the MoLP-DOAS are shown in Fig. 12.36.

Most of the time the Open Path CE-DOAS was applied for in-situ measurements in the
drift seaweed patch (location 1) where it observed on average an IO mixing ratio of
(26.2 ± 0.7) and maximum of (40.2 ± 0.7) ppt at a height of 1.3m above the seaweed.
The IO mixing ratio droped to zero when the CE-DOAS was moved further north out of
the path of drift seaweed to location (3). In combination with the prevailing northerly
wind direction this gives evidence that the drift seaweed is the source for the IO observed
above it.

Furthermore, for a two hour period, when the tide was close to the low water level the
CE-DOASwas moved eastwards to location 2, a small seaweed patch in the mid-intertidal
zone, mainly of F. serratus and a single L. digitata plant . First it measured at a height
of about 1.3m above the seaweed where it observed an average IO mixing ratio of
(11.9 ± 0.6) ppt, which is less than half of the IO mixing ratio observed above the
drift seaweed. When the CE-DOAS light path was lowered to a height of 30 cm above
the seaweed the average IO mixing ratio increased by more than a factor of two to
(26.8 ± 0.6) ppt which is consistent with the IO height profile discussed in sect. 12.10.
Thus, it could be excluded that the local IO (at location 2) originated from the drift weed
patch (location 1). It could however not be distinguished if the main iodine source is the
the bed of F. serratus or the single L. digitata.

The MoLP-DOAS was setup close to the drift weed and measured along a 1710m long
light path (two-way), which crossed the drift weed patch (location 1) and continued
parallel to the rocky shore where it also passed close to location 2. The MoLP-DOAS
observed an average IO mixing ratio of (5 ± 3) ppt and a maximum value of (14 ± 3)
Significant IO above the detection limit of 6.5 ppt was only observed between 12:00h
and 14:00h which corresponds to a tidal height of less than −1.5m. The prevailing
northern wind direction identifies small seaweed patches along the shoreline, composed
of F. serratus and a single L. digitata, as the major source or the IO observed by the
MoLP-DOAS, also since these patches were only exposed for a short period when the
water level was below −1.5m (close to low water). The drift seaweed patch could have
also made a contribution to the observed IO, because the IO formed at this location
was adverted along the MoLP-DOAS light path. However, the drift seaweed patch was
already exposed to air a water level at 0m, and thus its contribution to the IO along the
total LP-DOAS light path was only below the detection limit.
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12.10. Discussion: IO Emission Rates from Vertical IO
Profile

The Open Path CE-DOAS allowed for the first time a direct estimate of the (secondary) IO
emission rates in a seaweed bed. For this, a vertical IO profile was measured in the seaweed bed
at MRI on July 30th which was a relatively sunny day with calm and constant wind conditions
(see sec. 12.4.2.2). The seaweed was dominantly composed of A. nodosum and some F.
vesiculosus.
The IO mixing ratio was measured at several height levels between 10 cm and 221cm as

shown in Fig. 12.68. In order to eliminate the influence of meteorology and varying IO emission
by the seaweed, a reference height was chosen (26 cm), where measurements were performed
more frequently. These, reference measurements were used to normalize the measurements
at the other height levels, which were finally scaled to the first reference measurement. The
resulting height profile in Fig. 12.69 shows the expected logarithmic decrease of the IO mixing
ratio with increasing height, for heights above 20 cm.
Assuming neutral layering, the IO emission rate FA,IO per unit area, i.e. flux, can be inferred

from the trace gas vertical profile [e.g. Roedel, 2000]

FA,IO = (c(z1) − c(z2))
u∗κ
ln z2

z1

(12.1)

with concentrations c(zi ) at the height levels zi , the friction velocity u∗ and the dimensionless
von-Kármán constant κ ≈ 0.4 [Högström, 1996]. For a given surface roughness length z0, the
the friction velocity u∗ can be calculated from the logarithmic wind profile

u(z) =
u∗
κ
ln

z
z0

(12.2)

the surface roughness length for the intertidal zone is assumed to be between 0.03m and 0.1m
according to [WMO, 2010, p. I5-13]. For the wind speed of 2m/s (Fig. 12.53) , measured 2m
above the ground this gives a friction velocity in the range of u∗ = 0.19 − 0.27m/s. From
Fig. 12.69 we read IO mixing ratios of c(z1) = 85 ppt at z1 = 0.21m and c(z2) = 8.5 ppt at
z2 = 2.02m. Inserting into eq. (12.1) we get

FA,IO = 2.6 − 3.6
pptm
s
= 2.3 − 3.3 · 1017

molec
m2 h

= 390 − 550
nmol
m2 h

= 50 − 70
µgI
m2 h

(12.3)
During the measurement period period the measuring period the solar irradiance was relatively
constant with (841 ± 16) Wm−2. This needs to be considered for applying the determined
emission rates to other locations or larger scale estimates, due to the linear dependence of
the IO emission/formation on solar irradiance (see sec. 12.7). It should also be noted that
for unstable atmospheric layering this method would underestimate the flux, due to increased
vertical exchange. On the other hand, photo-chemical losses and dilution would lead to an
overestimation of the flux.
The emission per gram fresh weight can be estimated using the areal density of seaweed.

A study by study by Selegri2005 specified 1 − 5 kgFwm−2 for Mweenish Bay. Using the
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Figure 12.68. Time series for the vertical IO profile measured in the seaweed bed at
MRI on July 30th 2012. Average of data measured at the same height level are given as
colored boxes, with the color indicating the height level.

Figure 12.69. IO vertical profile, for the measurement in the seaweed bed at MRI on
July 30th 2012.
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average areal density of 2.5 kgFwm−2 yields an iodine emission per fresh weight of about
3 pmol (I)/gFw/min.This value is two orders of magnitude higher than the emission rate of
the S. M. Ball et al. [2010] study and in good agreement to the laboratory study by Kundel et al.
[2012] where an average of 2 pmol (I)/gFw/min was determined for the first hour of exposure
to air. Even though Kundel et al. [2012] found emission rates above 5 pmolI gFw−1 after 30min
of exposure, this is still in good agreement with our data, considering the uncertainties in the
areal density of the seaweed.
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12.11. Conclusion on Iodine Sources

In this study measurement of the reactive iodine species IO were performed at 10 locations
along the Irish west coast using combined path averaging LP-DOAS measurements across
inter-tidal areas and CE-DOAS point measurements directly over, or next to, the intertidal
seaweed.
Of particular interest was the direct comparison of IO measurements at Mace Head Research

station, which was the major location of previous studies [Alicke et al., 1999; Hebestreit, 2001;
Saiz-Lopez and Plane, 2004; Seitz, 2009; Commane et al., 2011], with measurements at 7 wave
sheltered shores, which were mostly not investigated before. Contrary to the expectation that
Mace Head is a “hot-spot” for iodine emissions, this study found that (at the same time) IO at
the wave sheltered shores was observed more regularly and at much higher concentrations (see
sec. 12.8). During daytime low tide, the MoLP-DOAS observed at wave sheltered shores with
extended spatial scales (several hundred meters to kilometers) usually more than three times
but up to more than ten times higher IO mixing ratios compared to the shore at Mace Head.
These measurements show that this is due to distinctive differences in the dominant sources for
reactive iodine one wave exposed shores and on wave sheltered shores.
Wave sheltered shores have a shallow intertidal zone with extended beds of brown seaweeds,

mainly A. nodosum and also F. vesiculosus, which are completely exposed to air during every
low tide for an extended period of more than four hours. The unique combination of path
averaging LP-DOAS and CE-DOAS point measurements directly above seaweed could identify
these seaweeds as a strong source of reactive iodine (see sec. 12.8). Directly (1.3m) above
seaweed CE-DOAS, observed very high IO mixing ratios, exceeding at each site 20 ppt for
extended periods of more than an hour and at several sites peak levels even exceeded 50 ppt.
Very close (several 10 cm) to the seaweed mixing ratios exceeded even 100 ppt. Therefore
our measurements gives the first direct evidence of the “hot-spot” theory by Burkholder et al.
[2004] which suggested that local patches with mixing ratios of 50 ppt to 100 ppt are required
to explain particle concentrations observed during nucleation events like also observed in
this study (see sec. 12.9.2.1) and previous studies [e.g. O’Dowd et al., 2002b; Seitz et al.,
2010]. Vertical CE-DOAS profile measurements, showed very high (secondary) IO emission
rates of about 60 µgIm−2 h−1 at a solar irradiance of 840Wm−2 (see sec. 12.10). This is also
the first determination of iodine emission rates from seaweed under real field conditions, as
opposed to previous studies. Our measurements also showed no significant reduction of iodine
emission when these seaweeds are covered by a thin water film (see sec. 12.9.1.5). This has
two important implications: Opposed to previous assumptions, strong emissions of reactive
iodine were observed even during rainy weather conditions, which is an important finding since
this is a typical weather condition on the Irish Coast. Additionally, A. nodosum was observed
to continues emission of iodine for half an hour to an hour when its already floating on the
water towards the end of the low tide period. The observation of high levels of the reactive
iodine species of IO above A. nodosum and F. vesiculosus are also in agreement with a recent
study by [Huang et al., 2013]. They reported high I2 mixing ratios of more than 100 ppt for
measurements few cm above intertidal A. nodosum and F. vesiculosus at several location around
Mace Head. However, their measurements are difficult to compare since they use a passive
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chemical sampling technique (diffusion denuder sampling, with GC-MS quantification in a
laboratory) which has several drawbacks. To get a sufficiently high signal they need long
sampling times (typically hours) giving them typically only one data point per low tide period.
Also this method is very prone to interferences with other trace gas species, often leading to
unpublishable data, which always leaves doubts on the validity of these measurements.
On the other side, at wave exposed shores like Mace Head, the inter tidal zone is much

smaller and features a lower inter-tidal seaweed abundance mostly in the lower intertidal zone
where some L. digitata grows. CE-DOAS measurements at Mace Head station, in this work,
observed significant local IO emissions from L. digitata only for extremely low water levels
close to spring-tide low water, which are relatively rare events only occurring on about 6 days
of a 27 day tidal cycle and only for short time periods of less than an hour. This result is also
in agreement with a recent in-situ study by Commane et al. [2011], which found the same
dependence of IO concentrations on the tidal amplitude. Further, in this work it was found
that local IO emissions form L. digitata played only a minor role for IO levels observed on the
3 km long Mace Head LP-DOAS light path (see sec. 12.9.2.1). The few events of high IO
levels observed by the LP-DOAS could all be linked to IO emission at close by wave sheltered
bays. Additionally, this work found, that washed up drift seaweed can also be a strong local
source with observed local IO mixing ratios of up to 40 ppt. It is known that large quantities of
drifting seaweed are cast ashore after storm events. However, there is currently no quantitative
information on the covered areas, the biomass of washed up drift and their residence time on
the beach. Thus, it is currently not possible to estimate the precise contribution to the coastal
iodine emissions.
In conclusion, this work found that the major sources at the Irish West Coast are wave

sheltered shores and not as previously believed wave exposed shores. Wave sheltered shores
are very common on the Irish West Coast and represent much larger intertidal areas which a
much higher seaweed density, mainly A. nodosum and also F. vesiculosus, compared to wave
exposed shores with a low density of L. digitata in the lower inertial zone. Also the seaweed in
the intertidal zone of wave sheltered bays is much more regularly and much longer exposed
to air compared to inter tidal seaweed. The total emissions from wave sheltered shores are
much larger, even if the emission per kg seaweed might be lower. Therefore, this work shows
that Irish and Global emissions of reactive iodine, from coastal areas, should be much higher
compared to estimates based on studies at Mace Head.
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12.12. Estimating the Irish and Global Iodine Emission
from IO Observations

