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Zusammenfassung

In dieser Arbeit werden die Ergebisse von MAX-DOAS Messungen wihrend zweier umfan-
greicher Mel)kampagnen vorgestellt. Eine MeBkampagne fand im Sommer 2004 im Nordosten
der USA statt (ICARTT), die andere im Frithling 2006 in Mexiko Stadt (MILAGRO). In bei-
den Melkampagnen wurden mehrere MAX-DOAS Instrumente an verschiedenen Orten aufgestellt
und Zeitserien von NO,, SO,, HONO, HCHO, CHOCHO und O, sowie von Aerosolextinktion
gewonnen. Die rdumliche und zeitliche Variation dieser Messungen wurden untersucht, um die
entsprechenden Emissionsquellen, die chemischen Transformationsprozesse und die Transportwege
zu charakterisieren und zu quantifizieren. Insgesamt erfiillten sich die diesabeziiglichen Vermutun-
gen. In einigen Fallen konnten Wochengénge in den Zeitserien beobachtet werden, was eine klare
zeitliche Verkniipfung zwischen den Rhythmen der Emissionen und den gemessenen Spurengasen
bedeutet. In den meisten Féllen konnten die gemessenen Spurengase eindeutig bestimmten Emis-
sionsquellen zugeordnet werden. Ein weiteres interessantes Ergebnis war die weitgehende Uberein-
stimmung der Zeitserien von Aerosolextinktion und der von Spurengasen. Als Entdeckung kénnen
die erstmaligen Messungen sowohl von Glyoxal als auch von schwefliger Sdure mit der MAX-DOAS
Methode angefithrt werden. Beide Messungen ergaben teilweise unerwartete Erkenntnisse, was die
sehr starken Absorptionen von schwefliger Sdure in Mexiko Stadt und die von Glyoxal im Golf
von Maine betreffen. Daher sollten die Forschungen in dieser Richtung weitergefiihrt werden. In
dieser Arbeit wurden auch Inversionstechniken entwickelt, die einen quantitativen Vergleich von
mit MAX-DOAS gemessenen Daten mit anderen Messungen von z. B. in-situ oder durch Satel-
liten ermoglichen. Aufgrund der erfahrungen dieser beiden Meflkampagnen wird die Griindung
eines globalen Netzwerks von automatisierten MAX-DOAS Instrumenten empfohlen.

Abstract

In this thesis, results of MAX-DOAS measurements performed during two extensive measure-
ment campaigns are presented. One measurement campaign took place in the north-east of the
USA in summer 2004 (ICARTT) and another in Mexico City in spring 2006 (MILAGRO). During
both campaigns, an extended network of MAX-DOAS instruments was operated and time series
of NO,, SO,, HONO, HCHO, CHOCHO and O, as well as aerosol extinction were analyzed. The
spatial and temporal variation of these observations was investigated in order to characterize and
quantify the respective emission sources, chemical transformation and transport pathways. Over-
all, the existing expectations on these processes could be confirmed. In some cases, a weekly cycle
was discovered in the time series indicating a clear relationship between the temporal pattern of
emissions and observed concentrations. In most cases, also a clear attribution to specific emission
sources was possible. Another interesting example was that the time series of the aerosol extinction
in general agrees well with those of the trace gases. Also new discoveries could be made, especially
the first detection of glyoxal and nitrous acid by MAX-DOAS measurements. Both observations led
to partly unexpected results, namely very high absorptions of nitrous acid in Mexico City and very
high absorptions of glyoxal over the Gulf of Maine. Both findings should be investigated in more
detail in future research. In this thesis, also new inversion techniques were developed which allow
the quantitative comparison of the retrieved data sets of MAX-DOAS measurements with other
observations like in-situ measurements or satellite observations. Based on the experience gained
during both campaigns the foundation of a global network of automated MAX-DOAS instruments
is recommended.
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1 Introduction

Pollution of the environment caused by human activity is getting more and more
a public concern. Especially, anthropogenic emissions in the atmosphere are in
discussion nowadays due to increase of greenhouse gases. These gases are strongly
suspected to be causative for the increase in the global mean temperature in the last
decades and hence for climate change [IPCC, 2007]. The contribution of large cities
to local and global pollution is increasing strongly because more people are moving
from rural areas to cities. Since about this year more people have lived in cities than
in the countryside!. This implies that existing cities are growing. The number of
megacities (cities of more than 10 million inhabitants) increases continuously. This
involves more health problems and a higher mortality rate for people exposed to
air pollution [Molina and Molina, 2002]. Thus, the investigation of air pollution in
urban areas, its transport and chemical processes is of high importance in order to
improve air quality.

As part of this work, measurements of trace gases of mainly anthropogenic origin
were conducted during two measurement campaigns. The first measurement cam-
paign was performed in the north-east of the USA in summer 2004 in the framework
of the International Consortium for Atmospheric Research on Transport and Trans-
formation (ICARTT) study. This region of the USA is often called the tailpipe of
the USA due to the large amounts of emissions which stream out of the American
continent prevailingly in north-east direction. The focus of ICARTT was the inves-
tigation of sources, sinks, chemical transformations and transport of ozone, aerosols
and their precursors to and over the North Atlantic Ocean. A network of 6 measure-
ment devices on the mainland and an additional on a research vessel which cruised
through the Gulf of Maine was set up within this thesis. The second measurement
campaign took place in Mexico City in 2006 in the framework of the Megacity Ini-
tiative: Local and Global Research Observations (MILAGRO) 2006 field campaign.
Its goal was to observe and quantify anthropogenic pollutants emitted from Mexico
City which is the world's second largest city with more than 20 million inhabitants
and accordingly high air pollution.

The Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) me-
thod was applied to retrieve several trace gases of interest. DOAS is a well estab-
lished technique for the detection of trace gases [Platt, 1994]. The position and
optical density of narrow band absorption features (<5 nm width) in spectra of

!see http://www.un.org/esa/population/publications/wup2003/WUP2003.htm and
http://esa.un.org/unup/index.asp?panel=1



2 1 Introduction

UV-Visible scattered sunlight are analyzed to detect and quantify trace gases by
applying Lambert-Beer law. The DOAS technique identifies particular molecules by
their characteristic absorption structures and is a self-calibrating and remote sens-
ing method [Platt, 1999]. During the last decades, the application of the DOAS
technique at various platforms has allowed to detect a variety of trace gases, such
as NO,, O4, SO,, HCHO, NO,, BrO and OCIO. Recently, also observations in the
so called MAX-DOAS viewing geometry were introduced. MAX-DOAS observes
scattered sunlight from different viewing directions. Observations performed at di-
rections slightly above the horizon increase the sensitivity to trace gases close to
the surface. Thus, MAX-DOAS is a suitable technique to retrieve trace gases in the
lowest layer of the atmosphere.

In this work, tropospheric columns analyzed during both measurement campaigns
are presented. Thereby, two species, glyoxal (CHOCHO) and nitrous acid (HONO),
were measured for the first time by the MAX-DOAS technique. Comparisons with
in-situ measurements and meteorolgical data were performed. Furthermore, trace
gas height profiles could be derived by using radiative transfer modeling which ac-
counts for different light path distributions in the atmosphere.



2 Chemistry in the Troposphere

2.1 Nitrogen Dioxide

Nitrogen dioxide (NO,) forms part of a family of gases which are often expressed
by NO, (=NO,+NO) since NO, and NO rapidly convert into each other in the
atmosphere. NO, is of large importance for chemical processes in the atmosphere:
They have a strong impact on the oxidative capacity of the atmosphere because
they influence the abundance and partitioning of HO, radicals (HO,=OH+HO,).
Furthermore, they act as a catalysator in the formation of ozone (O,) in the tro-
posphere. However in the stratosphere, NO, enhance the degradation of the ozone
layer. NO, is mostly removed from the atmosphere in form of nitric acid (HNO;)
which is, besides sulfuric acid (H,SO,), an important component of acid rain.

The effective lifetime of NO, depends on the solar radiation, and ranges between
33 hours in winter times and 12 hours in summer times [Beirle et al., 2003]. There
are many sources for nitrogen oxides: The largest source is the anthropogenic fossil
fuel combustion in industrial activities and traffic. Thus, the NO, values are much
higher in urban areas than in rural regions. Also air traffic whose exhaust gases
are emitted mostly in the upper troposphere must not be ignored as NO, source.
Furthermore NO, is generated by the burning of biomass e.g. during forest fires as
well as clearings of forest by fire. Moreover, emissions from soil owing to fertilizer
and microbiological processes, like e.g. putrefraction, contribute to the NO, budget.
Also thunderstorms are an important source in the production of NO, because air
which is exposed to lightnings is strongly heated up. Finally, NO, diffuses from the
stratosphere into the troposphere. Table 2.1 lists the most important NO, sources
as well as their amounts of emission and uncertainties [Lee et al., 1997].

The relatively high uncertainties in Table 2.1 show, that the understanding of
the processes which generates NO,_ is still in progress [Leue et al., 2001; Beirle
et al., 2003]. Yet, it can easily be seen that more as the half of the emissions
have anthropogenic origin. Such sources are concentrated on small spots. Thus, in
especially high polluted areas, mixing ratios in the order of magnitude of 100 ppb?
can occur. In contrast, natural NO, sources are distributed more equally over the
Earth. Figure 2.1 shows the tropospheric mean repartition of NO, retrieved from
satellite measurements during 18 months. Large cities can easily be recognized by
significant larger NO, column densities.

11 ppb = 1 part per billion = 10~? mixing ratio
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Table 2.1: NO, emissions sorted by sources [Lee et al., 1997].

Emission source Emission [mt] | Uncertainty [mt]
Industry and traffic 22 13-31
Biomass burning 7,9 3-15
Soil emissions 7 4-12
Thunderstorms 5 2-20
Air traffic 0,8 0,6-1
Stratospheric diffusion 0,6 0,4-1

Nitrogen oxides are produced in the atmosphere whenever air is heated to temper-
atures higher than 2000 K, e.g. in combustion processes. In this case, the thermal
energy is high enough to dissociate O, into atomic oxygen which reacts with molec-
ular nitrogen to form NO:

O+N, — NO+N (2.1)

Another byproduct is N,O can be generated. In the troposphere, N,O is inert
(lifetime of about 120 years) and thus, does not play a chemical role. However
in the stratosphere, the strong UV radiation can dissociate N,O (at A <298 nm)
yielding atomic oxygen for further reactions.

NO, as it is produced in reaction 2.1, is rapidly oxidized by ozone to NO,:

NO, mostly yielded from reaction (2.2) can be photolyzed by UV radiation of the
sun below 420 nm generating ozone (see reaction (2.3)). Under direct sun exposure
at noon, this happens fast and the mean lifetime of NO, only accounts to several
minutes.

NO, A0 Ny 1 o(3p) (2.3)

where O(®P) reacts rapidly with O, to ozone:
O(°P)+ 0y +M — O; + M (2.4)

with M as required collision partner (e.g. N, or O,) due to conversation of energy
and spin momentum. Since other reactions with O(*P) can be neglected, each NO,
molecule leads to the generation of an ozone and NO molecule. However, according
to reaction (2.2), NO and O form NO,, again. Finally, a photostationary state arises
between NO, and NO which is referred to as the Leighton ratio [Leighton, 1961]:

INO]  Jwo,
[NOQ] a ko - [03]

(2.5)
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Figure 2.1: Mean repartition of tropospheric NO, in 10" molecules/cm? retrieved by the
satellite instrument SCIAMACHY during 18 months. Large cities can easily
be recognized by significant larger NO, column densities.

with jxo, as photolysis frequency of NO, and kyo as rate constant of the reaction of
ozone with NO (reaction (2.2)). The photolysis frequency jxo, depends on the solar
radiation and thus change over the day. Yet, the rate constant kyo is temperature
dependent and accounts to 1.8 x 107 cm?® molecule™ s™! at 298 K [Atkinson et al.,
2004]. Typically, the Leighton ratio in the lower troposphere is between 0.5 and 1
depending on the ozone concentration and the photolysis frequency. With increasing
height the ratio increases due to higher photolysis frequency of NO,.

In the photostationary state, on average ozone neither is formed nor destroyed.
Net ozone production is observed if NO_ is sufficiently abandant to react with peroxy
radicals, HO, and RO,. In this case, the following reaction can occur:

NO + HO, — NO, + OH (2.6)

whereby the peroxy radicals are generated from oxidation of volatile organic com-
pounds (VOCs), which are abundant in urban areas. To a very small amount
(=0.1%), it is assumed that also other products, such as HNO,, can be produced
in this reaction.

Thus, ozone is produced by reaction (2.3) and (2.4), but not degraded by NO
in the same extent. This can lead to the so-called photosmog with large amounts
of ozone, oxidized VOCs and organic aerosols. However, peroxy radicals also can
react with ozone to molecular oxygen and OH. But this only plays a role if the
concentrations of NO, are very low:

Thus, it depends on the different abundances of NO, and VOCs if more ozone
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is produced by reactions (2.3) and (2.4) or destroyed by reaction (2.7). This is
illustrated in Figure 2.2 where ozone mixing ratio isopleths are plotted.
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Figure 2.2: Ozone mizing ratio isopleths (in ppb) derived from simulations [Sillman et al.,
1990]. In the top left of the diagram the ozone production is limited by the
mizing ratio of NO,, in the bottom right by the mixzing ratio of VOCs.

The decomposition product of NO, is mostly nitric acid (HNO,) which is gener-
ated by the reaction with OH:

NO, + OH + M — HNO, + M (2.8)

Hence, this reaction is not only a sink for NO,, but also for OH. Thus, NO, con-
tributes to the degradation of the concentration of the hydroxyl radical.
NO, can also be further oxidized toNOsy:

NO, + 0, — NO, + O, (2.9)

However during daylight, NO; is degraded by photolysis within several seconds in
two ways:

NO, 2% NO + 0, (2.10)
NO, 2% NO, + O (2.11)

and furthermore, by the rapid reaction with NO:
NO; + NO — 2NO,, (2.12)

At day, the photolysis and the NO concentrations prevent a significant level of NO4
concentration. Yet by night, when no photolysis occurs so that also NO concentra-
tions are low, NO, can accumulate in the atmosphere.
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Additionally, NO4 can react with NO, yielding N,Ox:
NO; + NO, + M «— N,O, + M (2.13)

NO,, NO, and N,O; are in a thermodynamic equilibrium which depends strongly
on temperature [Finlayson-Pitts and Pitts jr., 2000]. N,O; is degraded mainly by
reaction on water (droplet) surfaces [Mentel et al., 1996], and is an important process
of NO, on local and global scales.

2.2 Nitrous Acid

Nitrous acid (HONO) plays an important role in the atmosphere due to its capability
to form hydroxyl radicals (OH) at daytime [Platt et al., 1980; Calvert et al., 1994;
Lammel and Cape, 1996; Alicke et al., 2003], which acts as a strong oxidant in the
atmosphere. Thereby, HONO is photolysed to NO and OH at wavelengths between
300 and 405 nm:

hr (300nm<A<405nm)

HONO

OH + NO (2.14)

Especially in the morning when HONO has been accumulated in the planetary
boundary layer over night, HONO can be the most important source of the OH
production. For instance, in spring 2003 during the Mexico City Metropolitan Area
(MCMA)-2003 field campaign it was found that at 7am HONO contributed almost
50 % to the OH production - more than through O; or HCHO [Volkamer et al.,
2007].

The photolytic reaction (2.14) is the main degradation process of HONO. Fur-
thermore, a few percent of HONO is destroyed by gas phase reaction with OH to
H,0 and NO,:

HONO + OH — H,0 + NO, (2.15)

Also other HONO degrading gas phase reactions have been discussed, but none of
them seems to be fast enough to reduce the concentration of HONO noticeable.
Furtermore, HONO can be removed by wet deposition when it is washed out by
rain as well as dry deposition when it agglomerates on aerosols and ground.
Nitrous acid (HONO) belongs to the group of NO, which contains all kinds of
nitrogen oxides, such as e.g. NO,, NO5, HNO,, N,O5, HONO, peroxyacetyl nitrate
(PAN). The different NO,, species have in common that they are mostly generated
from NO emissions by chemical transformations. Thus, nitrous acid can often be
found in polluted areas and proportional to the strength of pollution. Therefore, it
can be used as an indicator for the pollution present in the atmosphere. However,
unexpected high values of HONO measurements in unpolluted environments indicate
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that the formation processes of HONO is still not fully understood [e.g. Acker et al.,
2006].

Although the formation processes of HONO are still not well known the following
various sources can be specified:

HONO can be emitted directly from combustion sources [Kessler and Platt, 1984].
In contrast to NO which is produced at high temperatures (>2000K) HONO is
formed immediately after the combustion gas has left the combustion area and is
cooling down. This process happens e.g. in a tailpipe of a combustion engine (of
a car). Therefore, several studies have been performed to investigate the output of
HONO during the operation of such an engine [Kessler and Platt, 1984; Pitts et al.,
1984; Calvert et al., 1994; Kirchstetter et al., 1996; Kurtenbach et al., 2001]. Tt
turned out that the HONO emissions ranged mostly between 0 and 1% of those of
NO,, but also reached up to 1.8 %. In high traffic areas, this can arise a significant
amount of nitrous acid in the ambient air. The different studies also revealed the
behaviour of different engine types. So, the HONO-to-NO, ratio for diesel engines
of heavy trucks was significantly higher than for gasoline engines of cars (without
catalytic converter) [Kessler and Platt, 1984]. This is most likely due to formation of
nitrous acid on the soot surface in the tailpipe which is explained later. Furthermore,
the state of the engine has an impact on the emission amount of HONO. A cold
engine operation, bad-maintained engine or an older catalytic converter cause HONO
tailpipe emissions to increase [Pitts et al., 1984; Calvert et al., 1994].

The significance of direct emissions of HONO could also be shown in a study
of Winer and Biermann [1994]. They did not investigate the exhaust of engines,
but measured the concentrations of HONO and NO, in the ambient air. This was
done between sunset and midnight during six periods in the fall of 1987 in Los
Angeles. Thereby, no correlations between the concentrations of HONO and NO,
or the square of the NO, could be observed. In contrast, CO and NO which both
are directly emitted from combustion sources correlate with HONO which indicates
HONO as a primary emission product as well. The HONO emissions were deduced
to be about 0.8 % of the NO, emissions and a rate of conversion of NO, to HONO
to be about 1% per hour.

Indoor combustion processes like gas heating and cooking also emits HONO and
can lead to high peak concentrations inside buildings. Brauer et al. [1990] measured
24 h averaged mixing ratios of 40 ppb and peaks of up to 100 ppb. The indoor
HONO values correlate with indoor NO,, values and correlate inversely with indoor
O, [Lee et al., 2002]. Furthermore, comparable high HONO concentrations were
measured in tabacco smoke [Eatough et al., 1989]. Since HONO is harmful for the
human health such high concentrations can lead to severe health problems. HONO
has mutagenic and carcinogenic properties and can affect the lung function as well
as irritate eyes.

Generally, direct emissions of HONO are too small to explain the measured con-
centrations of HONO in the atmosphere [Platt, 1986]. But nevertheless their con-
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tribution must not be neglected.

Nitrous acid can also be formed by homogeneous gas phase reactions. Various
potential reactions could be identified whereby most of them were found to be of
minor importance as a source of HONO. Yet, the recombination of the hydroxyl
radical (OH) with nitrogen monoxide (NO) yields significant amounts of HONO:

OH + NO + M — HONO + M (2.16)

This HONO source becomes important during daytime under conditions of high
pollution with corresponding amounts of NO. Then, NO and OH are formed by
photolysis of HONO (see reaction (2.14)). Hence, reaction (2.16) does not represent
a net source but rather a secondary source of HONO. Between NO, OH and HONO
an equillibrium is established where the HONO present in the atmosphere is pho-
tolysed to the reactants of the gas phase reaction (2.16). This happens relatively
fast typically within 10 minutes. However, this gas phase reaction cannot explain
the nighttime production of HONO because at night, both NO and OH concentra-
tions are generally very low [Geyer et al., 2003]. Furthermore, the amounts of the
produced HONO are relatively small [Trick, 2004].

Recently, Bejan et al. [2006] found out that HONO is also generated in the gas
phase because of the photolysis of ortho-nitrophenols. In this case, the HONO
formation is initiated by intramolecular hydrogen transfer from the phenolic OH
group to the nitro group. Again, this can only occur at daytime and yield HONO
only in the same order of magnitude as reaction (2.16).

Furthermore, homogeneous three-body reactions of H,O with NO, yield nitrous
acid. Thereby, the two following reactions can form HONO:

2NO, + H,0 — HONO + HNO, (2.17)
NO + NO, + H,0 — 2HONO (2.18)

where a disproportionation of NO, takes place. In contrast to reaction (2.16), the
photolysis of HONO formed by reactions (2.17) and (2.18) represent a net source
of OH. However, both gas phase reactions can be regarded as relatively unlikely
because the reactions are based on three-body collisions.

Thus, also the gas phase reactions can be assumed to be too slow to explain the
HONO production, especially at nighttime.

Nitrous acid was found to be generated also heterogeneously, for instance, on
humid surfaces like on aerosols, buildings as well as ground [e.g. Platt, 1986; Calvert
et al., 1994; Ammann et al., 1998|. Nowadays, heterogeneous formation presumably
is the main source of HONO. Thereby, the reactions of NO, with H,O (see reactions
(2.17) and (2.18)) are important [e.g. Kleffmann et al., 1998; Pitts et al., 1984]:

2NO,(g) + H,0(liq) 22 HONO(g) + HNO,(g) (2.19)
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NO(g) + NO,(g) + H,0(liq) 22 2 HONO(g) (2.20)

The heterogenity of these reactions was derived by experiments which showed that
the reactivity increased with a higher surface-to-volume ratio. Nevertheless, the
exact heterogeneous formation process is still in discussion. For instance, the as-
sumption in which N,O, serves as intermediate product in reaction (2.19) resulted
in too low calculated HONO yields than actually measured in experiments under
atmospheric conditions [Kleffmann et al., 1998]. Thus, the exact HONO contribu-
tion of reaction (2.19) is not known as well. However, it is assumed that significant
amounts of HONO are produced by this reaction pathway. In contrast, reaction
(2.20) seems not to be significant for the formation of HONO in the atmosphere.
Several laboratory and field studies found an independence from NO for the HONO
formation [e.g. Alicke, 2000; Kleffmann et al., 1998; Pitts et al., 1984]. However, it
becomes important in the presence of huge amounts of NO. Notholt and Raes [1992]
observed this for foggy episodes of high NO, NO, and aerosol concentrations.

Excited N O; which is produced in daylight at wavelengths larger than 420 nm
could also play an important role in the HONO formation. In reaction with liquid
H,0, additional OH would be generated:

NO;(g) + H,0(liq) 2, HONO(g) 4+ OH(g) (2.21)

Further studies have to check how far this daytime reaction provide significant
amounts of HONO.
Further heterogeneous reactions yielding HONO were in discussion, e.g. the reac-

tion of NO, with sulfuric acid [Svensson et al., 1987]:
NO + NO, + 2H,S0, — 2HSO,NO + H,0O (2.22)

HSO,NO + H,0 — H,SO, + HONO (2.23)
as well as the reaction of from surface adsorbed nitric acid and NO [e.g. Saliba et al.,

2000]:

HNO,(adsorbed) + NO(g) 2% NO,(g) + HONO(g) (2.24)

However, both reaction pathways are much too slow or at least unimportant in terms
of HONO production [Kleffmann et al., 1998, 2004]

Furthermore, Ammann et al. [1998] suggested that HONO is generated heteroge-
neously from NO, exposed to a reducing soot surface:

NO, + surface, 4 0 HONO + surface,, (2.25)

However, only a very small fraction of the soot particles acts reducing (a few percent
of a monolayer) and this fraction decreases towards zero within several minutes or
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less. Thus, the HONO production through the reduction reaction of NO, on soot
particles saturates and can be most probably regarded as subordinate [Aumont
et al., 1999]. This is different when fresh soot is continuously available, like e.g. in
tailpipes. Also, an irradiation of soot particles with light could recycle the particle
surface reactivity [Gerecke et al., 1998]. Thus, at daytime this source could become
important.

The heterogeneous reduction of NO, can also take place on adsorbed hydrocarbons
HC, such as alkenes, phenols or aromatic amines, which, in turn, are oxidzed:

NO, + HC, 4 (adsorbed) — HONO + HC_(adsorbed) (2.26)

This reaction is very efficient and can explain the nighttime formation of HONO
[Vogel et al., 2003]. At daytime, this reaction assumably occurs much faster (1-2
orders of magnitude) owing to photoenhancement with high yields of HONO up to
100 %. This was observed in recent studies where aromatic hydrocarbons and humic
acid were photochemically activated in order to form HONO [George et al., 2005;
Stemmler et al., 2006]. In the presence of high NO, concentrations, also the HONO
formation at daytime could be explained in the lower few 100 m of the planetary
boundary layer. However, this does not apply to rural regions with very low NO,.

Finally, it seems nowadays that reaction (2.19) of NO, and H,O as well as re-
action (2.26) of the (photoenhanced) reduction of NO, by hydrocarbons are the
main sources for HONO and additionally, that the latter are much faster at day-
time. However, little is known about the vertical distribution of HONO at higher
altitudes. It is still controversial if the formation of HONO on surfaces of aerosols
or on ground surfaces is larger. While some studies concluded from the coincidence
of HONO formation and aerosols that aerosols are the major source [e.g. Notholt
and Raes, 1992; Reisinger, 2000], others concluded that the occurence of a vertical
gradient of HONO is an indication for a dominant ground source [e.g. Veitel et al.,
2002; Kleffmann et al., 2003].

The typical diurnal cycle of HONO in an urban boundary layer shows a strong
decrease of HONO amounts after sunrise. So, HONO which was accumulated over
night is degraded photochemically. The lifetime of HONO accounts to less than 10
minutes under clear sky and at noon. Over the day, HONO does not disappear at
all, but a steady small amount of HONO in the boundary layer is indicative of a
steady HONO source as well. While in rural and medium polluted areas, this was
found to be less than 100 ppt? in polluted areas mixing ratios of about 200 ppt can
be measured [e.g. Reisinger, 2000; Veitel, 2002; Alicke et al., 2003]. After sunset,
the degradation by photolysis does not take place any more and the concentration
of HONO can increase over night.

21 ppt = 1 part per trillion
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2.3 Formaldehyde

Formaldehyde (HCHO) is an important intermediate in the oxidation of hydrocar-
bons (e.g. alkanes and aromatics), especially of methane, in the troposphere [Meller
and Moortgat, 2000]. Formaldehyde is a carcinogenic trace gas, irritates the respi-
ratory tract and can induce cancer [WHO, 2000]. Moreover, it entails the formation
of other air toxics like ozone.

HCHO can be found both in rural remote regions and industrialised polluted air
masses. The mixing ratio of HCHO in rural remote regions is usually below 0.5 ppb
while in urban areas it typically accounts for 1-20 ppb. Highly polluted air masses
can contain even significantly higher values [e.g. Grosjean, 1991]. In Figure 2.3 the
8 year mean distribution of formaldehyde from satellite measurements (GOME) is
shown.

HCHO is a primary emission product mainly in biomass burning [Carlier et al.,
1986] and fossil fuel combustion (primary HCHO) [Anderson et al., 1996; Altshuller,
1993]. Furthermore, it is emitted directly into the atmosphere from industrial ac-
tivity and from vegetation [Kesselmeier et al., 1997]. But predominantly, HCHO
is generated as a secondary product of the oxidation of volatile organic compounds
(VOCs) (secondary HCHO) [e.g. Altshuller, 1993; Carlier et al., 1986] to which hy-
drocarbons belong. Generally, many hydrocarbons can form HCHO. Thus, HCHO
is an important indicator of tropospheric emissions of hydrocarbons as well as pho-
tochemical reactions and photosmog, respectively [Chance et al., 2000]. There are
too many individual reaction paths to be mentioned here. But since in regions re-
mote from industrial activity, methane (CH,) is the most dominant reactant yielding
HCHO the following description of the reaction path is confined to methane.

Methane has an averaged mixing ratio of about 1.7 ppm and has a relatively long
lifetime of about 10 years, which leads to a constant distribution up to a height of 15-
20 km [Finlayson-Pitts and Pitts jr., 2000]. Thus, methane causes a steady source of
formaldehyde. Thereby, two main reactions of methane contribute to HCHO [Logan
et al., 1981]. Firstly, CH, can be oxidised photochemically below a wavelength of 340
nm. There the molecular oxygen (O,) can be photolytically dissociated to oxygen
atoms:

CH, + 0, 200 yoHo 4 1,0 (2.27)

Secondly, CH, also reacts with OH and HO,:
CH, + OH + HO, — HCHO + 2H,0 (2.28)

In presence of NO in the atmosphere, which is typical in urban and polluted areas,
photochemical oxidation also of non methane hydrocarbons (NMHCs) can occur
yielding HCHO [Atkinson et al., 1995]. Thereby, NO is converted to NO, (see
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Figure 2.3: Mean distribution of formaldehyde from satellite measurements (GOME) [Mar-
bach et al., 2007].

reaction (2.31)). The following reaction path (2.29 - 2.32) is also valid for higher
hydrocarbons, but is shown for methane as instance:

CH, + OH — CH, + H,0 (2.29)

where M is a required collision partner (e.g. N, or O,) due to conversation of energy
and spin momentum.

CH;0, + NO — CH;0 + NO,, (2.31)

CH,0 + O, — HCHO + HO, (2.32)

HO, can further react with NO to NO, or with O4 to two O, forming the hydroxyl
radical (OH) that is initially consumed in 2.29. Besides, NO, is photolytically
dissociated at wavelengths below 400 nm and can form Oy in reaction with O,.

At daylight, formaldehyde is degraded by photolysis and reaction with OH. Thereby,
the lifetime of HCHO is relatively short and accounts for several hours [Logan et al.,
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Figure 2.4: Daylight cycle of formaldehyde in the troposphere [adapted from Marbach et al.,
2007].

1981; Hak, 2006]. Two photolysis paths are possible whereby photolysis path 2.33
dominates for wavelength greater than 325 nm and photolysis path 2.34 at shorter
wavelengths:

HCHO 2 A<39mm) g 1 0o (2.33)

HCHO 2 0=537m) 4 L Heo (2.34)
The products of the latter photolysis react rapidly further:

H+0O,+M — HO,+M (2.35)

HCO + O, — HO, + CO (2.36)

The reaction of HCHO with OH forms H,O and HCO which yield with reaction 2.36
HO, and CO:

HCHO + OH — H,0 + HCO (2.37)

Therefore, all three degradation paths of HCHO result in the production of CO
which can be converted to CO,. The full daylight cycle is outlined in Figure 2.4.

At nighttime, the chemical degradation takes place by the reaction with the nitrate
radical (NO;, see reaction 2.38) which is a relatively slow reaction (the lifetime of
HCHO is several orders longer than at daylight) [Altshuller, 1993].

HCHO + NO; — HNO, + HCO (2.38)
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2.4 Glyoxal

Glyoxal (CHOCHO) is the smallest a-dicarbonyl (see Figure 2.5). In the atmo-
sphere, it is generated by oxidation of numerous volatile organic compounds (VOCs)
[Calvert et al., 2000; Volkamer et al., 2001; Calvert et al., 2002]. Aromatics, such
as benzene, toluene and p-xylene, yield CHOCHO in reaction with OH and are the
predominant source for CHOCHO in urban air [Volkamer et al., 2007]. But also
the oxidation of some alkenes via O and OH, respectively, produce CHOCHO. On
global scales, biogenic VOCs are the largest source for glyoxal. In minor amounts,
glyoxal is also emitted from automobile tailpipes. Recent satellite measurements
from space (see Figure 2.6) indicate that CHOCHO is released from biomass burn-
ing. Additionally, significant CHOCHO concentrations over oceans were measured
[Wittrock et al., 2006; Beirle et al., 2006]. It is noteworthy that trace amounts of
CHOCHO can be found in butter and in fermented food, such as wine, brandy, beer,
yoghurt, cheese and vinegar [Volkamer et al., 2005].

H /o
o/ H

Figure 2.5: Chemical structure of glyozal.

Similarly to formaldehyde, glyoxal is degraded by photolysis and reaction with
OH-radicals in many different reaction pathways, which can lead to the formation of
H,, CO, HCHO and HCO. Furthermore, CHOCHO can be removed from atmosphere
by dry and wet deposition as well as by adsorption to aerosols. Volatile CHOCHO is
suspected to contribute to secondary organic aerosol (SOA) formation which would
explain a missing sink of CHOCHO and cannot be observed with HCHO [Volkamer
et al., 2007]. However, the atmospheric relevance of CHOCHO uptake on aerosols
is presently not clear. At nighttime, another loss pathway possibly is the reaction
with NO; radicals.

