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&KDSWHU��

5HVXOWV�RI�WKH�%U2�PHDVXUHPHQWV

In this section the results of the GOME BrO measurements are presented. The first section gives

an overview of the latitudinal variation of the total BrO column densities. In section 6.2 the

GOME data are compared to the stratospheric BrO VCD, section 6.3 and 6.4 present GOME

observations of BrO in the boundary layer and the free troposphere, respectively.
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)LJXUH�����6HDVRQDO�DQG�WHPSRUDO�YDULDWLRQ�RI�WKH�%U2�9&'�PHDVXUHG�E\�*20(��'LVSOD\HG�DUH

JOREDO����GD\�DYHUDJHV�ZLWK�D����GD\�GLVWDQFH��7KH�YDOXHV�DUH�DYHUDJHG�DOVR�IRU�ODWLWXGH�EDQGV�RI

��GHJUHHV��7KH�EOXH�DUHDV� LQGLFDWH� UHJLRQV�RI� WKH�SRODU�QLJKW�ZKHUH� WKH�6=$� LV�DERYH� ����� )RU

VXFK�FRQGLWLRQV�WKH�XQFHUWDLQWLHV�GXH�WR�WKH�$0)�DUH�PXFK�VWURQJHU�WKDQ�IRU�VPDOOHU�YDOXHV��VHH

VHFWLRQ��������7KXV�ZH�H[FOXGHG�WKHVH�GDWD�

To investigate the global behaviour of the atmospheric BrO measured by GOME the BrO vertical

column densities are calculated. Here we used a ‘standard AMF’ calculated for a tropopause height
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of about 10 km (see section 5.2.1) most appropriate for mid and high latitudes. Although at mid

latitudes and in the Tropics the atmospheric height profiles can be located significantly higher, the

associated errors of the AMF can be expected to be relatively small (< 7%, see section 5.2.1), since

for these latitudes the SZA during the overflight of the satellite is small (a more quantitative study

will be the subject of the next section.). For the whole year a pronounced latitudinal variation is

found (see also Figures 6.2 and 6.3), with the lowest BrO VCDs around the equator and the

highest values towards the poles. At high and mid latitudes also a seasonal variation is obvious.

The largest values (around 7⋅10
13

 molec/cm²) appear during spring and the lowest values during

summer. In the tropics only a weaker seasonal variation is found which is overlaid by a much

shorter variability with a period of about one to two months.

In Figures 6.2 and 6.3 it can be seen that the dependence of the BrO VCD from latitude is almost

symmetrical around the equator. Another interesting feature is that the BrO VCDs at a certain

latitude vary within a range of about 3⋅10
13

 molec/cm² during the year. This variation is found to

be nearly independent from latitude.
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)LJXUH� ���� 6XPPDU\� RI� WKH� ODWLWXGLQDO� YDULDWLRQ� RI� WKH� %U2� 9&'� PHDVXUHG� E\� *20(� GXULQJ

������ 'LVSOD\HG� DUH� JOREDO� ���GD\� DYHUDJHV� HYHU\� ��� GD\V�� 7KH� YDOXHV� DUH� DYHUDJHG� DOVR� IRU

ODWLWXGH�EDQGV�FRYHULQJ���GHJUHHV��,W�FDQ�EH�VHHQ�WKDW�WKH�DPSOLWXGH�RI�WKH�ODWLWXGLQDO�YDULDWLRQ�LV

YHU\�VLPLODU�IRU�WKH�ZKROH�\HDU��+RZHYHU��WKH�YDOXHV�GLIIHU�E\�D�QHDUO\�FRQVWDQW�RIIVHW�XS�WR�DERXW

PRUH�WKDQ��⋅�����PROHF�FPð�
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)LJXUH�����<HDUO\�DYHUDJH�RI�WKH�%U2�9&'�PHDVXUHG�E\�*20(�LQ�ERWK�KHPLVSKHUHV�GXULQJ������

7KH�GLIIHUHQFHV�DW�KLJK�ODWLWXGHV�FDQ�EH�H[SODLQHG�E\�WKH�GLIIHUHQW�ODWLWXGLQDO�GLVWULEXWLRQ�RI�HYHQWV

RI�HQKDQFHG�ERXQGDU\�OD\HU�%U2�FRQFHQWUDWLRQV�LQ�ERWK�KHPLVSKHUHV��VHH�VHFWLRQ����������

����6WUDWRVSKHULF�%U2

While in previous years it was generally believed that the atmospheric BrO was exclusively

located in the stratosphere the present understanding includes also the occasional occurrence of

BrO in the boundary layer and probably also in the free troposphere. Since GOME (and ground

based instruments) measures the total atmospheric BrO column density, also the tropospheric

column contributes to the measured BrO column densities.

In this section we compare the purely stratospheric BrO SCDs calculated for the profiles described

in section 5.2.1 to the total BrO SCDs measured by GOME.