There are only few studies which tried to estimate the regional or global emission rates of iodine
into the atmosphere. Studies by Laturnus et al. [2000] and Giese et al. [1999] estimated the
global contribution of subtidal macro algae releasing iodocarbons, mostly CH2I2, into the ocean
and subsequent emission into the atmosphere to be 107 − 1 · 108 gI a−1. Similarly, [Manley and
Dastoor, 1987] estimates a global emission of CH3I from subtidal Laminariales (kelp) to be
2 · 108 gI a−1. Saiz-Lopez et al. [2012] stated emission rates of 1 · 1010 gI a−1 of dihalomethanes
(CH2ICl, CH2IBr, and CH2I2) based on the production from mid latitude seaweed species,
presumably at Mace Head, but details of this assessment remain unclear.
However, these values are not expected to be in any way representative for coastal sites, where

the major source of reactive iodine is the emission of molecular iodine by inter-tidal seaweed
during low tide. Also these values are based on only view observations, thus large errors in
these estimates could be realistic.
An estimate of the iodine emission on the Irish coast is made based on the findings of this

work, that wave sheltered coastlines are the major source region. At wave sheltered shore the
intertidal A. nodosum and F. vesiculosus beds are roughly cover a 50 − 100m wide stipe (pers.
observ.). Assuming that about 20% of the 7400m long Irish coastline (assuming a scale length
of 25m 2) feature sheltered coastlines and is covered by seaweed gives an emitting area of
0.7 − 1.5 · 108m2. Scaling the emission rates determined in 12.10 to a typical daylight solar
irradiance at the Irish coast of 400Wm−2 and using the observed daily exposure of 6 h (this
includes that one some days two low tide cycles occur during daylight) yields a yearly emission
of (0.4 − 1) · 107gI a−1 on the Irish coast.
Estimating the global emission rate of seaweed is difficult, because there is no quantitative

global assessment of the intertidal seaweed resource. Therefore, the following calculation was
only done to get an idea of the order of magnitude of the global contribution from coastal
iodine emissions. Assuming the mission rate for the Irish Coast is representative for the global
seaweed population, a simple extrapolation to the global 2 · 106 km shoreline3 gives a global
emission rate between (1− 3) · 109gI a−1 for a seaweed coverage of 20% of the world shoreline.
However, this number might overestimate the global iodine emissions from coastal areas since
Ireland has a very large intertidal seaweed abundance compared to other areas of the world
(e.g. New Zealand see chap. 13). Compared to the intertidal seaweed, the distribution of the
mainly subtidal Laminariales (kelp) is much better known. De Vooys [1979] states 60 000 km
for the length of all coastlines where kelp beds are expected. At least for the northern atlantic
it is known, that subtial kelp has the same gegraphical distribution as the intertidal seaweed
A. nodosum and F. vesiculosus [Mann, 1972; Naylor, 1976, e.g.]. Therefore, in first order

2Due to the rugged nature of the coastline its reported length strongly depends on the scale length ∆
of the measurement [Mandelbrot, 1967]. [McCartney et al., 2010] determined for the length of the Irish
coast: L = 15 550m · ∆−0.23

3The 2 · 106 km length of the global shoreline is extrapolated using the relation L = 1.2 · 106 km ·
∆−0.23 for a scale length of 100m. The relation was determined form Crossland et al. [2005]
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approximation this is also assumed to be correct globally (even though with other intertidal
seaweed species). Using the 60 000 km also as shoreline for our global estimate gives a yearly
iodine emission from coastal seaweed of (2 − 4) · 108gI a−1.
Compared to the global ocean emission of 1011 − 1012 gI a−1 [Saiz-Lopez et al., 2012], the

contribution of coastal emissions seems minor on a global scale. However, these numbers are
still under investigation and might be much lower. On the local scale these strong emissions
of reactive iodine by seaweed however have an significant impact due to their ability to form
particles and change the chemical properties of the atmosphere. The iodine particle formation
events reported by O’Dowd et al. [2002b] and also in this study (see sec. 12.9.2.1) arise only
at the high iodine levels at these coastal sites and not for locally low IO concentrations due
to open ocean emissions (0.5 − 2 ppt). Thus, coastal iodine emissions could locally influence
cloud micro physical properties and therefore also have an impact on the climate. Beyond
atmospheric implications, there are also indications that high iodine emissions from seaweeds
may cause a significant increase in human iodine intake through the respiration of gaseous
iodine compounds [Smyth et al., 2011].
Furthermore, for a better estimate of the emissions from the Irish coastline, better information

on the intertidal areas covered by seaweed, especially on sheltered bays, is needed e.g., form
satellite or aerial observations. For better global estimations not only the intertidal areas covered
by seaweed are relevant but also the locally different seaweed species. The observations in New
Zealand (chap. 13) show very different emissions. Therefore, better global estimates require a
better global picture of the involved seaweed species and their emissions.
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New Zealand 2013

Explorative measurements at the east coast of the New Zealand South Island were carried out
as part of a BMBF (01DR12100) and DFG (PO 1801/1-1) funded pilot study in collaboration
with the National Institute of Water and Atmospheric Research, a research institute based in
New Zealand. The goal of this study was to investigate whether seaweeds endemic to southern
hemisphere and the pacific ocean, where no previous measurements were available, can act
as a source of reactive iodine species. Furthermore it was a goal to compare their emissions
to previously investigated seaweeds of the mid-latitude North Atlantic Ocean to get a better
picture of the global emission potential from coastal seaweeds. In this chapter the measurement
sites and instrumentation will be described first followed by a overview of the meteorological
conditions. Sections 13.3 and 13.4 gives and overview of the results, which are discussed in
sections 13.5 and 13.6.

13.1. Measurement Sites and Instrumentation
Measurements at the east coast of the South Island were performed fromMarch 2nd to April 6th
2013, which is in late summer to early fall season of the southern hemisphere, on the 10 km long
coastal strip between Shag Point and Moraki shown in Fig. 13.1. The measurement location
was mainly chosen to allow LP-DOAS measurements to cross a seaweed rich coastal area in
order to capture possible halogen emissions from there (Fig. 13.1 , left panel). The shoreline
between Shag Point and Moraki is wave exposed and features steep cliffs and sandy beaches,
which is typical for the shoreline of the South Island. The major inter-tidal seaweed species is
Durvillaea antarctica, which is attached to rocks found below the cliff or just off the beach.
However, as typical for exposed shores most of the seaweed grows subtidal. Additionally, drift
seaweed, mainly composed of subtidal seaweed species, is abundant on the sandy beaches
especially after storms.
Generally, the area is very rural with small settlements at Shag Point and Moeraki and

therefore the density of anthropogenic sources in the area is low. The closest major cities are
Dunedin 55 km to the south west and Omaru 42 km to the north east. Since some pollution was
expected in the investigated area since most homes are heated by simple wood and coal heating
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Figure 13.1. Overview of the measurement locations for the New Zealand Campaign
2013. Measurements took place on the coastal strip between Shag Point and Moeraki.
Map layer OpenStreetMap HDM ©OpenStreetMap contributors. Shoreline taken from
GSHHG [Wessel and W. H. F. Smith, 1996]

and also since one of the major north-south transit roads (Highway 1) and train tracks run next
right next to the shoreline.
The Amundsen LP-DOAS was applied for path averaged measurements of a multitude of

trace gas species, mainly O3, NO2 and the reactive iodine species IO, I2 and OIO. Fig. 13.1
shows the light path which extended form the LP-DOAS instrument at the Shag Point Cottage
(shown in Fig. 13.2) to a retro reflector in a distance of 2080m (absorption path length 4160m)
and crossed the water at a height of about 8m to 15m. The instrumental setup and measurement
routine are described in sec. 7.3.
Similar to the Ireland campaign theOP-CE-DOASMK-IIwas applied for in-situmeasurements

of IO and NO2, since the spatial distribution of seaweeds, the investigated sources of reactive
iodine, was expected to be very inhomogeneous. The mobile CE-DOAS was deployed several
times at the cottage, and at beaches close to Shag Point and Moeraki, as indicated in Fig. 13.1.
The most abundant seaweed resource exposed to air were patches of washed up drift seaweed,
which are a mixture of different seaweed species. Therefore, in order to investigate individual
seaweed species, a closed chamber was setup around the resonator (e.g. see Fig. 13.25)
and seaweed samples were placed in the chamber to measure the IO mixing ratios. The
OP-CE-DOAS MK-II measurement routine and instrumental setup are described in sec. 5.
Spectroscopic measurements where complemented with in-situ ozone measurements, a

weather station, and additional mobile measurements at the CE-DOAS location of wind speed
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13.1. Measurement Sites and Instrumentation

Figure 13.2. Shag Point Cottage with Instruments. Top: Shown are the LP-DOAS,
measuring along the light path indicated in Fig. 13.1, the CE-DOAS in (open) atmospheric
measurement configuration (as on 03/07/2013) and on the roof of the cottage, the weather
station Vaisala WXT520 and Kipp&Zonen CM11 is mounted. Bottom: The Cottage is
located on a cliff about 15m above the shoreline.

and direction. Details on these instrumentation is provided in sec. 8.2. Additionally, after
March 21st, NIWA in cooperation with University of Cambridge applied a µ-Dirac GC (see sec.
8.2.2) for measurements of halocarbons (such as CH2IBr, CH2ICl, CH3I and CHBr3) which
could act as sources of reactive halogen oxides. The µ-Dirac GC was mostly applied to the
CE-DOAS chamber measurements. An overview of the results is given in the appendix D.1.
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13.1.1. Seaweed
Compared to the Irish coast, the shore at the east coast of the New Zealand south island is
generally much steeper, and the tidal amplitude is at least a factor two lower. Also, in this area
there are much less wave sheltered bays compared to Ireland. Therefore, the intertidal zone is
generally much narrower and more wave exposed compared to Ireland. However, the coastline
also features some areas with extensive sheltered waterways, particularly at Fiordland and the
Malborough Sounds Adams [1997]. New Zealand has a very rich seaweed flora with about
1000 species but a quantitative assessment of their abundance and distribution is still missing,
most likely because their is no seaweed Industry in New Zealand which was one of the main
initiators for these kinds of studies in Ireland. Therefore in the following only a qualitative
description of the seaweeds encountered during this study is given which is only representative
for the coast of the New Zealand south island and mainly base on Adams [1997].

Macrocystis pyrifera is a bown seaweed of the order Laminariales (kelp), which grows
exclusively in the subtidal zone in dense forests in the subtidal area. M. pyrifera is the
dominant kelp of the southern hemisphere and one of fastest growing organisms in the
world which can reach up to 45m length in some resions. As for the rest of the southern
hemisphere, also in New Zealand this species is expected to make the largest biomass
(see sec. 3). During this study Macrocystis Pyrifera made up the largest biomass of the
washed drift on the Shag Point Beach. Figure 13.22 shows a picture of washed up drift.

Durvillaea antarctica is a large and brown seaweed up to 10m length) and the only abundant
inter tidal seaweed on the shores of the east coast of the new Zealand South Island. It
grows in the mid and lower intertidal zone and is therefore regulatory exposed to air
druing lowtide. A distinctive feature is the honycomb structure withing the blade which
provides high buoyancy. Therefore, as the low tides comes blades float on top of the
water and , are exposed to air long before the hold fast. Its very large holfast attaches
it firmly to intertidal rocks, which allows it to grow in the intertidal zone of the wave
exposed shores. Other than its common name “bull kelp” suggests it belongs to the
order Fucales (like e.g., A. nodosum). A picture of intertidal D. antarctica is shown in
Fig. D.1.

Hormosira banksii , commonly known as Neptune’s necklace, is a small palm sized brown
seaweed species found in mid-intertidal rock pools on the shore of Australia and New
Zealand. It while it belongs to the order Fucales, it does not have blades but is instead
characterized by chains of brown hollow beads. A picture of a speciemen is shown in
Fig. 13.27.

Marginariella urvilliana is a brown seaweed only found on the shore of New Zealand. It
usually grows on rocks below the low water mark and only during the lowest spring
tide of the year some of the plants growing higher on the shore will be exposed to air.
[Parsons, 1978]

During this work M urvilliana was found as one of the major constituents of the drift
seaweed patches.
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Rhodophyllis membranacea is the only red seaweed investigated in this study. The plants
are palm sized with red, thin and flat-branched, blades. R. membranacea grows on rock
in deep subtidal water on the shores of New Zealand and southern Australia. During
this work R. membranacea was found as a common species of washed up drift seaweed
patches.