Due to the rapid photolysis and reaction with OH radicals, the atmospheric resi-
dence time of CHOCHO accounts to about 1.3 h for overhead sun conditions [Volka-
mer et al., 2005]. CHOCHO can reach mixing ratios up to a few ppb at peak values
around noon.

CHOCHO measurements provide an useful indicator to constrain VOC oxidation
processes [Volkamer et al., 2005] and enable an improved source apportionment of
formaldehyde in urban air [Garcia et al., 2006].

In high concentrations, CHOCHO may irritate the skin, the respiratory tract or
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Figure 2.6: Mean distribution of glyoxal (CHOCHQO) slant column densities from satellite
measurements (SCIAMACHY) from 2003 to 2005. The values are given in
10" molec/cm? [Beirle et al., 2006].

the eyes. the potential health effects of particulate bound CHOCHO are likely very
different than that of gas-phase glyoxal, and are presently not yet studied.

2.5 Sulfur Dioxide

Sulfur dioxide SO, plays an important role in regional air quality acid rain formation,
and the climate. It is generated both naturally (0.05 % of the Earth's crust consists
of sulfur) and by human activity. SO, emissions can lead to winter smog, like in
London 1952. Converted to sulfuric acid (H,SO,), it causes acid rain with its adverse
effects on soil, trees, lakes, rivers and the involved animals. In high concentrations,
it can also be harmful for the human's health due to its toxicity.

More as the half of SO, emissions are from antropogenic sources [Brasseur et al.,
1999], such as the combustion of sulfur containing fossil fuel. Thus, due to the
adverse effects on the performance of catalysts and also on health and environment,
desulfurized fuel is used increasingly. Furthermore, the metal ore smelting industry
generates SO, when producing as pure as possible metals by smelting. Additionally,
in the oil production and refinery as well as during coal fires, which could also occur
naturally, SO, is released because crude oil and coal contain a lot of sulfur. Burning
of biomass also produces SO, and can be both antropogenic (clearings of forest by
fire) and natural (e.g. forest fires due to lightning strokes). As definite natural
source, volcanos emit significant amounts of SO,. Finally, oceans and wetlands
release reduced sulfur species which are rapidly oxidized by OH yielding SO,. Such
species are hydrogen sulfide (H,S), carbonyl sulfide (COS) and dimethyl sulfide
(DMS, CH,;SCH,) as well as carbon disulfide (CS,) which is additionally emitted
from volcanos, forests and industry [Watts, 2000; Ulshofer et al., 1995].

Sulfur dioxide is oxidized reaction with OH-radicals and removed from the atmo-
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sphere by dry deposition on the ground. Yet, the degradation by oxidation is more
likely whereby the most important reaction chain is the following [Stockwell and
Calvert, 1983]:

SO, + OH+ M — HSO; + M (2.39)
HSO, + O, — SO, + HO, (2.40)
SO, + H,O0+M — H,SO, + M (2.41)

where about 30 % of the total SO, is degraded. Thereby, the oxidative capacity of
the atmosphere does not change. Since SO, is a polar molecule it is water soluble.
It also reacts with liquid water e.g. in clouds yielding an equilibrium of SO, in gas
phase and SO:,?* in aqueous phase:

SO,(g) + H,O «— H,S04(aq) (2.42)
H,S0;(aq) «— HSO3 (aq) + H* (aq) (2.43)
HSOj; (aq) «— SO; (aq) + H' (aq) (2.44)

H,SO; and SO; in aqueous phase can also be oxidized to H,SO,, e.g. by reaction
with hydrogen peroxide (H,0,). The oxidation processes finally leads to sulfate
(SO;") which conglomerate to particles. These can serve as cloud condensation
nuclei facilitating the formation of cloud droplets. Then, the sulfate particles are
removed from atmosphere by wet deposition (rain-out).

SO, can affect the Earth's radiative budget and climate in two ways:

Firstly, as serving as cloud condensation nuclei, it leads to more clouds and more-
over, to more and hence smaller cloud droplets within the cloud since the water in
the atmosphere has to be distributed to more droplets. Both mostly increase the
albedo compared to ground and clouds with larger droplets which are darker. In
1987, the CLAW hypothesis was introduced which claims a self-regulation of the
climate due to higher biological emissions of sulfur (via DMS) in warmer periods.
This sulfur, in turn, cools the climate owing to the then higher albedo so that it
serves as a kind of thermistat [Charlson et al., 1987; Bates et al., 1987]. However,
the CLAW hypothesis has been discussed controversy.

Secondly, the sulfate particles reflect more sunlight back to space than thermal
radiation back to Earth. This occurs especially in higher altitudes, hence the strato-
sphere, and induce a cooling effect to climate. Therefore, Crutzen [2006] discussed
to emit additional sulfur to atmosphere to compensate for the antropogenic green
house effect. Also, this has led to a heated debate.
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3 Differential Optical Absorption
Spectroscopy

3.1 DOAS Overview

Differential Optical Absorption Spectroscopy (DOAS) is a very sensitive and widely
used measurement technique used in order to detect trace gases in the atmosphere
[Perner and Platt, 1979; Platt, 1994]. It was introduced by Platt et al. [1979] when
measuring atmospheric trace gases with an artificial light source. Since then, DOAS
has been applied to measure concentrations of many trace gases for the first time,
e.g. OH by Perner et al. [1976], HONO by Perner and Platt [1979] and Platt and
Perner [1980], NO, by Platt et al. [1980], BrO in the stratosphere by Sanders et al.
[1988] and BrO in the troposphere by Hausmann and Platt [1994], IO by Alicke
et al. [1999], and CHOCHO by Volkamer et al. [2005]. A variety of other trace gases
absorbing in the UV and the visible wavelength region can be detected as well, e.g.
NO,, ClO, O;, SO,, CS,, HCHO, OCIO, H,O, and NH; [Platt, 1994]. Most recently,
CH, could be measured in the near-IR wavelength region from satellite [Frankenberg
et al., 2005] and from a ground-based device [Woyde, 2007].

DOAS is based on the absorption of light traversing a gas volume and being at-
tenuated characteristically for each trace gas in this volume. From the spectral
position and strength of these absorbing lines, the trace gases can be identified and
quantified. Because DOAS is capable of measuring the composition of ambient air
in the open atmosphere without any interactions caused by measurement processes,
it can also detect highly reactive species, such as the free radicals OH, NO;, NO,,
BrO, ClO and IO. Furthermore, DOAS is able to measure several trace gases si-
multaneously, which reduces measurement time and allows the analyse of different
chemical components in the observed air mass.

Generally, DOAS can be performed actively, using artificial light sources, as well
as passively with natural, extraterrestrial light sources. As passive light source, most
commonly the sun is used owing to its high intensity in comparison, for instance, to
the moon. Passive DOAS can be divided into scattered light measurements pointing
somewhere into the sky and direct light measurements, which point directly into the
sun or moon. Active setups often use high pressure Xe-arc lamps, but most recently
light emitting diodes (LEDs) were also introduced [Kern et al., 2006; Sihler, 2007].
They need far less power, have a much longer lifetime, are easier to handle, and have
less spectral structures as well as stray light in the spectrograph than the traditional
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Xe-arc lamps. However their wavelength range is much more limited. The following
list gives an overview of the most common DOAS applications:

Multi-AXis(MAX)- and Zenith-Sky-DOAS measure scattered sunlight mostly from the
ground and provide information on the concentration of trace gases in the
atmosphere integrated along the light path. Zenith-Sky-DOAS instruments
only point into the zenith and are suitable for investigating stratospheric ab-
sorbers. In contrast, MAX-DOAS measurements, on which this work is based,
vary the viewing direction, are sensitive to trace gases in the troposphere and
can deliver information on the altitude profile of trace gases (see chapter 3.6).
MAX-DOAS devices are easy to maintain and are also suited for conducting
long term measurements.

Recently, these devices have been installed on different platforms, such as air-
planes (AMAX-DOAS), vessels (SMAX-DOAS) and cars (Auto-MAX-DOAS).

Thus, it is possible to observe atmospheric gases along these respective tracks.

Long path DOAS uses artificial light sources. Typically, light is sent out by a Newton
telescope and is reflected by a retro-reflector array usually at a distance of
several kilometers away, before it is received again. Thus, the measurement
is constrained to the lowermost atmosphere. In contrast to scattered light
instruments, the derivation of concentrations and mixing ratios is easier and
measurements by night are also possible. However, it is adverse that the
operation of long path DOAS devices requires a relatively large effort. By
using several long path instruments together, tomography measurements can
provide information on spatial distributions of trace gases. Multiple reflection
cells (White Cells) convolve the light path many times and, therefore, can
measure trace gases of a small air mass parcel. The recently developed method
Cavity Enhanced Absorption Spectroscopy (CEAS) uses this principle.

Satellite borne DOAS enables the retrieval of a global picture of the spatial distri-
bution of atmospheric trace gases. Instruments such as the Global Ozone
Monitoring Instrument (GOME) onboard the satellite ERS-2, the SCanning
Imaging Absorbtion SpectroMeter for Atmospheric CHartographY (SCIA-
MACHY) onboard Envisat, the Ozone Monitoring Instrument (OMI) onboard
NASA/EOS AURA, and finally, GOME2 onboard METOP, measure reflected
and in the Earth's atmosphere scattered sunlight (Nadir mode) and direct
sunlight traversed the Earth's atmosphere (Limb mode), respectively.

Imaging DOAS enables the retrieval of two-dimensional images of the distribution of
trace gases. It has been applied to exhaust gas plumes from power plants and
volcanic plumes.

Balloon borne DOAS measurements use either scattered or direct sunlight. The latter
requires a good alignment with the sun even in atmospheric turbulence. They
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are able to provide altitude profiles of atmospheric trace gases up until the
stratosphere.

3.2 The Lambert-Beer Law

The Lambert-Beer Law (see equation (3.1)), on which absorption spectroscopy is
based, describes how light is absorbed by matter. Three parameters determine the
attenuation of light: the concentration ¢ of the absorbing material, its cross section
o (i.e. the probability of absorption) and the length L of the light path through the
absorbing material:

I\ L) = Iy(A) -e 7t (3.1)

In this work, the light source consists of the sun, and the matter is the Earth's
atmosphere. The sunlight traversing the atmosphere is scattered and absorbed by
the different trace gases i in the atmosphere. Scattering processes can be both Mie
and Rayleigh scattering, which are described in detail in section 4.2. One portion
of the incident light finally reaches the Earth's surface with the intensity I(\, L):

— JEI 05 (AT p) ¢ (D) +enr (D) +er(AD)]dl
INL) =T\ -e 7 e (3.2)

where I(\, L) and Iy(A) denote the wavelength dependent intensities after and be-
fore, respectively, passing the atmosphere. I(\, L) is also dependent on the length
of the light path, assuming that more absorbing and scattering processes take place
when the light path through the atmosphere is longer. o;(A,7,p) are the cross
sections of the different trace gases, which are dependent on the wavelength A, the
temperature 7', and to a minor degree, the pressure p. ¢;(l) are the concentrations
of the different trace gases j along the light path. €y;(A, 1) and eg(\, ) stand for the
extinction coefficients of the Mie and Rayleigh scattering respectively, which both
are also wavelength dependent.

The logarithm of the ratio of the initial and attenuated intensity is defined as the
optical density 7(\):

() = In ( IEOA{AL))) (3.3)

However, the calculation of 7 requires the knowledge of I(\, L) and Io(A). While
I(\, L) can be determined easily at the Earth's surface, in most cases y(A) is not
known and would have to be measured simultaneously from space. Furthermore,
the scattering processes mentioned above are overlaid onto the absorption structure
of the trace gases and disturb the retrieval of the absorption structures. Both
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Figure 3.1: Absolute cross section ogps(A\) and narrow band (differential) cross section
a’(\) of ozone as instance. o' (\) can be extracted by subtracting the broad
band part of the cross section from oaps(\) which is mathematically the appli-
cation of a high pass filter.

restrictions can be overcome by separating the absorption cross section o (A, T, p)
into a narrow and a broad band part, o/(\, T, p) and o (X, T, p), respectively:

Uabs()\a T7 p) = O'/()\, Ta p) + UB()\a Ta p) (34>

Figure 3.1 illustrates the extraction of the narrow band (differential) part from
the absolute cross section of ozone. With equation (3.4) the Lambert-Beer Law for
n trace gases can now be written as:

— SIS (0 ATop)+0 B (ATp)) ¢ (D+ens (WD) +er(AD)]dl
I()\7L) _ IO()\)B szo J J J M R

— (LSS (0 (AT ) e (D)]dl
e I 13 (00T ) 0

where I)(\) contains the initial intensity as well as the broad band absorption
part of the trace gases and the Mie and Rayleigh scattering, which are both also

(3.5)
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Figure 3.2: Above: The differential optical density 7 which is derived from Ij,. Below:
Dispartment of the absolute cross section oaps into a broad band part o and
a narrow band part o’.

broad banded. Ij(\) can be computed from the measured spectrum I(A, L) by
applying a low pass filter. Mathematically, the differential absorption cross sections
o%(A, T,p) can be yielded by applying a high pass filter to the absorption cross
sections (A, T, p).

Similarly, from (3.3) and (3.5) the differential optical density 7/(\) is derived,
which is sketched in Figure 3.2:

7(\) =In ( I?/)A(fL))) (3.6)

Since DOAS wuses only differential cross sections, no absolute calibration of Iy(\)
is necessary. The trace gas can be measured by merely observing differential values.

The primary quantity of a DOAS measurement is the slant column density (SCD)
S, which is the integrated concentration c along the light path [, and is given in the
unit of molecules per cm?:

5= /OLcdl (3.7)
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Comparing equation (3.6) with equation (3.7) and taking into account equation
(3.3), the slant column density becomes:

o T

o'\ T,p) (3.8)

Since for scattered light measurements the DOAS analysis is applied to the ratio
of the measured spectrum /() and the reference spectrum Iy(A) which also contains
a certain amount of trace gas absorption, the actual quantity of the DOAS measure-
ment is the differential slant column density (dSCD), i.e. the difference between the
actual SCD and the SCD of the reference spectrum.

3.3 The Measurement Procedure

In Figure 3.3 the measurement procedure of a simplified DOAS setup is illustrated.
Light with the initial intensity Io() traverses the observing air mass (atmosphere).
Along the light path L, it is affected by extinction owing to absorption as well as
scattering processes by molecules and aerosol particles before I(\, L) is collected by
a telescope (see Figure 3.3a). In this example, only one absorber, namely formalde-
hyde, is considered. The telescope focuses the light onto an entrance slit of a grating
spectrograph with a detector which records the spectrum of the dispersed light. Ow-
ing to the limited resolution of the spectrograph (determined by the entrance slit
and the grating properties), the spectral resolution of spectrum I(\, L) is degraded
(see Figure 3.3b). The mathematical description of this process is a convolution with
the instrument function H yielding I*(A, L) as it is projected by the spectrograph
on the detector:

FFO0NL) = Hx I\ L) = / IV - HL— N)dy (3.9)

Via the multi-channel detector the wavelength range is mapped into n discrete pixels,
numbered i, each integrating the light in a small wavelength range between \; and
i1 (see Figure 3.3¢):

Air1
') = / (X, L)dN (3.10)
A

These channels are read out and the spectra are stored and logarithmized yielding
J(i) by a connected PC. The correlation between wavelengths and channels of the
spectrograph can usually be approximated by a polynomial:

Ai) = i (3.11)
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Figure 3.3: The components of a simplified DOAS setup. Light traverses an air mass
and s attenuated by an absorber, characteristically for the trace gas in the
atmosphere (in this example formaldehyde). (a) shows the respective spectrum
with the absorption structure of formaldehyde. In (b) the light was convolved
by the spectrograph and (c) shows the mapping by the detector. Afterwards the
spectrum consisting of discrete pizels is stored in a connected PC [Stutz and
Platt, 1996].
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where the mapping of the pixel i to the wavelength \(7) is given by 7 and is referred
to as wavelength-pixel-mapping or wavelength calibration. 7, denotes a spectral
shift of the spectrum, while v; stands for a spectral squeeze or stretch of the entire
spectrum. A parameter v, with & > 2 indicates a distortion of the spectrum and an
unequal spectral pixel width. In contrast, a linear wavelength-pixel-mapping yields
a constant spectral pixel width. The parameter vector (7x) changes easily if the
measurement conditions are not stable. For instance, a varying temperature of the
spectrograph usually leads to a shift in the wavelength calibration. This has to be
either avoided or later corrected accordingly.

After having derived the suitable wavelength calibration it also has to be applied
to the differential trace gas cross sections a;(A, T,p) so that the wavelength-pixel-
mapping of the measured spectrum and the cross sections are the same. Further-
more, 0;(A, T, p) have to be converted to the same resolution as the spectrograph.
If the cross sections are measured with the same spectrograph, both restrictions
are already inherently fulfilled. However, often cross sections are used which are
measured in the laboratory with a different measurement device and which have
a much higher resolution. Thus, subsequently they have to be convolved with the
instrument function H:

o*(\,T,p) = Hxo(\,T,p) = /0()\’, T,p)- HA— X)dXN (3.12)

In Figure 3.4, the high resolution cross sections which are used in this work are
shown between 290 and 460 nm. In the spectral analysis, which is a numerical
process and which is described in the following section, up to ten trace gases can be
identified simultaneously in one single spectrum [Platt, 1994].

3.4 The Spectral Analysis

3.4.1 The Analysis Procedure

The aim of the spectral analysis is the retrieval of the slant column densities of trace
gases in the observed air mass. For that, the Lambert-Beer Law from equation (3.5)
is taken and logarithmized:

In(I(A, L)) = In(Lh(\) —

/OL (i(U}(%TaP) + 07N Top)) - (1) + enr (N 1) + eR(A,Z)) dl - (3.13)

J=0

Mathematically, the separation of the narrow and broad band part can be achieved
by merging all broad banded spectral components, namely the broad band part of the
trace gas absorption cross sections O']-B()\, T,p), the Mie scattering €y (A, 1) and the
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Figure 3.4: High resolution cross sections from literature in the wavelength range from 290
to 460 nm. From top to down: O4 [Bogumil et al., 2003], SO, [Vandaele et al.,
1994], NO, [Vandaele et al., 1998/, HONO [Stutz et al., 2000/, CHOCHO
[Volkamer et al., 2005/, HCHO [Meller and Moortgat, 2000] as well as BrO

[Wilmouth et al., 1999] all in 10719 cm?, and 0, [Greenblatt et al., 1990] in
arbitrary units.
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Rayleigh scattering er(\, 1), into one polynomial [Platt et al., 1979]. Consequently,
the differential trace gas cross sections o’(A, T, p) remain:

In(I(\, L)) = In(Iy(N)) — /o (Z o (N T, p) - (1) + Z Uy - )\m> dl  (3.14)

P
with the polynomial ) «,, - A" of the degree p, which has to be chosen according

to the broad banded Zheoxpe. A higher polynomial degree than required could affect
the retrieval of the differential structures.

Since the differential trace gas cross sections 0';-()\,T, p) and the polynomial do
not depend on the light path through the observed air mass they can be excluded
from the integral (regarding 7" and p to be constant in the investigated air mass):

In(I(\, L)) = In(Io(\)) — (Za;(A,T,p)- /O cj(l)dl+Zam-)\m> (3.15)

With equation (3.7), it can also be written as:

In(I(\, L)) = In(I(\)) — (i o'\ T,p) - S; + zpj U - xn) (3.16)

The solution of equation (3.16) delivers the values for S; and can be retrieved by a
least squares fit [Gomer et al., 1993; Stutz and Platt, 1996]. Thereby, a combination
of a linear least squares fit [Albritton et al., 1976; Bevington, 1969] and the non-
linear Levenberg-Marquardt method [Levenberg, 1944; Marquardt, 1963] is applied.
The latter is an iterative procedure starting with the linear solution of the least
squares fit.

The linear least squares fit procedure simulates numerically In(Z(\, L)) as exact
as possible by means of the slant column densities S; and the polynomial so that the
difference x* between In(I(), L)) and the fit (i.e. the right side of equation (3.16))
becomes minimal. Thereby, 02-()\, T,p), n, and p are fixed parameters:

2
A2 n p
i / (IHU (A L)) = In(lo(N) + D oG\ Top) - S5+ Y o Am> dA L min
A1 =0 m=0
(3.17)
where A\; and Ay determine the limits of the wavelength range in which the anal-

ysis should be performed. The wavelength range should include suitably strong
differential absorption features of the trace gas of interest. Since the output of the



3.4 The Spectral Analysis 29

measurement is not a continuous spectrum but discrete pixels, the integral over the
wavelength can be replaced by a sum:

k‘/\2 n p 2
k=ky, =0 m—0

(3.18)

with k), and k), as the pixel numbers of the start and the end wavelengths of
the investigated wavelength range, respectively. For condition (3.18) the analytical
solution can be derived by obtaining the partial derivations of x? with respect to
the free parameters S; and ayy,.

In practice, this condition cannot be totally fulfilled in the way that the minimum
becomes zero. This is due to inevitable noise during the measurement procedure.
Even when using a light source with a constant intensity, noise is still present because
the number of detected photons vary around a mean value. Besides this photon
noise, instrument noise also occurs. That means that in the electronics statistical
variations are superimposed onto the measured signal. Thus, a residual R remains
which is the difference between In(/(k, L)) and the fitted logarithm of the intensity:

Ry =In(I(k,L)) — In(lo(k)) + Zn:aé(k;,T, p)-S;+ zp: Q- K™ (3.19)

The root mean square (RMS) y of the residual is a measure of the quality of a trace
gas retrieval. The lower the RMS, the better the spectral analysis can be considered.
An ideal spectral analysis leads to an unstructured residual, containing noise only.
However, a misalignment of the wavelength calibration, an inclusion of inaccurate
cross sections, or additional absorbers not considered could easily cause systematic
structures to appear in the residual.

The described linear fitting procedure inherently cannot include non linear ef-
fects, e.g. a change in the wavelength calibration. The spectral analysis is very
sensitive to changes in the wavelength calibration, especially for absorbers with
small optical densities. Even wavelength shifts of only a few percentage of a pixel
can lead to strong systematic structures in the residual. Allowing for a shift and a
squeeze /stretch of a spectrum can compensate for the changing of the wavelength
calibration of a spectrum. This can be done by adding an additional polynomial to
the original wavelength grid with A\ creating a new wavelength grid with A}:

Iw) = I(N,)  with AL =X+ 50+ s1(0 — Ao) + s2(A — A)® (3.20)

where A\, denotes the centre wavelength of the investigating wavelength range (see
equation (3.18)), so the shift parameter, and s; and sy the squeeze/stretch parame-
ters.
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Furthermore, an artificial signal can be overlaid onto the spectra's intensities.
This can be due to stray light in the housing of the spectrograph, a nonlinearity
between the signal of the detector and the light intensity or unstable detector elec-
tronics. Normally these additional signals vary only slowly with wavelength so that
a polynomial which is added to the intensity is able to compensate for them:

I(\) — I(N) = I()) — Pagg (3.21)

P,qq is referred to as an additive or prelogarithmic polynomial and is not related to
the polynomial introduced in equation (3.14), which, in turn, accounts for the broad
banded part of the measured sunlight.

These non-linear effects are solved with the Levenberg-Marquardt algorithm,
which varies the wavelength calibration and the additive polynomial numerically
in order to achieve the best fit for the slant column densities in the measured spec-
trum.

3.4.2 Validity Considerations

The linear least squares fit in the spectral analysis provides the best results and
accounts for the most errors if the following assumptions are valid:

e The errors of the pizels must have a finite variance [Albritton et al., 1976].
Since the dominant source of noise is normally photon noise, for which the error
distribution accords with the Poisson statistics, this assumption is fulfilled.

e The least squares fit normally presumes that the intensity errors of the individ-

ual pizels are independent [Albritton et al., 1976; Bevington, 1969]. However,
the instrument function of the measurement instrument ranges over several
pixels. Thus, adjacent pixels cannot be regarded as strictly independent so
that this presumption is not strictly valid.
This can lead, despite high diligence, to statistical structures in the residual
which are not caused by noise. In most cases, these structures occur ran-
domly and vary continuously. In a residual containing noise only, the width
of any structure would be only one pixel, hence indicating independent pixel
intensities. But here, groups of adjacent pixel intensities seem to change simul-
taneously in the residuals in a random way. In order to quantify the statistical
effect of residual structures on the DOAS retrieval error, an approach based
on simple Monte Carlo methods [Hausmann et al., 1997, 1999] can be applied.
Alternatively, the fit errors can be multiplied with the appropriate factor for
the respective spectral analysis [Stutz and Platt, 1996]. In any case, such
structures must be evaluated carefully in terms of spectral fit quality and un-
certainty estimation.
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In contrast, stable residual structures cannot be described by statistical meth-
ods and are caused by systematic errors in the analysis, such as an additional,
not considered absorber or neglected special features of the instrument.

o The systematic error of the pizel is zero [Albritton et al., 1976]. It depends
on the measurement instrument if this is given. The different pixels of various
detectors do not have the same sensitivity so that systematic pixel-to-pixel
variabilities can occur. For correction, these can be measured by a broad-
banded light source with smooth wavelength dependency.

o The finite spectral resolution of the measurement instrument has a negligible
effect on the spectral analysis. In practice, the typical spectral resolution of a
DOAS instrument is in the order of tenths to several nanometers in the UV-
Vis range. This is much larger than the natural band width of atmospheric
absorptions. In the spectral analysis, this mismatch is overcome by convolving
the absorption cross sections o (A, T, p). This means that H x o (X, T, p) is cal-
culated yielding o*(\, T, p) (see equation (3.12)), with H being the instrument
function.

However, as described in section 3.3, in the measurement process the lower
resolution originates in the spectrograph (determined by the entrance slit and
the grating) and actually affects the intensity (see equation (3.9)):

I*(\,L) = H« I(\,L) = H x (Io()\) - e oNTP)5) (3.22)

for the simplified case of only one absorber and no broad band features. From
equation (3.22), 7(\) can be written as:

H x Iy(\)
7(\) = In <H 0 e_o(mp),s)> (3.23)

For weak absorbers (7(\) < 1), the logarithm can be approximated by the first
two terms of the Taylor expansion so that the convolution and the logarithm
function can be exchanged:

N Io(N) _
T(A) ~ H xn <[0(/\) ,e—a()\,T,p)~S> = Hxo(\T,p)-S

= o*(\T,p)-S (3.24)

which complies with the mathematical operation mentioned above. However,
for optically thick absorbers the convolution and the logarithm cannot be ex-
changed even by approximation. In this case, the slant column densities cannot
be retrieved directly, but iterative methods, such as that used in Frankenberg
et al. [2005] have to be applied.

Therefore, the finite spectral resolution of the instrument can have an effect
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on the spectral analysis. But for most cases, including this work, the optical
densities are so small that the presumption above is valid. However, it should
be referred to the I -Effect (section 3.5.3), which arises when the light source
features fine structures (compared to the resolution of the instrument). In this
case, additional corrections have to be applied.

3.5 Passive DOAS Characteristics

3.5.1 Fraunhofer Lines

For passive DOAS measurements the Sun is commonly the light source. The shape
of the solar spectrum at the top of the atmosphere is given by the individual physical
processes of the Sun. As a first approximation, the solar spectrum can be consid-
ered as an emission spectrum of a black body with a surface temperature of roughly
5800 K. This continuous spectrum is overlaid by many strong absorption lines which
arise from the discrete absorption and re-emission of radiation in the Sun's photo-
sphere (see Figure 3.5a). These respective absorption structures are referred to as
Fraunhofer lines (first discovered by Josef Fraunhofer, 1787 - 1826) and produce
strong variations in the intensity of the solar spectrum. The Fraunhofer lines are
not constant in shape and strength. They vary rather slightly over time and change
depending on the observation of different regions of the solar disc. This plays an
important role in direct sun observations. In scattered light measurements however,
this can be neglected and averages out.

In the UV-Vis wavelength range, the optical densities of the Fraunhofer lines are
typically two to three orders of magnitude higher than the optical densities of the
trace gases in the Earth's atmosphere. Accordingly, the Fraunhofer lines can easily
distort the measurement values if they are not thoroughly removed in the spectral
analysis. Thus, a Fraunhofer reference spectrum (FRS) has to be included, which
also serves as I, spectrum. The FRS would have to be measured from space so that
it was not influenced by absorptions in the Earth's atmosphere. However, on one
hand the effort required to send a measurement device into space may be considered
too large when only the FRS is measured. Meanwhile, the Fraunhofer lines would
also have to be averaged over the solar disc as well. Consequently, in practice, the
FRS is acquired from the measurement site at times and at measurement geometries
where the absorptions in the Earth's atmosphere are assumed to be the lowest. This
procedure accepts that the retrieved absorption signal of the trace gases is reduced
by a small amount which is included in the FRS itself. Although the Langley plot
(see section 4.22) is sometimes able to quantify this amount, the FRS has to be
chosen carefully from the measured spectra.
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3.5.2 The Ring Effect

The Ring Effect (named after Grainger and Ring [1962]) leads to a reduction of
the observed optical densities of the Fraunhofer lines and is based on the inelastic
rotational Raman scattering (see section 4.2.2) of photons with air molecules [Busse-
mer, 1993; Fish and Jones, 1995; Burrows et al., 1996]. Such scattering processes
cause a change in the photon's wavelength due to the interaction between a rotating
molecule and an oscillating electric field [Brinkmann, 1968]. As a result of the low
light intensity in the wavelength ranges of the Fraunhofer lines compared to adjacent
wavelengths, there is a larger probability of photon scattering into the wavelength
range of a Fraunhofer line from the outside rather than vice versa. This is why
the depth (i.e. intensity) of solar Fraunhofer lines in scattered light is less than in
extraterrestrial observations. Therefore, the Ring effect is also called "filling-in”.

This effect has to be thoroughly corrected when applying the DOAS method be-
cause the atmospheric absorptions can be as much as one to two orders of magnitude
smaller than the Ring effect. The magnitude of the Ring effect increases with longer
light paths and accordingly with higher solar zenith angles. Therefore, the Ring ef-
fect has to be accounted for accurately and a so called Ring reference spectrum (or
Ring spectrum) has to be included into the fitting process when scattered sunlight
is measured (see Figure 3.5¢).

The scattered sunlight intensity I,,.qs observed by DOAS measurements is com-
posed of the elastic Rayleigh and Mie scattering processes, Irayieigh and Inze, as well
as by Raman scattering Iruman:

Ieas = IRaylez'gh + Insie + [Raman = letastic + IRaman (325>

As described in section 3.2, the logarithm of the measured spectrum has to be taken
for the DOAS analysis:

ln(L‘neas) - ln(]elastic + ]Raman>
I aman
- ln(]elastic) + In (1 + R—)

elastic

I aman
ln(]elastic) + " (326>

Ielastic

Q

whereby the Ring spectrum Ig;,, can be found as:

TRaman
[Ring = I (327)

Ielastic

There are two approaches used in order to determine the Ring spectrum. It can
be either measured or modelled:

Measured Ring spectrum: The Ring spectrum can be measured by using the different
properties of the scattering processes in terms of polarization. While Rayleigh
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Figure 3.5: (a): High resolution solar spectrum in the wavelength range from 300 to 460

nm. The continuous spectrum is overlaid by Fraunhofer lines. (b): The same
as in (a), but convolved with a Gaussian instrument function with 0.7 nm full
width at half mazimum, which is a typical resolution for DOAS measurements.
(c¢): Ring spectrum modelled from (b). When the solar spectrum has dips, the
Ring spectrum features peaks and vice versa, which illustrates the ”filling-in”
process.

scattering on molecules highly polarizes light for scattering angles around 90°
(see section 4.2.1), this occurs only weakly for rotational Raman scattering. By
measuring spectra at different polarisation orientations, the Raman scattered
intensity and hence a Ring spectrum can be measured [Solomon et al., 1987].
However, scattering on aerosols (Mie scattering) also has a weak wavelength
dependence and contributes to the depolarized light fraction. Thus, the Ring
spectrum also contains structures caused by Mie scattering, which actually do
not belong to the Ring spectrum. Accordingly, the measurement would have
to be conducted in the absence of aerosols in order to achieve good accuracy,
which, under normal conditions, is quite an unrealistic precondition. A further
adverse effect is that the light path through the atmosphere depends on the
polarisation direction. This can lead to trace gas absorption structures in the
measured Ring spectrum [Wagner, 1999].
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Modelled Ring spectrum: The spectrum of inelastically scattered light can be mod-
elled by using the known rotational states of oxygen and nitrogen [Bussemer,
1993; Fish and Jones, 1995; Chance and Spurr, 1997], which are the two main
constitutes of the atmosphere. The modeling of the Ring spectrum can over-
come the shortcomings of the measurement and show very good agreement
with highly resolved atmospheric observations [Aben et al., 2001]. It can be
performed either on the basis of a measured solar spectrum from the data set
to be analyzed, or on the basis of a high resolution solar spectrum [Kurucz
et al., 1984], which still has to be convolved with the instrument function H
to match the spectral resolution.