As shown in Table 6.1 the variation of the BrO VCD for the different profiles can be up to about a

factor of 6 according (as an extreme case) to a change of the tropopause height from 6 to 18 km. In

particular, at high latitudes and thus low tropopause heights the BrO VCDs are expected to be

much larger than at lower latitudes, only because of the variation of the profile height. Despite

from possible other effects this dependence can already qualitatively describe the observed

dependence of the VCD BrO from the latitude quite well (see Figures 6.1, 6.2 and 6.3).

However, to investigate the measured values more quantitatively also the dependence of the AMF

from the assumed BrO profile (and thus the tropopause height) has to be taken into account (see

section 5.3.1). Figure 6.4 shows the respective AMFs for different tropopause heights (top) as well

as the resulting SCD BrO, i.e. the AMF for a specific profile is multiplied with the corresponding

BrO VCD (Table 6.1). At mid latitudes and the Tropics the variation of the resulting BrO SCD is

as large as of the variation of the BrO VCD itself (Table 6.1). Fortunately, at high latitudes and

thus large SZA the dependence of the BrO VCD and the AMF from the assumed BrO profile

compensate each other to a large degree.

Northern hemisphere

Southern hemisphere
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Tropopause height [km] BrO VCD [10
13

 molec/cm²]

6 6.90

8 5.06

10 3.69

12 2.71

14 1.98

16 1.45

18 1.07

7DEOH�����%U2�9&'�IRU�GLIIHUHQW�WURSRSDXVH�KHLJKWV

XQGHU�WKH�DVVXPSWLRQ�WKDW�WKH�%U2�PL[LQJ�UDWLR

LQFUHDVHV�IURP�YDOXHV�DURXQG�]HUR�WR����SSW�ZLWKLQ

WKH�ILUVW����NP�DERYH�WKH�WURSRSDXVH��VHH�DOVR
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DV�D�IXQFWLRQ�RI�WKH�6=$��%RWWRP��6&'�%U2�UHVXOWLQJ�LI�WKH�$0)�IRU�D�VSHFLILF�WURSRSDXVH�KHLJKW

LV�PXOWLSOLHG�ZLWK�WKH�FRUUHVSRQGLQJ�%U2�9&'��VHH�7DEOH������
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In Figures 6.4 and 6.5 the measured BrO SCDs are compared to the calculated stratospheric BrO

SCDs for different periods in 1997.

Figure 6.5 shows some latitudinal cross sections of the BrO SCD for different periods of the year

1997 when very low BrO SCDs were measured. This was in particular the case for March, June

and December (slightly higher minima were also found for other periods). Also presented in

Figure 6.5 are the calculated BrO SCDs for the BrO profiles according to tropopause heights of 8,

12, and 18 km. For all of the three cases the measured BrO SCD in the Tropics approach the

values calculated for an altitude of the  tropopause of 18 km but never drops below this curve.

Assuming that for these examples the measured SCD BrO only represents the purely stratospheric

SCD we can conclude that the measurements are in agreement with the stratospheric height profile

of the BrO mixing ratios as discussed in section 5.2.1.

Or in other words: we never see GOME BrO observations which would indicate that the

stratospheric mixing ratios might be smaller than used for the calculation (increasing from zero to

12 ppt within the first 10 km above the tropopause).

However, it should be noted that we cannot rule out in general, that a possibly lower stratospheric

BrO SCD could be compensated by absorptions caused by BrO located in the troposphere.

Regarding the BrO SCDs at higher latitudes we find that the measurements are mainly between the

calculated values for tropopause heights of 8 and 12 km which is in good agreement with the

expectations for those latitudes. Thus, also from the observations at these latitudes we see no

indications that the stratospheric mixing ratios might be smaller than assumed.

In contrast, for some cases the BrO SCDs at high latitudes are even higher than the calculated BrO

SCDs for a tropopause height of about 8 km. And indeed, this feature was found for most of the

GOME measurements (see also Figure 6.2); some examples are presented in Figure 6.6.

This difference between the measured and calculated BrO SCDs could be caused by several

reasons:

A) The tropopause is located deeper than 8 km  (see Table 6.1). However, while for some specific

measurements this might be true it is very unlikely here, since the GOME measurements were

averaged over a period of about one month.

B) The BrO mixing ratios in the stratosphere are significantly higher than assumed above. While

this cannot be ruled out it might be in contradiction with the observed low BrO SCDs in the

Tropics as well as with several balloon observations. It should be noted that for many GOME

measurements the BrO SCDs are even higher than those presented in Figure 6.5.

C) The enhancement might be caused by additional BrO concentrations located in the troposphere.

This assumption is also confirmed by other findings (see below) and seems to be the most likely

explanation for the observed high BrO SCD.