13.2. Meteorology
A meteorological station (Vaisala WXT520) and a pyranometer (Kipp&Zonen CM11) setup
1.5m above the roof of the Shag Point Cottage. They provided measurements of air temperature,
air pressure, relative humidity, wind direction, wind speed and solar irradiance. Additionally, a
sonic anemometer (Metek USA-1) was always setup next to the open path CE-DOAS instrument
for local measurements of the wind speed and direction. More details on the meteorological
instrumentation are provided in sec. 8.2.
Figure 13.3 shows an overview of the meteorological conditions at the Shag Point Cottage

during the 35 day long measurement period. Most of the days were sunny and party cloudy,
except for four rainy days. The average wind speed of 2.1m s−1 was very low for a coastal site.
Fig. 13.4 shows the distinct day/night pattern of wind direction and wind speed. During daytime
(9h to 19h NZST) mostly onshore wind from north eastern direction was observed, while
during nighttime (22h to 7h NZST) the wind direction was mainly offshore from southern to
south western direction. Figure 13.4 b) shows that high wind speeds above 4m s−1 were almost
exclusively observed during daytime, while during nighttime the wind speed was mostly below
2m s−1. The average air temperature was 13.7 ◦C with a maximum of 22.7 ◦C and a minimum
of 5.3 ◦C. The tidal height, measured at Port Chalmers by Land Information New Zealand,
varied between 3.5m and 5.75m. The tidal variation had its maximum daily amplitude of
2m on March 3rd a day of spring tide and the minimum daily amplitude of 1m was observed
during neap tide on March 19th. This tidal range is relatively small compared to the Irisch west
coast, where a daily variation of more than 5m was observed during spring tide.
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Figure 13.3. Overview of the meteorology at Shag Point during the New Zealand
campaign. Wind speed, wind direction, solar irradiance, air temperature and relative
humidity were measured at the Shag Point Cottage. The LP-DOAS gain is the ratio
between the intensity of atmospheric and lamp (short cut) measurements, and thus an
indicator for the visibility. Rain periods were determined from personal observations
and a continuous picture series from a webcam pointing along LP-DOAS light path.
The shown tidal data measured at Port Chalmers, was provided by Land Information
New Zealand. Details on the meteorological instrumentation and tidal observations are
provided in sec. 8.2.
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Figure 13.4. Distribution of the wind direction at the Shag Point Cottage. a) Diurnal
variations of the wind direction: Measured wind directions in red are averaged (using
(u,v) wind vectors) in one hour bins shown in as black line. To guide the eye, the size of
the red dots, showing the measured wind direction, is scaled by the wind speed, since the
wind direction for very low wind speeds is ill defined. The wind direction shows a clear
day/night pattern with prevailing north easterly direction during daytime and southerly
direction during nighttime. b) Diurnal variation of wind: The measured wind speed
shown in red is averaged in one hour bin shown as black line with error bars indicating
the standard deviation of the average. High wind speeds above 4m s−1 were almost
exclusively observed during daytime, while the wind speed at night was typically calm
with wind speeds below 2m s−1. c) and d) Wind roses show the distribution of wind
speed and direction during daytime and nighttime.
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13.3. LP-DOAS Results
Measurements at four different wavelength regions were evaluated to retrieve mixing ratios
of: BrO, HCHO, O3 and SO2 (330 nm); IO and NO2 (400 nm); I2 and OIO (560 nm); NO3
(640 nm). The analysis procedure and retrieval settings are described in sec. 7.3.2. Table 13.1
lists observed average and maximum mixing ratios and the average detection limit for the
measured trace gases. Figure 13.5 show time series of IO and species observed above the
detection limit and Fig. 13.6 shows histograms of mixing ratios and detection limits of IO and
species which were not observed significantly above their detection limit.

13.3.1. Non-Halogen Species
The non-halogen species NO2 and SO2 and O3 are an indicator for the quality of air masses
reaching the measurement site. The NO2 time series shows daily observation of high mixing
ratios more than 2 ppb almost every day with a peak mixing ratio of (9.51 ± 0.05) ppb observed
on March 8th at 3:27. Thus, the observed air masses show relatively high level of pollution
for a rural area. Fig. 13.7 shows the diurnal cycle of NO2 with relatively low mixing ratios,
typically below 0.5 ppt during daytime and much higher levels during night time, on average
above 2 ppt. The diurnal cycle of NO2 is expected due the photolysis of NO2 during daytime
which changes the photo stationary state of NO and NO2 (see sec. 2.2.2.1). Additionally, the
NO2 levels may be influenced by the diurnal cycle of the wind direction described in sec. 13.2:
during daytime due to the onshore winds the LP-DOAS observes mainly cleaner marine air
masses while during night air masses observed by the LP-DOAS are expected to show more
pollution due to the dominant offshore wind direction, which brings air masses from the land
where close by settlements and the highway 1 act as pollution sources.
The observed O3 mixing ratios was on average (18 ± 1) ppb, which is a typical value for

species average maximum average det. lim.
IO (0.20 ± 0.25) ppt (1.2 ± 0.3) ppt (0.5 ± 0.1) ppt
I2 (−2 ± 7) ppt (22 ± 6) ppt (13 ± 2) ppt
OIO (−0.1 ± 1.1) ppt (4.7 ± 0.9) ppt (2.1 ± 0.3) ppt
BrO (−0.3 ± 0.5) ppt (2.7 ± 0.6) ppt (1.1 ± 0.1) ppt

O3 (18 ± 1) ppb (30 ± 1) ppb (2.2 ± 0.2) ppb
NO2 (1.59 ± 0.04) ppb (9.51 ± 0.05) ppb (0.07 ± 0.01) ppb
SO2 (0.12 ± 0.03) ppb (3.48 ± 0.03) ppb (0.05 ± 0.01) ppb
NO3 (3.3 ± 1.1) ppt (7.4 ± 1.2) ppt (2.3 ± 0.2) ppt
HCHO (−47 ± 215) ppt (1150 ± 230) ppt (430 ± 50) ppt

Table 13.1. Overview of themixing ratios and detection limits for the speciesmeasured
by the Amundsen LP-DOAS For each species average and maximum mixing ratios and
the average detection limit (det. lim.) are given. Errors for the average mixing ratios are
the average measurement errors. For the average detection limit the standard deviation is
given as uncertainty.
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a rural area in the southern hemisphere and also the southern hemisphere open ocean (see
sec. 2.2.2 and [Hartmann et al., 2013]). The diurnal cycle of O3 shown in Fig. 13.7 shows
a variation in the order of 50% and anti correlates to NO2, with maximum O3 mixing ratios
in the afternoon (average ∼ 22 ppb) and a minimum in the early morning (average ∼ 13 ppb),
which is expected since during daytime O3 is produced from the photolysis of NO2 and during
nighttime lost in the oxidation of NO to NO2 (see sec. 2.2.2.1).
SO2 was regularly observed above the detection limit of (0.05 ± 0.01) ppb with a maximum

mixing ratios of (3.48 ± 0.03) ppb which is a further indication for the degree of pollution in
the observed air masses. Compared to NO2 the observation of elevated SO2 levels was less
regular and as expected did not show a diurnal cycle. The most likely sources are local heating
with coal and shipping routes off the coast.
Furthermore, NO3 was observed regular during night with an average mixing ratio of 3.3 ppt
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Figure 13.5. Time series of trace gases observed by the Amundsen LP-DOAS
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Figure 13.6. Histograms of mixing ratios observed by the Amundsen LP-DOAS for
trace gases close to or below the detection limit.
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Figure 13.7. Diurnal variation of NO2 andO3 during the NewZealand campaign 2013.
NO2 (left) and O3 (right) mixing ratios observed by the LP-DOAS were averaged in
one hour bins to get their average diurnal variation. The error bars show the standard
deviation of the respective averages.

and a maximum of (7.4 ± 1.2) ppt which is plausible considering the nighttime NO2 and O3
levels. No significant HCHO absorption was found in the recorded spectra, even though the
maximum values of (1.1 ± 0.2) ppb and few other data points seem above their detection limits
of. The histogram of mixing ratios and detection limits in Fig. 13.6d) shows that the observation
of HCHO was not statistically significant above its detections limit which was on average
0.43 ppb.

13.3.2. Halogen Species
During the New Zealand campaign it was attempted to measure I2 and the halogen oxides IO,
OIO and BrO. Even though the maximum values presented in Table 13.1 and few other data
points seem above their detection limits of, no significant absorption features of I2, OIO and
BrO was found in the recorded spectra. Histograms of mixing ratios and detection limits in
Fig. 13.6 also shows that the observation of I2, OIO and BrO was not statistically significant
above their detections limits which were on average 13 ppt for I2, 2.1 ppt for OIO and 1.1 ppt
for BrO.
IO was also mostly below the detection limit which was on average 0.5 ppt but the time series

in Fig. 13.5 shows several observations of about 1 ppt which would be two times above the
detection limits. It is however debatable if these observations are significant since the data has a
lot of scatter and often only one or two data points are above the detection limit. The DOAS fit,
exemplarily shown in Fig. 7.6, also leaves some doubts since there are often systematic residual
structures around the fitted IO absorption bands. The histogram of the observed IO mixing
ratios also shows that if IO was present it would be mostly close to or below the detection limit.
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13.4. CE-DOAS Results
The results of the CE-DOAS measurements are illustrated in Fig. 12.51. Time series of IO and
NO2 are shown together with the corresponding solar irradiance and tidal height. Also annotated
are measurement locations as shown in the overview map in Fig. 13.1 and the measurement
configuration which changed between open atmospheric measurements and measurements of
seaweed samples in a closed teflon chamber. The data evaluation proceeded as described in sec.
5.6. In the standard evaluation 10 measured spectra were added (50000 scans) to reduce the
photonic noise yielding a time resolution of about 2min. For time periods with a strong IO
signal individual spectra (with 5000 scans) were evaluated for a better time resolution of about
12 s.
NO2 was almost always observed above its detection limit of 0.08 ppb with a maximum

mixing ratio of (11.60 ± 0.05) on March 27th 19:06 NZST.(CHO)2 was always below its
detection limit which was on average 103 ppt.
The open atmospheric measurements for the first time observed coastal IO in southern

hemisphere with a maximum mixing ratio of (68.4 ± 1.2) ppt (10 s time resolution) on April
4th. However, observed mixing ratios showed a strong dependence on the location of the
CE−DOAS, seaweed abundance and meteorology as discussed in sec. 13.5. Measurements
where the CE-DOAS was applied to chamber incubation experiments of different seaweed
species showed even higher IO mixing ratios of up to (616 ± 4) ppt (10 s time resolution) on
March 28th for a sample ofMarginariella urvilliana showing that southern hemisphere seaweed
species can also act as strong source of IO. Detailed results for the individual seaweed species
are given together with the discussion in sec. 13.6.
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Figure 13.8. Time series for IO and NO2 measured by the CE-DOAS during the New Zealand campaign 2013. On top the
different measurement locations and configurations are indicated. The measurement locations follow the labeling of the
overview map in Fig. 13.1. The CE-DOAS was applied in open configuration with an open resonator towards the atmosphere
and in chamber configuration where seaweed samples were placed in a closed chamber setup around the resonator (see
Fig. 13.17). The top and middle plot show the IO time series at different y-scales to cover the large range of observed mixing.
Additionally the time series of NO2 mixing ratios, solar irradiance and tidal height are shown.
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13.5. Discussion of Atmospheric Measurements
The following sections discusses the results of the open path CE-DOAS in “open” measurement
configuration and the results of the LP-DOAS measurements.
As shown in the Fig. 13.12, Fig. 13.14 and Fig. 13.15 on three days, March 9th and 14th and

April 4th, open path CE-DOAS measurements observed high IO mixing ratios above 10 ppt at
Shag Point Beach and Moeraki Beach. On the other hand, as shown in Fig. 13.13, an order of
magnitude less IO was observed by the open path CE-DOAS on March 19th and 20th. Also
CE-DOAS measurements in the garden of Shag Point Cottage observed only one significant
IO peak on March 7th with a maximum mixing ratio of (3.2 ± 0.6) ppt as shown in Fig. 13.16.
Furthermore, as shown in the section 13.3.2 the LP-DOAS observed only occasional and
sporadic IO above the 0.5 ppt detection limit with a maximum mixing ratio of 1.2 ppt, and the
time series showed no correlation to the tidal height.
These measurement results reveal strong local IO sources at Shag Point Beach and Moeraki