In this work, modeled Ring spectra were used for the spectral analysis. Thereby,
it turned out that the Ring spectra modeled from measured spectra provided better
results with smaller and less structured residuals than those modeled from high
resolution solar spectrum. The calculation of the Ring spectra was performed with
the software DOASIS [Kraus, 2004].

3.5.3 The Solar |, Effect

The denotation Solar I, Effect is derived from the highly structured solar I, spec-
trum, whose strong variations in the intensity caused by the Fraunhofer lines (see
section 3.5.1) affects the DOAS analysis [Platt et al., 1997; Richter, 1997; Van
Roozendael et al., 1999]. Since the typical spectral resolution of a DOAS instrument
is in the order of tenths to several nanometers in the UV-Vis range, the Fraunhofer
lines cannot be resolved (see Figure 3.5a and b). Therefore, discrepancies between
the absorption structures of a trace gas when observing scattered sunlight and its
(convolved) absorption cross section, which was usually generated in the lab with
an unstructured light source, can occur. Hence, errors in the spectral analysis can
arise.

In order to account for the Solar I, Effect, the absorption cross sections must be

calculated considering these effects, yielding I, corrected absorption cross sections
o1 (A, T, p) [Johnston, 1996]:

I* 1
o (A T,p,S)=—In (158;) g (3.28)
S denotes the slant column density of the respective trace gas and should be in
the order of magnitude that is typically expected in the measurement. I5(A) is a
high resolution solar spectrum Iy(\), e.g. from Kurucz et al. [1984], convolved with
the instrument function H. [*()\) is a convolved synthetic absorption spectrum
calculated from the high resolution solar spectrum /y(A) and the absorption of the
trace gas in the magnitude according to S:

I'(\) = H* I(\) = H * (Io(\) - e 7OT0)5) (3.29)
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whereby o (A, T, p) is the respective highly resolved absorption cross section.

The I corrected absorption cross section oy (A, T, p) perfectly matches the absorp-
tions in the measured spectrum only if the assumed SCD agrees with the measured
SCD. However, slight deviations between them do not have a significant effect.

Generally, the Solar I, Effect is strongest for strong absorbers, such as ozone. In
this case, the retrieved SCD of weak absorbers can be significantly affected if the
Solar I, Effect is not corrected. But for trace gases which are weak absorbers and
do not exhibit high resolution spectral features, the Solar I, Effect is very small and
can be neglected. In this work, the absorption cross sections of NO, and O were I,
corrected with typical slant column densities of 2.5 x 10'¢, and 1 x 10%°, respectively.
All other cross sections were convolved conventionally as described in section 3.3.

3.6 Multi-Axis-DOAS

"Traditional” scattered light DOAS setups point only at the zenith and are most
sensitive to trace gases located in the stratosphere. In order to increase the sen-
sitivity to trace gases close to the surface, the Multi-AXis-DOAS (MAX-DOAS)
technique has been recently developed. MAX-DOAS instruments observe scattered
sunlight from different viewing directions. The special advantage of this technique
occurs when measuring trace gases close to the ground at directions slightly above
the horizon. In such cases, high sensitivities for trace gases close to the ground are
obtained because the longer light path through these trace gas layers yields signifi-
cantly higher slant column densities [Honninger and Platt, 2002; Leser et al., 2003;
van Roozendael et al., 2003; Wittrock et al., 2004; Honninger et al., 2004; Wag-
ner et al., 2004; Heckel et al., 2005; von Friedeburg et al., 2005; Frief et al., 2006;
Sinreich et al., 2007].

This is illustrated in Figure 3.6 with a simplified MAX-DOAS measurement
sketch. The sunlight enters the Earth's atmosphere at a given angle, which is
referred to as the solar zenith angle ¥ (SZA). It is defined as the angle from the
direction of the sun to the zenith. The sunlight is scattered (red points) in the line
of sight of the different elevation angles «, which are defined as the angles between
the horizon and the pointing direction of the measurement device. In this Figure,
the single scattering case is assumed, i.e. each photon is scattered only once in the
atmosphere. But in reality, multiple scattering can also occur. Finally, the scattered
light is collected by the telescope of the measurement device. The green areas sig-
nify atmospheric absorbers in the stratosphere and troposphere, respectively. It can
clearly be seen that, in the troposphere, higher slant column densities are yielded
when the elevation angle is lower.

The sensitivity difference between the troposphere and the stratosphere can be
explained by the different measurement approach of MAX-DOAS. In section 3.2 the
differential slant column density dSCD was introduced as the difference between the
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Figure 3.6: Sketch of a MAX-DOAS measurement in the single scattering case. The tele-
scope points at different elevation angles including the zenith in order to collect
scattered light. The red points indicate scattering events along the line of sight

of the elevation angles.

actual SCD and the SCD of the reference spectrum. On the one hand, the reference
spectrum can be chosen with respect to the solar zenith angle 1J:

dS(ﬁ,O&) = 5(19,05) - S(ﬁRef,OéRef) (330)

where ¥g.; should be chosen to be lowest and a gy highest so that the absorption
in the reference is correspondingly low. In this case, the stratospheric absorption
contributes to the slant column density. On the other hand, the reference can be
chosen with respect to the elevation angle a (as in the MAX-DOAS technique) to

yield AS:
AS(W, a) = S(9,a) — S(1,90°) (3.31)

where the reference points to zenith and is measured at approximately the same
solar zenith angle ¥ as the measurement at the elevation angle . The slant column
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density can be separated into a tropospheric part Sy, and a stratospheric part Ss;q
so that equation (3.31) can be written as:

AS(ﬂ, 05) = (Strop(ﬂ; 05) + Sstrat<79> Oé)) - (Strop<797 900) + Sstrat (197 900)) (332>

Since the scattering objects, i.e. molecules and aerosols (see section 4.2), are located
predominantly in the lower atmosphere, the scattering events also occur predomi-
nantly there. Therfore, Sspqai (0, @) &= Ssirar (¥, 90°) at a fixed solar zenith angle 9. In
this case, the light path through the stratosphere is almost the same independently
of the viewing direction so that the following approximation can be made:

AS(9,0) % Sprop(9, ) = Sprop(19,90°) (3.33)

Thus, when changing the elevation angle o, MAX-DOAS is mainly sensitive towards
tropospheric absorbers. In practice however, the instrument often points sequen-
tially at different elevation angles including the zenith so that the presumption of
the same solar zenith angle is not accurately fulfilled. This can usually be neglected
since a measurement sequence does not take very long and the slight change in SZA
causes no significant effect. However, in the morning and evening when the SZA
changes rapidly with time, and in the UV wavelength range where ozone absorbs
strongly, it can influence the ASCD significantly.

Since the slant column density is defined as the concentration along the light path
and, in a first approach, the randomly occurring scattering events usually cannot be
retraced, quantitative conclusions cannot be made from the slant column density.
Thus, the vertical slant column density (VCD) V is introduced, and is defined as
the integrated concentration c(z) along the height z:

V= /c(z)dz (3.34)

The VCD does not depend on wavelength, the light path, or the observation ge-
ometry, so that it can be used for comparison of measurements. From Figure 3.6,
the VCD can be derived. For a trace gas located near the ground the following
geometrical approximation can be made:

V & sin(a) - Syop(c) (3.35)

In contrast, the geometrical approximation is altered when considering trace gases
in the stratosphere:

V & cos(1) - Sairat (V) (3.36)

Combining both approximations, the connection between S(¢,«) and V can be
written as [Honninger, 2002]:

S(ﬁ,@)%(a- L —a) )-v (3.37)

sin(a) cos(1)
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with a as the fraction of the total vertical trace gas column located below the scatter-
ing altitude. It should be noted that this approximation is only valid for elevation
angles « larger than around 20° and solar zenith angles ¢} smaller than around
70°. Otherwise, the single scattering assumption is not even approximately fulfilled
because scattering occurs also within the trace gas layer. In this case, radiative
transfer calculations may lead to more accurate conversions between S(¢, ) and V
(see section 4.5).

MAX-DOAS with its simple setup has many properties of the desired uncom-
plicated tropospheric monitoring instrument. However, a shortcoming is the need
for precise knowledge regarding the atmospheric radiative transfer (see chapter 4),
which, in turn, is largely determined by the aerosol load. Recently, inverse mod-
els based on radiative transport models have been developed which allow to infer
some degree of vertical resolution from MAX-DOAS measurements. In particular,
when assuming a well mixed tropospheric trace gas layer (e.g. within the plan-
etary boundary layer), its vertical extent can be determined with good accuracy
(e.g. [Honninger, 2002; Wittrock et al., 2004; Sinreich et al., 2005; Heckel et al.,
2005; FrieB et al., 2006; Sinreich et al., 2007], see section 4.6). This is generally not
possible with Zenith-Sky-DOAS or active DOAS measurements.
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4 Radiative Transfer in the
Atmosphere

4.1 Parameters of the Radiative Transfer

The radiative transfer in the atmosphere is a very complex interaction of many
factors. It depends on several parameters which represent the current atmospheric
conditions:

The vertical temperature profile is required because the absorption cross sections of the
trace gases present in the atmosphere are temperature dependent.

The vertical pressure profile has to be known since the Rayleigh scattering events (see
section 4.2.1) increase with pressure. The air pressure amounts to around 1
bar at sea level and decreases approximately exponentially with height.

The vertical profile of ozone. Owing to the Chappuis and the Huggins absorption bands,
ozone is a strong absorber in the UV and has a large impact on the radiative
transfer in this wavelength range. The maximum of the ozone concentration
is located in the stratosphere at a height between 20 and 25 km.

The aerosol extinction profile affects significantly the light path in the atmosphere due
to scattering (see section 4.2.3) and absorption. Aerosols are small particles
or droplets in the atmosphere with diameters from about 0.01 to 10 microm-
eters. They can be originated from natural sources being sea salt particles,
mineral dust or particles emitted from volcanos and bush fires. Aerosols from
anthropogenic sources are fine dust, nitrates, sulfates and soot. Furthermore,
aerosols can grow if they hit together, accumulate non volatile compounds
or serve as condensation nuclei. It is distinguished between primary aerosols
which are emitted directly into the atmosphere (e.g. sea salt particles) and
secondary aerosols which are formed owing to physical or chemical processes
of gases (e.g. sulfates or nitrates).

The aerosol extinction depends on the kind and the amount of the aerosols
present in the atmosphere. It is the most crucial parameter because it can
generally vary far more than the other three parameters, which, in turn, are
known approximately. Since direct aerosol extinction measurements are not
performed usually together with MAX-DOAS measurements, the uncertainties
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in the vertical profile can lead to large errors. However, the aerosol extinction
profile can be estimated by combining the MAX-DOAS measurements with
radiative transfer modeling (see sections 4.5 and 4.6).

4.2 Scattering Processes

4.2.1 Rayleigh Scattering

Elastic scattering of electromagnetic radiation by matter when the wavelength of the
incident light is much larger than the dimension of the particles is called Rayleigh
scattering. In the scattering process, physically, an oscillating dipole is induced by
electromagnetic radiation in a polarisable particle, e.g. air molecules [e.g. Van de
Hulst, 1981].

Rayleigh Phase Function

isofropic polarizability
- - - - anisotropic polarizability

300

270

Figure 4.1: Rayleigh scattering phase function ®r(6) and its contributions (see text).
Adapted from Hénninger [2002].

The Rayleigh scattering phase function ®g(0) shown in Figure 4.1 describes the
relative intensity of the scattered light. Thereby, 6 is the scattering angle between
the incident propagation direction and the direction after the scattering event. The
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dotted black line is the contribution of light polarised parallel to the scattering
plane which indicates the ~ sin?¢’ dependence of a Hertz dipole (where 6 = 5—0
is the angle between dipole axis and Poynting vector of the incident light). In
contrast, the dash dotted line shows the contribution of light polarised perpendicular
to the scattering plane which does not feature a dependence on 6. Finally, the blue
line indicates the Rayleigh scattering phase function - the superimposition of both

contributions - for unpolarised incident light which is given by:
3
dr(cos(h)) = 1 (1 + cos?(0)) (4.1)

If the anisotropy of the polarizability is taken into account (red dashed line, see
Penndorf [1957]), equation (4.1) changes slightly to:

Pp(cos(f)) = 0.7629 - (1 + 0.9324 - cos*(6)) (4.2)

An important feature of the Rayleigh scattering is its strong wavelength depen-
dency which is approximately:

1
ORp X F (43)
where o as the Rayleigh cross section. The exact value for oy is calculated with
[Penndorf, 1957]:

3.9993 - 10732 - x4 9
= +m
1—-1.069-1072 22 —6.681-107° - 24

oR (4.4)

where © = @. For blue light the scattering probability is one order of magnitude
larger than for red light. This explains the "blue” sky over the day when the sun
stands high and the red light in the dawn and dusk when the light path through
the atmosphere is extraordinarily long. However, over the day, the maximum of the
scattered light spectrum is located in the UV wavelength range which is not visible
for the human eye.

4.2.2 Raman Scattering

Raman scattering denotes inelastic scattering on air molecules. With respect to
Rayleigh scattering, Raman scattering accounts to a few per cent depending on the
wavelength [haug1996]. It can be described as light interacting with an air molecule
that changes its excitation state during the scattering process. The photon either
transfers part of its energy to the molecule (Stokes lines, AJ = +2, S-branch) or
takes over part of the molecule’s excitation energy (Anti-Stokes, AJ = —2, O-
branch). If only the rotational excitation is affected (Av = 0) it is called rotational
Raman scattering (RRS). If also the vibrational state changes the term rotational-
vibrational Raman scattering (RVRS) is used (Av = £1). Only discrete amounts
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of energy given by the difference between the discrete excitation levels can be trans-
ferred between the photon and the molecule. For air molecules (mainly oxygen and
nitrogen) RRS frequency shifts of up to #200 cm™! occur, which corresponds to
several nanometers in the UV /Vis wavelength range. In case of RVRS a vibrational
shift of 2331 cm™! for nitrogen and 41555 cm™! for oxygen has to be added [Bur-
rows et al., 1996; Haug, 1996; Sioris and Evans, 1999]. Since the RRS is one order
of magnitude stronger then the RVRS, it dominates the Raman scattering and the
RVRS can be neglected for the calculation of the Ring spectrum (see section 3.5.2).

While in terms of the Ring spectrum the consideration of Raman scattering is
indispensable, the specific attributes of Raman scattering do not play an important
role in the radiative transfer. Thus, they are not taken into account in the calculation
of air mass factors (see section 4.4) and the modeling of the radiative transfer.

4.2.3 Mie Scattering

Mie scattering occurs if light is scattered on aerosols whose dimensions are similar or
larger than the wavelength of the incident light (for a short description of aerosols see
section 4.1). During the scattering process, the components of the aerosol are excited
coherently and radiate themselves. The scattered light features interference prop-
erties owing to comparable dimensions with the incident light and minima as well
as maxima in the intensity of the scattered light depending on the scattering angle
0 occur (see Figure 4.2 left column). Furthermore, Mie scattering generally prefers
the forward scattering direction. Actually, Mie scattering only refers to spherical
aerosols and there are other theories for non-spherical particles. However, also the
non-spherical cases can mostly be well approximated by the spherical description of
the Mie scattering.

Aerosols differ naturally strongly in shape and size so that the determination of
the Mie scattering cross section can be very complex. This problem is addressed by
the Mie theory, which includes a variety of numerical models to calculate scattering
phase functions and extinction coefficients for given aerosol types and particle size
distributions [Van de Hulst, 1981; Wiscombe, 1980]. The scattering phase function,
which determines the direction and the strength of the scattered light, depends on
the aerosol size parameter x:

2-m-r
A
with r being the radius of the aerosol and A\ being the wavelength of the light. In
Figure 4.2 Mie scattering phase functions ®,,(6) at 550 nm wavelength for water
droplets with size parameters x = 1, x = 3 and x = 10 are shown [Sanghavi, 2003].
Obviously, the larger the particle size, the more dominant is the forward scattering
direction.

Aerosols with different aerosol size parameters exhibit different wavelength de-

pendencies. The wavelength dependence is expressed by the Angstrom coefficient

(4.5)

xr =
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Figure 4.2: Mie scattering phase functions at 550 nm wavelength for water droplets with

size parameters x = 1 (top), v = 3 (middle) and z = 10 (bottom) [Sanghavi,
2003] on logarithmic scale (left) and linear scale (right).
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«. For the Mie scattering cross section o, follows:

1
oMy =~ F (46)

whereby « is larger for smaller aerosol size parameters. Rayleigh scattering can be
regarded as a special case of Mie scattering reaching aw = 4 (for x — 0). For typical
atmospheric aerosols the Angstrom coefficient is around 1.3 which indicates a small
wavelength dependence.

In reality, aerosols of different size and chemical composition are present simul-
taneously in the atmosphere. By integrating the individual scattering properties
of aerosols over their whole size distribution and considering the different chemical
types, bulk scattering properties can be derived. In doing so, an asymmetry coeffi-
cient ¢ is often introduced describing the averaged cosine of the scattering angle 6.
The asymmetry coefficient is a measure for the degree of forward-peakedness and
parameterizes the rate of discrepancy to the Rayleigh scattering behaviour whereby
the value 0 indicates a totally isotropic scattering behaviour and the value 1 scatter-
ing events solely in forward direction. In urban regions, the asymmetry coefficient
ranges typically around 0.7. Very common is the Henyey-Greenstein phase function
approximation [Henyey and Greenstein, 1941] utilizing the asymmetry coefficient g:

1—g°
V(L +g* = 2gcos(0))?

with 6 being the scattering angle. The Henyey-Greenstein approximation underes-
timates slightly the backward scattering, but its advantage is the easy calculation.

Aerosols not only scatter but also absorb light depending on the surface of the
aerosol. This is described by the single scattering albedo (SSA) w (as well as by the
imaginary part of the complex refractive index) which is the scattering fraction of
the aerosol extinction €,y.

Drcl0) = (4.7)

w = EMscatt — 6J\4sca,t‘t (48)

EM €Mscatt + €]Mabs

where €,y,,.,, and €y, are the scattering and absorbing fractions of €;,, respectively.
w = 0 means that only absorption and no scattering occurs when light hitting an
aerosol which can be assumed from soot. w = 1 stands for the contrary case where
only scattering and no absorption takes place as it is approximately for e.g. sea salt.
While in the visible wavelength range, the SSA for urban aerosols amounts to nearly

1, in the UV range, it can decrease significantly.

4.3 Visibility

The visibility is determined by the radiative transfer in the atmosphere and is con-
nected with the extinction of light. Extinction, hence scattering and absorption, can
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happen by both molecules and aerosls. However, in reality the molecule extinction
is that weak that, in presence of aerosols, the aerosol extinction dominates. Thus,
the visibility can be utilized as a first approximation of the aerosol extinction. It can
be determined from the contrast C' between a laminar object and its background if
there is no limitation due to the resolution of the human's eye:

|H— H,

C="5 (4.9)

where H and Hj are the brightness of the object and the background felt by the
human's eye, respectively. Without glare, a contrast of about 2 % is normally
sufficient to distinguish between the object and the background.

Applying the Lambert-Beer law, H can be expressed by the extinction coefficient
K of the atmosphere:

H=H, (1-e %7, (4.10)

with d as the distance between the human's eye and the object. Combining the
equations (4.9) and (4.10) yields

C=e 4 (4.11)

If d corresponds to the maximum visibility R the contrast C' has to amount to 0.02
as explained above. Thus, equation (4.11) can be written as

R=2= (4.12)

This relation is just a rough approximation, but under normal conditions without
glare the extinction coefficient derived from the maximum visibility can be retrieved
in good accuracy [Roedel, 2000].

4.4 The Air Mass Factor Concept

As introduced in chapter 3, the primary quantity of a DOAS measurement analysis
is the slant column density .S, which is the integrated concentration along the light
(see equation 3.7). The slant column density depends on several parameters. These
are the wavelength A\, the solar zenith angle ¥, the elevation angel o and the relative
azimuth angle ¢ which is the horizontal angle between the telescope direction and
the sun. Thus, the slant column density is generally hard to evaluate. In contrast,
the vertical column density V' is the integrated concentration along the height (see
equation 3.34) and is independent of the wavelength of the measurement geometry.
V is fully determined by the trace gas profile. The Air Mass Factor (AMF) A
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connects both quantities and is defined as [Noxon et al., 1979; Solomon et al., 1987;
Marquard et al., 2000]:

S\ b, a,9)

AN 0, a, 0) = %

(4.13)
Like the slant column density, the air mass factor A depends on the wavelength
A, the solar zenith angle 9, the elevation angle o and the relative azimuth angle
¢. It is determined by the radiative transfer in the atmosphere and, hence, by its
parameters. Since the air mass factor expresses the light path ratio between the
slant and the vertical path through the atmosphere, it is a measure for the length
of the light path in the atmosphere depending on the state of the atmosphere.

The relation between the SCD and the VCD can also be expressed by the op-
tical density 7 when sunlight passes through a concentration field ¢(Z) under the
assumption that the temperature and the pressure dependency of the absorption
cross section ¢ is small:

T(A) = —In (Il;(();\))) =o(\)- /0 c(x)dl = a(N) - S(N) (4.14)

Taking equation (4.13) into account, equation (4.14) can be written as under the
assumption of a well defined light path through the atmosphere:

(4.15)

In section 3.6, the slant column densities for absorbers close to the ground and in
the stratosphere Sy.op(a) and Sgq(V), respectively, were approximated (see equa-
tions (3.35) and (3.36)). These can be applied to the respective air mass factors
Aprop(a) and Agprat (V) so that it follows:

_ Swop(@) _ Swrop(@) 1

Atro = ~ - = — 4.16
wropl) 1% Strop(ar) - sin(a)  sin(a) (4.16)
and neglecting refraction on the atmosphere
Ss ra 79 Ss ra 19 1
Astrat(ﬂ) - ! t( ) ~ ! t( ) - (417)

1% - Serat(V) - cos()  cos(¥))

As already mentioned in section 3.6 the approximations in equations (4.16) and
(4.17) can normally only be made for elevation angles larger than around 20° and
solar zenith angles smaller than around 70°. For this, it has to be assumed that light
is scattered only once in the line of sight of the elevation angle. Or more precisely,
in case of the tropospheric absorber the last scattering event should be above the
absorber layer and, in case of the stratospheric absorber, the first scattering event
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should be below the absorber layer, and the photons should not be scattered back
into the respective absorber layer.

In the measurement process, the observed intensity is not caused by scattered
photons which all took the same light path. It is rather a sum of scattered photons
which passed through the atmosphere on many different light paths which makes
the description more complicated. So, a probability density function p(k, \) can be
introduced where k describes the set of possible light paths [Marquard et al., 2000].
p(k, \) is regarded as the probability that a photon with wavelength A traverses
the atmosphere on a given light path x(I) from the sun to the telescope. Hence,
the observed intensity is the integrated intensity over all possible light paths to the
telescope, weighted with the according probability. The optical density 7 can now
be written as

(\) = —In < ]]0 ((AAD =In ( / p(k, A) - e oNV] 6<Xk<l>>dldk> (4.18)

under the assumption that o(\) is independent of temperature and pressure so
that it can be placed outside the inner path integral. The trace gas profile ¢(1) is
written as the product of the vertical column density and the 'relative’ profile shape
e(l) = @ which is independent of the trace gas amount.

Including equation (4.18) into equation (4.15), the air mass factor A for scattered

light observations is

1 -
- . L o= 0(A) V- [ é(xp(1))dl
A(N) SOV V In (/p(k‘, A)-e dk) (4.19)

Equations (4.18) and (4.19) have several important implications for the interpre-
tation of scattered light measurements:

e Equation (4.18) implies that the observed optical density is not a linear super-
position of the optical densities along the individual light paths x;. Thus, the
Lambert Beer law is only strictly fulfilled if there exists a single well defined
light path x¢((), i.e. when observing direct light. Then, the probability density
function is delta distributed, p(k, A) = (k). In this case, equations (4.14) and
(4.18) are equivalent.

e The air mass factor for scattered light is not only a function of the relative pro-
file shape ¢(1). Since the vertical column density cannot be divided out in equa-
tion (4.19) it also depends on the vertical column density: A(\) = A(A, V).
Therefore, the determination of the vertical column density is equivalent to
the solution of the implicit relationship (see equation(4.13))

(4.20)
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which can be generally solved iteratively [Marquard et al., 2000]. However,
this method is very time consuming because the air mass factor has to be
calculated for each iteration step.

e The air mass factor does not only depend on wavelength A\, but also on the
product of the absorption cross section o(\) and the slant column density S.
The air mass factor, and therefore also the respective slant column density, is
modulated with the wavelength dependency of the trace gas cross section:

(A = o(\) - SA) = a(A\)- V- A\, o(N) - S) (4.21)

The spectral analysis can be affected strongly since it is performed over a
finite wavelength range. For strong absorbers, such as ozone in the UV, the
wavelength dependence of the air mass factors leads to a modulation of the
absorption structure. It can be compensated for by using o(\) - A(\) instead
of o(\) as the trace gas reference spectrum [Diebel et al., 1995; Richter, 1997].
Then the VCD is determined directly by the retrieval.

e In case of a single absorber present in the atmosphere, the probability den-
sity function p(k, A) is determined only by Rayleigh and Mie scattering and
is expected to be a broad banded function of A. However, if additional ab-
sorbers in the considered wavelength range are present in the atmosphere, it is
also a function of the cross sections and concentration fields of the additional
absorbers. This amy have an significant impact on the radiative transfer.

The air mass factors can be calculated by radiative transfer models (see section
4.5). Thereby, single scattering radiative transfer models can use equation (4.19).
This has the advantage to be fast and relatively easy to implement. However, this
simplification can lead to significant errors. Therefore, multiple scattering radiative
transfer models provide a more reliable air mass factor calculation, but need a much
higher calculation effort.

Air mass factors calculated by radiative transfer modeling need to be retrieved
thoroughly to fit to measured slant column densities. Since the measured slant
column densities are retrieved with respect to a Fraunhofer reference spectrum,
differential slant column densities dS(1, &) are the output of the measurement (see
equation (3.30)):

dS(0,a) = S(V,a) — Spges (4.22)

The dependence of the air mass factor on the solar zenith angle ¥ can be used
to convert the differential slant column densities dS(1)) into absolute slant column
densities S(¢). With equation (4.13), equation (4.22) can be written as:

dS(0) =V - A(0) — Spey (4.23)
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The differential slant column density dS(49) is a linear function of the air mass factor
A(9) if the vertical column density V' does not depend on the solar zenith angle 4.
This relationship, hence dS (¥, «) versus A(1J, «), can be plotted in a diagram. The
slant column density of the Fraunhofer reference spectrum, Sg.y, is given by the
negative intercept of the ordinate and the vertical column density V' by the slope of
the linear fit. This method is called Langley plot.

In order to separate tropospheric from stratospheric absorbers, the ASCD (see
equation 3.31) can be plotted versus the tropospheric air mass factors AA(«), with

AA(a) = A(a) — A(90°) ~ A(a) — 1 (4.24)

where A(90°) can be calculated by radiative transfer modeling (see section 4.5) or
approximated by the value 1. In this case, the slant column density of the Fraunhofer
reference spectrum, Sg.s is eliminated so that the linear fit should pass the point of
origin. The Langley plot equation can now be written as:

AS(a) =V - AA(a) (4.25)

again with the vertical column density V as the slope of the straight line. As
described in section 4.6.2, the Langley plot can be potentially used to estimate the
height and concentration of a well-mixed absorber layer.

The Langley plot implies that the vertical column density is constant over the
measurement period and that the air mass factors must be recalculated in case of
changes in any input parameter (especially changes in the vertical profile of the
absorber itself are crucial). Furthermore, the air mass factors has to be independent
of the vertical column density (see equation 4.19). The Langley plot is a simplified,
but efficient way to retrieve the vertical column density and the slant column density
of the FRS, in case the air mass factors are calculated thoroughly.

4.5 Radiative Transfer Modeling

4.5.1 Introduction

The radiative transfer in the atmosphere is determined by interactions of radiation
with the compounds of the atmosphere and with Earth's surface. These interactions
are absorption, scattering, refraction, thermal emission (only relevant in the infrared
wavelength range) and reflection (determined by the albedo). The Radiative Trans-
fer Equation (RTE) describes their influences on the radiance L. The radiance L
which is also denoted simplified as intensity is the radiant flux ® per solid angle €2
and projected radiation source area A,:

(4.26)
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with the radiant flux being the radiant energy E per unit time t:

_dE

e
dt

(4.27)
In contrast, the irradiance B is defined as the radiant flux ® which is received by a
projected illuminated area Aj;:

o

B—=—
Ay

(4.28)

The radiance and the irradiance are given by the units [sr‘fﬂ} and [%] , respectively.

Radiative transfer models are aimed at solving the radiative transfer equation in
order to calculate the radiance acquired by a specific instrument and for a defined
atmospheric scenario. For instance, a DOAS device is such an instrument which
measures at a given time and location. From the radiances, the air mass factors
can be calculated. However, it is not possible to analytically solve the RTE without
introducing simplifications. Thus, a numerical approach usually is used which can
be applied in two different ways: The RTE is either solved analytically by calcu-
lating the radiant field of a given atmospheric state or by a statistical approach,
where individual photon paths are simulated for a given atmospheric scenario. The
radiant field can then be derived from the photon density. Due to simplifications,
e.g. concerning the sphericity of the Earth, the analytical calculation is normally
faster than the simulation of the statistical approach. However, analytical solutions
sometimes are difficult or even impossible to find, while the statistical approach pro-
vides reasonable results owing to many individual simulations. But generally, the
results converge with each other, if both an analytical solution could be found and
the statistics in the simulation is good enough.

In the following sections, the different radiative transfer models are described
which were used in this work. While Tracy and Tracy-II/McArtim apply the statis-
tical approach, Sciatran analytically calculates the radiant field.

4.5.2 The Radiative Transfer Model Tracy

Tracy (Trace gas RAdiative monte Carlo Ymplementation) is a three dimensional ra-
diative transfer model and was developed by the Institute of Environmental Physics
of the University of Heidelberg [von Friedeburg, 2003]. It is based on the backward
Monte Carlo method: a photon virtually emerges from a detector in an arbitrary
line of sight direction and is followed through the atmosphere along its path un-
til it leaves the top of the atmosphere. (In a forward model instead, a multitude
of photons would need to be simulated before even one photon hits the detector,
which would be very time consuming.) The various possible scattering or absorption
events along the path are defined by suitable probability distributions. When, for
example, a photon hits an air molecule, a random number is drawn - just like a game
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of chance e.g. in Monte Carlo. If the number lies in a certain interval depending
on the process’ probability, this process occurs and the photon is e.g. scattered
to a different direction of propagation. After the last scattering event and before
leaving the atmosphere, the probability is calculated that the direction of the pho-
ton after this event points at the sun. Then, the probability of absorption of the
photon from the location of the last scattering event to the top of the atmosphere
is determined. Finally, the complete photon path weighted with all probabilities is
included in the calculation of the intensity. For the modeling, the atmosphere is
discretized vertically and horizontally into so-called voxels with homogeneous atmo-
spheric properties. Therefore, a fine discretisation is necessary if parameters change
strongly. Profiles of pressure, temperature, ozone, aerosols and several trace gases
as well as the wavelength have to be included for the modeling, yielding air mass
factors for every trace gas specified.

In Tracy, the modeling of the total air mass factor is based on calculations for
optically thin absorbers, i.e. weak absorbers [Solomon et al., 1987; Perliski and
Solomon, 1993; Eskes and Boersma, 2003], applying the following equation:

In ()

A= OV (4.29)
which is a combination of equations (4.14) and (4.15). Here I5(\) denotes the mea-
sured intensity without the absorber of interest, but with the absorption of all other
present absorbers, while I(\) is the detected intensity considering all absorbers.
This formula works well as long as the impact of the absorption of the trace gas of
interest on the light path distribution can be neglected. When this is not the case,
e.g. for ozone in the UV, then the light paths contributing to I(\) are influenced by
the absorption of the trace gas of interest itself and thus they differ from the light
paths contributing to Io(\) (see also section 4.4). In this work, this does not lead
to errors because all trace gases of interest are weak absorbers.

4.5.3 The Radiative Transfer Model Tracy-l11/McArtim

Tracy-II and McArtim which both are developed by Deutschmann and Wagner
[2006] are almost identical, complete recompositions of Tracy with new features
and improvements. Both also apply the backward Monte Carlo method at a given
wavelength. However, the calculation of the photon path probability has been im-
proved: The various possible scattering or absorption events along the path are still
described by suitable probability distributions. However, here the generation of the
photon paths is independent of the position of the sun. Instead at each scattering
event the probability that the photon is scattered into the sun is calculated. When
enough light paths are modeled, the contribution of each light path to the intensity
measured at the detector is calculated by weighting the sum of the probabilities
of all scattering events along the path (local estimation method [Marchuk et al.,
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1980]). When setting the Sun’s position to a specific solar zenith angle, then a
forward run of the model calculates the corresponding air mass factors and intensi-
ties, using the paths and probabilities generated in the backward run. Furthermore,
Tracy-I11/McArtim uses a different approach for the air mass factor calculation and
calculates so-called box-AMFs A,,, instead. When the atmosphere is divided along
its vertical axis into several layers of height h, also called boxes, then Ay, is the
air mass factor for box ¢ under the assumption of a horizontally homogeneous trace
gas distribution in the box. The box-AMF is then defined by [Eskes and Boersma,
2003]:

d [in (%)]
Aoy, = —to L (4.30)
d[o(A) - Vi]
According to equation (4.13) this can also be written as:
ds
Apy = 22 4.31
boxi = 7 (4.31)

The box-AMF describes how strongly the measured SCD changes with an alteration
of V;. This expresses the sensitivity of the measurement towards changes of the ver-
tical column density within the box 7. box-AMFs (normalized to 1) are identical
with weighting functions [Rodgers, 1976, 2000] which are the weights for the sensi-
tivity of the measurement towards specific atmospheric layers. Thus, they provide
information in which boxes the measurement of an absorber is most sensitive. From
that, the most suitable measurement geometries can be derived when investigating
an absorber with a known vertical profile.

Total AMF is calculated from the Box-AMFs A,,,, for each box ¢ and the respec-
tive trace gas profile. It is the sum of the box-AMFs from the surface to the top of
the atmosphere (TOA) and the corresponding partial trace gas vertical columns V;
divided by the VCD:

1
A= Z Apow, - V; (4.32)

For weak absorbers the box-AMFs are independent from the profile. Then, arbitrary
trace gas profiles can be used with the same set of box-AMF's in order to derive
total AMFs for different scenarios. In contrast, for strong absorbers the same height
profile as used for the calculation of the respective box-AMFs must be used for the
calculation of the total AMF.

Tracy-1I/McArtim can also calculate the so-called normalized radiance L,. It
can be derived by modeling the radiance L, which is received by the measurement
device, and the solar irradiance B:

L,=—— (4.33)
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The normalized radiance describes which fraction of the sunlight can be detected
by the measurement device. It is suited to check model runs with respect to poten-
tial errors in the settings as well as the consistency of models themselves [Wagner
et al., 2007]. Furthermore, Tracy-I1I/McArtim can provide optical densities as well
as photon path length distributions and photon scattering distances.

In Tracy-II/McArtim, the radiative transfer is modeled in a fully spherical and
three-dimensional atmosphere. Three-dimensional profiles of trace gases and aerosols
are considered in the calculation as well. A specific relief can be included so that
significant valleys or mountains which can influence the radiative transfer are taken
into account. However, refraction is not fully developed until now but is planed to
be done soon. Yet, in this work, refraction has a very weak impact because this
work focusses on absorbers in the troposphere.

Tracy-1I and McArtim are identical except for a detail in the generation of the path
through the atmosphere. In Tracy-1I, paths are determined without consideration of
absorption. Therefore, absorption is taking into account later in the weighting of the
intensity by an additional factor. In contrast, McArtim considers absorption already
in the generation of the paths. Thus, in case of strong absorptions, the path through
the atmosphere can be simulated more realisticly. Furthermore, the omitting of an
additional weighting factor in the intensity calculation makes McArtim one order of
magnitude faster in radiative transfer modeling than Tracy-II.

4.5.4 The Radiative Transfer Model Sciatran

The analytical radiative transfer model Sciatran 1 has been developed by the Insti-
tute of Environmental Physics of the University of Bremen [Rozanov et al., 2000,
2001]. The intensity of the radiation is calculated solving the radiative transfer
equation (RTE) in a spherical atmosphere in its integral form employing the char-
acteristics method. This means that the source function is integrated along the
line of sight intersecting a spherical atmosphere. The single scattering part of the
source function is truly spherical and the multiple scattering part is initialized by
the output of a pseudo-spherical model.

Both integro-differential radiative transfer equation in a pseudo-spherical atmo-
sphere and spherical integral RTE are solved independently for each Fourier term
of a Fourier series expansion. The weighting functions are calculated employing a
solution of the adjoint RTE. Similar to the intensity, the adjoint intensity is initial-
ized in the pseudo-spherical approximation and then used to obtain the spherical
weighting functions.

The box-AMFs A, are derived as follows:

1 dl
T ey -0 de
where ¢ denotes the trace gas concentration, I the intensity of the radiance, hy,, the
height of the vertical layer and o the trace gas cross section.

Apoy = (4.34)
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4.6 Profile Retrieval

4.6.1 Direct Comparison Approach

The direct comparison approach is based on the comparison of measured and mod-
eled values. It is a relatively simple algorithm, which converts a set of slant column
density MAX-DOAS measurements of the oxygen dimer (O,) and of a trace gas
of interest, e.g. NO,, CHOCHO and HCHO (see sections 7.4 and 7.5), into atmo-
spheric aerosol extinction and the absolute concentration and mixing ratio of the
trace gas of interest within the atmospheric boundary layer [Sinreich et al., 2005]. In
addition the height of the atmospheric boundary layer usually can be derived. The
algorithm is based on radiative transfer modeling, taking into account the current
aerosol scenario as determined from the O, measurements. Since the concentration
of the oxygen dimer O, is proportional to the square of the O, concentration, the
majority of O, is located close to the surface, and its vertical profile decreases expo-
nentially with a scale height of approximately 4 km. The variation of the O, dSCD
with elevation can therefore be used to quantify the aerosol extinction in the lower
troposphere. Variations in the O, dSCDs are generally not caused by changes in
concentration, but in aerosol scattering [Wagner et al., 2004; Frief} et al., 2006].

The profile retrieval is split into two steps. Firstly, sets of O, AMFs for a variety
of aerosol scenarios are calculated and then compared with O, AMFs measured
for a series of elevation angles in order to determine the adequate aerosol scenario.
Secondly, this best-matching aerosol scenario is taken as input for AMF calculations
of the trace gas of interest to derive its height profile. The details of this method
are sketched in Figure 4.3 for NO, as the trace gas of interest.

For the retrieval of the aerosol height profile, O, air mass factors for several aerosol
scenarios have to be calculated. Since the bulk of the aerosol is expected to be
present in the lower atmosphere (in particular, in the boundary layer), box profiles
(i.e. profiles with constant aerosol properties from the surface up to a certain altitude
and zero extinction above) can be assumed. Aerosol profiles of this type are likely
to occur in well mixed boundary layers. Yet also exponentially decreasing profiles of
the aerosol extinction with altitude can be taken into account. A selection of aerosol
scenarios are listed in Table 4.1, for which O, air mass factors were calculated with
Tracy. In Figure 4.4, the air mass factors are plotted as a function of the logarithm of
the elevation angle for 70° solar zenith angle. The highest O, air mass factors occur
when no aerosols are included, and the AMF generally decreases with increasing
aerosol load, except for the zenith direction. Furthermore, the O, AMFs of the
exponentially decreasing scenarios vary less strongly with aerosol extinction than
the AMF's for the box profiles with equal aerosol extinction.

In the following, the measured O, SCDs must be converted into AMFs using a
vertical column density calculated from a typical mid-latitude air density profile.
Both measured and modelled AMFs were converted to dAMFs by subtracting the
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Figure 4.4: Calculated O, air mass factors as a function of the logarithm of the eleva-
tion angle for 70° solar zenith angle, 440 nm and a Henyey-Greenstein phase
function with an asymmetry coefficient of 0.65 [Sinreich et al., 2005]. The 0,
AMFs decrease with higher elevation angle and higher aerosol extinction.

Table 4.1: Applied aerosol profiles for the calculation of O, air mass factors.

Type Aerosol extinction [km™?] Height [km]
Scenario 1 | (no aerosols) 0 0
Scenario 2 box 0.025 2
Scenario 3 box 0.025 3
Scenario 4 box 0.035 2
Scenario 5 box 0.05 2
Scenario 6 box 0.1 1
Scenario 7 box 0.25 2
Scenario 8 box 0.5 1
Scenario 9 | exp. decrease 0.05 (at surface) 2.7 (scale height)
Scenario 10 | exp. decrease 0.1 (at surface) 2.7 (scale height)

respective zenith sky AMF at noon (which is referred to as standardisation in Figure
4.3). This procedure must be applied to all scenarios listed in Table 4.1. Afterwards,
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the measured dAMFs are compared with the calculated dAMFs of the different
scenarios. The best matching scenario can be taken in the further calculation of
the trace gas profile. Thereby, some deviations in the agreement might have to be
accepted owing to the simplified aerosol profile shape or possibly other factors, e.g.
an incorrect scattering phase function.

To illustrate the potential of MAX-DOAS O, measurements to retrieve informa-
tion on the aerosol extinction profile, the ratio of 2° and 90° elevation angles of
calculated O, AMFs as a function of aerosol extinction coefficient for a box profile
with 2 km height is shown in Figure 4.5. This plot also demonstrates the strong
sensitivity of O, AMFs to aerosols, in particular in the presence of low aerosol ex-
tinction. As shown in Figure 4.5, the MAX-DOAS measurements in this instance
are sensitive to visibilities above 16 km (the visibility corresponds to approximately
3.9 times the aerosol extinction length), corresponding to aerosol extinctions lower
than about 0.25 km™!. This result was obtained from the ratio of AMFs at different
elevations, without consideration of the information gained from the absolute values
which would enhance the sensitivity even further, in particular for higher aerosol
loads.
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Figure 4.5: Ratio of O, air mass factors calculated for 2° and 90° elevation angles versus
the aerosol extinction coefficient assumed for a box profile with 2 km height.
The sensitivity is remarkable up to 0.25 km™! aerosol extinction (corresponding
to a wisibility of about 16 km).
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Figure 4.6: Ratios of the modelled NO, AAMFs (black) and the measured NO, ASCD
(red) of 2° and 20° elevation angle. To the modelled ratios an exponential fit
(green) was applied. The orange horizontal error bar shows the inaccuracy
calculated from both the modelling and the measurement error.

The retrieval of the trace gas profile information uses a similar approach as for
the retrieval of the aerosol profile described above. Trace gas AAMFs (hence AMFs
with respect to the AMF in zenith direction) are calculated using the retrieved
aerosol extinction profile and are compared to the observed MAX-DOAS ASCDs.
The tropospheric trace gas distribution can also be represented by a box profile,
and the height of the box is varied now in the course of the calculation. For a weak
absorber, it is not necessary to vary the concentration in the model since, in contrast
to the sensitivity of the O, AMF on the absolute aerosol extinction, the trace gas
AMF depends only on the shape of the vertical profile and not on the absolute
concentration. Therefore, the ratio of the AAMFs obtained from the measurements
at two elevation angles provide sufficient information to derive the height of the
tropospheric trace gas box. This requires that the measured ratio matches with the
calculated ratio of a specific box height.

An example is shown in Figure 4.6 where the ratios of modeled NO, AAMFs at 2°
and 20° elevation angle as a function of the NO, box height are plotted (see Sinreich
et al. [2005]). An exponential fit was applied to the data. The corresponding average
ratio of the measured NO, slant column density (NO, ASCD ratio) is 6.0 (£0.3)
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Figure 4.7: (a) Sketch of MAX-DOAS measurement geometry under the clear sky single

scattering assumption. (b) MAX-DOAS measurements under cloudy condi-

tions. Photons from sunlight entering the lower atmosphere are successively
scattered towards the instrument within the field of view of the telescope.
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(bold error bar in Figure 4.6). A comparison of this ratio to the modelled ratio
leads to an NO, box height of 1500 (£300) m. Finally, the tropospheric trace gas
concentration ¢, is retrieved from the calculated AAMFs AA . (at the matching
height) and the measured ASCDs AS,,..s at the two elevation angles a; and ay
divided by the height h of the box:

c _ l ASmeaS(O‘l) - ASmeas(O@)
TP TR A e(ar) — AAe(as)

(4.35)

This relatively simple approach implies some uncertainties:
1. fitting error of the (differential) SCDs of O, and trace gases,

2. errors in the radiation transfer calculation (e.g., statistical errors of the Monte-
Carlo approach or due to simplifications in the Mie scattering),

3. possible oversimplification of the assumed aerosol scenario (see Table 4.1) as
well as the trace gas distribution,

4. temporal variations during recording the elevation sequence, and
5. effects of clouds.

Error sources (1) and (2) are probably minor (in the order of 10 % or below),
compared to the potential influence of the latter two sources of uncertainty.

Concerning uncertainty (3) the aerosol and trace gas scenarios used here are —
admittedly — quite coarse in that they only assume a single homogeneous layer with
fixed combinations of height and extinction or concentration. More flexible repre-
sentations of the atmospheric conditions, consisting of e.g., two layers with variable
height and extinction or concentration including horizontal inhomogeneities, should
considerably reduce uncertainty (3). The dimension of error source (4) depends on
the circumstances (e.g. time of day, changing winds in the proximity of strong aerosol
or trace gas sources). Thus, temporal variations must be thoroughly considered in
the evaluation of the retrieval.

In terms of error source (5), the radiative transfer under clear sky is quite well
understood at present, cloudy conditions were not systematically analyzed to date.
In the measurement process, photons from sunlight entering the lower atmosphere
are successively scattered towards the instrument within the field of view of the tele-
scope. While under clear sky conditions, the single scattering case can be assumed
(see Figure 4.7a), under cloudy conditions (assuming the cloud layer being located
above the aerosol layer(s)) diffuse light originating from the lower cloud boundary
is now scattered towards the instrument (see Figure 4.7b). Clearly, this is likely to
change the relative lengths of the light paths at high (i.e. zenith) and low observa-
tion elevation angles. Also the (constant) additional light path inside the cloud has
to be considered. However, the general dependence of the O, slant column density
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as a function of elevation angle is likely to remain the same. Yet, the influence of
clouds can be avoided by selecting cloud free periods when applying this comparison
approach.

4.6.2 Langley Plot Approach

The Langley plot (see section 4.4) can also provide information on the tropospheric
profile when assuming a box profile for the absorbing trace gas (i.e. profiles with
a constant trace gas concentration from the surface up to a certain altitude and
zero concentration above). Such a distribution scenario can be approximately found
within a well mixed boundary layer.
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Figure 4.8: Idealized Langley plot for a tropospheric absorber layer with synthetic values.
ASCDs from measurements are plotted versus AAMFs calculated with the ge-
ometrical approrimation (see also text).

The Langley plot approach can be applied if the averaged light path length be-
tween the telescope and the (last) scattering event for the lowest elevation angles
is short enough to be located within the trace gas layer. For the higher elevation
angles, however, the scattering events must happen mostly outside of the trace gas
layer. If the air mass factors are approximated geometrically according to the single
scattering case, the Langley plot considering ASCDs and AAMFs (see equations
(3.31) and (4.24)) shows a behavior like in Figure 4.8. For smaller AAMFs the re-
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lationship is linear to the ASCDs yielding the VCD. However, with higher AAMFs;,
the ASCDs reach a value Sy from where they do not increase any more. Instead,
they remain on a horizontal plateau because the AAMF's further increase since the
geometrical approach is not valid any more. The corresponding air mass factor Ay
is the projection on the x-axis. Yet, it has to be noted that this an idealized plot.
In reality, the border between the linear and the constant dependency will rather be
smoothed out.

Since, for tropospheric absorbers in the single scattering case, the AAMF can be
approximated by Flm) — 1, the corresponding elevation angle g can be determined.
The angle oy can be considered as the angle where the averaged light path length
from the last scattering event matches with the light path through the trace gas
layer. For larger elevation angles, the scattering events are located mostly above the
layer and, for smaller elevation angles, they are located mostly in the layer. The

concentration ¢ of the trace gas layer is given by:

_

‘=7

(4.36)
with L as the averaged distance between the last scattering event and the telescope at
the elevation angle ay. The layer height H can be calculated from the concentration
¢ and the ASCDs and AAMFs when the linear relation is given (values not larger
than Sy and Ay, respectively), hence e.g.:

So
H = 4.
1 e (4.37)
With equation (4.36), this can be written as:
L
H =" 4.
+ (4.38)

Thus, the height H of the trace gas layer can only be determined if the averaged light
path length between the telescope and the last scattering event is known. However,
L depends on the Rayleigh scattering as well as on the aerosol extinction.

The extinction due to Rayleigh scattering e is calculated from the number density
p and the Rayleigh cross section o (see equation (4.4)):

ER =P OR (439)

The aerosol extinction coefficient €,; can be derived from measurements forming
the ratio of two ASCDs of O, from different elevation angles. Thereby, measure-
ments from the lowest elevation angles are most sensitive for the aerosol extinction.
This ratio can be compared with corresponding calculated ratios of AAMFs at dif-
ferent acrosol extinction coefficients (see also section 4.6.1). However, the height of
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Figure 4.9: Measured O, AAMF ratios versus the aerosol extinction epr. The projection
of the measured O, ASCD ratio yields the aerosol extinction.

the aerosol box profile has to be estimated in advance. In Figure 4.9, an example
is shown for elevation angles 3° and 18° and a box height of 1 km. The ratios were
calculated by Tracy-II and were fitted by an exponential function. The projection of
the measured ratio on the fitted function yields the corresponding aerosol extinction
coefficient.

The sum of the extinction coefficients €r + €)r = €1otar Can now be considered
in the calculation of L. This was done by McArtim varying the aerosol extinction
coefficient €, for the wavelength A of 360 nm and, for instance, the elevation angle
of a of 5°. The modeled scattering distances are plotted versus the different aerosol
extinctions and fitted by an exponential function which is shown in Figure 4.10. For
the aerosol extinction coefficient from the example in Figure 4.9, the projection of
the fit yields the scattering distance L. Applying equation (4.38), now the layer
height can be determined.

The Langley plot approach is a very simplified method and the uncertainties listed
in the direct comparison approach (section 4.6.1) have to be considered here as well.
Furthermore, an additional uncertainty arises due to the estimation of the height
of the aerosol box profile. This procedure might be applied iteratively using the
retrieved layer height of the trace gas as new estimated height of the aerosol layer
until both layer heights match. Alternatively, the aerosol profile could be determined
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Figure 4.10: Scattering distance L versus the aerosol extinction epy. The scattering dis-
tance can be determined from the projection of the given aerosol extinction.

by other methods, e.g. the direct comparison approach.

Additionally, this approach can only be applied if the aerosol load is that high that
the Langley plot shows the described behaviour. However, then the sensitivity re-
sulted from the ratio of two measurements with different elevation angles is relatively
low so that the potential error increase. Nevertheless, the Langley plot approach
can be feasible enough to estimate the height and concentration of a well-mixed
boundary layer under the described conditions.

4.6.3 Optimal Estimation

Optimal estimation is a powerful and well established technique for solving inverse
problems in atmospheric remote sensing applications [Rodgers, 2000]. It has been
applied to DOAS measurements of scattered sunlight [e.g. Hendrick et al., 2004;
Schofield et al., 2004]. After Frief et al. [2006] demonstrated the potential of re-
trieving profiles by optimal estimation using simulated MAX-DOAS measurements,
also Irie et al. [2007] recently used it to retrieve aerosol properties from MAX-DOAS
field measurements.

Using optimal estimation, profile retrievals can be estimated more analytical than
the methods described in sections 4.6.1 and 4.6.2 so that e.g. different error compo-



4.6 Profile Retrieval 67

nents, vertical resolution or the information content can be quantified. In general,
optimal estimation is based on a forward model F(x) which describes the physics
of a measurement. The measurement, which is expressed by a m-element vector y,
can be calculated by F(x):

y =F(x) + ¢ (4.40)

where ¢ describes the random and systematic errors of the measurement as well
as deviations owing to simplifications made by the forward model. The n-element
vector x contains the quantities of the state of the system. Furthermore, the forward
model parameter b is considered which quantifies further properties of the system.
These are not retrieved, but have to be determined in good accuracy. Thus, the
vector x can now be regarded as the state of the system which is supposed to be
retrieved:

y =F(x,b) + ¢ (4.41)

In the case of MAX-DOAS measurements, y contains differential slant column den-
sities and, if applicable, differential intensities. Thereby, differential intensity is
defined as the ratio between a measured intensity and the intensity of the reference
spectrum. The forward model F(x,b) is a radiative transfer model and describes
the physics of the atmosphere.

The retrieval is based on a least squares fit in which the results of the forward
model F(x,b) should match best to the measurements y. Since in atmospheric
remote sensing applications, the information about the state of the atmosphere is
often under-determined by the measurements an a priori vector x, is introduced as
an additional constraint. It represents an estimate of the state of the atmosphere
before the measurement has been made. In the retrieval process, also the deviation
of the retrieved state from the a priori state is supposed to be minimzed by least
squares methods. Thus, the a priori values have to be chosen thoroughly:

(y — F(&,b)7S.(y — F(&,Db) + (X — X2)"Sa(% — x,) — min (4.42)

where S, and S, are the covariance matrices of measurement and a priori, respec-
tively. X is the retrieved state vector and is called maximum a posteriori (MAP) so-
lution. In the linear case (for which the forward model is linear, F(x,b) = K(b)-x),
it is given by the Gauss-Newton method as:

%= (S;' +K'S'K) "(K”S 'y + 8, 'x,) (4.43)

where K is the weighting function matrix (Jacobi matrix). It is the matrix of partial
derivatives of the forward model with respect to the state vector, which describes
the sensitivity of the measurement to perturbations in the state vector, i.e. the
elements of the weighting functions are:

OF;(x)

K, =——" 4.44
Jk 833'k ( )
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In case of a non-linear problem, the MAP solution X of an inverse problem can
be determined iteratively:

Xi+1 = X + (S;l —+ K;Tslel)il[KZTS;1<y — F(XZ)) — S;l(Xi — Xa)] (445)

The error of the retrieved state vector S is quantified by the retrieval covariance
matrix not including forward model errors and model parameter errors:

S=(K'S/'K +s;1)™! (4.46)

An important quantity for the characterization of a retrieval is the sensitivity of
the retrieved state X to the true state x, which is given by the averaging kernel
matrix

A = 85\( _ -1 KT flK flKT flK
= e (S," +K'S_'K) S, (4.47)
For a noise free measurement, the retrieved state vector is a smoothed version of
the true atmospheric state:

X=x,+A(x—x%,) (4.48)

In the case of the retrieval of atmospheric profiles, this means that the averaging
kernels (rows of A) quantify how the true profile is averaged in order to reproduce
the retrieval at a particular altitude level. The averaging kernels therefore provide
a measure for the vertical resolution of the measurement and the sensitivity of the
retrieval to the true state at particular altitudes. The averaging kernel matrix of an
ideal retrieval would be the unit matrix (A =1I), yielding X = x.

The number of independent pieces of information that can be measured is quan-
tified by the degrees of freedom for signal d:

ds = tr(A) (4.49)

Similarly to the direct comparison approach in section 4.6.1, the profile retrieval
of a trace gas is split into two steps. The first is the retrieval of the aerosol profile,
for instance, by measurements of O,. In the second step, the profile of the trace gas
can be estimated.

In the retrieval of an aerosol profile using MAX-DOAS measurements, the mea-
surements consist of dSCDs (or alternatively differential optical densities (d7)) of O,.
These are observed at m different combinations (A;,€2;) (j = 1,...,m). Thereby, A,
are the different wavelengths where O, features absorption bands (O, has significant
absorption bands at 360 nm, 477 nm, 577 nm, and 630nm in the UV-Vis wavelength
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range) and 2, the different measurement geometries. The measurement geometry
Q = («a,0,¢) is determined by « as the elevation angle, 6 as the solar zenith angle,
and ¢ as the relative azimuth angle between the measurement direction and the sun.
The different combinations of measurements can be summarized in the measurement
vector as

dr(M, Q)
g 5 (4.50)
AT (Am, Q)

Additionally, the corresponding m differential intensities relative to the reference
spectrum can be taken into account, such as in Frief§ et al. [2006].
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Figure 4.11: Ezample of O, weighting functions based on simulated MAX-DOAS measure-
ments (2°, 5°, 10° and 20° elevation angles) of 0, at the absorption band
centered around 360nm. They are determined by the partial derivatives of
the O, optical density with respect to the partial aerosol optical density for
each height layer normalized by the vertical optical density of 04 at 360 nm
[Frief$ et al., 2006]. The weighting functions show that the 0, optical density
decreases with higher aerosol optical density and that the sensitivity is highest
close to the ground.

Applying the non-linear case, aerosol extinction profiles can be retrieved. The
state vector x contains the extinction coefficients k(z;) (i = 1,...,n) at n discrete
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layers (centered around the altitudes z;). With different azimuth angles and includ-
ing also differential intensities, optical or microphysical properties of aerosols, such
as parameters of the phase function (e.g., the asymmetry parameter when using a
Henyey-Greenstein phase function) and the single scattering albedo, or the particle
size distribution and complex refractive index, can be retrieved. Additionally, infor-
mation on the wavelength dependent surface albedo can be yielded by using several
O, absorption bands.

The sensitivity of MAX-DOAS measurements to perturbations of the state pa-
rameters is quantified by the weighting functions K, (see equation (4.44)). An
example is shown in Figure 4.11 where O, weighting functions are plotted for the
absorption band centered around 360 nm.

In principal, the estimation of the trace gas profile is conducted in the same way
now using the retrieved aerosol profile in the forward model except that, for weak
absorbers, the retrieval can be assumed to be linear. In any case, the measurement
vector can be written as:

dTTg(/\7 Ql)
y = - (4.51)

dTTg(/\, Qm)

with m not being the same as in equation 4.50. d7rpq are the differential optical den-
sities of the trace gas of interest at different measurement geometries £2;. The trace
gas is normally evaluated only at one (optimal) wavelength A in the measurement
wavelength range. For O5 and NO,, also several wavelengths could be considered
because they absorb over a wide wavelength range in the UV-Vis.

Combining the optimal estimation method with the Langley Plot approach in
section 4.6.2 can lead to a simplified retrieval in only one step. It is assumed that
both the aerosol layer and the trace gas layer are homogeneously mixed and constant
until the same height, with zero above. In this case, the forward model can still
be the radiative transfer model or, more simplified, a geometrical calculation. By
knowing the scattering distance distribution from the last scattering event to the
telescope and by assuming single scattering only within the layer into the direction
of the sun, the light path through the layer can easily be calculated (see Figure 4.12).
However, the scattering distance distribution still has to be modeled by radiative
transfer calculations for each measurement geometry. In any case, the measurement
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Figure 4.12: Sketch of a DOAS measurement in the single scattering case of the Langley
Plot Approach. The telescope points to the elevation angle o in order to
collect sunlight which was scattered along the line of sight (red points). By
knowing the scattering distance distribution from the last scattering event to
the telescope along the line of sight, the light path through the layer can easily
be calculated.

vector would be

dTo4()\1, Odl) \

dro, (A1, as)

Y= drrc(he, an) (4.52)
\ drro(a.as) /
assuming only a changing elevation angle a; (j = 1,...,s) in the measurement

geometry. A; and A, are the evaluation wavelengths of O, and the trace gas of
interest, respectively. The state vector x now contains only the aerosol extinction
ey and the trace gas concentration c in the layer as well as the layer height H:

x = (ear, ¢, H)F (4.53)
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In this case, the weighting function can be written as:

Since d7o, (A1, 1) does not depend on the concentration of the trace gas and
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with o as the absorption cross section and dArg (g, @) = Arg(A2, @) —Ara(A2, Ages)
as the corresponding differential air mass factor, the weighting function can be
rewritten:
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5.1 The Mini-MAX-DOAS Instrument

One kind of measurement instrument which was used in both measurement cam-
paigns of this work, namely in the north-east of the USA (see chapter 7) and in
Mexico City, Mexico (see chapter 8), was the Mini-MAX-DOAS instrument. This
is an easily manageable and relatively small measurement device (the dimensions of
the housing are about 13 cm x 19 cm x 14 cm) [Honninger, 2002]. It is developed by
the Institute of Environmental Physics of the University of Heidelberg together with
Hoffmann Mefitechnik GmbH which is the manufacturer of the Mini-MAX-DOAS

Figure 5.1: Mini-MAX-DOAS setup mounted on a tripod, in this instance at Brookhaven
during ICARTT 2004 measurement field campaign (see section 7.2).
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Figure 5.2: Sketch of the Ocean Optics USB2000 spectrograph-detector unit. Light enters
the spectrograph at the quartz fiber connector which includes the entrance slit.
1t is led via mirrors first to the diffraction grating and then to the CCD detector

devices. For measurements, it can be mounted on a conventional tripod (see Figure
5.1).

The Mini-MAX-DOAS housing contains a miniature crossed Czerny-Turner spec-
trograph-detector unit called ”USB2000” from Ocean Optics Inc. which is sketched
in Figure 5.2. In this work, the Ocean Optics spectrographs were equipped with
the diffraction grating #7 with 2400 grooves per mm so that the spectral resolution
accounted to about 0.7 nm full width at half maximum (FWHM). It projected a
spectral range from about 290 to 420 nm and about 330 to 460 nm, respectively,
onto a one-dimensional CCD detector with 2048 pixels. The scattered sunlight is
collected and focused by a quartz lens (focal length of 40 mm). A coiled quartz
fiber bundle of about 1 m length leads the light into the spectrograph-detector unit.
There, a linear arrangement of four quartz fibers (200 pm diameter each) together
with an entrance slit of the spectrograph-detector unit (50 pm width) results in
a relatively good resolution with maximum light throughput. The spectrograph-
detector unit can be cooled by a Peltier cooling to a stable temperature of up to 30° C
below ambient temperature in order to minimize changes in optical properties of the
spectrograph while, at the same time, reducing detector dark current (see section
5.3.2). To avoid condensation of water vapor, the Mini-MAX-DOAS housing was
sealed and a drying agent was included. The housing can be attached to a stepper
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motor which enables the adjustment of the viewing direction to a desired elevation
angle. By means of a spirit-level the Mini-MAX-DOAS device can be aligned to
the horizontal so that the stepper motor movements are adjusted to the respective
elevation angles. Usually, a stepper motor with Reed end switch has been used which
needs 10,000 steps for a movement of 90°. Additionally, the azimuth angle could be
adjusted by a second stepper motor which, however, was not used in this work. An
electronic board integrated in the housing controls both the Peltier cooling as well
as up to two stepper motors. All functions including the readout of the detector
can be controlled by PC via USB connection. While the power of the spectrograph-
detector unit is provided by the USB port, the cooling and stepper motor movement
need a 12V power supply with 4 A peak current at maximum cooling. In case of
absence of mains supply, a conventional lead battery usually can provide this power
for a couple of hours. Even if mains supply is available, it can be useful connecting
a battery parallel to it in order to smooth out power peaks of the mains supply and
to have a fallback power supply in case of a mains supply breakdown. This was
done for all Mini-MAX-DOAS setups in this work.

The Mini-MAX-DOAS instruments were operated by the software package DOA-
SIS (DOAS Intelligent System) [Kraus, 2004]. DOASIS allows to execute JScript
routines which enable a fully automated measurement procedure. While at night
calibration measurements were conducted automatically, at day (in this work at so-
lar zenith angle below 97°) scattered sunlight measurements at predefined elevation
angles were performed. Furthermore, all settings could be controlled via JScript, like
e.g. the nominal temperature of the spectrograph-detector unit or the solar zenith
angle at which it should be switched between night and day measurements. The
solar zenith angle was calculated by DOASIS from the geographic position of the
measurement and the universal time provided by the computer clock. The JScript
routine also adapted the integration time of the measurement scans to the light
conditions in order to achieve a constant signal level (i.e. constant signal maximum
per exposure), to store the spectra and to control the pointing of the telescopes.
In the measurement campaign in the north-east of the USA, the number of scans
was set to be fixed to 1000 scans so that the total measurement period was adapted
and hence changed according to the light conditions. In contrast, in the measure-
ment campaign in Mexico City, the total measurement period was set to be fixed
to 120 seconds. Consequently, the number of scans changed according to the light
conditions.