Beach with a very inhomogeneous distribution. The distribution of seaweed at Shag Point, the
CE-DOAS measurement location and the LP-DOAS light path are illustrated in Fig. 13.9. The
only inter-tidal seaweed species abundant in the investigated area isDurvillaea antarcticawhich
grows on rocks mainly several 10m to 100m meter off the shore. However, the LP-DOAS light
crossed several of these patches at a height of 8m to 15m and did generally not observe IO
above 0.5 ppt, and very importantly also no tidal pattern. Therefore, the D. antarctica cannot
be the major source of the high IO levels above 10 ppt observed by the CE-DOAS. However,
the observation IO by the CE-DOAS correlated with the abundance of washed up drift seaweed
around the instruments location. As shown in Fig. 13.12, Fig. 13.14 and Fig. 13.15 on the
three days (3/9, 3/14, 4/4) where the CE-DOAS observed high IO mixing ratios it measured
downwind of large patches of drift seaweed. On the other hand on 3/19 and 3/20, shown
in Fig. 13.13, when the CE-DOAS observed one order of magnitude less IO the drift weed
abundance in the area around the instrument was very low. The low IO mixing ratios observed
druing CE-DOAS measurements in the garden of Shag Point Cottage also fit in this picture
since this location is about 500meter south east of of Shag Point Beach and 15m above a rocky
shore with low drift weed abundance (see Fig. 13.2).
The patches of washed up drift seaweed, identified as the major source of the observed IO,

are a mix of several mostly subtidal seaweed species as shown in Fig. D.1. In terms of mass
and volume the most abundant drift species wasMacrocystis pyrifera a brown seaweed. The
other brown drift seaweeds that could be identified were D. antarctica,Marginariella urvilliana
and Hormosira banksii. There were also several red seaweed species in the mix but only
Rhodophyllis membranacea could be identified. Rhodophyllis membranacea was one of the
most abundant red seaweed species in the mix, and stands out by its pungent smell. Variation
of seaweed abundance at Shag Point Beach was recorded on three days of the campaign using a
GPS tracks. The resulting maps in Fig. 13.11 show the high variability in the spatial distribution
and abundance of drift seaweed. Most drift seaweed was observed after stormy weathers, which
then declines again over subsequent days of calmer weather.
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Figure 13.9. Illustration of the IO measurements at Shag Point Beach. Top: The map
shows the LP-DOAS light path, CE-DOAS measurement sites, the general distribution of
intertidal seaweed and washed up drift seaweed and the prevalent daytime and nighttime
wind directions. Bottom: Sectional view of Shag Point Beach with the LP-DOAS and
CE-DOAS measurement locations. The dashed lines mark the intertidal zone which is
defined be the mean spring tide range from MLWS to MHWS.
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Figure 13.10. Pictures of Seaweed Found at Shag Point Beach. a) Exosed intertidal D. antarctica during low tide, growing on
rocks several 10m off the shore. b) Patches of drift seaweed at Shag Point Beach (photographed on April 4th). c) Freshly
washed up drift seaweed patch, mainlyM. pyrifera, in the intertidal area of Shag Point Beach (photographed on April 12th). d)
Mix of washed up brown and red seaweed (photographed on April 4th).
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Figure 13.11. Variation of distribution of the drift seaweed washed up at Shag Point
Beach. The distribution of drift seaweed, shown for three days during the 2013 campaign,
was determined from GPS tracks.
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Figure 13.12. CE-DOAS ambient air measurements Shag Point Beach onMarch 14th.
Shown are the atmospheric IO (top) and NO2 (middle) mixing ratios measured by the
CE-DOAS. The greyed out areas indicate periods were the incubation chamber was
applied. Further shown are the tidal hight at Port Chalmers (top), the solar radiation at
Shag Point Cottage (middle) and the local wind speed and direction at the CE-DOAS
(bottom). Details on the auxiliary measurements are given in sec. 8.2.
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Figure 13.13. CE-DOAS ambient air measurements at Shag Point Beach on March
19th and 20th. Shown are the atmospheric IO (top) and NO2 (middle) mixing ratios
measured by the CE-DOAS. Further shown are the tidal hight at Port Chalmers (top), the
solar radiation at Shag Point Cottage (middle) and the local wind speed and direction at
the CE-DOAS (bottom). Details on the auxillary measurements are given in sec. 8.2.
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Figure 13.14. CE-DOAS ambient air measurements at Shag Point Beach on April 4th.
Shown are the atmospheric IO (top) and NO2 (middle) mixing ratios measured by the
CE-DOAS. Further shown are the tidal hight at Port Chalmers (top), the solar radiation
at Shag Point Cottage (middle) and the local wind speed and direction at the CE-DOAS
(bottom). Details on the auxiliary measurements are given in sec. 8.2
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Figure 13.15. CE-DOAS ambient air measurements at the Moeraki Beach on March
9th. Shown are the atmospheric IO (top) and NO2 (middle) mixing ratios measured
by the CE-DOAS. Further shown are the tidal hight at Port Chalmers (top), the solar
radiation at Shag Point Cottage (middle) and the local wind speed and direction at the
CE-DOAS (bottom). Details on the auxiliary measurements are given in sec. 8.2
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Figure 13.16. CE-DOAS ambient air measurements at the Shag Point Cottage from
March 3rd to 8th. Shown are the atmospheric IO (top) and NO2 (middle) mixing ratios
measured by the CE-DOAS. Further shown are the tidal hight at Port Chalmers (top), the
solar radiation at Shag Point Cottage (middle) and the local wind speed and direction at
the CE-DOAS (bottom). Details on the auxiliary measurements are given in sec. 8.2
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Figure 13.17. CE-DOAS with closed chamber. In order to measure halocarbons and and
ozone additional sample lines are connected to the chamber.

13.6. Discussion of Chamber Measurements
As discussed in the last section, atmospheric measurements identified washed up drift seaweed
patches as the most likely source of the observed IO. In order to test this hypothesis it was
desired to individually specifically measure the emission of the seaweed patches and their
constituents. For this a closed chamber was was setup around the resonator to separate the
probed air volume from the atmosphere. As shown in Fig. 13.17 the chamber with an air
volume of 130 L (∼ 2m2 surface area) was realized by sealing the space between the sender
and receiver box with a Teflon film (FEP 200A, DuPont, thickness 0.05 mm). Teflon film was
chosen due to its inert surface, reducing wall losses of the highly reactive IO but also due to its
good transmittance of solar radiation, necessary for the formation of IO from photolysis of I2
and potentially some very short-lived halo carbons. Additionally, since the chamber reduces
the air exchange, trace gases emitted/formed in the chamber are accumulated, which further
enhances the sensitivity of the CE-DOAS measurement. However, some exchange of air in the
chamber was provided by the zero air flow from the mirror purge of Qmirror purge = 4 Lmin−1.
Additionally, this improvised chamber had several leaks which caused wind driven exchange
with ambient air. Measurements of an NO2 peak from a passing container ship on March 16th
(Fig. 13.22) allowed to estimate the wind driven air exchange time to be less than 2min giving
an air flow of 64.5 Lmin−1 at a wind speed of 6m s−1. As first order approximation the wind
driven air flow at other times was linearly extrapolated using the wind speed vwind as

Qwind(vwind) = 11
L/min
m/s

· vwind. (13.1)

However, this is a very rough approximation which is expected to be correct only within a factor
three since it neglects the wind direction relative to the direction of the chamber and also the
leaks were different each time after the chamber was removed and reapplied.
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13.6.1. IO Mixing Ratios for Different Seaweeds
First chamber measurements were performed on March 13th directly on top of a patch of
washed up drift seaweed as shown in 13.20. Very high IO mixing ratios were observed with a
maximum of 192.1 ppt and an average of 65 ppt (over the first two hours). This gives further
evidence to out finding, that that patches of washed up drift seaweed are the major source of the
high IO levels observed by open path CE-DOAS at Shag Point Beach and Moeraki Beach (see
sec. 13.5).
Furthermore, major constituents of the drift seaweed patches were investigated individually in

the closed chamber. These were the subtidal seaweed speciesMacrocystis pyrifera, Rhodophyllis
membranacea and the intertidal species Durvillaea antarctica,Marginariella urvilliana and
Hormosira banksii. Table 13.2 gives an overview the samples, their weight and observed
maximum and average mixing ratios. Time series of the incubation experiments and pictures of
the seaweed samples are shown in Fig. 13.21 to Fig. 13.28. During all incubation experiments,
for all species except Durvillaea antarctica very high IO mixing ratios with averages values of
several 10 ppt and peaks above 100 ppt were observed. In the following details on the incubation
experiments are given for the different seaweed species:

Macrocystis pyrifera: For a 4 kg (fresh weight) sample, freshly washed up on March 16th
(Fig. 13.22), IO peaks with a mixing ratios of (168 ± 2) ppt immediately after inserting
the sample into the chamber. Within 20min IO declines to about 70 ppt and sustains for
about 2 hours until IO is completely depleted by a highNO2 plume (max (10.0 ± 0.1) ppb)
from a passing container ship entering the chamber through leaks. After 30min the
plume passed and IO rose again to about 40 ppt and in the subsequent 1.5 h slowly
declined to 20 ppt until the measurement ended.

Subsequent incubation of several days old, partly decayed samples (March 22nd, 23rd,
25th) showed much lower mixing ratios and no consistent time dependence for observed
IO mixing ratios as shown exemplarily in Fig. 13.24 for the measurements on March 23.

Durvillaea antarctica specimen with several meters long blades attached to a stipe, were too
large for the chamber. Therefore, for the investigated specimen were cut only a single
blade and the stipe, which still had a fresh weight of 5 kg, were put into the chamber
(see Fig. 13.23). However, despite their high bio mass no significant IO was observed
on March 15th and also the few ppt of IO observed for the sample on 3/22 (Fig. 13.23),
which was still very low compared to all other (fresh) seaweeds especially considering
their fresh weight, were most likely only a chamber contamination from a previous
measurement.

Hormosiria banksii: A sample of three specimen with a 300 g total fresh weight was investi-
gated on March 30th. A picture of one of the three specimen and the IO time series are
shown in Figure 13.27. After insertion into the chamber IO levels rose within 15min
from below the 2.2 ppt detection limit to the peak value of (125 ± 1) ppt and after further
7 minutes stabilized at a mixing ratio of about 48 ppt which was sustained for more than
three hours until the experiment ended.
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Marginariella urvilliana: One complete specimen of 400 g fresh weight was investigated on
March 28th. A picture of the sample and the IO time series are shown in Figure 13.26.
Immediately after inserting the sample IO peaked at (616 ± 4) ppt for about 20 s and
after that was observed relatively constantly with an average mixing ratio of 190 ppt
(stdev 40 ppt) for almost three hours until the sample was removed from the chamber.
After removing the sample IO was still observed constantly at an average mixing ratio of
110 ppt for another 5min until the Teflon film covering the bottom part of the chamber
was removed. After that the side walls and top cover still sealed the chamber towards the
bottom and significant IO was still observed at an average average mixing ratio of 32 ppt
and only dropped to below the detection limit (4 ppt) when the rest of the chamber was
removed. After removing the sample the only plausible source for the observed IO, or
its precursors, was a liquid layer that accumulated during the experiment on the Teflon
film, particularly on the bottom part of the chamber. This is supported by the fact that no
IO was observed in the empty chamber after the Teflon film was cleaned and dried.

In a subsequently experiment on March 31st a specimen was divided into blades and
stipe with receptacles, each about 300 g in fresh weight, and both parts were investigated
in the chamber separately. Pictures of the two parts and the corresponding time series are
shown in Fig. 13.28. For both part of the plant high IO mixing ratios with similar peak
values of (286 ± 2) ppt for the blades and (223 ± 2) ppt for the stipe with receptacles. A
comparison of the of the temporal mission profile is not sensible since both parts were
measured subsequently and thus the stipe with receptacles was exposed more than one
hour long to air before it was put in the chamber while the blades were relatively fresh at
the beginning of the measurement.

Rhodophyllis membranacea: A single specimen of only 50 g fresh weight was investigated
on March 15th. A picture of the sample and the IO time series are shown in Fig. 13.21.
After the sample was insert in the chamber IO levels rose within 8min from blow
2 ppt to more than 100ppt and sustained around that level for 30min with peaks up to
(120 ± 1) ppt. Over the following 20min IO levels declined to about 50ppt. In summary
for at least 50min this specimen showed remarkably high IO mixing ratios of up 120 ppt
to considering its very low fresh weight of 50 g. After that the IO the measurement was
disturbed by a stronger and more variable wind speed which, caused stronger but also
more variable introduction of fresh ambient air into the chamber.

A second sample of 8 specimen with a total fresh weight of 400 g was incubated for
two days from March 26th to 27th. The sample and the IO time series are shown in
Fig. 13.25. After inserting the sample into the chamber, IO levels rose for about 30min
from below 3 ppt to an average level of 230 ppt which was sustained for about one hour
with peaks up to (307 ± 2) ppt. After that IO levels constantly declined down to about
30 ppt after 3.5h and with the sun set about 18:00h NZST IO completely vanished. The
sample stayed in the chamber over night and on the next day IO reappeared after sunrise
but the major increase from below 10 ppt to about 45 ppt happened about one hour later.
Over the rest of the day IO levels remained relatively constant with an average value
of 39 ppt (std. dev. 8 ppt). Again, after 18:00h NZST with the setting sun IO vanished

265



Chapter 13. New Zealand 2013

within 20min.

13.6.2. Estimated IO Emission Rates
Using the air flow Q = Qmirror purge +Qwind into the chamber and the fresh weight mfresh of the
samples IO emission rates were estimated form the observed IO mixing ratios.

Fm, IO =
X (IO) · Q

Vmolar · mfresh
(13.2)

where Vmolar =
RT
p = 24.0mol L−1 is the molar volume of air (ideal gas) for p = 1013mBar

and T = 20 ◦C. The uncertainty of this estimate is however relatively high because of the
uncertainty introduced by the estimate of air flow and seaweed weight is already a factor six.
Furthermore, the estimated emission rates assume no or negligible chemical losses of IO on the
time scale of the residence time of the air in the chamber, which was estimated from Q to be
30min to 2min for wind speeds between 0m s−1 and 6m s−1. The results should therefore be
understood as semi-quantitative.
The incubation experiments are summarized in Tab. 13.2 by seaweed species, which are

listed in approximate order of descending emission rates: R. membranacea>M. urvilliana>H.
banksii>M. pyrifera�D. antarctica. The incubation studies show that the various seaweed

seaweed comment day fresh IO mixing ratio IO emission rate relative
species weight (ppt) pmol/min/gFw emission

(g) average peak average peak strength
R. membranacea 3/15 50 57 120 ± 1 0.6 1.6
R. membranacea (8 algae) 3/26 400 194 307 ± 2 0.43 0.74
R. membranacea 2nd day in chamber 3/27 400 39 70 ± 1 0.06 0.13
M. urvilliana 3/28 400 183.9 616 ± 4 0.26 0.6
M. urvilliana (only blades) 3/31 300 177 286 ± 2 0.23 0.45
M. urvilliana (stipe & receptacles) 3/31 300 83 223 ± 1 0.1 0.36
H. banksii (3 algae) 3/30 300 52 125 ± 1 0.1 0.24
M. pyrifera 3/16 4000 72 169 ± 2 0.04 0.08
M. pyrifera (partly decayed) 3/22 2000 8 51 ± 1 2 · 10−3 0.015
M. pyrifera (partly decayed) 3/23 2000 4 17 ± 2 1.2 · 10−3 4.5 · 10−3

M. pyrifera
(partly decayed)
high NO2 > 2 ppb 3/25 2000 5 20 ± 1 9 · 10−4 6.5 · 10−3

D. antarctica (stipe & one blade) 3/15 5000 < 2.7 < 3 · 10−4< 3 · 10−4< 3 · 10−4
D. antarctica (one blade) 3/22 5000 (2.6)* (6 ± 1)* (3 · 10−4)* (7 · 10−4)* w

ea
k
←
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−

st
ro
ng

Table 13.2. IO mixing ratios measured during chamber incubation experiments of
different seaweed species. The entries are grouped by seaweed species and are listed
in approximate order of descending emission rates. Since no scale was available, sample
weights were estimated, and are supposed to be correct only within a factor 2. For longer
incubation experiments average mixing ratios are given for the first two hours. The given
IO emission rates have a factor 6 uncertainty and should only be used in a qualitative
manner rather than quantitatively. * D. antarctica measurements on March 22nd are
most likely corrupted by a chamber contamination.

266



13.6. Discussion of Chamber Measurements

species have significantly different emission rates, covering three orders of magnitude. The red
seaweed R. membranacea emitted strongest with an average (secondary) IO emission of about
0.5 pmol (I)/min /gFw. The weakest emitter was D. antarctica with no significant emission
above 3 · 10−4 pmol (I)/min /gFw.
Compared to northern hemisphere species, the observed IO emission rates forR.membranacea

are of the same order as the I2 emission rates for F. vesiclosus of 0.62 pmol (I)/min /gFw but
much lower compared to the strongly emitting L. digitata with average emission rates of more
than 5.2 pmol (I)/min /gFw (see [Kundel et al., 2012] and sec. 3.1.2). Since R. membranacea
was the strongest emitter in our experiments, this seems to indicate a relatively low emission
potential of southern hemispheric seaweed species. However, in a recent laboratory incubation
study by Ashu-Ayem et al. [2012] the observed primary I2 emission from L. digitata were two
orders of magnitude higher than to the observed (secondary) IO levels. In their study L. digitata
were incubated in a Teflon bag chamber enclosing a two channel CE-DOAS instrument for
measurements of IO and I2. They simultaneously observed peak IO levels of about 150 ppt and
I2 levels of more than 20 000 ppt, in the presence of sufficient O3 levels of 50 ppb and simulated
solar irradiance. This indicates, that also for our chamber measurements, the primary emission
of I2 is likely to be much higher than our emission rates inferred from the observed IO mixing
ratios.

13.6.2.1. Limitations and losses of IO in the Chamber

In the following several possible IO loss mechanisms and chemical limitations of IO level in
our chamber are discussed:

1. Ashu-Ayem et al. [2012] attributed the huge difference between I2 and IO levels to the
loss of IO by its second order self reaction, which is very fast at IO levels of more than
100 ppt, and subsequent particle formation (see sec. 2.3.3).

2. Since IO is formed from the reaction of an iodine atom with Ozone, a low O3 levels or
its absence would limit the observed IO levels. Low O3 levels were observed during
experiments with R. membranacea (March 26th) and M. urvilliana (March 28th and
31st). During these experiments at times with high IO levels above 200 ppt, O3 levels
observed by the TEI O3 monitor dropped below 2 ppb, which was most probably already
below the detection limit (due to the instrumental limitation described in sec. 8.2).
Therefore, during some experiments the observed IO levels may be limited by the lack
of O3.

3. Due to local pollution, NO2 levels were in the ppb range during several incubation
experiments. At these NO2 levels the loss of I atoms to INO2 by the reaction with NO2
becomes competitive to the IO formation by the reaction with O3 even at ambient O3
levels above 10 ppb. The reason is the five times higher reaction rate constant for the
reaction of I with NO2 compared to the reaction with O3. Additionally, NO2 levels in the
order of 1 ppb cause a short IO lifetime against loss to IONO2 of about 10 s. However,
the effectiveness of this loss strongly depends on the poorly understood fate of IONO2
as described in sec. 2.3.2.

267



Chapter 13. New Zealand 2013

4. Even though a Teflon is considered an inert material, our closed path CE-DOAS measure-
ments in the Ireland campaign of this study (see sec. sec:discussClosedPathCEDOAS)showed
that IO measurements in a closed Teflon cell can be critically influenced by wall and
photochemical losses.

Indications for limitations of IO, by a lack of Ozone were given additionally by three chamber
experiments on April 1st and 2nd where the top cover was removed. As shown in Fig. 13.29
and Fig. 13.30, during these experiments, the chamber was turned upside down so that the top
was open and only the bootom part and the side walls remained. For M. urvilliana the IO
per gram fresh weight, observed over the first 30min of the experiment, was about the same
compared to the closed chamber measurements on March 28th. And for a sample ofM. pyrifera
the IO per gram fresh weight, observed over the first 30min of the experiment, was even a
factor two higher. This was surprising since much lower IO levels were expected for the case of
a removed top-cover due to much higher dilution with ambient air. Therefore this indicates, that
for these two experiments with the removed top cover the IO formation was less limited or the
losses were lower, compared to the closed chamber. On the other hand for the open top cover
on April 2nd with a sample of H. banksii the IO per gram fresh weight was four times lower
compared to the closed chamber experiment on March 30th. Thus this indicates that for the
weaker emitting H. banksii, IO in the closed chamber was less limited, which is consistent the
observation that the O3 levels stayed constant in the closed chamber experiment on March 30th.
In summary, it is expected that the IO levels observed in the closed chamber were generally

limited by the high NO2 levels in the ppb range. Additionally for high IO of several 10 ppt
IO depletion due to the IO self reaction and subsequent particle formation was most probably
the case. For very high IO levels of more than 100 ppt the IO mixing ratios it is also likely
that the IO levels were limited to the (almost) complete depletion of Ozone in the chamber.
In consequence, this could cause a significant underestimation of the derived IO emission
rates. For the determination of IO emission rates the high uncertainty of the air flow into the
chamber was problematic as well as the uncertainty in the fresh weight of the seaweed samples.
Therefore, for future campaigns an improved chamber setup with controlled air flow as shown
in Fig. 13.18 is recommended. Also additionally to IO the CE-DOAS should be extended
to measure I2 since this is the primary emission of seaweeds and additionally less reactive
compared to IO thus would avoid the uncertainties in the determined emission rates due to
chemical reactions.

13.6.3. Iodocarbons as Possible IO Sources
During the incubation experiments the µ-Dirac GCwas applied to the chamber for measurements
of several halocarbons (see sec. 8.2.2). Average and maximum mixing ratios for the different
incubation experiments are summarized Fig. 13.19 and the corresponding time series can
be found in the appendix in Fig. D.1. However, due to their long atmospheric lifetime of
several days to weeks (see Tab. 3.4) most species are irrelevant as sources of reactive halogen
species (RHS) in the incubation experiments even though most of them, including CH3I, were
observed at high mixing ratios of several 100 ppt. Also in the atmosphere these species can
only contribute to the RHS background level but cannot to explain the observed highly elevated
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Figure 13.18. Sketch of an improved chamber setup recommended for future chamber
experiments. The most important improvements would be a controlled ventilation of the
chamber and the possibility to enrich the air with Ozone by a O3 generator. Furthermore
the CE-DOAS should be extended to allow measurements of I2 which is most likely the
species directly emitted by the seaweeds.

levels of IO at coastal sites. CH2IBr and CH2ICl with photolytic lifetimes of 1 h and several
hours respectively are the only observed halocarbons which are short lived enough to act as
potential IO sources in the incubation experiments. However, CH2ClI was not observed at
mixing ratios above 8 ppt and is therefore irrelevant as source of IO. CH2IBr was observed at
mixing ratios of several 10 ppt during three incubation experiments which are discussed in the
follwing:

Rhodophyllis membranacea on March 26th: The average CH2IBr mixing ratios over the
entire incubation period was 26.46 ppt. However in the first two hours when the average
IO mixing ratios was 194 ppt the observed CH2ClI mixing ratios was only 5 ppt, which
rules it out as a significant IO source.

Rhodophyllis membranacea on March 27th was the second day of incubation for the sample
from March 26th which was already partly decayed. On this day the daily average
CH2IBr of 53 ppt was higher compared to the average IO level of 39 ppt which were bot
relatively constant over the entire day. The typical air exchange time in the chamber was
about 8min on that day. Thus, neglecting other IO losses CH2IBr could account for
about 20% of the observed IO.