In both campaigns several Mini-MAX-DOAS instruments with a wavelength range
of about 290 to 420 nm and one of about 330 to 460 nm were used each. An
optical filter UGH which significantly reduces the light above 400 nm was used for the
instruments with the wavelength range from 290 to 420 nm. This provides a better
balance of the light intensities at different wavelengths and reduces spectrograph
stray light. For the Mini-MAX-DOAS instrument which covered a wavelength range
more to the visible, the UGS filter would have diminished half of the spectrum. Thus,
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Figure 5.3: Comparison of the transmission of UG5 and BGS3 filter of 1 mm thickness each
between 250 and 800 nm.

in the measurement campaign in the north-east of the USA, no filter and in Mexico
City a BG3 filter was applied. The BG3 filter cuts the light more to the visible. A
comparison of the transmission of UGH and BG3 of 1 mm thickness each is shown
in Figure 5.3.

5.2 The Polarstern/Schwampel Instrument

The other kind of MAX-DOAS instrument which was used in both campaigns was
the Polarstern and Schwampel instrument, respectively. The Polarstern instrument
was designed for cruises of the German research vessel F'S Polarstern. It features spe-
cial requirements for the operation onboard a ship and consisted of two spectrograph-
telescope systems in the first version. After it was used in the measurement campaign
in the north-east of the USA, one of the two spectrograph-telescope systems was sep-
arated from the Polarstern instrument and became the Schwampel instrument. The
Schwampel instrument was used in the measurement campaign in Mexico City.
During the measurement campaign in the north-east of the USA, the Polarstern
instrument was installed on the research vessel RV Ron Brown (see section 7.2). The
outdoor part of the instrument consisted of four (grey) telescope units which were
arranged in parallel (see Figure 5.4). In each telescope unit, a stepper motor with
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Figure 5.4: Outdoor part of the Polarstern instrument. Setup on the RV Ron Brown during
ICARTT 2004 measurement field campaign (see section 7.2). The Cardanic
suspension is fized with wires.

Reed end switch enabled to adjust it individually to any elevation angle between
horizon and zenith. Furthermore, some electronic devices for calibration and protec-
tion purposes were integrated: A halogen lamp whose spectrum delivers information
on the pixel-to-pixel variability of the detector and a mercury-neon lamp whose line
spectrum is used for the determination of the spectrograph's resolution as well as
a rough wavelength-to-pixel mapping. A shutter at the entrance of each telescope
prevented sunlight from entering the telescope when the shutter was closed. Thus,
calibration measurements could not be affected by external light. Furthermore, the
shutter closed in case the telescope pointed directly at the sun which was supposed
to be detected by a photo diode at the front of the telescope unit. The strong light
intensity of direct sunlight possibly would have damaged the detector or the fiber
entrances (see below). Finally, a heating foil ensured that the temperature of the
telescope unit keeps above the freezing point so that potential ice or hoarfrost could
not affect the measurements. However, since the measurement campaigns were con-
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ducted in regions and at times at which the ambient temperatures were significantly
above the freezing point, the heating of the telescope units actually did not play a
role.

To prevent influences on the telescope viewing directions caused by rolling and
pitching of the vessel, the telescope units were mounted on a Cardanic suspension
which largely compensated for these movements. A weight of 30 kg at the bottom
of the moveable suspension stabilized it. Directly underneath the weight, a nail
board was attached which passes through a fixed conventional brush at every move-
ment and provided enough friction so that the suspension could not oscillate after
movement.

Each telescope unit contained a quartz lens with a focal length of 20 mm which
focused the scattered sunlight. The light from one telescope was coupled into a fiber
of 800 pum diameter which led it to an Ocean Optics USB2000 spectrograph-detector
unit. The Ocean Optics USB2000 covered a wavelength range of 400 to 700 nm. It
was placed in a heat insulating Dewar vessel where it was cooled by a two-stage
peltier cooling. To prevent condensation of water vapor, the Dewar was evacuated
and filled with argon gas with an overpressure of about half of the atmospheric
pressure. The heat was removed by a fan on top of the Dewar.

The light from the other three telescopes was focused each on a quartz fiber
bundle of seven fibers with 150 pm diameter. Filters reduced spectrograph stray
light and balanced light at different wavelengths. While UG5 filters were used in the

CCD-detector  Light ray Mirrors Fiber bundles of the three telescopes

/

Grating Mirror

Figure 5.5: Schematic illustration of the light paths from the fiber bundles of the three
telescopes to the two-dimensional CCD detector of the Polarstern instrument.
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measurement campaign in the north-east of the USA, in the campaign in Mexico City
BG3 filters were applied (see Figure 5.3). The fibers led the light to the spectrograph
where they were all arranged linearly to form the entrance slit. This means that all
the fibers of the three different telescopes were aligned one on top of each other. The
spectrograph was a commercial instrument with 300 mm focal length (Acton model
300). It covered the wavelength range from approximately 325 to 460 nm and had a
resolution of about 0.7 nm FWHM. As illustrated in Figure 5.5, the incoming light
from the three telescopes was led to a grating via mirrors where it was dispersed
spectrally. A second mirror focused the light onto a two-dimensional imaging CCD
detector (Andor model DV420-OE) with 1024 horizontal and 256 vertical pixels. The
horizontal pixels mapped the wavelength, while the vertical pixels corresponded to
the vertical position in the entrance slit. Thus, the light of the different telescopes
was measured simultaneously and the light of the fiber which, for instance, was
placed in the middle of the slit was detected also in the vertical middle of the
detector. Hence, the signals originating from the three telescopes reached the two-
dimensional detector at well defined different areas which allowed them to be clearly
separated afterwards. Figure 5.6 shows an example of a measurement. Three areas
with measurement signal which are separated from each other by blue background
correspond to the light of the three telescopes. Furthermore, each area exhibits lines
which are several pixels thick and arise from the seven fibers. For the retrieval of
trace gases, the two-dimensional image was converted into three one-dimensional
spectra, corresponding to the three areas with measurement signal. Thereby, the

Figure 5.6: Example of an image of the CCD chip with 256 horizontal lines and 1024 pizel.
The light intensity is color coded. Red means high intensity which decreases
over yellow and green to blue. The horizontal dimension corresponds to the
wavelength (with two Fraunhofer lines in the middle at 393 and 897 nm). Ver-
tically, the three areas with measurement signal can be seen which correspond to
the light of the three telescopes. In between, blue background areas are located.
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lines of each area with measurement signal were added and saved in the binary
MFC-format which is suitable for retrieval [Gomer et al., 1995].

While the spectrograph was heated to a stable temperature above +30° C in order
to minimize changes in its optical properties, the CCD detector was cooled to -30°
C in order to reduce detector dark current. The signal of the CCD detector was
transferred to a PC via a specialized Andor PCI-board. The stepper motors of the
telescopes were operated by Isel controllers which in turn, executed commands given
by the PC. Furthermore, a special control unit enabled to individually switch on and
off the different lamps of the telescopes as well as to open and close the different
shutters. This was also possible via commands from the PC.

The Polarstern instrument was operated by a specialized measurement program
[Frie, 2001] which can deal with both spectrographs simultaneously. It managed the
stepper motors in the way that the desired elevation angles of the three telescopes
were different for each unit. Thus, each telescope always measured at a different
elevation angle which improves the temporal resolution of the measurements. The

Figure 5.7: Outdoor part of the Schwampel instrument setup in Mexico City during MILA-
GRO 2006 measurement field campaign (see section 8.2). The three telescopes
point to different azimuth directions perpendicular to each other.
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measurement routine was set to acquire measurement spectra for solar zenith an-
gles below 97°. However, between 90° and 97° SZA the elevation angle was fixed
for each telescope. Below 90° SZA, the elevation angle sequence was conducted for
each telescope. At solar zenith angles above 97°) the shutters closed automatically
and spectra of dark current and offset (see section 5.3) as well as mercury-neon and
halogen lamp spectra were acquired periodically. The SZA was also calculated by
the measurement program using universal time provided by the computer clock and
the geographical position. The geographical position was updated manually several
times per day during the cruise on the RV Ron Brown. Later during the evaluation
of the spectra, the exact geographical position was updated by retrieving the geo-
graphical position in log-files of the RV Ron Brown at the acquisition time of each
spectrum.

After the measurement campaign in the USA, the Polarstern instrument was split
into two instruments. The spectrograph with the two-dimensional CCD detector
and the three telescopes were separated from the Polarstern instrument and have
been called Schwampel device. Hence, the Polarstern instrument has only contained
the Ocean Optics spectrograph with one telescope and the Cardanic suspension.

The three telescopes of the Schwampel instrument were not arranged in parallel.
Rather they pointed at azimuth angles perpendicular to each other. Figure 5.7 shows
the outdoor setup of the Mexico City measurement campaign. All components and
properties have remained identically to the corresponding part of the Polarstern
instrument apart from the differences detailed above. Also the same measurement
software and routine was used for the Schwampel instrument in the campaign in
Mexico City.

5.3 Corrections on the Spectra

The measured raw spectra need to be corrected for background signals prior to the
DOAS analysis. This includes electronic offset, dark current and spectrograph stray
light.

5.3.1 Electronic Offset

The electronic offset is an artificial electronic signal which is added to the measure-
ment signal to avoid negative signals caused by electronic noise at low intensity level
which cannot be handled by the analog-digital converter. In Figure 5.8 an example
of an electronic offset of the USB2000 is plotted.

Since the offset signal can disturb the retrieval of trace gases it has to be sub-
tracted from each scan. For correction, the offset spectrum can be acquired when the
detector is not exposed to light. The integration time has to be chosen as short as
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Figure 5.8: Typical offset spectrum measured from an Ocean Optics USB2000. In this
instance, the average counts per scan are 344=%1.

possible to avoid any other signal than the electronic offset. For statistical reasons,
the electronic offset is usually measured by adding many scans. It is assumed that,
except for detector noise, it does not change by time so that it can be subtracted
from each spectrum. Thereby, the ratio of the number of scans of the measurement
spectrum and of the offset spectrum have to be multiplied with the offset spectrum
in order to match the offset signal in the measurement spectrum. It is notewor-
thy that the intensity of the electronic offset may change if the temperature varies.
This was observed for the Ocean Optics USB2000 spectrometers whose offset signal
increases with lower temperature.

5.3.2 Dark Current

Another signal which is overlaid to the measured spectra is the dark current. It
arises due to self dischargement of the CCD detector. Thermally excited electrons
contribute to the charge of the measurement signal so that the dark current spectrum
is superimposed to the measurement signal. The dark current is proportional to the
Boltzmann factor e"2#/¥T Since it increases exponentially with temperature it can
be reduced significantly by cooling the detector. The dark current is acquired also
in the absence of light. A single scan with an integration time as long as possible
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Figure 5.9: Typical dark current spectrum measured from an Ocean Optics USB2000. In
this instance, the spectrum features many peaks (hot pizels) and the average
counts per second are 0.99+t1.47.

is taken and corrected for the offset signal. A typical dark current spectrum of
the Ocean Optics USB200 at a temperature of 0°C is shown in Figure 5.9. In
this example, the dark current spectrum features many peaks which probably occur
due to errors in the endowment of the CCD detector array (hot pixels) so that the
average counts per second are 0.9941.47. Generally the average intensity of the
dark current is relatively small and is typically less than 0.0001 for almost saturated
spectra. Nevertheless, it may play a major role when the measured intensity is low
or in case of strong peaks (e.g. the peak closely below pixel 1500 in Figure 5.3.2).

It is assumed that the dark current signal is proportional to the integration time
of the measurement. Hence, the dark current signal can easily be corrected by sub-
tracting the dark current spectrum weighted with the ratio of the integration times
of the measured spectrum and the dark current spectrum. However, in reality, the
proportionality is not fully correct because the dark current is slightly dependent on
the saturation level of each CCD pixel [Stutz, 1991]. Nevertheless, the proportional
correction accounts for the dark current approximately correct and was applied in
this work.
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5.3.3 Spectrograph Stray Light

Stray light in the spectrograph is light which has not traversed the destined path
through the sprectrograph or is diffracted by the grating in higher order. Neverthe-
less it may reach the detector and lead to an additional measurement signal which
can significantly disturb the original measurement signal. Like the electronic offset
and dark current, it has to be accounted for. However, the correction is typically
much more difficult because the intensity of stray light depends on the light inten-
sity, also of wavelengths which are actually not measured. Since at any wavelength
the intensity of the original spectrum is not known, the derivation of the stray light
spectrum can hardly be accomplished. Yet in practice, to some extent, the stray
light can be accounted for during the spectral analysis procedure by fitting an ad-
ditional polynomial (see section 3.4.1). Nevertheless, it is of advantage to identify
the stray light before analyzing the measurement spectra.

Fﬂn—. :

S’rroy IlghT area-1

Figure 5.10: Image of the CCD chip. The minimum areas on the CCD-chip of about ten
lines are framed red. These areas feature relativ constant intensity and can
be used to determine the spectrograph stray light.

The Ocean Optics USB2000 miniature spectrographs have already been charac-
terized elsewhere [e.g. Weidner, 2005; Weidner et al., 2005]. There it turned out
that spectrograph stray light only plays a minor role and does not require a special
correction. However, the two-dimensional CCD-chip of the Polarstern/Schwampel
instrument detects the light of three telescopes simultaneously. This holds the risk
that light from one line of the CCD-chip reaches another line owing to e.g. reflec-
tions in the spectrograph. This is apparent in the measured images, where elevated
values occur also in the background areas. To further investigate the stray light, the
minimum areas on the CCD-chip between the measurement areas were searched.
A minimum base of about ten lines was identified in which the intensity is rel-
atively constant, each in the middle between the measurement areas (see Figure
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Figure 5.11: Comparison of the ratios of the two stray light areas to the measurement signal
during two days of measurement. In red, the one-to-one line is plotted.

5.10). Based on that, it was concluded that besides offset and dark current, only
spectrograph stray light could be found there. It turned out that stray light could
amount to up to 40 % of the measurement signal. Typical values were between 3
and 15 %. Furthermore, the two stray light areas had approximately the same values
(see Figure 5.11). Thus, spectrograph stray light can be assumed to be distributed
homogeneously over the lines of the CCD detector. This allows to subtract the
values of the stray light from the measurement areas, weighted with the number of
lines each, which was done in this work.
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6 Spectral Retrieval

6.1 General Procedure

The retrieval was supposed to deliver mainly ASCDs, hence the differential slant
column densities with respect to a zenith spectrum at the same solar zenith angle.
This leads not only largely to an elimination of the stratospheric contribution to the
ASCD. It also cancels mostly influences of instrumental instabilities.

The ASCDs were derived from the recorded spectra by an analysis procedure
using a combination of the software packages Doas Intelligent System (DOASIS)
from Institute of Environmental Physics of the University of Heidelberg [Kraus,
2004] and Windoas [Fayt and van Roozendael, 2001] from IASB (Belgium Institute
for Space Aeronomy). The Windoas software fitted several trace gas cross sections as
well as the logarithm of a Fraunhofer reference spectrum (FRS), a Ring spectrum and
a polynomial based on a non-linear least squares fitting algorithm to the logarithm of
the measured spectrum. The Ring spectrum and the polynomial correct for Raman
scattering as well as Rayleigh and aerosol scattering, respectively. Also, included in
the fitting routine was an intensity offset to account for possible instrumental stray
light. The measurement spectrum was allowed to shift and squeeze against the FRS,
the Ring spectrum and the cross sections.

The retrieval was performed by starting JScript commands in DOASIS which
also called the Windoas evaluation procedure for each measurement spectrum. The
combination of DOASIS and Windoas was applied for several reasons:

e To retrieve ASCDs the Fraunhofer reference spectrum had to be changed from
measurement sequence to measurement sequence. This option is not included
in the Windoas software package. Thus, DOASIS updated the FRS if applica-
ble before the next measurement analysis was conducted. Finally, the zenith
spectrum from the previous measurement sequence was generally chosen. The
Ring spectrum was calculated from the respective FRS for each sequence and
thus changed from sequence to sequence, too. However, also retrievals with

fixed FRS were possible which yielded dSCD.

e Since the wavelength-to-pixel mapping can change with time due to instru-
mental instabilities the calibration had to be performed newly for each FRS.
Thus, the following procedure was applied using the DOASIS software: First,
the wavelength calibration was performed for an arbitrary reference spectrum
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by fitting the Fraunhofer reference spectra to a high resolution Fraunhofer
spectrum [Kurucz et al., 1984] convolved with a instrument's slit function.
The slit functions were derived by emission lines of mercury. Then, the other
zenith spectra were shifted to the calibrated spectrum. Thus, they all were
on the same wavelength-to-pixel grid before the respective Ring spectra were
calculated and the analyses of the measurement spectra were performed.

DOASIS allowed to largely separate out oversaturated zenith spectra so that
they were not used as FRS. The criterion for separation was the level of the
maximum intensity per measurement scan which was chosen to allow not more
than 93 %. This also considers that only some scans could be oversaturated
which can not not be recognized in the spectrum with added scans.

The following absorption cross sections were used in the spectral retrievals:

For NO, Vandaele et al. [1998] at 294 K.

For ozone Bogumil et al. [2003] at 223 K and 243 K since the ozone cross
section is very temperature dependent in the UV wavelength range.

For HCHO Meller and Moortgat [2000].

For SO, Vandaele et al. [1994].

For CHOCHO CHOCHO Volkamer et al. [2005].
For HONO Stutz et al. [2000].

For O, Hermans et al. [1999], if not stated Greenblatt et al. [1990] (with manual
adjustments of the wavelength axis [Andreas Richter, pers. comm.]) in the
detailed descriptions. The O, cross section is given by the O,-O, collision pair
cross section and has the unit molec?/cm® [Greenblatt et al., 1990).

For BrO Wilmouth et al. [1999] at 228 K.

These cross sections were convolved with the instrumental slit function to match
the spectral resolution of the instruments (except for the O, spectrum which was
interpolated). The specific retrieval settings of the trace gases are described in the
following sections.

6.2 Spectral Retrieval of NO,

NO, was analyzed in the wavelength range from 368 to 390 nm including the cross
sections NO,, O; and O,. These cross sections were convolved with the instrumental
slit function determined by measuring the emission line of a mercury lamp at 405
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Figure 6.1: NO, example retrieval of a spectrum taken at MIT on 26 July 2004, 11:14AM
(local time) at 3° elevation angle. The optical densities (black) and the added
residuals (orange) as a function of wavelength are plotted for the different scaled
cross sections, the Ring spectrum, the intensity offset and the polynomial. In
the second row, the residual is plotted.

nm. Furthermore, the Ring spectrum, a polynomial of degree 3 and an intensity
offset of degree 2 were fitted. An example retrieval is shown in Figure 6.1. The
optical densities of the fitted components as a function of wavelength are shown in
black, whereas the orange lines show the sum of the scaled cross sections and the
residual. The measurement spectrum was taken at 3° elevation angle on 26 July 2004
11:14AM (local time) at MIT and delivered a NO, ASCD of 1.12 x 10'7 molec/cm?.
The root mean square amounted to 5.29 x 10~* which is two orders of magnitude
smaller than the retrieved optical density of NO,.
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In context with CHOCHO (calculation of CHOCHO-to-NO, ratio), exceptionally
NO, was retrieved from the analysis of CHOCHO which is also suitable for a NO,
retrieval (see section 6.3).

6.3 Spectral Retrieval of CHOCHO

This spectral retrieval was the first time CHOCHO was detected by MAX-DOAS
[Sinreich et al., 2007]. CHOCHO was analyzed in the spectral range from 420 to 460
nm (458 nm on the RV Ron Brown due to the restricted spectral range of the in-
strument), encompassing three main CHOCHO absorption bands. Besides the Ring
spectrum, an intensity offset (polynomial of degree 1) and an polynomial of degree 5,
the following cross sections were included in the retrieval: CHOCHO, NO,, ozone at
223 K and O, ([Greenblatt et al., 1990] with manual adjustments of the wavelength
axis [Andreas Richter, pers. comm.]). These cross sections were convolved with the
instrumental slit function determined by measuring the emission line of a mercury
lamp at 436 nm. In addition, a water vapor reference spectrum derived from own
atmospheric measurements was used. This was done because the literature water
vapor cross sections are still of poor quality, especially in the wavelength range used
in the retrievals. The measured water vapor reference spectrum was derived from
the ratio of two spectra [Solomon et al., 1989; Heintz, 1996; Wagner et al., 2000],
one with high (at 3° elevation angle) and one with low water vapor absorption (at
zenith direction). In order to minimize the potential interference with CHOCHO
absorption we restricted our measured water vapor reference spectra to the wave-
length range of the actual water vapor absorption (from 438.5 to 454 nm). For the
MIT instrument, the morning of 17 July 2004, when the humidity was high, was
selected. The same was done for the RV Ron Brown by using observations per-
formed on 6 July 2004, also a day with water vapor amounts above average. The
water vapor measurements were taken at about 7 am and 6 am, respectively, when
the least amount of CHOCHO is expected to be present in the atmosphere. Since
the water vapor reference spectra were derived by the instruments themselves, their
specific optical properties are inherently leading to a better spectral retrieval with
less systematic structures.

Typically, NO, is the dominant absorber in the retrieval and its absorption cross
section shows characteristic structures. Thus, even small potential errors in the
analysis of the NO, absorption (e.g. due to the temperature dependence of the cross
section or due to an inaccurate wavelength calibration) might substantially affect
the retrieved CHOCHO results. In this case, the CHOCHO-to-NO, ratio should
provide an indication of a potential interference with NO,. Since the CHOCHO-to-
NO2 ratio showed a variable behavior for each elevation angle and for both sites (for
3° elevation angle see Figure 7.24) such an interference could be clearly excluded.

Several sensitivity studies were performed in order to quantify any systematic error
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Figure 6.2: CHOCHO example retrieval of a spectrum taken onboard the RV Ron Brown on
10 July 2004, 5:15PM (local time) at 3° elevation angle. The optical densities
(black) and the added residuals (orange) as a function of wavelength are plotted
for the different scaled cross sections, the Ring spectrum, the intensity offset
and the polynomial. In the second row, the residual is plotted.
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in the CHOCHO retrieval. The wavelength range and the degree of the polynomial
as well as of the intensity offset were varied. Furthermore, a water vapor cross
section from literature [Rothman et al., 1998] instead of our measured water vapor
reference spectrum was used. While the residual structures were significantly larger,
the results for CHOCHO were almost the same as for the original settings. This
indicates that the retrieved water vapor reference indeed does not contain significant
absorption structures of CHOCHO. Finally, for the measurements at MIT we also a
measured NO, reference spectrum was used instead of the cross section taken from
literature (for the RV Ron Brown no measured NO,, spectrum was available). It was
measured in the early afternoon of 12 July 2004, a slightly hazy, but sunny day with
constant lighting conditions, from two zenith spectra one with and one without a
NO, cell in the field of view. For the described sensitivity studies the results for
CHOCHO were robust within 15 %.

An example for the retrieval of CHOCHO from the instrument onboard the RV
Ron Brown is shown in Figure 6.2. The spectrum was taken under sunny conditions
on 10 July 2004, at about 5:15PM (local time) at an elevation angle of 3°. At this
time, the vessel was cruising along the coast of Massachusetts (42.09 N, 70.59 W)
with wind from westward directions. The optical densities of the fitted components
as a function of wavelength are shown in black, whereas the orange lines show the
sum of the scaled cross sections and the residual. The root mean square variation
of the residual in this evaluation is 0.34 x 1072 which is less than one tenth of the
retrieved optical density of CHOCHO (approx. 3.5 x 1073) and therefore is clearly
low enough to allow an unambiguous detection of CHOCHO [Stutz and Platt, 1996].
The corresponding ASCD amounts to 6.74 x 10 molec/cm? at a 1 o error of 3.00
x 10'. The ASCDs of NO,, water vapor, O, and O, are also clearly identified.

6.4 Spectral Retrieval of HCHO

HCHO was analyzed in the wavelength range from 337 to 357.5 nm including the
cross sections HCHO, NO,, O4 for 223 K as well as 243 K, BrO and O,. These cross
sections were convolved with the instrumental slit function determined by measuring
the emission line of a mercury lamp at 405 nm. Furthermore, the Ring spectrum, a
polynomial of degree 3 and an intensity offset of degree 1 were fitted. An example
retrieval is shown in Figure 6.3. The optical densities of the fitted components as a
function of wavelength are shown in black, whereas the orange lines show the sum
of the scaled cross sections and the residual. The two cross sections of ozone were
added in the figure. The measurement spectrum was taken at 3° elevation angle on
3 August 2004 12:35PM (local time) at Pinnacle State Park and delivered a HCHO
ASCD of 4.47 x 10'® molec/cm?. The root mean square amounted to 3.52 x 1074
which is significantly smaller than the retrieved optical density of HCHO.
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Figure 6.3: HCHO example retrieval of a spectrum taken at Pinnacle State Park on 3
August 2004, 12:35PM (local time) at 3° elevation angle. The optical densities
(black) and the added residuals (orange) as a function of wavelength are plotted
for the different scaled cross sections, the Ring spectrum, the intensity offset
and the polynomial. In the second row, the residual is plotted.
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6.5 Spectral Retrieval of HONO

Also the first MAX-DOAS measurements of HONO are described in this thesis. In
the analysis the cross sections of HONO, NO,, ozone at 223 K as well as 243 K,
O,, BrO and HCHO were included. They were convolved with the instrumental
slit function determined by measuring the emission line of a mercury lamp at 405
nm. Furthermore, the Ring spectrum, a polynomial of degree 5 an intensity offset
(polynomial of degree 2) were fitted. The spectral range from 340 to 390 nm was
chosen encompassing four strong HONO absorption bands, which minimizes any
interference with the HCHO absorption structure.

Since HONO is formed by NO, and H,O heterogeneously, NO, cross sections
might generally be suspected to be contaminated with HONO absorption structures.
This would lead to a significant underestimation of the retrieved HONO values.
Therefore, the used NO,, cross section Vandaele et al. [1998] was examined in terms
of a HONO content by fitting it to an assumed HONO free NO, cross section and
the HONO cross section [Stutz et al., 2000] in the spectral range from 340 to 390
nm. This procedure has already been performed concerning HONO and is described
in detail in Veitel et al. [2002]. Voigt et al. [2002] and Schneider et al. [1987] were
used as (HONO free) reference NO, cross sections. Voigt et al. [2002] was checked
in Veitel et al. [2002] and was concluded to be free of HONO. In Kleffmann et al.
[2006], the HONO retrievals by DOAS and by long path absorption photometer
(LOPAP) were compared and showed good agreement (less than 1.5 % difference).
Since Schneider et al. [1987] was used in this DOAS retrieval it can therefore also
be regarded as free of HONO. The fitting resulted in 0.4 % less HONO content in
Vandaele et al. [1998] each than in the reference NO, cross sections. While the fit
of Voigt et al. [2002] was significant enough the fit of Schneider et al. [1987] was
too noisy to derive an unambiguous value of the HONO content. Anyhow it can
be concluded, that Vandaele et al. [1998] does not show absorption structures of
HONO and that therefore it does not adulterate the HONO retrieval.

An example fit of HONO is shown in Figure 6.4. The according spectrum was
taken on 31 March 2006 at about 7:06AM (local time) at an elevation angle of 1° in
Mexico City (T0) pointing into southern direction. The optical density of HONO
as a function of wavelength is shown in black, whereas the orange line shows the
sum of the scaled cross-section and the residual. The two cross sections of ozone
were added in the figure. The root mean square variation of the residual in this
evaluation is 0.93 x 1073 which is less than one tenth of the retrieved optical density
of HONO (approximately 1 x 1072) and therefore is clearly low enough to allow an
unequivocal detection of HONO [Stutz and Platt, 1996]. The corresponding ASCD
amounts to 2.42 x 10'® molec/cm? at a 1 o error of 6.65 x 10'* While the root mean
square of the HONO retrieval can reach values of 3 x 1072 in the very morning and
evening for the lowest elevation angle, it is typically below 8 x 10~ from 9AM in
the morning and ranges between 2 x 107* and 5 x 10~* around midday. Since
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Figure 6.4: HONO ezample retrieval of a spectrum taken in Mezico City (T0) pointing
into southern direction on 31 March 2006, 7:06AM (local time) at 1° elevation
angle. The optical densities (black) and the added residuals (orange) as a
function of wavelength are plotted for the different scaled cross sections, the
Ring spectrum, the intensity offset and the polynomial. In the second row, the
residual is plotted.
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the usual HONO optical density in the afternoon, when the lowest concentration
is expected, has values around 1 x 1073 it can be concluded that HONO could be
measured unambiguously all over the day.

6.6 Spectral Retrieval of SO,

SO, was analyzed in the wavelength range from 303.5 to 317 nm including the cross
sections SO,, NO,, O, for 223 K as well as 243 K, HCHO and BrO. These cross
sections were convolved with the instrumental slit function determined by measuring
the emission line of a mercury lamp at 334 nm. Furthermore, the Ring spectrum, a
polynomial of degree 3 and an intensity offset of degree 1 were fitted. An example
retrieval is shown in Figure 6.5. The optical densities of the fitted components as
a function of wavelength are shown in black, whereas the orange lines show the
sum of the scaled cross sections and the residual. The two cross sections of ozone
were added in the figure. The measurement spectrum was taken at 3° elevation
angle on 26 July 2004 12:08PM (local time) at Thompson Farm and delivered a SO,
ASCD of 2.15 x 107 molec/cm?. The root mean square amounted to 2.00 x 1073
which is two orders of magnitude smaller than the retrieved optical density of SO,.
However, the influence of ozone absorption is very strong in this wavelength range
and might have adulterated slightly the SO, values. Variations in the wavelength
range resulted in deviations of up to 20 %. Also, the low light intensity affected
the retrieval. Quite often the fit did not converge, especially in the morning and
evening.

6.7 Spectral Retrieval of O,

O, was analyzed in the wavelength range from 338.5 to 367 nm including the cross
sections O,, NO,, O4 for 223 K as well as 243 K, HCHO and BrO. These cross
sections were convolved with the instrumental slit function determined by measuring
the emission line of a mercury lamp at 405 nm. Furthermore, the Ring spectrum, a
polynomial of degree 3 and an intensity offset of degree 2 were fitted. An example
retrieval is shown in Figure 6.6. The optical densities of the fitted components as a
function of wavelength are shown in black, whereas the orange lines show the sum
of the scaled cross sections and the residual. The two cross sections of ozone were
added in the figure. The measurement spectrum was taken at 3° elevation angle on
11 July 2004 12:25PM (local time) at Narragansett and delivered a O, ASCD of
2.46 x 10 molec?/cm®. The root mean square amounted to 3.87 x 10™* which is
more than one order of magnitude smaller than the retrieved optical density of O,.

The O, cross section of Hermans et al. [1999] was used except for spectra ac-
quired at MIT and on RV Ron Brown where the O, cross section from Greenblatt
et al. [1990] (with manual adjustments of the wavelength axis [Andreas Richter,
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Figure 6.5: SO, example retrieval of a spectrum taken at Thompson Farm on 26 July 2004,
12:07PM (local time) at 3° elevation angle. The optical densities (black) and
the added residuals (orange) as a function of wavelength are plotted for the
different scaled cross sections, the Ring spectrum, the intensity offset and the
polynomial. In the second row, the residual is plotted.
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Figure 6.6: 04 example retrieval of a spectrum taken at Narragansett on 11 July 2004,

12:25PM (local time) at 3° elevation angle. The optical densities (black) and
the added residuals (orange) as a function of wavelength are plotted for the
different scaled cross sections, the Ring spectrum, the intensity offset and the
polynomial. In the second row, the residual is plotted.
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pers. comm.]) was fitted. However, sensitivity studies did not show any significant
difference between these two cross sections.

6.8 Error Estimation

Different error sources contribute to the total measurement error. They can be
divided in the statistical error which determines the detection limit of the spectral
retrieval and potential systematic error sources.