M. urvilliana on March 28th: Only one data pointwas of (130 ± 70) pptCH2IBrwasmeasured
for the first 30 min of the incubation. In this period the average IO mixing ratio of
200 ppt was however significantly higher. Therefore with the air exchange time of 12 s on
that day, CH2IBr could only account for about 10% of the observed IO, neglecting other
IO losses. Also, the IO peak level of (616 ± 4) ppt was reached immediately (∼ 30 s)
after placing the sample in the chamber, which could not be explained with a slowly
photolyzing precursor like CH2IBr. Thus CH2IBr played at most a minor role as source
of IO also on that day.

In summary, none of the observed iodocarbons could act as a major source of the IO levels
observed in the chamber experiments. The only possible contribution from halocarbons remains
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CH2I2, which has a typical photolytic lifetime of 4min. Unfortunately this species cannot be
measured by the µ-Dirac GC. However, the most likely source of the observed IO is molecular
I2 with a typical photolytic lifetime of about 10 s, especially since the rapid appearance of IO
after inserting the samples into the chamber (peak concentrations often within 30 s) requires a
quick photolysis of the precursor.
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Figure 13.19. Halocarbon mixing ratios observed for (closed) chamber incubation
experiments with of different seaweed species. Average values are given for the entire
incubation period, due to the low time resolution of the µ-Dirac GC. The corresponding
time series can be found in the appendix in Fig. D.1
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Figure 13.20. Incubation experiment over a patch of mixed drift seaweed at Shag
Point Beach on March 13th. Shown are the IO and NO2 mixing ratios in the chamber
measured by theCE-DOAS. The orange bar on top indicates the duration of the experiment.
The bottom graph shows the derived IO emission rates which have at least a factor 6
uncertainty. Further shown are the the local wind speed next to the chamber measured
by the mobile Metek USA 1 sonic anemometer and the solar irradiance at Shag Point
Cottage (see sec. 8.2).
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Figure 13.21. Incubation experiment with samples of D. antarctica and R. mem-
branacea on March 15th. Shown are the IO and NO2 mixing ratios in the chamber.
Samples of D. antarctica (stipe and one blade, 5 kgFw) and R. membranacea (50 gFw)
were measured sucessively as indicated by the gray and orange bar on top. The bottom
graph shows the derived IO emission rates which have at least a factor 6 uncertainty.
Solar irradiace and wind speed given as in Fig. 13.20.
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Figure 13.22. Incubation experiment with a sample of M. pyrifera on March 16th.
Shown are the IO and NO2 mixing ratios in the chamber. The orange bar on top indicates
the period when theM. pyrifera sample (4 kgFw) was incubated. The gray area makes
the time when a ship plume with high NO2 passed throuhg the chamber. The bottom
graph shows the derived IO emission rates which have at least a factor 6 uncertainty.
Solar irradiace and wind speed given as in Fig. 13.20.

274



13.6. Discussion of Chamber Measurements

Figure 13.23. Incubation experiment with a sample of D. antarctica on March 22nd.
The orange bar on top indicates the period when the D. antarctica sample (5 kgFw) was
incubated. The top and middle graph show the IO and NO2 mixing ratios in the chamber
(black) measured by the CE-DOAS and their respective detection limits (red). The blue
circles in the middle graph show the O3 mixing ratios in the chamber measured my the
TSI monitor (see sec. 8.2). Solar irradiace given as in Fig. 13.20. The bottom graph
shows the derived IO emission rates which have at least a factor 6 uncertainty.
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Figure 13.24. Incubation experiment with a sample of a partly decayed M. pyrifera on
March 23rd. The orange bar on top indicates the period when theM. pyrifera sample
(2 kgFw) was incubated. IO, NO2 and O3 mixing ratios in the chamber and the solar
irradiance are given as in Fig. 13.23. The bottom graph shows the derived IO emission
rates which have at least a factor 6 uncertainty.
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Figure 13.25. Incubation experiment with a sample of a R. membranacea on March
26th & 27th. The orange bar on top indicates the period when the R. membranacea
sample (8 specimen, 400 gFw) was incubated. The bottom graph shows the derived IO
emission rates which have at least a factor 6 uncertainty. IO, NO2 and O3 mixing ratios
in the chamber and the solar irradiance are given as in Fig. 13.23.
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Figure 13.26. Incubation experiment with a sample of a M. urvilliana on March 28th.
The orange bar on top indicates the period when theM. urvilliana sample (400 gFw) was
incubated. IO, NO2 and O3 mixing ratios in the chamber and the solar irradiance are
given as in Fig. 13.23. The bottom graph shows the derived IO emission rates which
have at least a factor 6 uncertainty.
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Figure 13.27. Incubation experiment with a sample of a H. banksii onMarch 30th. The
orange bar on top indicates the period when the M. urvilliana sample (400 gFw) was
incubated. IO, NO2 and O3 mixing ratios in the chamber and the solar irradiance are
given as in Fig. 13.23. The bottom graph shows the derived IO emission rates which
have at least a factor 6 uncertainty.
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Figure 13.28. Incubation experiment with a samples of a M. urvilliana on March 31st.
As indicated in the top pictures a specimen was subdivided into blades and stipe with
receptacles.Both parts (each 300 gFw) were incubated seaparately as indicated by the
orange bar. IO, NO2 and O3 mixing ratios in the chamber and the solar irradiance are
given as in Fig. 13.23. The bottom graph shows the derived IO emission rates which
have at least a factor 6 uncertainty.
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13.6. Discussion of Chamber Measurements

Figure 13.29. CE-DOAS with turned chamber and sample of M. urvilliana on April
1st.As shown on the top picture the top of the chamber was open to enhance air exchange.
The orange bar on top indicates the period when theM. urvilliana sample (two specimen,
1 kgFw) was measured. IO, NO2 and O3 mixing ratios in the chamber and the solar
irradiance are given as in Fig. 13.23. The bottom graph gives the local wind speed
measured directly above the chamber by the Metek sonic anenometer.
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Figure 13.30. CE-DOAS with turned chamber and samples of M. pyrifera and H.
banksii on April 2ndst. As shown on the top picture the top of the chamber was open to
enhance air exchange. The sample of M. pyrifera (2 kgFw) and H. banksii (12 specimen,
1.2 kgFw) were measued indiviusally as indicated by the orange bars on top. IO, NO2
and O3 mixing ratios in the chamber and the solar irradiance are given as in Fig. 13.23.
The bottom graph gives the local wind speed measured directly above the chamber by
the Metek sonic anenometer.
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14
Conclusions and Outlook

14.1. Conclusions
In the frame of this work extensive studies were conducted to improve the knowledge on the
coastal emissions of reactive iodine species from seaweeds and their distribution. In order to
achieve this goal, the DOAS methodology was further developed, particularly Cavity Enhanced
(CE-) DOAS, and successfully applied in two extensive field studies on the Irish West Coast
and one exploitative in New Zealand.

DOAS Instrumentation and Data Analysis
The most important improvements in terms of DOAS Instrumentation and Data Analysis were:

• The first mobile Open Path CE-DOAS Instrument was developed, and optimized for
measurements of IO in the field with a typical detection limit of 1 − 2 ppt (chap. 5). All
components were integrated in a waterproof, light weight (∼ 30 kg) and transportable
(∼ 2.3× 0.2× 0.4)m3) setup, which allows easy handling by two persons even in difficult
terrain. Furthermore, due to its low power consumption (∼ 40W) and 12V supply
voltage this new instrument can be battery operated, which allows its application in
remote areas where no power supply is available. This instrument for the first time
allowed to measure IO directly at the sources in the inter tidal area. Furthermore,
the direct optical measurement of IO, using an open measurement cell towards the
atmosphere, avoids problems with chemical interferences and losses, e.g. on walls and
sampling lines, inherent to other measurement techniques.

A further major technical advancement was the integration of a novel system for a
simpler and more accurate wavelength depended calibration of the absorption light path
during field measurements (sec. 5.4). This new system co-developed in this work and
Zielcke [2015], uses a tiltable interference filter to measure wavelength resolved Cavity
Ringdown curves and thus the length of the absorption light path at different wavelengths.
A comparison with the established calibration using different Rayleigh scatterers (air vs
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helium) shows an excellent agreement within the errors. This novel method has several
advantages: Firstly, it can be applied reliably in the field while the calibration with
Rayleigh scatterers is limited to laboratory application. Thus enabling more accurate
determination of the absorption light path during field campaigns. Secondly, this method
does not require consumable gases which are classified as dangerous goods and therefore
problematic during field campaigns in remote areas.

• Additionally to the Open Path CE-DOAS, an even lighter (5 kg) and more compact
(∼ 0.72 × 0.18 × 0.28)m3) Closed Path CE-DOAS instrument for measurements of IO,
NO2 and (CHO)2 was developed. The use of an closed sampling cell, and filtering of
aerosols form the sampled air allowed to achieve an IO detection limit of 2 ppt with an
four times shorter resonator compared to the open path instrument, and furthermore has
the advantage that the resonator mirrors are protected from contamination. The use of a
new iterative CE-DOAS evaluation scheme, developed in this thesis (chap.9), allowed
to further simplify the setup (no temperature stabilized light source) and made it more
robust for field applications.

However, a comparison of Open Path CE-DOAS and Closed Path CE-DOAS IO
measurements showed that more than 90% of the ambient IO is lost in the sampling
system and the closed measuring cell and the loss is highly variable (sec. 12.5). Thus,
the Closed Path CE-DOAS is not applicable for IO measurement. This further shows that
the use of a Teflon based sampling system and measurement cell, which is considered
as an inert material, does not allow the measurement of a highly reactive gas like IO.
Therefore, also other IO measurements with instruments using a similar IO sampling,
particularly Grilli et al. [2012b], are considered to give wrong data which strongly
underestimates the true atmospheric IO concentration.

TheClosed Path CE-DOAShas however, proven as a very sensitive and reliable instrument
for NO2 measurements and has been successfully applied for measurements under clean
background conditions [e.g. Herlyn, 2015] and for mobile measurements in polluted
urban environments [e.g. Kanatschnig, 2014].

• Open path CE-DOAS measurements of high IO mixing ratios (serval 100 ppt) revealed
differences in the relative band strength of the observed IO abortion in comparison to
the literature cross section of Gómez Martín et al. [2005], commonly used for DOAS
retrievals of IO (chap 11). The observed deviation was particularly strong for the
absorption between 443.5 nm and 451.2 nm (IO(2← 0) band) which was observed to
be about 1.5 times stronger than expected. Field measurements were subsequently used
to derive correction factors for the relative strengths of the absorption bands and to built
a corrected high resolution IO reference spectrum. Using the corrected IO in DOAS
evaluations reduced the retrieved IO mixing ratios by 5%, but more important it reduced
the systematic residual structures of the IO fit by a factor of 5 and therefore significantly
improved the simultaneous measurement of NO2 in the presence of high IO mixing
ratios.
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Irish West Coast
In this study measurement of the reactive iodine species IO were performed at 10 locations
along the Irish west coast using combined path averaging LP-DOAS measurements across
inter-tidal areas and CE-DOAS point measurements directly over, or next to, the intertidal
seaweed (chap 12).
Particularly high IOmixing ratios were observed by the open path CE-DOASwhen measuring

in the inter-tidal zone of wave sheltered bays during low-tide directly exposed brown seaweeds,
mainly A. nodosum and also F. vesiculosus. The unique combination with path averaging
LP-DOAS measurements across the seaweed bed and beyond could identify these seaweeds
as a strong source of reactive iodine (see sec. 12.8). 1.3m above the seaweed, CE-DOAS
observed very high IO mixing ratios, exceeding at each site 20 ppt for extended periods of
more than an hour and at several sites peak levels even exceeded 50 ppt. Very close (several
10 cm) to the seaweed mixing ratios exceeded even 100 ppt. Therefore this study gives the first
direct evidence of the “hot-spot” theory by Burkholder et al. [2004] which suggested that local
patches with mixing ratios of 50 ppt to 100 ppt are required to explain particle concentrations
observed during nucleation events like also observed in this study (see sec. 12.9.2.1) and
previous studies [e.g. O’Dowd et al., 2002b; Seitz et al., 2010]. Vertical CE-DOAS profile
measurements A. nodosum and also F. vesiculosus, showed very high (secondary) IO emission
rates of about 60 µgIm−2 h−1 at a solar irradiance of 840Wm−2 (see sec. 12.10). This is the
first determination of iodine emission rates from seaweed under real field conditions. This study
also shows that wave sheltered shores at the Irish West Coast, which feature a shallow intertidal
zone with extended beds of brown seaweeds, mainly A. nodosum and also F. vesiculosus, are
the strongest source of reactive iodine.
On the other side, at wave exposed shores like Mace Head, the inter tidal zone is much