The statistical error is composed by photon and instrumental noise. The photon
noise is Poisson distributed and proportional to the square root of the detected
photons. Thus, the signal-to-noise ratio decreases with more light intensity. The
instrumental noise is given by the detector and is determined by noise of the dark
current and electronic offset. At measurements during daylight, the photon noise
typically dominates the statistical error. The 1 o error is calculated by Windoas
for each fit and reflects its quality. The 2 ¢ error gives the detection limit of the
retrieval [Stutz and Platt, 1996].

The retrieval errors stated in this thesis refer to the statistical errors. Additionally,
several sources of systematic errors can be determined:

e In case not all absorbers being relevant in the fit wavelength range were consid-
ered the absorption signal of this absorber can be attributed to other absorbers
in this wavelength range or to the residual as systematic structures. Both in-
creases the uncertainty of the retrieval.

e The absolute values of the trace gas cross sections are often not correctly
determined. This uncertainty is reproduced in the retrieval of the slant column
densities. The respective error is typically in the order of 5 %, but also can
reach higher percentages.

e The trace gas cross sections are temperature dependent. Thus, they are de-
termined for a specific temperature. However, trace gases in the atmosphere
not only occur at this ambient temperature but are often present over a wide
temperature range. This error depends on the strength of the temperature
dependency of the trace gas.

e If the wavelength-to-pixel mapping of the measurement spectrum is not con-
sistent with the calibrations of the cross sections and the reference spectrum
an additional systematic error can occur.

e Correlations between trace gases, such as SO, and ozone in the UV wavelength
range, could lead to over- or underestimated values. The dimension of this
error depends on the strength of the correlation.
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e Instrumental shortcomings, such as spectrograph stray light and non-linearity
of the detector signal, are also potential sources for systematic errors.

The overall error of the retrievals is estimated to be in the order of 10-15 % owing
to findings from sensitivity studies. For the retrieval of SO, and HCHO, the error
is assumed to be up to 20 % due to the correlation of SO, with ozone and the
uncertainty in the absolute calibration of the HCHO cross section (see Volkamer
et al. [2005]).



7 Results from ICARTT 2004 Field
Measurements

7.1 Objectives of the ICARTT 2004 Campaign

The International Consortium for Atmospheric Research on Transport and Transfor-
mation (ICARTT) was formed to study the sources, sinks, chemical transformations
and transport of ozone, aerosols and their precursors to and over the North Atlantic
Ocean. The ICARTT 2004 field campaign builds upon previous studies, such as the
2002 New England Air Quality Study (NEAQS 2002) and includes several projects:
New England Air Quality Study - Intercontinental Transport and Chemical Trans-
formation (NEAQS-ITCT) 2004, Intercontinental Chemical Transport Experiment
- North America (INTEX-NA), CO, Budget and Rectification Airborne study (CO-
BRA), Meteorological Service of Canada (MSC), Intercontinental Transport of Pol-
lution (ITOP), University of New Hampshire - AIRMAP, Harvard Forest, Harvard
University University of Massachusetts Robotic Aerostat Research Lab (RARL),
Atmospheric Sciences Research Center (ASRC), U.S. Department of Energy (DoE)
Atmospheric Chemistry Program, and California Institute of Technology (Caltech).
Furthermore, about 100 institutions from North America and Europe took part in
the ICARTT 2004 field campaign.

ICARTT connected regional surface air quality with the important features of
transport and chemistry that occur higher up in the atmosphere. During the
ICARTT 2004 field study, a comprehensive network of ground-based sites and the
NOAA research vessel Ronald H. Brown (RV Ron Brown) were operated in the re-
gion. Ground-based sites provided a continuous record of regional surface air quality
over the continent and the vessel snapshots of polluted air leaving North America.
For instance, Figure 7.1 shows the total NO, emissions over North America from
1999, provided by the National Environmental Satellite, Data, and Information Ser-
vice (NESDIS), which typically are leaving the continent towards East.

A major activity during ICARTT 2004 was a coordinated measurement effort of
the polluted air mass as it moves from America to Europe. Aircrafts were operated
over both continents to collect horizontal extension and vertical information about
the meteorology and composition of the atmosphere. Furthermore, satellite data
was integrated into the study both for aircraft flight planning purposes and for
post-campaign validation. This information was supposed to be used in evaluating
and improving air-quality models and model forecasts.
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Figure 7.1: Total NO, emissions over North America from 1999, provided by the National
Environmental Satellite, Data, and Information Service (NESDIS). The emis-
stons are color-coded signifying higher values from yellow over green and blue
to purple. The most emissions can be seen in the north-east of the USA.

The aim of the ICARTT 2004 field campaign was to understand the impact of
anthropogenic and natural emissions on regional and global climate, air quality, and
human health. Over 100 international institutions took part on ICARTT 2004 which
took place from 1 July through 15 August 2004. More detailed information on the
ICARTT activities can be found at http://www.esrl.noaa.gov/csd /ICARTT /index.shtml.

To complement the various measurement activities during ICARTT, the Univer-
sity of Heidelberg provided several MAX-DOAS instruments at different locations.
From MAX-DOAS measurements, information on the total column density of several
trace gases can be derived. Such information is especially important for the quan-
tification of total fluxes and budgets of pollutants. The MAX-DOAS instruments
were installed at locations inside and outside regions of major emission sources.
MAX-DOAS observations also provide (limited) information on the vertical profile
of trace gas concentrations and aerosol properties.

7.2 Measurement Sites

In the framework of NEAQS-ITCT and AIRMAP (the air quality and climate pro-
gram of the University of New Hampshire), seven MAX-DOAS devices were set up
by the University of Heidelberg during ICARTT 2004. The different sites are illus-
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Figure 7.2: MAX-DOAS sites set up by the University of Heidelberg during ICARTT 2004
marked on a satellite picture of the north-east of the USA. MAX-DOAS instru-
ments were installed on the mainland at the Brookhaven National Laboratory,
at the University of Rhode Island in Narragansett, at the Massachusetts In-
stitute of Technology in Cambridge, at Thompson Farm of the University of
New Hampshire near Durham (NH), at Harvard Forest near Athol (MA), and
at Pinnacle State Park near Addison (NY), and on the research vessel Ron H.
Brown cruising in the Gulf of Maine.

trated in Figure 7.2. For all instruments, elevation angles of 3°, 6°, 10°, 18°, and 90°
were chosen.

The Polarstern instrument was installed on the RV Ron Brown which is a 83.5 m
long research vessel operated by the National Oceanic and Atmospheric Adminis-
tration (NOAA). The RV Ron Brown has a cruising speed of 12 kts with maximum
speed of 15 kts. It accomodates 25 persons staff of the vessel and up to 34 persons
scientific staff. The outdoor part of the Polarstern instrument including the Car-
danic suspension was fixed with wires on a trailer pointing starboard (see Figure
5.4). The chimney of the vessel was located behind the instrument with respect to
the cruising direction. Thus, influences from exhaust emissions of the vessel itself on
the measurements were avoided as good as possible. The indoor part of the instru-
ment was set up in the trailer screwed to the bottom so that rolling and pitching of
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Figure 7.3: Cruise track of the RV Ron Brown during ICARTT 2004. The
cruise took place from 5 July through 12 August 2004 [National
Oceanic  and  Atmospheric ~ Administration (NOAA), adopted  from
http://www.esrl.noaa.gov/csd/tropchem /2004 NEAQSITCT/RHB/index.htmi.

the vessel could not move it.

The RV Ron Brown cruised in the Gulf of Maine often near the coast investigating
the outflow of pollution from North America. The cruise track, which is plotted in
Figure 7.3, took place from 5 July through 12 August 2004 though the MAX-DOAS
measurements already started on 2 July 2004 in the harbor of Portsmouth (NH)
for the first days. The cruise is divided in two legs (5 through 23 July and 26 July
through 12 August) with start and end point at Portsmouth (NH). Unfortunately,
on about one third of the cruise drizzle, fog or thick and deep clouds occurred (on
8,9, 13, 14, 15 morning, 18, 19, 20, 22 morning and 27 July as well as on 3 and 4
August) so that MAX-DOAS measurements on these days are difficult to interpret.

The other MAX-DOAS devices are Mini-MAX-DOAS instruments which all were
installed on the mainland (see Figure 7.2). They were spread over the New England
states in order to investigate the pollution inventories, which were emitted at the
corresponding measurement sites or transported there. It should be noted that the
main wind direction is from west to east. Thus, part of the MAX-DOAS instruments
were expected to observe rather clean air masses (in the west) while others (in the
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east) were assumed to measure more polluted air. It is noteworthy to mention that
individual sources, such as cities and power plants, of course, affect the amount of
pollution.

The Mini-MAX-DOAS instruments were set up at the Brookhaven National Lab-
oratory on Long Island (NY), the University of Rhode Island in Narragansett (RI),
the Massachusetts Institute of Technology in Cambridge (MA), Thompson Farm
of the University of New Hampshire near Durham (NH), at Harvard Forest (near
Athol, MA) provided by the Harvard University in Cambridge (MA), and at Pinna-
cle State Park (near Addison, NY) provided by the University at Albany (NY). In
the following, a brief overview on the specific properties of the instruments at the
different sites is given.

The measurement site at the Brookhaven National Laboratory (Brookhaven NL)
was located on Long Island at 40.87°N and 72.88°W. The Mini-MAX-DOAS de-
vice was mounted on a tripod which was stabilized with stones on the roof of a
former institute for nuclear physics, building 703 (see Figure 5.1). It had a free
view towards north. This site was chosen to measure the near-field outflow of the
New York City plume when the wind was coming from the west. Unfortunately,
during the evaluation of the spectra it turned out that only relatively noisy results
could be retrieved. After the measurement campaign, the spectrograph-detector
unit was heated and this noise disappeared. Thus, it is assumed that humididty
penetrated into the spectrograph and negatively affected the light throughput. In a
measurement campaign directly before the setup at Brookhaven, this problem was
not recognized and the instrument ran well. Since the instrument was affected from
the beginning, the humidity probably could have been intruded into the instrument
during the transportation or the clearing. Possibly, the transport security agency or
the customs opened the device.

At the University of Rhode Island in Narragansett (URI Narragansett), at 41.49° N,
71.42° W, the Mini-MAX-DOAS was also placed on a tripod. It was located on the
roof of the building of the Graduate School of Oceanography (GSO). The tripod
was screwed on the roof (see Figure 7.4) and the Mini-MAX-DOAS instrument was
pointing at approximately eastern direction (about 100° from north), viewing over
the sea. This more rural site was supposed to provide information on the far-field
outflow of the New York City plume.

The measurement site in Cambridge is further north than URI Narragansett and
is affected by metropolitan pollution. The Mini-MAX-DOAS instrument was fixed
on a handrail on one of the buildings (Building 54, the so-called Green Building)
of the Massachusetts Institute of Technology (MIT) at 42.36°N and 71.09° W. The
instrument was pointing to the north.

Thompson Farm (43.11°N and 70.95° W) is a field observation station north of
Boston surrounded by some forest and operated by the University of New Hamp-
shire. At this site, a Mini-MAX-DOAS instrument was fixed on the top of a metal
scaffolding tower of about 10 m (see Figure 7.4) pointing to southeast (about 145°
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Figure 7.4: Setups of the Mini-MAX-DOAS instruments at Narragansett (left) where the
tripod was screwed on a roof and at Thompson Farm (right) fized on the top
of a metal scaffolding tower.

from north) with free view over trees. This site was chosen to measure the outflow
from Boston.

The measurement site in Harvard Forest was located near Athol (MA) in the
middle of a large forestal area and was situated further away from the coast at
42.54°N and 72.17°W. It was supposed to deliver information on the inflow to
Boston. The site was also equipped with a metal scaffolding tower. Since the tower
reached a height of about 30 m, the top enabled a free view over the tops of the trees
at a height of about 287 m above sea level. The Mini-MAX-DOAS was mounted on
a small tripod which was strapped thoroughly at a staff of the tower. The viewing
direction of the Mini-MAX-DOAS device was aligned to the east (about 100° from
north). Unfortunately, heavy rain at the beginning of the campaign and a leaky
housing led to the intrusion of water into the instrument. This caused a momentous
short circuit in the electronic board which had to be replaced afterwards. Since the
board had to be shipped from Germany the replacement required almost two weeks.
Afterwards, the Mini-MAX-DOAS instrument acquired spectra for more than two
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weeks. However, the evaluation of the spectra yielded only very noisy results without
any significance. Since after the campaign, the heating of the spectrograph-detector
unit let disappear this strong noise it is assumed that humidity also intruded into
the spectrograph as at the Brookhaven site.

The sixth site on the mainland was located farthest in the west, at Pinnacle State
Park (near Addison, NY), at 42.09°N, 77.21° W in the west of the state New York.
It was chosen to measure the inflow into the New England states. The Mini-MAX-
DOAS instrument again was fixed on a tripod which was located on the roof of a
measurement trailer of the University at Albany. The tripod was strapped on a
railing of the trailer. The measurements took place in south-east direction at about
120° from north.

The measurement periods of the Mini-MAX-DOAS instruments and the days at
which the measurement broke down for different reasons are listed in Table 7.1.

Table 7.1: Measurement periods of the Mini-MAX-Doas instruments during ICARTT
2004.

Measurement site

Measurement period

Days of breakdown

Brookhaven NL 9.7.-17.8.2004 23.7.-25.7.
URI Narragansett 10.7.-17.8.2004 23.7., 24.7., 4.8.
MIT Cambridge 8.7.-18.8.2004 29.7.
Thompson Farm 14.7.-16.8.2004 17.7., 21.7., 23.7.

Harvard Forest (26.7.-10.8.2004) 5.8.

Pinnacle State Park

16.7.-12.8.2004

20.7.-23.7., 30.7.-2.8.

All Mini-MAX-DOAS instruments covered a wavelength range from about 290
to 420 nm except for the Mini-MAX-DOAS instrument set up at MIT which had
a wavelength range from 330 to 460 nm (like the Polarstern instrument). Thus,
NO,, HCHO and SO, could be measured. At MIT, the spectrometer contained
the spectral range of CHOCHO absorption structures instead of SO,. The high-
lights of these measurements are discussed in the following sections whereby the
whole data set is attached in Appendix A.1. One focus is on the comparison of
the measured trace gas amounts at the different sites. A second focus is on the
identification of various emission sources using trajectory analyses. Thus, back-
ward trajectory analyses using the HYSPLIT model (HYbrid Single-Particle La-
grangian Integrated Trajectory Model, access via NOAA ARL READY Website
(http://www.arl.noaa.gov/ready/hysplit4d.html, see Draxler and Hess [1998]) were
performed.
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7.3 NO, Measurements

7.3.1 Overview on the Results of the Different Sites

At all sites (except for Harvard Forest), enhanced NO, could be detected (see Figures
7.5 and 7.6). An overview on all time series of the NO, ASCD for 3° elevation angle
for the sites on the mainland. Considerable variation in space and time is apparent.
In general, the lowest values are found at Pinnacle State Park which is located
most west and relatively far away from major emission sources. Highest ASCDs
were typically retrieved at MIT with values of up to 3 x 10'7 molec/cm?. Also, at
Brookhaven rather high values were found, but due to the instrumental problems
with quite high uncertainty. At Narragansett and Thompson Farm, NO, ASCDs
are typically between the values of MIT and Pinnacle State Park. Overall these
data can be understood taken into account the average wind direction from west to
east and the location of the major emission sources at the north-east of the USA.
As discussed in more detail below, a clear weekly cycle can be found for MIT. For
the other sites, the weekly cycle is not dominating the temporal variation.

7.3.2 Attribution of Enhanced NO, ASCDs to Individual
Emission Sources

Inspecting the individual time series (Figures 7.5 and 7.6) several events of enhanced
NO, ASCDs can be identified. By trajectory calculations, these enhanced values
were attributed to possible emission sources (Figure 7.7). In most of the cases a
clear attribution was possible as outlined below.

At Brookhaven, the NO, ASCDs were frequently in the range of 5 x 10'® molec/cm?
for the 3° elevation angle. Exceptions could be found when the wind came from the
west. In these cases, air masses from New York City were transported into the field
of view of the MAX-DOAS instrument and the NO, ASCDs values increased to up
to 2.5 x 10" molec/cm? for the 3° elevation angle. Higher values with air masses
coming from New York City could be observed on 15, 16, slightly 19, 20, slightly
31 July as well as 3, slightly 10, and 14 August. On 14 August, values of up to 1.7
x 1017 molec/cm? were measured. However, the backward trajectories at that day
showed that air masses were coming from south along the coast where no source
could be identified. Particularly low values (2 x 10'® molec/cm?) were found on 18
July when the wind came from south-east and carried a clean air mass.

At Narragansett, NO, ASCDs were typically lower than at Brookhaven. They
amounted to 2 x 10 molec/cm? or less. Significantly higher values were retrieved
when the wind was coming from New York City (on 16 July and slightly on 10
August) or significant other sources (see NO, point sources of north-east of the
USA in Figure 7.7). Such a point source was a close power plant (”Usgen”) in the
north-east of the measurement site. When the wind blew from that direction, its
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emissions could be measured (on 11, 14, 25 and 26 July). NO, ASCDs of up to
8 x 10' molec/cm? where retrieved during these periods, which were highest in
the measurement period at Narragansett. On 21 July, possibly emissions from the
capital of New York, Albany, could be measured, on 30 July from point sources
south-west of New York City and on 6 August from Boston urban area. On 2
August also higher NO, ASCDs were retrieved, with wind coming from north-west.
However, the sources could not be determined because the backward trajectory did
not pass a known source. Nevertheless, also higher values of SO, could be found at
that day (see section 7.6).

The NO, ASCDs at MIT in Cambridge were mostly determined by local emis-
sions from the Boston urban area. A daily cycle with morning and evening peak
values could often be observed indicating emissions from traffic rush hours. Fur-
thermore, a weekly cycle with low NO, ASCDs on Saturdays and Sundays showed
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a strong influence of the traffic on the measurements. An example is plotted in
Figure 7.8. Maximum NO, ASCDs of up to 3 x 107 molec/cm? were retrieved on
the most polluted days whereby typical maximum values were in the range of 1 x
10" molec/cm?. A correlation with the wind direction was not apparent though the
MAX-DOAS instrument was located in the northern part of the Boston urban area
pointing to the north. Thus, higher values might have been expected when the wind
came from southern directions.

At Pinnacle State Park no significantly enhanced NO, ASCDs were retrieved.
The values were mostly below 1 x 10 molec/cm? indicating the absence of nearby
NO, sources. This is in agreement with the remote and rural character of the
measurement site. Some outliers with up to 3 x 10'7 molec/cm? were measured,
especially on 16 July when the wind came partly from Buffalo in the north-west.

The strongest NO,, event at Thompson Farm was on 27 July with ASCDs of up
to 2 x 10" molec/cm?. The wind blew from north-west to west at the surface
veering to the south to south-east at 1500 m altitude. Since the elevation angles
were clearly separated it can be concluded that the NO, was transported in layers
close to the ground and the source was located north-west to west of Thompson
Farm. On 15 and 16 August wind from Portsmouth, which is situated to the west,
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was also measured, but NO, ASCDs of at most 5 x 10'® molec/cm? were retrieved.
Thus, an additional source in the north of Portsmouth is assumed. This is possibly
the power plant ”Wyman” from where air masses could also be measured on 25 July.
At that day however, NO, ASCDs of only up to 8 x 10'® molec/cm? were measured.
On 12 and 13 August wind from Boston urban area led to NO, ASCDs of over 1
x 10" molec/cm?. The other days the wind came from westerly directions and
the peak values remained typically below 5 x 10'® molec/cm?. At Thompson Farm
also in-situ measurements of NO, were performed in the MAX-DOAS measurement
period from 25 July through 16 August 2004 [Griffin et al., 2007]. The features
described above could also be recognized in the in-situ data set. The highest value
of the mixing ratio was found on 27 July with almost 12 ppb.

The attribution of point source emissions to enhanced measured values yielded a
very good agreement for most of the events. In cases of mismatch, maybe emissions
from unknown point sources were detected, like on 2 August at Narragansett. The
measurement of enhanced values for two different trace gases indicate that it might
not be an artefact. Generally, the MAX-DOAS technique can be concluded as very
suitable for this kind of monitoring because it detects the whole column and not
only the surface-near air mass.

Also for the RV Ron Brown, events of enhanced NO, ASCDs were observed.
However, because trajectory calculations are especially complicated for moving in-
struments in the following only a rough source attribution was performed. The NO,
measurements during the cruise on the RV Ron Brown yield the highest NO, ASCDs
when air masses were measured coming from the Boston urban area. This happened
on 11, 12, 16, 29 and 30 July as well as on 8 and 9 August with NO, ASCDs of
up to 1.5 x 10'7 molec/cm? at 3° elevation angle. However, the increase in NO,
on 12 July was possibly caused by measurements of the vessel's exhaust emissions
because the wind came from the direction of the chimney at that time. Further high
values occurred when the RV Ron Brown was located in the harbor of Portsmouth
on 2 through 5 July as well as 23 through 26 July. In these cases, the NO, ASCDs
increased to up to 1 x 10'" molec/cm?. Air masses from other parts of the mainland
also contained significant NO,. Yet, the NO, ASCDs were typically below 5 x 1016
molec/cm?.

7.3.3 Determination of the Aerosol Extinction

In order to compare the MAX-DOAS data set quantatively with other measurements
The NO, ASCDs can be converted to vertical column densities or average mixing
ratios. Usually the tropospheric VCD can be determined from measurements of high
elevation angles using a geometrical approximation of the light paths. In case of high
aerosol load present in the atmosphere, the geometrical approximation might not
hold even at the highest off-axis elevation angle of 18°. This effect is investigated in
detail in the following. First the aerosol extinction has to be determined. For this,
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Figure 7.9: Fitted aerosol extinction coefficients derived from MAX-DOAS measurements.
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Figure 7.10: Fitted aerosol extinction coefficients derived from MAX-DOAS measurements.
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radiative transfer modeling was performed using Tracy-I1I. O, AAMFs at different
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solar zenith angles and for different aerosol loads were calculated. The O, AAMF's
were yielded by subtracting the AMF for 90° elevation angle from the corresponding
value for 3° elevation angle which is the most sensitive elevation angle of the mea-
surement for the light path close to the ground. The aerosol extinction height profile
was assumed to be constant in the first kilometer and zero above. This aerosol layer
is high enough so that the average scattering distance is usually smaller than the
direct light path through the layer at 3° elevation angle. The wavelength of the cal-
culation was 360 nm where a strong O, absorption band is situated, which has been
used for the retrieval of O, in the MAX-DOAS analysis. Henyey-Greenstein type
phase function with an asymmetry parameter of 0.68 and a single scattering albedo
of 0.9 was chosen. For the estimation of the aerosol extinction, a two-dimensional
polynomial of second degree z=f(x,y) was fitted, with z being the aerosol extinction
coefficient, x the solar zenith angle and y the O, AAMF. The following function
represents the aerosol extinction as a function of SZA and O, AAMF:

z = 1.17 — 0.574y + 0.0831y* — 0.0223x + 0.00157xy + 0.0007512y>+
0.0001922* + 0.00003952%y — 0.0000202z%y (7.1)

with a standard deviation of 0.043 km~!. The fit was applied to the measured
0O, AAMFs and the corresponding solar zenith angles of the measurements. The
O, AAMFs were derived from the measured O, ASCDs by dividing by a typical
O, VCD of 1.3 x 10% molec?/cm® which is the total column of the squared oxygen
concentration. The fitted aerosol extinction coefficients are plotted in Figures 7.9
and 7.10 for the sites on the mainland. They exhibit a strong variability reaching
values up to 1 km~!. On some days, a remarkable similarity in the course is apparent,
such as on 22 July. Similar to the NO, ASCDs, the highest aerosol extinctions were
found for MIT, and the lowest for Pinnacle State Park. In Figure 7.11 the aerosol
extinction coefficients are plotted separately for the measurements at Thompson
Farm from 14 July through 16 August 2004. At some days, the values are quite
scattered probably due to clouds, but often the values show a continuous course.
They vary from 0.7 km~! to slightly below zero. The negative values are most
probably caused by the oversimplification due to the fitting procedure, varying cloud
cover or by the assumptions of the radiative transfer calculations, such as a fixed
azimuth angle. Thus, they were considered as zero for the further calculations.

7.3.4 Determination of the Tropospheric NO, VCD

Using the aerosol coefficients it is now possible to calculate NO, VCDs. For this,
NO, AAMFs at different solar zenith angles and for different aerosol extinction coef-
ficients were calculated. The modeling was performed at 380 nm in the center of the
NO, retrieval wavelength range and at 18° elevation angle. The NO, concentration
and aerosol extinction were assumed to be constant from 0 to 1.5 km. The elevation
angle of 18° is chosen as a compromise between two properties: On one hand, NO,
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absorption is still strong enough to ensure good signal to noise, on other hand the
AMFs are least influenced by aerosols. A comparison of the modeled air mass fac-
tors (AAMF,,,,q) with the geometrical NO, AAMFs (AAMF j¢y,) is shown in Figure

7.12 where their ratios are displayed versus the aerosol extinction coefficient. The
geometrical NO, AAMFs were calculated by the approximation m — 1, yielding

about 2.24. It can be seen that in this example a difference of up to a factor of two
can occur between geometrical and modeled air mass factor.
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Figure 7.13: Tropospheric NO, vertical column densities of the MAX-DOAS measurements
at Thompson Farm from 14 July through 16 August 2004 calculated by both
the modeled (VCDyoq, black) and the geometrical (VCDgeom, red) AAMF.
Only solar zenith angles below 80° were considered. Since the AAMF,,0q
are typically lower than the AAMF eom, the VCDyoq are larger than the
VCDgeom -

Again, a two-dimensional polynomial of second degree z=f(x,y) was fitted, with,
this time, z being the NO, AAMF, x the solar zenith angle and y the aerosol
extinction coefficient. The following function was fitted:

2 =259+ 7.92y — 18.5y% — 0.0218z — 0.529zy + 1.01zy* 4+ 0.0002092>+
0.00564z%y — 0.010522y> (7.2)

The standard deviation of this fit is 0.069. Using this approximation, NO, AAMF's
were calculated using the aerosol extinction coefficients derived as described above.
Then, the measured NO, ASCDs of the measurement at 18° elevation angle were
divided by the modeled NO, AAMFs yielding tropospheric NO, VCD values. In
Figure 7.13, the tropospheric NO,, vertical column densities of the MAX-DOAS mea-
surements at Thompson Farm from 14 July through 16 August 2004 calculated by
both the calculated (VCD,y04, black) and the geometrical (VCDgeopm, red) AAMFE
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Figure 7.14: Tropospheric NO, VCDs.



120 7 Results from ICARTT 2004 Field Measurements

T = MIT
9 4 ¢ Brookhaven
Narragansett
1 . v Pinnacle State Park
8 4 . Thompson Farm
& 74 . .
IS
(&) L . °
o &
o 6 .
o .
[
€ T . ;
5 27 T ! .
i 1 " B é
2 44 . .
DE o o :-
5 J - ..: . o '. .
>N 34 . ._.- . s . v.. :
o) 4 RS iw I ‘ : "~ )
N - H . -, . ] .
PN B T E L -
N Lo Iy o ‘ wt ot =g Y
. ans® = " . H g
. ot ue
- ."-‘ % ” “ . H % £ v‘.
ol AR gx e i IR N
o, ) - M > o o N g
04—k wtc ¥ WN ! SR fh W, oF S &

T T T T T T T Sy T
28.7 29.7 30.7 31.7 1.8 2.8 3.8 4.8 5.8 6.8 7.8
Date (Universal time)

° = MIT
9 - e Brookhaven
] . Narragansett
v Pinnacle State Park
8 - Thompson Farm
& 7 .
e .
&) ]
o .
2 6- .
o
E -
0 .
2 5 .
hal ]
° .
2 4
[m] ° N
(@] ) .
> .
. 3 _ . 3
% . :
° . . ‘ =
2 1 . e . Y ‘s ey
v "L [‘,"'.'L o m ‘: : '--.= ;
- . " L] & P.r ue &
-. v . = n ff l. iy »
o v " L . -]
14 -4 b ‘% g L 3
& ¥ 8 28§ g0 T
icqt 3 ~ ¥ ,} :.-’: - W ,'.-'. -.: >

' T T |
88 98 108 11.8 12.8 13.8 14.8 15.8 16.8 17.8 18.8
Date (Universal time)

Figure 7.15: Tropospheric NO, VCDs.
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Figure 7.16: Tropospheric NOy VCDy,0q (left panel) and VCDgeom (right panel) versus
NO, mizing ratios measured in situ. For both a linear fit was applied with
correlation coefficients of 0.40 for the modeled values and 0.38 for the geo-
metrical calculation.

are plotted. Only solar zenith angles below 80° were considered. For most observa-
tions, the VCD,,,0q4 and the VCDyeop, show very similar values. However, since the
AAMF 04 are typically lower than the AAMF ., the VCD,,,4q are larger than the
VCDgeom.-

In Figures 7.14 and 7.15, the tropospheric NO, vertical column densities of the
MAX-DOAS measurements on the mainland are compared with highest values
mostly at MIT, like at the NO, ASCDs. Also a conversion to mixing ratios can
be performed if a fixed layer height with constant NO, concentration is assumed.
For a layer height of 1 km, 1 x 10 molec/cm? corresponds to 4 ppb (assuming
1 ppb as 2.51 x 10 molec/cm?® at 293 K and 1013 mbar). The calculated tropo-
spheric NO, VCDs at Thompson Farm are compared with the in-situ measurements
from 25 July through 16 August in Figure 7.16. The VCD,,,4 (left panel) and the
VCDygeom (right panel) are plotted versus the mixing ratios. A linear fit was applied
for both. Although the values are quite scattered a small linear dependency could
be recognized for both with correlation coefficients of 0.40 for the modeled values
and 0.38 for the geometrical calculation. Probably, the measurement of different
air masses between MAX-DOAS and in-situ measurement result in this small cor-
relation. Thereby, the NO, layer height could have varied, its altitude profile could
have been not constant and horizontal NO, gradient could have occurred. The de-
termined slopes yield information on the averaged NO, layer heights. The values at
low mixing ratio and high VCD are probably due to clouds in the air mass where
NO, was present. For the modeled AAMFSs, a height of 1.1 + 0.1 km and for the
geometrical approach 0.9 4+ 0.1 km were derived. These values are lower than the
1.5 km roughly assumed in the modeling as an average over 23 days with different
conditions, also over the day. Considering this, the result and the assumption fit
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surprisingly well.
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Figure 7.17: Tropospheric NO, VCDs from MAX-DOAS measurements versus tropo-
spheric NO, VCDs from satellite measurements (without cloud correction)
for MIT (black), Thompson Farm (red), Narragansett (green) and Pinnacle
State Park (blue). The upper panel compares the VCDs from the modeling and
the lower panel from the geometrical calculation. Additionally a one-to-one
line is drawn and the values are labeled with the date of acquisition.

The NO,, VCD retrieval using modeled AAMFs was also applied to measurements
at other sites. The retrieved VCDs as well as VCDs calculated by the geometrical
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approximation were compared with VCDs measured from the DOAS satellite in-
strument SCTAMACHY. Local overpass time of SCTAMACHY is about 10:30AM.
The instrument averages over a pixel of about 30 x 60 km?. It covers the same lo-
cation every six days at the equator so that daily measurements were not available.
Also, many values were missing during the measurement period of ICARTT 2004.
Nevertheless, the available satellite VCDs could be used for comparison whereby the
cloud fractions was not accounted for [Steffen Beirle, pers. comm.].

In Fig 7.17, the tropospheric NO, VCDs from the MAX-DOAS measurements
are plotted versus the tropospheric NO, VCDs of SCTAMACHY for MIT, Thomp-
son Farm, Narragansett and Pinnacle State Park. They are labeled with date of
acquisition. Additionally a one-to-one line was drawn. The upper panel compares
the VCDs from the retrieval using modeled AAMF's and the lower panel from the
geometrical calculation. Both show fair agreement except for the MIT site which
is assumably due to spatial averaging of the satellite measurement over the envi-
ronment of the Boston urban area. This is likely the reason why the values of the
MAX-DOAS measurements which were taken in the Boston urban area are higher.
Furthermore, the geometrical approach seems to fit better which probably is the
case because the VCDs from satellite used here do not account for aerosol effects
on the light path. The geometrical approach which does not account for these ef-
fects is based on the same rough assumptions. Additionally, cloud effects were not
considered in the VCD retrieval of the satellite. Hence, NO, which is located under
clouds could at best only partly be detected by the satellite instrument. This could
be observed at Narragansett or MIT, both on 16 August, where the cloud fraction
amounted to 0.93 and 0.94', respectively. Also in the retrieved aerosol extinctions
(Figure 7.10), high and scattered values were found on 16 August.