smaller and features a lower inter-tidal seaweed abundance mostly in the lower intertidal zone
where some L. digitata grows. CE-DOAS measurements at Mace Head station, in this work,
observed significant local IO emissions from L. digitata only for extremely low water levels
close to spring-tide low water, which are relatively rare events only occurring on about 6 days
of a 27 day tidal cycle and only for short time periods of less than an hour. Further, in this work
it was found that local IO emissions form L. digitata played only a minor role for IO levels
observed on the 3 km long Mace Head LP-DOAS light path (see sec. 12.9.2.1). The few events
of high IO levels observed by the LP-DOAS could all be linked to IO emission at close by wave
sheltered bays.
Additionally, this work found, that washed up drift seaweed can also be a strong local source

with observed local IO mixing ratios of up to 40 ppt. It is known that large quantities of
drifting seaweed are cast ashore after storm events. However, there is currently no quantitative
information on the covered areas, the biomass of washed up drift and their residence time on
the beach. Thus, it is currently not possible to estimate the precise contribution to the coastal
iodine emissions.
Furthermore, at all sites a clear linear correlation between the observed the solar irradiance

was observed which indicated increasing stress levels of seaweed under higher solar irradiance.
Measurements in this study also showed no significant reduction of iodine emission when
these seaweeds are covered by a thin water film (see sec. 12.9.1.5). This has two important
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implications: Opposed to previous assumptions, strong emissions of reactive iodine were
observed even during rainy weather conditions, which is an important finding since this is
a typical weather condition on the Irish Coast. Additionally, A. nodosum was observed to
continues emission of iodine for half an hour to an hour when its already floating on the water
towards the end of the low tide period.
Measurements in this work did not observe any significant coastal nighttime IO above

2.3 ppt (CE-DOAS) and 4.0 ppt (MoLP-DOAS), even at sites were several 10 ppt of IO were
present during daytime low tide (see sec. 12.7.1). However, previous nighttime observations
of Saiz-Lopez et al. [2006] and Mahajan et al. [2009] would have suggested much higher
nighttime IO for our measurements. This leads to the conclusion that the previous observations
of nighttime IO were most likely measurement errors.
As expected during pollution events, a clear anti-correlation between NO2 and IO was

observed for well mixed air masses (see sec. 12.6). No indication for the previously suggested
rapid recycling of IONO2 to I2 by reaction with I R 2.37 was found.
Of particular interest was the direct comparison of IO measurements at Mace Head Research

station, which was the major location of previous studies [Alicke et al., 1999; Hebestreit, 2001;
Saiz-Lopez and Plane, 2004; Seitz, 2009; Commane et al., 2011], with measurements at 7 wave
sheltered shores, which were mostly not investigated before. Contrary to the expectation that
Mace Head is a hot-spot for iodine emissions, this study found that (at the same time) IO at the
wave sheltered shores was observed more regularly and at much higher concentrations (see
sec. 12.8). During daytime low tide, the MoLP-DOAS observed at these locations usually
more than three times but up to more than ten times higher IO mixing ratios compared to the
shore at Mace Head. These measurements show that this is due to distinctive differences in the
dominant sources for reactive iodine on wave exposed shores and on wave sheltered shores.
In conclusion, this work found that the major sources at the Irish West Coast are wave

sheltered shores and not as previously believed wave exposed shores. Wave sheltered shores
are very common on the Irish West Coast and represent much larger intertidal areas with a
much higher seaweed density, mainly A. nodosum and also F. vesiculosus, compared to wave
exposed shores with a low density of L. digitata in the lower inertial zone. Also the seaweed in
the intertidal zone of wave sheltered bays is much more regularly and much longer exposed
to air compared to inter tidal seaweed. The total emissions from wave sheltered shores are
much larger, even if the emission per kg seaweed might be lower. Therefore, this work shows
that Irish and global emissions of reactive iodine, from coastal areas, should be much higher
compared to estimates based on studies at Mace Head (only using emissions of wave exposed
shores).
Based on these findings and the estimated rates for seaweed beds at wave sheltered shores,

determined in this work, the yearly iodine emission on the Irish coast was estimated to be
(0.4−1) ·107gI a−1 (see sec. 12.12). An attempt to extend these estimates to the world shorelines
yields global emissions between 2 · 108 gI a−1 and 3 · 109 gI a−1. This estimate comes however
with large uncertainties, since there is too little knowledge on the global abundance, distribution
and emission of inter tidal seaweed. While this is relatively low compared to estimated global
iodine emissions (1011 − 1012 gI a−1), on the local scale these strong emissions of reactive
iodine by seaweed have an significant impact due to their ability to form particles and change
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the chemical properties of the atmosphere. The iodine particle formation events reported
by O’Dowd et al. [2002b] and also in this study (see sec. 12.9.2.1) arise only at the high
iodine levels at these coastal sites and not for locally low IO concentrations due to open ocean
emissions (0.5 − 2 ppt). Thus, coastal iodine emissions could locally influence cloud micro
physical properties and therefore also have an impact on the climate. Beyond atmospheric
implications, there are also indications that high iodine emissions from seaweeds may cause a
significant increase in human iodine intake through the respiration of gaseous iodine compounds
[Smyth et al., 2011].

New Zealand
An exploitative study was conducted on the East Coast of the New Zealand South Island using a
combination of path averaging LP-DOAS measurements across a bay and Open Path CE-DOAS
point measurements in the intertidal zone of two beaches (chap. 13). High IO mixing ratios
above 10 ppt with peak levels up to 68 ppt were observed by the Open Path CE-DOAS on three
days during daytime low tide. These are the first observations of IO emitted at a southern
hemispheric coastal site, showing that also seaweeds found beyond the Northern Atlantic can act
as strong sources of reactive iodine species. A comparison between the Open Path CE-DOAS
point measurements and path averaging LP-DOAS measurements across the inter-tidal zone
identified patches of washed up drift seaweed as the major source of the observed IO. The
five major seaweed species of the drift seaweed patches, Macrocystis pyrifera, Durvillaea
antarctica, Marginariella urvilliana, Rhodophyllis membranacea and Hormosiria banksii,
were identified. These seaweeds are different from the species found in the Northern Atlantic
and specific for New Zealand and Australia (M. urvilliana, R. membranacea and H. banksii),
the southern hemisphere (D. antarctica) the southern hemisphere plus weat coast of North
American (M. pyrifera). Since the iodine emission potential of these seaweed species was
unknown, their emission was individually investigated by the CE-DOAS using an improvised
incubation chamber.
The incubation experiments showed high IO levels above 100 ppt for four species, but no

significant IO for Durvillaea antarctica. Furthermore, emission rates per gram fresh weight
were estimated. The emission rates are in approximate descending order: R. membranacea>M.
urvilliana>H. banksii>M. pyrifera�D. antarctica. The strongest IO emission rate of about
0.5 pmol (I)/min /gFw was found for the red seaweed species R. membranacea. While this
seems low, low compared to northern hemispheric seaweed, it has to be noticed that seaweeds
actually emit molecular iodine which might be tow orders of magnitude higher compared to the
(secondary) IO emission rates (see sec. 13.6.2).
On a global perspective this observation showed that the distribution of seaweed at the shore

of the east coast of the New Zealand south island is very different compared to Irish West Coast.
It has a very steep and wave exposed shoreline with only a narrow inter-tidal area. The only
abundant intertidal seaweed species is Durvillaea antarctica which showed not significant
reactive iodine emission in the incubation chamber experiments. The iodine emitting seaweed
species are either subtidal (R. membranacea andM. pyrifera), grow in the lowest part of the
intertidal zone where they are rarely exposed to air (M. urvilliana) or occur only at small
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patches in the intertidal zone (H. banksii). Therefore, the emission form intertidal seaweed at
the east coast of the New Zealand south island is considered negligible, and the only significant
emission is expected to come from patches of washed up drift seaweed. However, significant
amounts of washed up drift seaweed is only expected for short periods after storm events.
Therefore the east coast of the New Zealand south island is considered an area with much lower
emission of reactive iodine compared to the Irish West Coast.

14.2. Outlook
This works showed strong variation of the reactive iodine emission between different types of
shores even on the regional scale of the Irish West Coast. Therefore for better regional and
global estimates, better information on the intertidal areas covered by seaweed and also the
occurrence of drift seaweeds (extend and frequency) is needed e.g., from satellite or aerial
observations. For better global estimations not only the intertidal areas covered by seaweed are
relevant but also the locally different seaweed species. The observations in New Zealand (chap.
13) showed very different emissions. Therefore, better global estimates require a better global
picture of the involved seaweed species and their emissions.
The combination of the Open Path CE-DOAS with an incubation chamber proved as a

valuable tool to investigate the emissions of reactive iodine from individual seaweed species
during field studies. However for future campaigns several modifications are suggested (see
sec. 13.6.2.1). Particularly, a second channel for the measurement of the primary I2 emission
from seaweed is expected give more reliable emission rates, also since I2 is much less reactive
compared to IO and thus would avoid the uncertainties in the determined emission rates due to
chemical losses. A second I2 channel would also be very valuable for future field measurements
in the intertidal zone to better qualify the total iodine emission as well as gas phase reaction
mechanisms.
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A
A Corrected IO Absorption Cross

Section

A.1. Correction Factors for IO Bands
A.1 to A.8 give the fit results for corrections of the Gómez Martín et al. [2005] IO cross
section, using 65 IO absorption spectra measured with CE-DOAS as described in 11.2. For
the correction a simple three parameter fit-model with a scaling β0, a spectral shift β1 and a
spectral squeeze β2 was used:

σIO(ν′←ν′′),corr(λ, β0, β1, β2) = β0 · σIO(λ + β1 + (λ − λc ) · β2) ((11.5))

where σIO is the Gómez Martín et al. [2005] cross section of a specific absorption band.
The scaling factor β0 is relative to the IO(4 ← 0) band, which was assumed to be the best
characterized transition in the Gómez Martín et al., 2005 cross section. In order to asses the
significance of the fit parameters β1 and β2, the model function was fitted three times: first
with fixed β1 = β2 = 0, then with a free shift β1 but fixed squeeze β2 = 0 and finally with free
shift and squeeze. Each of A.1 to A.8 shows the same sub figures which are described in the
following. Subfigures a), b) and c) show the effect of allowing a free shift and squeeze on the
fit residual for each of the 65 measured spectra. Subfigure d) shows the determined scaling
parameter β0 for each spectrum, for a fixed squeeze (black stars with error bands, solid black
line is the average) and for a free squeeze (blue dots with error bands, the dashed blue line is the
average). The only exception is the IO(4← 0) transition (Fig. A.2) where subfigure d) gives
the IO mixing ratio. Subfigure e) gives the fitted shift for each spectrum, for a fixed squeeze
(black stars, solid black line is the average) and for a free squeeze (blue dots, dashed blue line is
the average). Subfigure f) gives the fitted shift for each spectrum (blue stars) error confidence
bands, the dashed blue line is the average squeeze. A summary of the retrieved corrections is
given in Tab. 11.2.
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Figure A.3. Corrections of IO(3← 0) fitted in the range 433.5 nm to 438.5 nm
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Figure A.4. Corrections of IO(4← 1) fitted in the range 439 nm to 442 nm
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Figure A.5. Corrections of IO(2← 0) fitted in the range 443.5 nm to 448 nm

298



A
.1.