7.4 Glyoxal Measurements

Glyoxal (CHOCHO) could be measured at MIT in Cambridge and onboard RV
Ron Brown due to a wavelength range of the spectrometer reaching up to 460 nm.
Elevated concentrations of CHOCHO were detected at both sites on more than 10
days during the measurement period. The ASCDs are generally significantly lower
at MIT than onboard RV Ron Brown which is apparent in Figures 7.18 and 7.19
for measurements at 3° elevation angle. While the CHOCHO ASCDs at MIT reach
values of up to 4 x 10 molec/cm? on the RV Ron Brown double as high CHOCHO
ASCDs could be measured.

Examples for measurements at both sites with all elevation angles are shown
in Figure 7.20, where tropospheric ASCDs of CHOCHO, NO, and O, as well as
the solar zenith angles are plotted, each on a clear day, which can be identified

ldata from Fast Retrieval Scheme for Cloud Observables (FRESCO) provided by the Royal
Netherlands Meteorological Institute (KNMI)
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Figure 7.18: CHOCHO ASCDs at 3° elevation angle for MIT and RV Ron Brown.
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Figure 7.19: CHOCHO ASCDs at 3° elevation angle for MIT and RV Ron Brown.

by a relatively smooth variation of the O, ASCDs. For these days, a detailed
analysis was applied, which is described in the following (see also [Sinreich et al.,
2007]). At MIT, on 26 July, an increase in the CHOCHO ASCDs (Figure 7.20a)
to up to about 3.5 x 10" molec/cm? occurred in the morning, indicating a high
rate of volatile organic compound (VOC) oxidation on that day. In the afternoon,
the values decreased again, most probably owing to chemical loss. Especially the
MAX-DOAS observations at high elevation angles (e.g. 18°) are sensitive for the
total VCD and consequently a mere dilution effect in a rising planetary boundary
layer would hardly affect the CHOCHO ASCDs (of course this is different at low
elevation angles). The behavior of the CHOCHO ASCDs is consistent with active
DOAS observations in Mexico City [Volkamer et al., 2005]. The NO, ASCDs do
not show such a pronounced diurnal cycle, although a decrease in the afternoon can
also be observed. The diurnal variation of NO, appears to be dominated by light
path changes, as can be seen from the similarity to the variation in the O, ASCDs.
On 17 July, the RV Ron Brown cruised around 69° W and 43° N in the Gulf of
Maine mainly in eastward direction, at about the same latitude as Portsmouth,
New Hampshire. The wind came from southwest to west and the sky was clear
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MIT Cambridge, 26 July 2004
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Figure 7.20: ASCDs of CHOCHO, NO, and 04 at MIT in Cambridge on 26 July 200/
(a-c) and RV Ron Brown on 17 July 2004 (e-g). The elevation angles are
indicated by the symbol color as denoted in the legend. In (d) and (h) the
solar zenith angle at MIT and RV Ron Brown, respectively, is plotted.
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during the day. Here the CHOCHO ASCDs (Fig. 7.20e) are stronger influenced by
the light path variations whereas the NO, ASCDs show high tropospheric NO, in
the morning which disappeares in the afternoon. In the late afternoon, the course
of the vessel changed to northwest and a new air mass with slightly less aerosol load
seemed to be present.
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Figure 7.21: From measurements calculated O, AAMFs (black line) compared with modeled
0, AAMFs for different homogenously mized aerosol layers (see legend) as
a function of the logarithm of the elevation angle for an SZA of about 40° at
MIT.

For both days, radiative transfer modeling was performed with Tracy to convert
ASCDs into mixing ratios using the direct comparison approach. For these calcula-
tions, an O, cross section value of 5 x 106 ¢cm®/molec? (for the 360 nm absorption
band) and an asymmetry parameter of 0.68 (Henyey-Greenstein phase function)
were used. Figure 7.21 shows an example of the aerosol retrieval at MIT in the
morning (about 40° SZA). O, AAMFs calculated from the measurement (black line)
are compared with modeled O, AAMFs for different homogenously mixed aerosol
layers. Owing to clearness the number of scenarios was reduced here. Obviously,
the third scenario (black) with an aerosol extinction of 0.05 km™" and a layer height
of 1.5 km matches best to the measurement values. In Figure 7.22, the estimated
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MIT Cambridge, 26 July 2004 RV Ron Brown, 17 July 2004
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Figure 7.22: Estimated mizing height for CHOCHO and aerosol (only for MIT) as well
as aerosol optical density at MIT in Cambridge on 26 July 2004 (a and b)
and RV Ron Brown on 17 July 2004 (c and d) retrieved by radiative transfer
modeling.

profile heights H and aerosol optical densities (AODs) are shown for both sites.
The aerosol and CHOCHO profile heights at MIT generally match well, except for
some deviations in the morning and evening, when CHOCHO ASCDs were lowest.
During mid-day, the signal to noise ratio of the ASCDs is highest and the radiative
transfer modeling is more accurate. At RV Ron Brown, the modeling of the aerosol
layer height did not lead to an unequivocal result due to the relatively high aerosol
optical density (of course, in reality even much higher AODs can occur. Never-
theless, the sensitivity of the O, absorption on the AOD decreases with increasing
AOD) and possibly the complexity of the real aerosol scenario. The AOD at MIT
peaked around noon, which is consistent with the estimation of the aerosol extinc-
tion coefficient presented in section 7.3. It generally increased in the course of the
day which indicates an accumulation of aerosol load during that day. At RV Ron
Brown, an accumulation can also be observed whereas a sudden decrease in the late
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afternoon indicates an altered air mass as already concluded from the ASCDs. The
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Figure 7.23: CHOCHO mizing ratios and VCDs at MIT in Cambridge on 26 July 2004 (a
and b) and RV Ron Brown on 17 July 2004 (¢ and d) retrieved by radiative
transfer modeling from CHOCHO ASCDs.

resulting CHOCHO mixing ratios at MIT (see Figure 7.23a) have their maximum
at noon with about 140 4 35 ppt (1 ppt corresponds to 2.51 x 107 molec/cm? at
293 K and 1013 mbar). In contrast, there is no such clear maximum on RV Ron
Brown (Fig. 7.23c) and the maximum values are almost three times higher (up to
340 + 110 ppt). In the MCMA-2003 campaign, values up to 1.82 ppb were mea-
sured [Volkamer et al., 2005]. Typical daytime maxima were about five times larger
in Mexico City than in Cambridge. In Fig. 7.23b and 7.23d the vertical column
densities observed at MIT and RV Ron Brown, respectively, are plotted which have
basicly the same diurnal cycle as the mixing ratios.

In order to investigate a possible dependence of the CHOCHO ASCDs on the NO,
ASCDs the CHOCHO-to-NO, ASCD ratio at 3° elevation anglefor the chosen days
for MIT (Figure 7.24a) and RV Ron Brown (Fig. 7.24b) are shown. At MIT, the
ratio reached its maximum (0.028 £+ 0.008) at 12:30PM, a much smaller value than
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Figure 7.24: CHOCHO-to-NO, ASCD ratios of the 3° elevation values at MIT in Cam-
bridge on 26 July 2004 (a) and RV Ron Brown on 17 July 2004 (b).

observed during MCMA-2003 where daily maximum ratios varied between 0.045
and 0.14 [Volkamer et al., 2005]. The MCMA-2003 campaign average ratio (0.081)
is two to three times higher than in Cambridge, possibly reflecting differences in
the VOC/NO, ratio between both urban sites. The ratio in Cambridge also peaked
relatively late, reflecting more active and earlier PBL dynamics in Mexico City
[de Foy et al., 2005] than in Cambridge. In contrast, the ratios onboard RV Ron
Brown were much higher and peaked even later in the day. On 17 July 2004,
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the ratio reached up to 3.1 + 0.9 at 3PM. This is 110 4 45 times higher than at
MIT. The considerably higher CHOCHO-to-NO, ratio over the sea compared to
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Figure 7.25: HYSPLIT backward trajectories starting at 69° W and 43° N where the RV
Ron Brown was located on 17 July 2004. The trajectories were calculated for
200 m height with o time step of 4 hours starting at 8AM UT on 17 July
2004 (purple), followed by 12PM (turquoise), 4PM (green), 8PM (blue) and
12AM on 18 July (red).

the MIT values can partly be explained by the fact that CHOCHO is a secondary
pollutant, i.e. formed from the airborne VOC oxidation, in contrast to NO, from
NO, emissions. Sustained CHOCHO formation from longer lived VOC precursor
oxidation in combination with NO, removal in the photochemical plume will thus
lead to higher CHOCHO-to-NO,, ratios downwind of emission sources. For a rough
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estimate of the extent of the NO, removal effect, we assume that the air mass
needed half a day to reach the RV Ron Brown from the last emission source (with a
distance of about 200 km and a wind speed of about 5 m/s). This is confirmed by
backward trajectories which are shown in Figure 7.25. Furthermore, it is assumed
that the air mass contained an OH concentration of about 2.6 x 10° molecules/cm?.
This number is the retrieved 24h average OH concentration during NEAQS-2002
for air masses that had been impacted by major urban areas such as New York
City and Boston and by biogenic emissions in New Hampshire and Maine [Warneke
et al., 2004]. Under these assumptions, only considering the reaction with OH, the
lifetime of NO, amounts to 9.7 hours with a rate coefficient of 1.1 x 107'" cm?®/s
(from Sander et al. [2003] for 285 K and 1013 mbar). After 12 hours, only 29 % of
the initial NO,, is present. Together with the measured 2.5 times higher CHOCHO
concentrations, the CHOCHO-to-NO, ratio would increase by a factor of about 9
which is one magnitude less than the measured ratio of the CHOCHO-to-NO, peaks.
Thus, it is likely that there are other processes contributing to the high CHOCHO-
to-NO, ratio than only NO, removal by OH. Such processes could include additional
NO, sinks, reduced CHOCHO sinks over the Gulf of Maine compared to Cambridge,
CHOCHO formed by photochemical oxidation, or an additional CHOCHO source
to the atmosphere over the Gulf of Maine.

7.5 HCHO Measurements

Enhanced values of formaldehyde (HCHO) could be detected at all measurement
sites. HCHO is produced by photochemical degradation of VOCs. Besides the
oxidation of CH, (causing a quite constant formaldehyde background), enhanced
HCHO values can be attributed to increased VOC degradation, from both natural
(e.g. isoprene) and anthropogenic sources. Thus, HCHO can generally be measured
in air masses from both rural and industrial areas. This was also apparent in the
MAX-DOAS measurements. Yet, at all sites the HCHO values were significant lower
when air masses came from the sea, where neither biogenic nor anthroponic sources
are expected. On the RV Ron Brown, the highest values occurred when the vessel
was close to the coast and air masses came from the mainland. Then ASCDs up
to 8 x 10' molec/cm? were measured. In contrast, the lowest HCHO ASCDs (2
x 10 molec/cm?) were retrieved during periods of fog. However, this decrease is
partly caused by smaller light path differences between the viewing directions which
inherently leads to lower differential slant column densities. Often HCHO values
around 4 x 10' molec/cm? could be measured.

The HCHO ASCDs of the sites at the mainland at 3° elevation angle are illustrated
in Figures 7.26 and 7.27. The courses of the different sites show a relatively similar
behavior indicating a large scale source, such as vegetation. At the measurement
sites located at coastal mainland (Brookhaven, Narragansett, MIT and Thompson
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Figure 7.26: HCHO ASCDs at 3° elevation angle for all locations at the mainland.
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Farm), low HCHO ASCDs occurred without exception when the measured air mass
was transported from the sea. At Brookhaven this happened on 12, 13, 18, 22, 27,
30 and 31 July and on 1 early morning, 10 afternoon and 11 through 13 August
with ASCDs between 4 and 5 x 10'® molec/cm?. At this site, the highest values
reached up to 2 x 10'7 molec/cm? which happened on 2 and 5 August. These were
also the highest ASCDs of all measurement sites in this campaign. At Narragansett,
wind from the sea came on 12 through 15, 18, 19, 27 and 31 July as well as on 1, 11
through 13, 15 and 16 August leading to low ASCDs. The highest HCHO ASCDs
were between 8 x 10 and 1 x 10'” molec/cm? and were measured on 10 and 17
July as well as on 6 August when the air mass passed the Boston urban area. At
MIT, the highest values also amounted to 1 x 10" molec/cm?, e.g. on 2 August.
The lowest values were retrieved on 14, 15 morning, 18 and 27 July as well as on 15
and 16 August. Largely the same result could be found at Thompson Farm: The
highest ASCDs were between 8 x 10 and 1.2 x 10'7 molec/cm?, e.g. on 16 July.
Low values occurred on 14, 15 morning, 18 and 27 July as well as on 15 and 16
August due to wind from the sea.

Pinnacle State Park is situated much more in the mainland so that a similar
dependency from wind direction could not be observed there. Nevertheless, the
lowest values (2 to 3 x 10®) were retrieved when the wind came from south-east,
namely on 18, 19, 26 and 27 of July. On the other days, HCHO ASCDs up to 6 x
10'® were measured. Such high values occurred on 16, 17 and 25 of July.

7.5.1 Comparison of HCHO and CHOCHO

Both HCHO and CHOCHO are produced by photchemical oxidation of hydrocar-
bons. However, HCHO is partly generated by emissions from vegetation and CHO-
CHO mainly by aromatics produced anthropgenically. Thus, the ratio of both can
provide information on the nature of the sources of the air mass. Examplarily, the
CHOCHO-to-HCHO ratio was calculated at MIT for the 26 and 27 July 2004. In
Figure 7.28, additionally the ASCDs of HCHO and CHOCHO are plotted. These
two days show the range of the ratio on days when CHOCHO was measured un-
equivocally. Days with ratios between 0.04 and 0.06 indicate a rather rural air mass
while higher ratios typically arise from human activities (see Wittrock et al. [2006]
and references therein). On 26 July, the ratios vary between 0.04 and 0.06 during
the day not showing a strong influence of industrial activity. In contrast, on 27 July,
the ratio reached values of over 0.1 in the morning going down significantly in the
evening. Although the values are quite scattered, the ratio is clearly higher and in
the range of anthropogenic influences. The ratios for all days (not shown) has a
strong day-to-day variation with values between 0 and 0.12.
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Figure 7.28: CHOCHO-to-HCHO ratios (upper panel) and ASCDs of CHOCHO (middle)
and HCHO (lower panel) on 26 and 27 July at MIT. The CHOCHO-to-HCHO

ratios varied mainly between 0.04 and 0.1 throughout the campaign.

7.5.2 Comparison of HCHO MAX-DOAS and In-situ
Measurements

In the following, the MAX-DOAS measurements of HCHO will be compared to in-
situ measurements of formaldehyde performed during ICARTT 2004. At Pinnacle
State Park in-situ measurements of HCHO were performed with a commercial gas
phase formaldehyde analyzer [Schwab et al., 2004]. Two identical diffusion scrub-
ber/liquid fluorescence analyzers (DS/LFA) were operated side-by-side to evaluate
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instrument precision, simultaneously with a tunable diode laser system (TDLAS).
From the side-by-side evaluation, a precision of the analyzers of about 25 % was
concluded.

MAX-DOAS measurements on four relatively clear days were compared with these
in-situ HCHO measurements. Thereby, the direct comparison approach was ap-
plied using the radiative transfer model Tracy to calculate mixing ratios averaged
in height. For a better accuracy and also simplification, the MAX-DOAS data was
averaged to about one value for every 10° interval of the solar zenith angle. For the
estimation of the aerosol extinction, the simulation was performed at 360 nm where
an absorption band of O, is located. For the retrieval of the HCHO mixing ratios the
modeling was conducted for 339 nm featuring the strongest HCHO absorption band
in the DOAS analysis (see section 6.4). In Figures 7.29 - 7.32, the retrieved HCHO
mixing ratios from the MAX-DOAS measurements (red line) are compared with the
data of the diffusion scrubber/liquid fluorescence analyzers (DS/LFA, blue line).
On 24 July, also data of the tunable diode laser system (TDLAS) was available.
The additional dashed black line shows the mixing ratios derived from MAX-DOAS
measurements, however divided by a factor of 1.136. This was done due to the re-
sults from cross-calibration of ultraviolet and infrared spectral parameters of HCHO
[Volkamer et al., 2005]. It was found that the HCHO cross-section of Meller and
Moortgat [2000], which is used in the DOAS analysis of this work, is too small.

The measurements yielded mixing ratios of 0.5 to 5.0 ppb for the 4 chosen days,
which is in the typical range for a rural site. They match best on 3 August where the
highest mixing ratios are measured. Also, the course during the day mostly complies
with each other. While on 3 August the corrected MAX-DOAS values are even closer
to the in-situ measurements, they match worse on 24 July when also measurements
with TDLAS were performed. However, the two in-situ measurements also show
significant discrepancies between each other. On 9 August, a compliance can be
recognized at least in the course. On 11 August, the DS/LFA measurements started
at 5PM (Local Time) due to calibration measurements and yielded significant higher
mixing ratios than the MAX-DOAS retrieval.

Generally, a good agreement in the diurnal course can be observed while the abso-
lute values partly differ considerably. On the one hand, the simplified assumptions
of the mixing ratio estimation could be the reason for the discrepancies. However,
the matching diurnal courses lead to the assumption that that they rather play a
subordinate role. On the other hand, the in-situ and the MAX-DOAS measurements
monitor different air masses. While the in-situ measurements only detect HCHO
in the ambient air, MAX-DOAS measurements, as a remote sensing method, mea-
sures through the whole atmosphere. Thus, a vertical gradient inherently leads to
differences in the absolute values.
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Figure 7.30: Same as Figure 7.29, but on 3 August 2004.
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7.6 SO, Measurements

SO, could be measured at Brookhaven, Narragansett, Thomson Farm and Pinnacle
State Park. At MIT and RV Ron Brown, the wavelength range of the spectrographs
did not cover the absorption bands of SO,. However, due to the low intensity of
sunlight in the wavelength range where SO, absorbs and interference with absorption
of ozone, only strong SO, events could be detected. In Figures 7.33 and 7.34, the SO,
ASCDs at 3° elevation angle are plotted for the whole campaign. At Brookhaven,
elevated SO, ASCDs could be observed when the wind was coming from western
direction. In these cases, emissions from New York City and north of New York
City could be measured (see SO, point sources in the north-east of the USA shown
in Figure 7.35). Values up to 1 x 10'7 molec/cm? were retrieved on the same days
when elevated NO, ASCDs occurred, namely on 15, 16, 19, 20 and slightly 31 July
as well as 3, slightly 10 and, 14 August. Furthermore, emissions from a power plant
on Long Island in the north-west of Brookhaven (especially ”Northport”) could be
detected on 17, 19 and 29 July and 8, 9 and 14 August. On the other days when
the wind direction was different no significant SO, values could be found.

At Narragansett, like for the NO, ASCDs, elevated values for the SO, ASCDs
could be attributed to different sources: Wind from New York City brought SO, on
16 July and 10 August. On 15 July the trajectory was slightly south of New York
City passing some SO, point sources. However, on that day the NO, ASCDs were
particularly low which is not yet understood. Emissions from the power plant in the
north-east (”Usgen”) were measured on 11, 25 and 26 of July with maximum SO,
ASCDs of 1 x 10'7 molec/cm?. However, on 14 July no elevated values could be
retrieved for SO, though the trajectories passed the power plant site. On 20 July and
14 August, probably air masses from Orange were transported to the measurement
site, and on 30 July from point sources south-west of New York City. Like for NO,,
higher SO, ASCDs were retrieved also on 2 and 6 August. While on 6 August the
wind came from Boston urban area the source on 2 August could not be determined.

At Pinnacle State Park, SO, could be retrieved from plenty point sources around
the site with maximum values around 1.2 x 10'" molec/cm?. The highest values
were found on 3, 10 and 11 August for air masses from west and south-west direction.
On 19 July a small peak could be observed when the wind came from east. Probably,
SO, emissions from the power plant ” Goudey” were measured. Also when the wind
came from north passing ”Rochester” slightly elevated values could be observed as
on 5, 6 and 7 August.

At Thompson Farm typical SO, ASCDs of around 5 x 10'® molec/cm? could be
found. However, the spectral analysis of the July data frequently did not converge
so that on some days no SO, ASCDs could be retrieved. Nevertheless, some peak
events could be observed. On 12 and 13 August the wind came from the south
and transported air masses from Boston urban area. On 25 July emissions from
the power plant ”Wyman” was measured and led to higher SO, values. On 26
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Figure 7.35: SO, point sources in the north-east of the USA from 1999, provided by the
National Environmental Satellite, Data, and Information Service (NESDIS).
The emissions are signified by dots in dark red (higher emissions) over red to
purple (lower emissions). Some sources which affected the measurements are
labeled in yellow. The measurement sites are marked by green diamonds and
labeled in green.

July, SO, ASCDs of over 4 x 10'” molec/cm? were detected with air masses coming
from the north. However, no potential source could be identified for this strong
event which led to higher values also in the NO, ASCDs (see Figure 7.5). Maybe,
a new emission source arised after the construction of the inventory of NESDIS in
1999 (see Figure 7.35). Yet, when wind came from the west the emissions of the
power plant ”"Merrimack”, which is closely located to the west, led to SO, ASCDs
of up to 3.5 x 10'7 molec/cm?. This happened on 3, 10, and 14 August. An
example is shown in Figure 7.36 with a SO, peak value of 3 x 10'7 molec/cm? for
3° elevation angle at around 2:45PM UT. After 3:30PM UT only background SO,
was present. Backward trajectories indicate that the wind came from south-west
and turned to west for a short time. Then, the SO, plume from the power plant
could be measured by the MAX-DOAS instrument before the wind slowly changed
back to south-west. This continuously happened in the layer from 0 to 1.6 km which
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Figure 7.36: MAX-DOAS measurements of a SO, plume on 3 August at Thompson Farm.
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Figure 7.37: In-situ SO, measurements at the AIRMAP observing station Thompson Farm
(data available at http://airmap.unh.edu/data/) with a peak value of 23 ppb.
The bright area indicates the time frame of the MAX-DOAS measurements.
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Figure 7.38: Boundary layer wind profiler measurements from 3 August 2004 provided by
the NOAA Aeronomy Laboratory. The arrows indicate the wind direction and
strength. The course of time is from right to left.

could be derived by boundary layer wind profiler studies provided by the NOAA?
Aeronomy Laboratory (see Figure 7.38). The SO, peak could be confirmed by in-
situ SO, measurements of the AIRMAP observing station Thompson Farm®. The
bright area of the in-situ measurement in Figure 7.37 corresponds to the time when
MAX-DOAS measurements were performed and shows the peak with a maximum
mixing ratio of 23 ppb. Comparing the MAX-DOAS and the in-situ measurements
the mixing height of the SO, plume could be estimated. Thereby, only the values
of the 18° elevation angle were considered because the averaged scattering distance
in the wavelength range of the SO, retrieval (303.5-317 nm) is relatively short.

2National Oceanic and Atmospheric Administration
3data available at http://airmap.unh.edu/data/
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The averaged scattering distance depends on the aerosol load present in the air
mass. The modeled estimation of the aerosol extinction in section 7.3.3 yielded
an extinction coefficient of 0.2 km™!. This value was used to model the averaged
scattering distance for 310 nm by the radiative transfer model McArtim. For 3°
elevation a distance of only 3.3 km, and for 18° elevation angle of 5.9 km was
calculated. Yet, the comparison for the 18° elevation angle values resulted in a path
through the layer of 3.8 km, which corresponds to 22.4 km at 3° elevation angle.
Thus, it can be assumed that at lower elevation angles the light path through the SO,
plume is considerably shortened due to scattering and the corresponding ASCDs
cannot be taken for the retrieval of the layer height (even in case of no aerosols
present in the atmosphere the averaged scattering distance amounts to 8.2 km).
The comparison of the in-situ measurements and the MAX-DOAS measurements at
18° elevation angle yielded a layer height of 1.2 km (considering 1 ppb as 2.51 X
10'° molec/cm? at 293 K and 1013 mbar).

7.7 Ozone Titration Event

A special event was detected at URI Narragansett on 28 July 2004 which lasted until
the morning of 29 July. The MAX-DOAS measurements of O, and NO, shown in
Figure 7.39 exhibited atypical behaviors. Exceptionally, a fixed reference was used
for a better illustration and accordingly dSCDs are shown. On 27 and the afternoon
of 29 July, the typical U-shape can be observed in NO, dSCDs and especially in O,
dSCDs. The U-shape arises due to a longer light path through the upper part of the
atmosphere at larger solar zenith angles. Furthermore, the values of the different
elevation angles are separated, in particular for O,.

However on 28 July and the morning of 29 July, the dSCDs of both O, and
NO, showed a special behavior. The O, dSCDs of the different elevation angles
were not separated like on the day before. Hence, the visibility was very low for
every looking direction due to scattering on aerosols. Furthermore, the O, dSCDs
were relatively high. This matches with increased probability for multiple scattering
present near the surface, as if e.g. low altitude clouds are present. Also the NO,
dSCDs were enhanced compared to other days. Like usually, the NO, dSCDs show a
strong dependency on the elevation angle. The dSCDs of lower elevation angles are
higher than the dSCDs of higher elevation angles. This is especially remarkable since
this separation at different elevation angles could not be observed for the O, dSCDs
which are an indicator for the light path distribution. Thus, the presence of a shallow
layer with high NO, concentrations close to the surface is likely. Additionally, low
radiances could be observed which is expressed by the length the integration time
that was adapted automatically to the light intensity in the spectra. On 28 July the
integration times were particularly long. In Figure 7.39 can be observed that the
number of measurement points are significantly lower on 28 July than on the days
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in the upper part of the atmosphere. On 28 July, a high aerosol load as well
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before and afterwards.

At URI Narragansett also ozone profiles were measured daily around 6PM UT
using an Electro-Chemical Cell ozonesonde (En-Sci Inc., model 2Z) with a Vaisala
RS-80, GPS-equipped radiosonde. 1% unbuffered KI was used in the cathode cell,
and saturated KI in the anode cell. The sonde was prepared several days earlier
using procedures developed by the NOAA CMDL group. Figure 7.40 shows the O,
mixing ratio up to 2 km on July 28 at 6:30PM UT. The surface air temperature
was 18.7° C in persistent fog, and the profile was at or near saturation to above 13
km. The measured ozone was <1 ppb up to 200 m above sea level, near the base of
a 500 meter thick, 2.5°C temperature inversion (see Figure 7.41). In this layer the
ozone mixing ratio increased to 46 ppbv. The winds were weak, generally less than 4
m/s from the north-north-west below the inversion, veering to south and south-west
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above this layer. Ozone mixing ratios varied from 50-90 ppb from 1 km to 13.5 km,
near the tropopause. Furthermore on July 28 reduced light intensity in the presence
of surface fog and deep clouds were observed [John Merrill, pers. comm.].

To further investigate this event, HYSPLIT backward trajectory calculations were
performed. The trajectories for 28 July at ground level as well as 100 m above
ground level showed air masses coming from south to south-west the whole day.
This corresponds to the wind direction measurements of the ozonesonde above the
inversion layer, but not to wind direction in the shallow air mass below the inversion.
Thus, assumably the HYSPLIT model could not resolve this layer and the air mass
below the inversion is assumed to come from north to north-west. However, the
trajectories showed significant changes in the wind directions in the night to 28 July
and during the morning of 29 July. This matches with start and end time of this
special event derived from the MAX-DOAS measurements.

Eventually, all observations indicate an ozone titration event where ozone is de-
graded and not produced sufficiently to reach significant concentrations. In this
event, probably ozone was destroyed by NO producing large amounts of NO,. Pre-
condition of an ozone titration event is a strong inversion so that the air masses
cannot mix and balance out the loss of ozone. Furthermore, photochemical activity
has to be reduced because otherwise the photolysis of NO, would produce enough
ozone. Moreover, the exposure of air masses to vegetation accelerates the degrada-
tion of ozone due to adhesion of ozone on plants and its adsorption via stomata,
hence dry deposition. Since in the the north or north-west of Narragansett much
vegetation is present all assumptions are given to conclude that an ozone titration
event has occurred.

Ozone titration events are not rarely observed in cities in the early morning where
large amounts of ozone reducing NO are available and the sunlight is too weak to
produce ozone photochemically. However, in more rural areas, such as at Narra-
gansett this is a remarkable and special event. Also, the duration of more than one
day is an atypical phenomenon. Unfortunately, it is not clear where exactly such
large amounts of NO came from. However, the NO flux was steady enough to last
at least 30 hours.
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8 Results from MILAGRO 2006 Field
Measurements

8.1 Objectives of the MILAGRO 2006 Campaign

The Megacity Initiative: Local and Global Research Observations (MILAGRO) 2006
field campaign had the goal to observe and quantify the fate of anthropogenic pol-
lutants emitted from Mexico City, the world's second largest city with more than
20 million inhabitants. Since the number of urban areas and Megacities (cities with
at least 10 million inhabitants) increases continuously the pollution caused by such
dense anthropogenic activity is getting more and more important. The MILAGRO
2006 campaign was supposed to investigate this pollution in order to manage better
its negative impacts on air quality. Furthermore, Megacities become more and more
important since they are also major sources of aerosols and greenhouse gases that
are impacting regional and global scale climate. Mexico City is especially suited to
investigate the transformation of pollutants because its location at 2200 m and at
only about 20° northern latitude favors photochemical transformations due to higher
solar radiation. Furthermore, the topography with high mountains to the west and
east of Mexico City favor rapid accumulation of the pollutants.

The MILAGRO 2006 campaign is a continuation of Mexico City Metropolitan
Area (MCMA) 2003 and is split in four coordinated components:

MCMA-2006 (Mexico City Metropolitan Area - 2006) was led by the Molina Center
on Energy and the Environment, to examine emissions and boundary layer
concentrations within the Mexico City Basin by gathering measurements on

aerosols, VOCs and other gases, meteorological and solar radiation parameters.
The MAX-DOAS measurements were part of MCMA-2006.

MAX-Mex (Megacity Aerosol Experiment in Mexico City) examined the evolution of
aerosols and gas-aerosols interactions in the immediate urban outflow including
measurements from a G-1 aircraft and a ground station.

MIRAGE-Mex (Megacity Impacts on Regional and Global Environments) investi-
gated the evolution of the Mexico City plume on larger regional scales from
ground stations, aircraft, and satellites.

INTEX-B (Intercontinental Chemical Transport Experiment - Phase B), studied the
evolution and transport of pollution on global scales.



152 8 Results from MILAGRO 2006 Field Measurements

In the MILAGRO campaign more than 60 institutions mainly from the USA and
Mexico took part. The field campaign was scheduled for 1 through 30 March 2006.

8.2 Measurement sites

In the framework of MCMA-2006 several MAX-DOAS measurement sites were set up
by the University of Heidelberg in and around Mexico City. Thereby, the Schwampel
and 5 Mini-MAX-DOAS instruments were used. However, effectively only three
Mini-MAX-DOAS instruments were operated due to instrument breakdowns (see
below). Figure 8.1 shows the Mexico City metropolitan area from satellite perspec-
tive.To the east and west of Mexico City, in dark green high mountains of over 3000
m height can be seen. The MAX-DOAS sites are marked with yellow dots. Addi-
tionally, the viewing directions are indicated by colored lines starting at these points.
The measurement names (white) and periods (colored) of each site are labeled next
to the points.

The Schwampel instrument (blue color in Figure 8.1) was located on the rooftop
of a building in the ”Instituto Mexicano de Petroleo” (IMP) at 19.48° northern
latitude and 99.13° westerly longitude in the northern part of Mexico City. It is
denoted with TO and was one of three so-called supersites. The three telescopes
which measured simultaneously pointed approximately to the north, south and west
and were mounted on a wooden box to guarantee a free view also at lower elevation
angles (see Figure 5.7). The Schwampel instrument was installed from 2 March
through 11 April 2006.

All the other MAX-DOAS instruments were Mini-MAX-DOAS instruments. They
are labeled red and yellow in Figure 8.1, whereby the yellow color indicates the Mini-
MAX-DOAS instrument which had a wavelength range from about 330 to 460 nm
instead of about 290 to 420 nm, like the others. Thus, the yellow labeled Mini-
MAX-DOAS instrument covered the absorption structures of CHOCHO.