C
orrection

FactorsforIO
B
ands

b) fit residual − free shift

spectrum #

ch
an

ne
l

 

 

10 20 30 40 50 60

20

40

60

op
tic

al
 d

en
si

ty

−1

−0.5

0

0.5

1
x 10

−3

c) fit residual − free shift and squeeze

spectrum #

ch
an

ne
l

 

 

10 20 30 40 50 60

20

40

60

op
tic

al
 d

en
si

ty

−1

−0.5

0

0.5

1
x 10

−3

a) fit residual − fix shift and squeeze

spectrum #

ch
an

ne
l

 

 

10 20 30 40 50 60

20

40

60

op
tic

al
 d

en
si

ty

−1

−0.5

0

0.5

1
x 10

−3

0 10 20 30 40 50 60 70
−0.5

0

0.5

e) fitted shift β
1

spectrum #

sh
ift

 (
nm

)

 

 

fit w. squeeze 〈β
1
〉=(0.4±1.4)10−1nm

fit no squeeze 〈β
1
〉=(−0.8±3.2)10−2nm

0 10 20 30 40 50 60 70

−0.4

−0.2

0

0.2

0.4

0.6

f) fitted squeeze 〈β
2
〉=(0.8±1.5)10−1

spectrum #

sq
ue

ez
e 

(a
.u

.)

0 10 20 30 40 50 60 70

0.3

0.4

0.5

0.6

d) band rescaling β
0

spectrum #

sc
al

in
g 

(a
.u

.)

 

 

fit w. squeeze 〈β
0
〉=0.46±0.05

fit no squeeze 〈β
0
〉=0.46±0.05

IO(3 ← 1)

Figure A.6. Corrections of IO(3← 1) fitted in the range 448 nm to 451.2 nm
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Figure A.7. Corrections of IO(1← 0) fitted in the range 453.6 nm to 458 nm
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Figure A.8. Corrections of IO(2← 1) fitted in the range 457.3 nm to 462 nm
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Appendix A. A Corrected IO Absorption Cross Section

A.2. Validation of the Correction for the IO(2← 0)
Transition

This section provides the correlation plots for the validation of the IO(2← 0) transition using
further field measurements. IO was fitted over the spectral windows from 425.3 nm to 447.8 nm,
simultaneously with NO2, O4, H2O and an additional single band IO(2 ← 0) cross section.
The IO(2 ← 0) was extracted from Gómez Martín et al. [2005] in the spectral range from
442 nm to 447.8 nm, covering the IO(2 ← 0) transition, and is zero elsewhere. Thus, the
scaling correction for the IO(2← 0) band can by retrieved from the correlation between the fit
of the full IO cross section and the IO(2← 0) cross section.
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Figure A.9. Correlation between the fit of the full IO cross section (425.3 − 447.8 nm)
and the IO(2 ← 0) band for Open Path CE-DOAS measurements between July
19th and 25th 2012 during the Ireland Campaign campaign.

302



A.2. Validation of the Correction for the IO(2← 0) Transition
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Figure A.10. Correlation between the fit of the full IO cross section (425.3− 447.8 nm)
and the IO(2← 0) band for Open Path CE-DOAS measurements between August
5th and 6th 2012 during the Ireland Campaign campaign.

0 5 10 15 20 25 30 35 40 45 50
0

5

10

15

20

25

IO fit 425.3nm − 447.8nm (ppt)

IO
 fi

t 2
 ←

 0
 (

pp
t)

 

 

linear regression y=ax
a=0.5468 +/− 0.03
R2=0.7187

measurement
own correction
linear regression
prediction bounds

Figure A.11. Correlation between the fit of the full IO cross section (425.3− 447.8 nm)
and the IO(2 ← 0) band for Closed Path CE-DOAS measurements between July
26th and August 4th 2012 during the Ireland Campaign campaign.
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Appendix A. A Corrected IO Absorption Cross Section
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Figure A.12. Correlation between the fit of the full IO cross section (425.3− 447.8 nm)
and the IO(2 ← 0) band for Open Path CE-DOAS measurements between March
12th and 16th 2013 during the New Zealand campaign.
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Figure A.13. Correlation between the fit of the full IO cross section (425.3− 447.8 nm)
and the IO(2 ← 0) band for Open Path CE-DOAS measurements between March
21st and April 4th 2013 during the New Zealand campaign.
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B
Spectral Retrieval

B.1. Used Literature Absorption Cross Sections

species reference comment
BrO Fleischmann et al. [2004] T = 298K
(CHO)2 Volkamer et al. [2005] T = 296K
H2O HITEMP, Rothman et al. [2010] T = 293K, p = 1013mbar

w. corr. by Lampel et al. [2015]
HONO Stutz et al. [2000]
HCHO Meller and Moortgat [2000] T = 298K
I2 Spietz et al. [2006] T = 298K
IO own correction of Spietz et al. [2005] see chapter 11
OIO Spietz [2005] T = 298K
NO2 for BrO: A. Vandaele et al. [1998] T = 294K, p = 1013mbar

otherwise: A. C. Vandaele et al. [2002] T = 294K, p = 1013mbar
O4 for BrO: Thalman and Volkamer [2013] T = 293K

otherwise: Hermans et al. [1999] T = 293K
O2 HITRAN 2012 Rothman et al. [2013] T = 293K, p = 1013mbar
O3 Bogumil et al. [2003] T = 293K
NO3 Yokelson et al. [1994] T = 298K
SO2 Bogumil et al. [2003] T = 298K

Table B.1. Literature references for the absorption cross sections used in the DOAS
retrievals.
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C
Ireland Campaign 2011/2012

Supplementary

C.1. Open path CE-DOAS intensities and path lengths
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Appendix C. Ireland Campaign 2011/2012 Supplementary

Figure C.1. Open path CE-DOAS optical path length and light intensities during the
Ireland 2011 campaign. The top plot shows the BBCRDS path length. In the middle
plot the intensity of purge air measurements is shown. The bottom plot show the
intensities of the actual atmospheric measurements. All intensity values are averages
over the fit window.

308



C.1. Open path CE-DOAS intensities and path lengths
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Figure C.2. Open path CE-DOAS optical path length and light intensities during the
Ireland 2012 campaign. The top plot shows the optical path length at λ = 441.6 nm.
In the middle plot the intensity of purge air measurements is shown. The bottom plot
show the intensities of the actual atmospheric measurements. All intensity values are
averages over the fit window.
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Appendix C. Ireland Campaign 2011/2012 Supplementary

C.2. Correlation Between IO Mixing Ratios and Solar
Irradiation.

Figure C.3. Further examples for the correlation between IO mixing ratios and solar
irradiation.
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C.3. Correlation Plots for LP-DOAS Measurements at MRI 2011

C.3. Correlation Plots for LP-DOAS Measurements at
MRI 2011

Figure C.4. Correlation of tidal height and IO observed by the MoLP-DOAS at the
MRI in 2011. The data shows night time and daytime IO observed on the middle light
path. For easier identification data above and below the detention limit are colored
differently in black and magenta respectively. An anti correlation between tidal height
and IO can be seen for daytime while the night time observations do not sow any
dependence on tidal height. However, due to the noisiness of the data the analysis it less
clear compared to the measurements in 2012 discussed in sec. 12.9.1.4
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Appendix C. Ireland Campaign 2011/2012 Supplementary

Figure C.5. Correlation between IO mixing ratios and wind speed at MRI in 2011.
Increased IO mixing ratios show a positive correlation to high wind speeds

Figure C.6. Distribution of wind directions and correlation to IO at the MRI in 2011.
Left: frequency distribution of wind direction and wind speed. Right: correlation of
IO with wind direction. High IO levels correlate with westerly and southerly winds.
However, this correlation of IO to the wind direction is very similar to the frequency
distribution of wind directions and thus does not indicate locations of IO sources.
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New Zealand Campaign 2013

Supplementary

D.1. GC Measurements of Halocarbons
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Figure D.1. Time Series of Halocarbons measured by the µDirac GC. Coloured areas indicated times periods when the GC
was applied to the CE-DOAS chamber. Grey - empty closed chamber; orange - closed chamber with seaweed sample; orange
with white stripes - chamber with removed top cover and seaweed sample. Details on the chamber and the seaweed samples
are given in sec. 13.6. GC data provided by Andrew David Robinson, University of Cambridge (pers. com. 2013)
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Nomenclature
Constants
c0 speed of light in vacuum, c0 = 299792458m/s NIST, 2010

kB Boltzman’s constant kB = 1.3806488 · 10−23 J/K NIST, 2010

NA Avogadro’s number NA = 6.02214129 · 1023mol−1 NIST, 2010

cair speed of light in air, cair =
c0
nair
≈ 0.9997c0

h, ~ = h/(2π) Planck constant , h = 6.62606957 · 10−34 Js NIST, 2010

nair refractive index of dry air nair = 1.0002805 at 450 nm,T = 15 ◦C,p =
1013mBar and 450 ppm CO2 Ciddor, 1996

R molar gas constant R = 8.314 462 1 JK−1mol−1 NIST, 2010

Mathematical Notation
( f ~ h)(·) convolution of functions f (·) and h(·) . . . . . . . . . . . . . . . . see sec. 4.2.1

|x | absolute value of x

≈ 123.456 approximately 123.456

x̄ arithmetic mean of a sample x1, x2, ..., xn , or average value of a
continuous function x(·)

δδδ(·) Dirac’s δδδ-distribution

f̂ (ν) = F [ f (λ)](ν) Fourier transform of function f (λ)

O(g) Landau notation of the error term in an approximation. The error is
smaller than c · |g(x) | when x is close enough to 0

Var(X ) variance of random variable X

X† Hermitian transpose of matrix X

XT transpose of matrix X
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Appendix D. New Zealand Campaign 2013 Supplementary

Variables
L̄0(λ) average length of the light path in a zero air purged resonator cell

L̄eff (λ) effective length of the light path in a CE-DOAS measurement

FA, i emission rate for gas species i per unit area, i.e. flux

Fm, i emission rate species i per mass

Fi emission rate for gas species i

λ wavelength

R (λ) residual spectrum of a DOAS fit

ρi number density of species i

σ′i differential absorption cross section of species i

σi absorption cross section of species i

τ cavity ring down decay constant

τ0 cavity ring down decay constant for a zero air purged resonator cell

Θi cavity enhanced effective absorption cross section of species i, at the
(low) instrument resolution

θi cavity enhanced effective absorption cross section of species i

D′(λ) differential optical density

D(λ) optical density

d0 displacement of the mirrors in a resonator cell

DCE(λ) cavity enhanced optical density

Deff (λ) cavity enhanced effective optical density I0/I − 1

Ee solar irradiance (W/m2)

H (λ) line spread function of a spectrograph, also called instrument function

I light intensity

I0 initial light intensity or intensity of reference measurement

Istray intensity of the stray light component

j photolysis frequency

L length of the optical light path
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D.1. GC Measurements of Halocarbons

Q volumetric flow rate

Si absorption cross section of species i, at the (low) instrument resolution
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Glossary

ADC analog digital converter.

BB-CRDS broadband CRDS.

CCD charge coupled device.
CCN could condensation nuclei.
CE-DOAS Cavity Enhanced DOAS.
CP-CE-DOAS Compact Closed Path CE-
DOAS.
CRDS Cavity Ring Down Spectroscopy.

DMS dimethyl sulfide.
DOAS Differential Optical Absorption Spec-
troscopy.

FWHM full width at half maximum.

GC gas chromatograph.
GC-MS gas chromatography - mass spectrom-
etry.

iCE-DOAS iterative CE-DOAS.

LED light emitting diode.
LIF Laser Induced Fluorescence.
LP-DOAS Long Path DOAS.

MAX-DOAS Multi Axis DOAS.
MBL marine boundary layer.
MHWSMean High Water Springs, the mean
level of the two successive low waters during
spring tide.

MLWS Mean Low Water Springs, the mean
level of the two successive high waters during
spring tide.
MoLP-DOASMobile Compact LP-DOAS.
MRIMartin Ryan Institute.

NIWA National Institute of Water and Atmo-
spheric Research.
NUIG National University of Ireland Galway.
NZST New Zealand Standard Time (UTC +
12h).

OP-CE-DOAS MK-I Open Path CE-DOAS
Mark I.
OP-CE-DOAS MK-II Open Path CE-DOAS
Mark II.

PMT photomultiplier tube.

RHS reactive halogen species.
RMS root mean squared.

SMPS Scanning Mobility Particle Sizer.
SZA solar zenith angle.

UV-Vis ultraviolet-visible.

VOC volatile organic compound.

WLR-CRDS wavelength resolved CRDS.
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