Unfortunately, short circuits in the electronic boards let break four of the five Mini-
MAX-DOAS instruments down. The reason for the short circuits is still unclear.
Two of the devices were broken sustainably for the whole measurement campaign.
The other two could be repaired by soldering whereby one of them still had problems
to stabilize the cooling temperatur of the spectrograph-detector unit throughout the
campaign which was recognized afterwards. The latter was the device which covered
the wavelength range of CHOCHO (labeled yellow in Figure 8.1). So, only one of the
repaired instruments could be used for the measurements. In total, only two of the
originally planned 5 Mini-MAX-DOAS instruments could be used. They were set
up at the supersites T1 and T2 during MILAGRO 2006. Later they were installed
in the north and south-east of Mexico City for a couple of days, which however was
not in the focus of MILAGRO 2006.

The supersite T1 was situated in the north of Mexico City on the area of the
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Figure 8.1: MAX-DOAS sites set up by the University of Heidelberg in the framework of
the MILAGRO 2006 campaign marked on a satellite picture. The MAX-DOAS
sites are marked with yellow dots and the viewing directions are indicated by
colored lines starting at these points. The measurement names (white) and
periods (colored) of each site are labeled next to the points.

Universidad Tecnolégica de Tecamac. It was located about 30 km north-east of
TO at around 19.70° N and 98.98° W. The Mini-MAX-DOAS instrument was fixed
on the roof of a trailer and pointed to north-west (about 310° from north). The
measurements were performed from 15 through 30 March 2006 with a failure between
19 through 25 March.

On the ranch ”Bisnaga” further north at 20.01° N and 98.91° W (about 63 km
north-east from T0) the third supersite T2 was set up. The Mini-MAX-DOAS
instrument was screwed on a wodden board which was stabilized by stones (see
Figure 8.2). It pointed approximately to south (about 170° from north) into a wide
valley. It measured from 15 through 30 March with 16 and 17 March as failure days.

The measurements were performed at elevation angles of 1°, 3°, 6°, 10°, 20°, 45°
and towards the zenith. At T2 additionally an elevation angle of -1.5° was chosen in
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Figure 8.2: Mini-MAX-DOAS setup at T2. The instrument was screwed on a wodden
board which was stabilized by stones. It pointed approximately to south (about
170° from north) into a wide valley.

order to measure the air masses near to the ground of the valley. The complete time
series of ASCDs of NO,, HONO, HCHO, CHOCHO and O, of all sites are attached
in Appendix A.2. The following sections highlight the most important results of
these measurements. In particular, they demonstrate the transformation of the
polluted air masses while being transported across the different sites. Furthermore,
horizontal gradients and the photochemical processing will be investigated.

8.3 NO, Measurements

Enhanced NO, ASCDs could be measured at TO, T1 and T2. At TO (southern
direction) the NO, ASCDs are largest with values of up to 5 x 10! molec/cm? in the
beginning of April. These values are about double as high as the peak values in the
ICARTT 2004 campaign. Typically the maximum ASCDs varied between 2 and 4
x 101" molec/cm?. At all elevation angles, a diurnal cycle with a significant morning
peak and increasing values in the evening could be observed (as instance see Figure
8.10) which is probably caused by traffic emissions. Figure 8.3 shows the ASCDs
at 3° elevation angle for the period of 15 through 30 March when measurements for
all three sites T0, T1 and T2 were available. The diurnal cycle can also be found
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in the observations at T1 and T2 whereby the peak values are 2 to 4 times smaller
than at TO which can be explained by the distance to Mexico City. NO, emitted
in Mexico City is chemically degraded and diluted before it can be measured at T1
and T2, respectively.

Surprisingly at T0, the NO, ASCDs do not follow a weekly cycle with lower values
on weekends or at least on Sundays. 19 and 26 March 2006 were Sundays, with lower
values at least on 19 March (see Figure 8.3). However, the 19 March was affected
by relatively strong wind [Fast et al., 2007] which probably has led to the reduction
rather than less emissions. Also for other Sundays (not plotted in the figure), no
significant NO, ASCD reduction was observed, except on 9 April which assumably
is an outlier. At T1 and T2, the measurement period was too short and too often
interrupted to derive a conclusion concerning a weekly cycle.
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Figure 8.4: NO, ASCDs at 3° elevation angle from measurements pointing to the south,
north and west.

At TO, ASCDs at three azimuth angles (south, north and west) were measured
which can provide information on the horizontal distribution of NO,. Especially,
differences between the south and the north direction might have benn expected
because the measurement site was located almost at the northern border of Mexico
City. In Figure 8.4, the NO, ASCDs at 3° elevation angle of the different azimuth
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directions are compared for one week exemplarily. Generally, they show a similar
course, however none of them exhibits systemic higher or lower values than the
others. Thus, the NO, content in the air did not show a systematic horizontal
gradient in the scope of the MAX-DOAS instrument.

In order to quantify the NO, values, the MAX-DOAS NO, ASCD were converted
in tropospheric VCDs by applying the geometrical differential air mass factor to the
measurements of 20° elevation angle. The selection of this rather high elevation angle
is considered as a compromise between good signal to noise values and least influence
of aerosols. Thereby, is is assumed that light is not scattered within the NO, layer.
The geometrical NO, AAMFs were calculated by the approximation sin(+0°) -1,
yielding about 1.92. The tropospheric NO, VCDs for T0O, T1 and T2 from 15 March
through 30 March are illustrated in Figure 8.5. At TO, like already observed in
the NO, ASCDs for 3° elevation angle, the tropospheric VCD values exhibit strong
morning and smaller evening peaks. Thereby, the maximum values vary mostly
between 8 x 10 molec/cm? and 1.2 x 10'" molec/cm?. During ICARTT 2004,
smaller peak tropospheric NO, VCDs of 8 x 10 molec/cm? were found at MIT
indicating less NO, pollution in the Boston urban area than in Mexico City. At
T1 and T2, the tropospheric VCDs are much smaller except for some outliers and
typically amount to not more than 3 x 10'® molec/cm?. The values at T2 seem
to be slightly smaller than at T1 which would be expected because of the larger
distance from Mexico City of T2.

Similar to the ICARTT campaign, the tropospheric NO, VCDs were compared
to DOAS satellite measurements from SCIAMACHY. Figure 8.6 shows the tro-
pospheric NO, VCDs of the three azimuth measurement angles of the Schwampel
instrument versus the tropospheric VCDs derived from satellite [Steffen Beirle, pers.
comm.]. Thereby, the acquisition times of the MAX-DOAS values corresponds to
the overpass times of the satellite. Additionally, a one-to-one line is drawn in the
figure. As a result of the comparison, the MAX-DOAS measurements mostly have
clearly higher values than the VCDs from satellite. This can partly be explained by
shielding effects from clouds which occurred e.g. on 30 and 31 March. Clouds might
also have caused the difference in the MAX-DOAS VCDs between south and north
direction on these days. Furthermore, because of the spatial resolution of the satel-
lite instrument of 30 x 60 km? it averages the NO, VCD over a large area including
also regions outside the center of Mexico City. This is shown in Figure 8.7 where
the three most excentric pixels are drawn (white rectangles), which still include the
MAX-DOAS site TO. It can be recoginzed that each rectangle is larger than the
extent of Mexico City. Thus, any satellite measurement measuring the Mexico City
area also includes some part of the environment. The most excentric pixel in Figure
8.7 even covers hardly Mexico City. Therefore, the relatively good accordance on
5 March (at least in west and south measurement direction) is surprising and can
only be explained by a counteracting effect, e.g. aerosol influence.

Also active DOAS measurements were performed at TO during MILAGRO 2006
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three most excentric pizels are drawn (white rectangles) which still include the
MAX-DOAS site TO.
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tio of the VCDs to the NO, concentrations from active DOAS measurements

Figure 8.8: Tropospheric NO, VCDs from MAX-DOAS measurements (black) and the ra-
(red) at TO from 15 through 30 March.
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by the University of Heidelberg [André Merten, pers. comm.]. For the active DOAS
measurements, a light beam from a Xe-arc lamp was emitted from a Newton tele-
scope at TO in southern direction. The light was reflected in about 2640 m by a
retro-reflector array reaching again the Newton telescope where it was detected by
a spectrometer. Hence, the active DOAS measurements deliver surface-near con-
centrations averaged over the light path. The ratio of the tropospheric NO, VCDs
from MAX-DOAS measurements to the NO, concentrations provide information on
the layer height of NO,. In Figure 8.8, these ratios (red) and the tropospheric NO,
VCDs (black) are plotted (for the southern viewing direction). Assuming a constant
vertical NO, concentration up to top of the layer the ratio can be regarded as the
layer height. Mostly, an increase of the layer height during the day can be observed
with a decline in the afternoon and evening, respectively. The maximum heights
can be found at around 2 km and are typically between 1 and 2 km. However, the
values show a high variability and are rather lower limits of the layer height for
two reasons. Although the boundary layer is mostly well mixed so that the NO,
height profile can be approximated by a box profile, a vertical decline is possible
since strong NO, sources are located mainly at the ground. Furthermore, aerosols
and clouds typically reduce the tropospheric light path. Both effects tend to result
in an underestimation of the layer height derived by the used ratio.

8.4 HONO Measurement

The presented HONO data in this work constitute the first HONO measurements
retrieved by MAX-DOAS. HONO was found at all three sites TO, T1 and T2 which
can be seen tn Figure 8.9 where the ASCDs at 3° elevation angle are plotted for
the period of 15 through 30 March. At T0, values up to 2 x 10'® molec/cm? were
measured in the morning with a strong decline until noon. At T1 and T2, the values
are often smaller than at T0 at the same time and more scattered. However, at some
days also higher morning values can be observed.

The elevated ASCDs of HONO at TO were detected throughout the whole mea-
surement campaign and in all three azimuth directions whereby the diurnal cycle
was very similar every day. Also for HONO, no systematic difference in the measure-
ments of different azimuth angles could be observed. Thus, the further discussion
refers to a single, the southern, viewing direction. Two examples are shown in Fig-
ure 8.10 where ASCDs of HONO are plotted for two days, 9 and 19 March 2006,
together with O,, NO,, HCHO and CHOCHO. At sunrise, the typical diurnal cycle
begins with high HONO ASCDs as expected owing to an accumulation of HONO
over night. The differences in the ASCDs of the elevation angles bear the assumption
that HONO is located in the lower troposphere. During the morning, the HONO
ASCDs decrease due to photolytic dissociation. After about noon, they remain on a
relatively constant level not being zero which indicates a HONO production during
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Figure 8.9: HONO ASCDs at 8° elevation angle for the instruments at T0, T1 and T2.
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the whole day. Sometimes a slight accumulation of HONO can be recognized in the
late evening.

9 and 19 March differ significantly in the occurrence of aerosols in the atmosphere:
While 9 March is a day with high aerosol load compared to other days during the
measurement campaign, 19 March was a day with a still significant, but relatively
low aerosol load. This is reflected in the ASCDs of O, (see Figure 8.10). Without
aerosols (so that only scattering on molecules took place (pure Rayleigh case)) a clear
separation of the values at different elevation angles would be expected whereby the
values become higher the more the viewing direction is tilted towards the horizon. In
contrast, on March 9, the O, ASCDs of the different elevation angles between 1° and
10° can hardly be distinguished except for the early morning. Around midday, also
the 20° values overlap with the other ASCDs at lower elevation angles. On March
19, at least the O, ASCDs of the different elevation angles can be distinguished,
but they are closer together than in the pure Rayleigh case. Furthermore, on both
days the order of the elevation angles is changed which is typical throughout the
measurement, campaign. On March 19, the highest ASCDs values come from the
6° elevation angle followed by 10°, 3°, 1°, 20° and 45° mostly in this order. On
March 9 in the morning, even the 10° values are on top, while in the afternoon it
seems that the 3° values are highest. The changed order of the O, ASCDs for low
elevation angles is caused by the quite strong aerosol extinction. In contrast to other
tropospheric trace gases (such as NO, or HCHO), the scale height of O, is rather
high (about 4 km) and substantial O, concentrations exist still above the aerosol
layer. Thus, the strongest O, absorptions are often observed at elevation angles
around 10°, for which the aerosol extinction is less than for the smaller elevation
angles.

The order in the elevation angles of the HONO ASCDs is mainly in the expected
order for both days (and also throughout the whole measurement campaign) which
indicates a significant HONO concentration close to the ground. Furthermore, the
0O, ASCDs are smaller especially at lower elevation angles on 9 March compared to
the 19 March which means a shorter light path through the atmosphere caused by
a higher aerosol load. In contrast, on 9 March the HONO ASCD are higher and
in the morning, amounted to about 1.7 x 10 molec/cm?, on 19 March to about
1.3 x 10 molec/cm?. They also do not decrease as strong and to so low values
as on 19 March. Finally, it can be concluded that on 9 March a higher HONO
concentration was present in the atmosphere. For the same reason, on 9 March,
higher concentrations also of NO,, HCHO and CHOCHO can be concluded.

Less aerosols and trace gases on 19 March could be explained by a relatively strong
wind on this day. Wind speed measurements by rawinsondes as well as forecasting
analyses yielded maximum values for the campaign of around to 8 m/s at 1000 m
above ground level blowing from south to south-west direction [Fast et al., 2007].
Therefore, a transportation of relatively clean air masses is suspected which diluted
the typically more polluted air mass above Mexico City.
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To investigate the formation of HONO (it is still under discussion if HONO is
produced on surfaces rather at the ground than on aerosols) the HONO-to-NO,
ratio was calculated. Since HONO is generated from NO, the ratios provide in-
formation on the steady state HONO production. The steady state is given when
the conversion from NO, to HONO has the same strength as the HONO loss [Stutz
et al., 2004]. In Figure 8.11 the HONO-to-NO, ratio for the 3° elevation angle is
plotted for the whole campaign at TO. A very clear behavior can be observed with
high morning values of almost 10 %. Then a strong decline can be observed until
around 10 AM. From then, HONO and NO, are in steady state with ratios mainly
between 1 and 1.5 %. In the evening, slightly higher scatter occurred. This general
course is observable at each elevation angle. Yet, in the early morning a significant
difference in the absolute values of the ratio was found which is shown in Figure
8.12. For a better illustration, the HONO-to-NO, ratios are smoothed (100 points
smoothing) and only the 1°, 6° and 20° elevation angle are plotted. The lower the
elevation angle the smaller is the ratio in the morning. This means that the HONO
proportion decreases with height. Thus, a HONO source at the ground can be con-
cluded. This does not exclude that part of the observed HONO is also produced on
aerosols. In fact, the quite small decrease of the HONO-to-NO, ratio with elevation
angle indicates that an additional source apart from the surface exists. This os con-
firmed by the following consideration on lifetime and vertical mixing: Additional
measurements of a spectral radiometer at TO provided photolysis rates of HONO
[Rainer Volkamer, pers. comm.]. The corresponding life times of HONO amounted
to about 10* s at 7 AM and 400 s at noon. Thus, transportation of HONO within
its life time to e.g. 1000 m height at noon would imply a vertical wind speed of 2.5
m/s which is rather high. Therefore, even assuming a well mixed boundary layer a
considerable fraction of HONO had to be formed also in the air most probably due
to reaction on aerosols.

8.5 HCHO and CHOCHO Measurements

At all three sites enhanced ASCDs of HCHO were detected. The HCHO ASCDs
at 3° elevation angle (southern direction) are displayed in Figure 8.13. At TO, the
highest ASCDs were found to be up to 1.2 x 10'" molec/cm?. At T1 and T2, the
values are around half of the values of TO whereby the ASCDs of T2 are slightly
higher than of T1 despite the larger distance to Mexico City. Possibly emissions
from vegetation enhanced the values at T2. Mostly, the peaks of HCHO can be
observed in the middle of the day when the photochemical oxidation of VOCs is
highest. While this can be recognized on 9 March (see Figure 8.10) on 19 March
the HCHO ASCDs are decreased around noon due to the strong wind on that day.

CHOCHO which like HCHO is formed by oxidation of VOCs was only measured at
TO because at the other sites the instruments did not cover the spectral range of the
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CHOCHO absorptions. Thus, all elevation angles (southern direction) are shown
in Figure 8.14 from 15 through 30 March. The peaks in the middle of the days
are pronounced. The course on 19 March is an obvious exception. The maximum
ASCDs for the 3° elevation angle are at around 9 x 10 molec/cm? and typically
between 6 and 8 x 10' molec/cm?.

The similar diurnal courses of HCHO and CHOCHO in Figure 8.10 indicate similar
formation processes of HCHO and CHOCHO. Since CHOCHO is generated mainly
by (anthropogenic) aromatics, in contrast to HCHO, the CHOCHO-to-HCHO ratio
shows the fraction of anthropogenic and natural sources of the measured air mass.
In Figure 8.15 the ratio of CHOCHO to HCHO for 3° elevation angle throughout
the measurement campaign is shown. The ratios increase soon in the morning over
0.06 and are around 0.08 in the middle of the day at about 1PM. In the afternoon,
they are much more scattered, nevertheless largely a decrease can be observed. This
course is in agreement with the presence of strong human activity in Mexico City
because values larger than 0.06 are typical for industrialized areas (see [Wittrock
et al., 2006] and references therein).

Finally, the CHOCHO-to-NO, ratio for 3° elevation angle was calculated for the
whole campaign (see Figure 8.16). Also this ratio increases in the morning, but
reaches its maximum later at around 2PM. The peak values are mainly between
0.03 and 0.05 which is almost double as high as at MIT in the ICARTT 2004
measurement, campaign. The reason can be found in higher photochemical activity
in Mexico City than in the Boston urban area.

8.6 O, Measurements

The concentration O,, the oxygen dimer, is almost constant in time. Thus, the mea-
surement of the O, absorption provides information on the light path distribution
and hence on the presence of aerosols. Increasing aerosol extinction reduces the ab-
sorption path at low elevation angles and, thus, also the respective O, absorptions.
The O, absorption was measured at T0, T1 and T2. Figure 8.17 shows the O,
ASCDs at 3° elevation angle for T0, T1 and T2. The O, ASCDs of all three sites
are relatively low indicating significant aerosol loads. The lowest values are mostly
at TO where the highest amounts of aerosols are expected.

At TO and T1, a diurnal course is apparent. In the morning higher values were
found which decrease due to accumulation of aerosols. During the day, the boundary
layer increases and a dilution of the aerosols occurs which leads to an increase of the
O, ASCDs. In the evening, the rush hour with more particle exhaust leads again to
a decline of the O, values. This is in agreement with the NO, measurements which
often increase in the evening, for instance on 9 March (see Figure 8.10). At T2, not
always this diurnal course can be observed due to the larger distance from Mexico
City.
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8.7 Aerosol Profile Retrieval by Optimal Estimation

The aerosol load in Mexico City was further investigated by calculating an aerosol
profile of one day by optimal estimation [Udo Frief}, pers. comm.] according to the
method described in section 4.6.3 and by Frief et al. [2006]. On most of the days,
the O, ASCDs of the different elevation angles overlap so that they can hardly be
separated, like on 9 March (see Figure 8.10 left panel). This reduces the informa-
tion content of the measurement significantly. Therefore, the clearest day of the
measurement period, the 19 March, was chosen. On this day, the O, ASCDs of the
elevation angles can be distinguised and provide more sensitivity on aerosol proper-
ties (see Figure 8.10 right panel). According to satellite images the sky was cloud
free over the measurement site during the whole day (see Figure 8.18).

Figure 8.18: GOES Visible Satellite image of Mexico on 19 March 2006 at 2:15PM local
time (hitp://data.eol.ucar.edu/cgi-bin/codiac/nph-browse). According to the
complete time series of satellite images the sky was cloud-free during the whole
day.

Although the sky was cloud-free on the selected day the diurnal variation of the
measured intensities as well as the retrieved O, ASCDs show considerable variation
during the day (see Figures 8.10 and 8.19). It is noteworthy that the variations
are strongest for the lowest elevation indicating strong variations of the surface-near
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Figure 8.19: Measured intensities by the MAX-DOAS instrument on 19 March 2006.

aerosol properties.

The retrieval was performed using the measured differential optical densities of
O, at the absorption band centered around 360 nm and considering the azimuth
dependency of the O, air mass factor. For each measurement sequence a profile
was retrieved. The a priori aerosol profile was assumed to feature an exponential
decrease starting with an aerosol extinction coefficient of 0.2 km~! with a priori
errors of ten times of the assumed value. The assumed aerosols consist of 69 % soot
and 31 % sulphate.

The retrieved aerosol extinction profiles are shown in two contour plots, for which
the retrieved aerosol profiles were interpolated on a 15 minutes time resolution.
Figure 8.20 shows the aerosol profiles up to 5 km altitude. High loads of aerosols
with coefficients of up to 45 km~! are found between 2 and 5 km in the afternoon.
For better illustration, the values are color coded only up to 10 km~!. In Figure
8.21, the first kilometer is zoomed out. Higher aerosol loads with coefficients around
0.25 km~! are situated mostly within the first 300 m. In Figure 8.22, the results for
the modeled O, differential optical densities are compared to the measured values.
The degree of agreement between both data sets indicates the quality of the profile
inversion. Accordingly, the highest accuracy of the profile inversion can be expected
between SAM and 9AM.

Figure 8.23 shows four selected retrieved profiles together with the a priori pro-
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Figure 8.20: Retrieved aerosol profiles up to 5 km altitude on 19 March. For better illus-
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Figure 8.22: Measured (squares) and modeled (crosses) O, differential optical densities on
19 March. Different colors indicate different elevation angles as indicated in

the legend.

files. The profile in Figure 8.23a was retrived from the measurement at around
8AM. A relatively low aerosol load can be recognized. Both the retrieved and the
a priori errors are relatively high whereby the retrieved errors decrease significantly
at altitudes where the retrieved aerosol extinction is high. This a feature that is
caused by the non-linear response of the O, absorption to the aerosol extinction
[Frief et al., 2006]. Figure 8.23b shows the retrieval at 12PM and is similar to the
previous profile except for a strong peak in the aerosol extinction of 7 km~! at about
3 km altitude. In Figure 8.23c, the profile which was acquired at 2:20PM is even
more extreme. Additionally to the peak which even increased, much higher aerosol

extinction coefficients of almost 45 km™!

are retrieved in layers above 3.5 km. The

errors in this range are relatively low indicating an unequivocal retrieval. The small
aerosol values up to 300 m have disappeared. The profile in Figure 8.23d from 5PM
exhibits only significantly elevated aerosol extinctions above 3.5 km reaching still a

coefficient of 20 km~1.

The averaging kernels of the two extreme profiles a and ¢ are shown in Figure 8.24.



176 8 Results from MILAGRO 2006 Field Measurements

6 - 6 -
a b
54 } \ Ny —— apriori 5 —— apriori
| retrieved — retrieved
4 L —
7 Bt 44
pu—
87 o 37 e
3 -
£ — E
= =
< 24 H [ < 24
N |
|
- H
N i
] |
\ 1
; | + 1
0 T r - r r 1T 1 1 1 T 1 T T 1 0 — T T T T T
20 15 -0 05 00 05 10 15 20 25 . . 3 4 5 6 7 8
Aerosol extinction [km'] Aerosol extinction [km™']
6~ 6
c d
H— ik
51 —H—_ 54 b T
—H__ HH H—
N HH —+
H TH HH ——
4 i - 44 M J—
Hi I——— A
R c— 3 g
g FHM— B £ ::14
=4 H —H =3 =
[0} HH A [0) =
° HA/H — ©° ——H —
2 H —— apriori 2 — —— apriori
= HH : = =t :
<, K — retrieved <, il retrieved
HH ——H
HH ——H
HH —f—H
HH ——H
14 é—:]# 14 [
+ F——H
T
-
= %
0 == T T T T 1 0 T T T T T T T T T T
0 10 20 30 40 50 5 0 5 10 15 20
Aerosol extinction [km™] Aerosol extinction [km™']

Figure 8.23: Four selected retrieved profiles and their a priori profiles. The profiles are
based on measurements at SAM (a), 12PM (b), 2:20PM (c) and 5PM (d).

Both averiging kernel plots show peaks in the surface-near layers at their nominal
altitudes indicating a high sensitivity to true profile. However at higher altitudes,
they become different. Above 700 m, the averaging kernels from the morning profile
exhibit very similar courses for the different nominal values with a maximum around
1 km indicating a small sensitivity of the retrieved profile to the true profile at the
nominal altitude. Above 4.6 km, the averaging kernels peak again at their nominal
value and have maximum values around one, indicating again that the retrieval is
very sensitive to altitudes where enhanced scattering occurs. The averaging kernels
from 2:20PM show a relatively good sensitivity to their nominal heights up to 1.3 km.
Then, the course of the averaging kernels is quite the same as in the morning values.
Beginning with 2.7 km nominal height, a pronounced sensitivity is apparant in layers
where a strongly enhanced extinction is retrieved before it decreases significantly at
3.3 km and above.
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Figure 8.24: Averaging kernels for the profile at 8AM (upper panel) and 2:20PM (lower
panel) (description see text).
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Generally, the retrieval has lower errors at altitudes where high extinction coeffi-
cients were found. This is caused by the non-linear nature of this inverse problem,
leading to an increase in sensitivity with extinction coefficient. However, the high
aerosol extinctions above two kilometers of up to 45 km™! seem unlikely. Further-
more, the averaging kernels do not show a pronounced sensitivity for these layers
when these high values were found. The high values of the extinction coefficients at
high altitudes might indicate a cloud layer. However, this can be excluded according
to satellite images (see Figure 8.18). Possible reasons for these errors are probably
wrong assumptions for aerosol properties, namely horizontal inhomogeneities and
chemical composition. Furthermore, systematic deviations in the O, cross section
(for example due to temperature dependence) might add to these errors. It is inter-
esting to note that the most reasonable aerosols profiles are retrieved in the morning
when differences between measured and modeled differential optical densities are
smallest.



O Conclusions and Outlook

Within this thesis, networks of MAX-DOAS instruments were operated in two ex-
tensive measurement campaigns, one in the north-east of the USA in summer 2004
(ICARTT) and another in Mexico City in spring 2006 (MILAGRO). The aim of both
campaigns was the characterization on quantification of emission sources, chemical
transformation and transport of pollutants. The selected measurement locations
are amongst the most polluted regions on Earth. The MAX-DOAS observations
were part of a large amount of other measuring and modeling activities carried out
by a large consortium of international scientists. The coordinated operation of a
large number of MAX-DOAS instruments constitutes a so far unique effort. MAX-
DOAS instruments are very well suited for the quantification and characterization
of pollution because of several advantages:

e They are very sensitive especially for several short-lived species, e.g. HONO.

They integrate over altitude and yield total column densities of tropospheric
species. Thus, they do not miss pollutants at higher altitudes.

From the O, absorption, information on the aerosol properties can be derived.

For the tropospheric trace gases (limited) profile information can be derived.

MAX-DOAS measurements can be operated automatically, even at remote
locations.

During both campaigns several MAX-DOAS instruments were operated during sev-
eral weeks. In spite of some instrumental problems overall the instruments have been
proven to be well suited for continuous pollution monitoring. From the experiences
gained during both campaigns it can be recommended to establish a global net-
work of standardized MAX-DOAS instruments performing routine measurements.
the results of this thesis give an overview of the large potential of such measurements.

In the following, the specific results during both campaigns are summarized:

ICARTT 2004 campaign: At the various locations, almost continuous time
series of NO,, SO,, HCHO, CHOCHO and O, as well as aerosol extinction were
analyzed. The spatial and temporal variation of these observations was investigated
with respect to the average transportation path ways and the location of the major
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emission sources. As expected, the highest values were usually found close to emis-
sion sources and in many cases, a clear attribution of individual emission sources
was possible. In some cases, enhanced pollution levels were observed, but could
not be assigned to dedicated sources. This might be an indication of deficiences
in the emission inventories. Several aspects of the retrieved data sets were investi-
gated in more detail. An important discovery was the first detection of glyoxal by
MAX-DOAS observations. It turned out that MAX-DOAS observations well-suited
for monitoring tropospheric glyoxal concentrations, and from the ratio of glyoxal to
formaldehyde, it was possible to characterize the nature of the polluted air masses.
Another important development during this thesis deals with the quantitative con-
version of the measured ASCDs into total tropospheric vertical column densities.
These are the prerequisite for a meaningful satellite validation. Also, average mix-
ing ratios can be derived from the vertical column density. From the comparison
of the tropospheric VCDs derived from the MAX-DOAS measurements with in-situ
observations, it was possible to derive an average height of the mixing layer. Typi-
cal values of about 1 km were found in good agreement with the expectations. For
some cases, also a full profile retrieval was performed; the resulting surface-near
mixing ratios showed good agreement with simultaneous in-situ data. In this thesis,
a simple method for the determination of the aerosol extinction from MAX-DOAS
O, measurements was developed and applied to the observations at the various
locations. the resulting extinction coefficients ranged between 0 and 1 km™!; the
temporal variation was similar to those of the measured trace gases. The large data
sets showed many cases with interesting chemical and meteorolgical conditions. One
example was a so called ozone titration event at the rural site Narragansett on 28
July 2004. During this event, exceptionally high NO, concentrations and quite low
visibilty were observed by the MAX-DOAS instruments. Both observations are in
agreement with simultaneously observed complete ozone destruction the lowermost
200 m of the atmosphere. While such an ozone titration event is not unusual in
urban environments its occurence in rural environment is rather unexpected.

MILAGRO 2006 campaign: At the three different locations, time series of
NO,, HCHO, HONO, CHOCHO and O, were analyzed. The spatial and temporal
variation of these observations was investigated dependent on the distance from the
city. As expected, the highest values were usually found close to the city center
with gradually decreasing values with increasing distance. This decrease can be
most probably explained by chemical degradation and dilution. Several aspects of
the retrieved data sets were investigated in more detail. An important discovery was
the first detection of nitrous acid by MAX-DOAS observations. Enhanced values of
HONO were always found in the morning followed by a rapid decrease to small but
not zero values during the rest of the day. Especially the magnitude of the retrieved
ASCDs was rather high; the relative decrease of the HONO concentration with
altitude was found to be stronger compared to that of NO, indicating that a sub-
stantial production of HONO takes place at the ground. Like during the ICARTT
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campaign, again the ratio of glyoxal and formaldehyde was calculated. The high
ratios found indicate a high fraction of VOC emission by anthropogenic emissions.
Finally, a complete O, absorption sequence including all elevation angles was used
for a profile inversion of aerosol extinction by means of optimal estimation. The
results prooved to be successful for only a small part of the processed data set; the
most probable error sources are probably wrong assumptions on the horizontal ho-
mogeneity and the chemical composition of the aerosols. Future improvments should
consider also O, absorptions at additional wavelengths and the measured intensities.

The results of both campaigns confirmed several assumptions on the chemical
transformation and transportation of pollutants, like the systematic decrease of the
trace gase slant column densities with increasing distance from the sources. In
some cases, also a weekly cycle was discovered in the time series indicating a clear
relationship between the temporal pattern of emissions and observed concentrations.
In most cases, also a clear attribution to specific emission sources was possible.
Another interesting example was that the time series of the aerosol extinction in
general agrees well with those of the trace gases. Finally, the expected sources
for HONO could be confirmed by the measurements in Mexico City. Nevertheless,
several unexpected results were obtained. First, the magnitude of the observed
HONO ASCDs in Mexico City was unexpectedly high. It would be interesing if
model calculations could reproduce these high values. Also, the glyoxal ASCDs
over the Gulf of Maine were higher than expected and about a factor of ten than
those observed in the Boston urban area. Interestingly, the CHOCHO ASCDs at
Mexico City were typically much higher compared to those observed at the Boston
urban area while those of HCHO were rather similar. Both findings indicate that
further research on glyoxal chemistry is needed.

The results of this thesis demonstrate that MAX-DOAS observations have con-
tributed for the study to the characterization and quantification emission and trans-
formation of pollution in two strongly polluted regions. the comprehensive data set
of the MAX-DOAS observations is available for a detailed comparison to model
results. These modeling studies should in particular address open questions with
respect to the chemistry of HONO and glyoxal. The data set can also be used for
detailed satellite validation studies. The inversion of the MAX-DOAS can also be
further improved especially with respect to profile inversion of trace gas concentra-
tions and aerosol properties. Based on the experience during both campaigns the
foundation of a global network of automated MAX-DOAS instruments is recom-
mended.
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Appendix

A.1 ASCDs ICARTT 2004

The following figures show the ASCD time series of the different measurement sites
of ICARTT 2004: Brookhaven, Narragansett, MIT, Thompson Farm, Pinnacle State
Park and RV Ron Brown.
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A.2 ASCDs MILAGRO 2006

The following figures show the ASCD time series of the different measurement sites
of MILAGRO 2006: TO (south, north and west), T1 and T2.
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