In particular, at high latitudes during springtime (for April in the northern hemisphere and

September and October in the southern hemisphere, see Figure 6.6) the measured BrO SCD by far

exceed the calculated values. This is coincident with the observation of enhanced BrO

concentrations in the boundary layer for these latitudes and seasons (see section 6.3).
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)LJXUH�����/DWLWXGLQDO�FURVV�VHFWLRQV�RI�WKH�%U2�6&'�IRU�GLIIHUHQW�SHULRGV�RI�WKH�\HDU������ZKHQ

YHU\�ORZ�%U2�6&'V�ZHUH�PHDVXUHG�E\�*20(��$OVR�SUHVHQWHG�DUH�WKH�FDOFXODWHG�%U2�6&'V�IRU

%U2� SURILOHV� DFFRUGLQJ� WR� WURSRSDXVH� KHLJKWV� RI� ��� ���� DQG� ��� NP� DQG� WKH� 6=$� IRU� WKH� *20(

PHDVXUHPHQWV��7KH�PHDVXUHG�%U2�6&'V�QHYHU�IDOO�EHORZ�WKH�FDOFXODWHG�YDOXHV�
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UHODWLYHO\�KLJK�%U2�6&'V�ZHUH�PHDVXUHG�E\�*20(��$OVR�SUHVHQWHG�DUH�WKH�FDOFXODWHG�%U2�6&'V

IRU�%U2�SURILOHV�DFFRUGLQJ�WR�WURSRSDXVH�KHLJKWV�RI��������DQG����NP�DQG�WKH�6=$�IRU�WKH�*20(

PHDVXUHPHQWV��)RU�PRVW�RI�WKH�ODWLWXGHV�WKH�PHDVXUHG�%U2�6&'V�DUH�VLJQLILFDQWO\�KLJKHU�WKDQ�WKH

FDOFXODWHG�YDOXHV�
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������6XPPDU\�RI�WKH�*20(�REVHUYDWLRQV�RI�VWUDWRVSKHULF�%U2

We developed a simple model for the stratospheric height profiles of the BrO mixing ratio with

respect to the tropopause height (see also section 5.2.1). The resulting BrO SCDs for different

latitudes were compared to BrO SCDs measured by GOME in 1997. The results of this

comparison can be summarised as follows:

A) In most of the cases the GOME BrO measurements are significantly higher than the modelled

SCDs. Thus we conclude that considerable BrO concentrations are present also in the troposphere.

To explain the measurements with purely stratospheric BrO the stratospheric mixing ratios would

have to be significantly higher than 12 ppt (this mixing ratio was used for the modelled BrO

SCDs): up to about 16 ppt at high latitudes and up to about 24 ppt in the Tropics. The latter mixing

ratio would even be higher than what is believed to be the total stratospheric content of bromine in

the  stratosphere.

B) No case was found for which the measured BrO SCDs were lower than the modelled ones.

Assuming that for these observations only negligible tropospheric BrO concentrations  are present

this can be seen as an indication that the modelled stratospheric profiles are in agreement with the

true stratospheric BrO mixing ratios.

�����%U2�LQ�WKH�ERXQGDU\�OD\HU

Hausmann and Platt [1994] presented the first observations of BrO in the planetary boundary layer

during Arctic spring; these measurements were confirmed by several observations in the following

years [Tuckermann et al, 1997; Martinez-Walter, 1999].

In the following sections we present GOME observations of BrO in the boundary layer during

polar spring in both hemispheres.

������'LVFRYHU\

Within this PhD-thesis enhanced BrO concentrations in the polar boundary layer were detected by

a satellite instrument for the first time [Wagner et al., 1998a; Wagner and Platt, 1998].

Fig. 6.7 shows the results for the southern part of one satellite orbit in which largely enhanced BrO

absorptions were detected near 67°S, 161°E. While for SZA < 70° and > 78° the BrO VCD shows

typical values for the atmospheric ‘background’, between 70° and 78° (shaded area) it is higher by

a factor of 2 - 3 (Fig 6.7a). Also displayed in Fig. 6.7 are the absorptions due to O2, the oxygen

dimer (O2)2 (often referred to also as O4), the SCD of NO2 and O3 as well as the measured light

intensity (LI) averaged between 410 - 610 nm, and a colour index (CI, ratio of the intensities at

605 nm and 440 nm). The SCDs of the mainly stratospheric absorbers O3 and NO2 (Fig. 6.7d)

show no significant change in the latitude range of the enhanced BrO absorption as it might be

expected when the observed increase in the BrO concentration was due to a disturbance of the

stratospheric composition.

Also the absorptions of O2, (O2)2 as well as the LI and CI which are indicators for changes of the

radiative properties of the atmosphere (e.g. due to clouds, see section 5.3), are essentially constant

during the enhanced BrO absorption (Fig. 6.7b, c) making it unlikely that the enhanced BrO

absorption was an artefact of possible radiative transport variations.
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����6�DQG�����6�VHYHUDO�HYHQWV�RI�HQKDQFHG�%U2�DEVRUSWLRQ�ZHUH�GHWHFWHG�

To further investigate the influence of clouds on our observations the detected BrO SCDs are

plotted as a function of the simultaneously measured (O2)2 absorption for a period from September

2 - 15, 1996 (Fig. 6.8). It can be seen that ‘background’ values of the BrO SCD were detected for

all conditions, while enhanced SCD BrO were only detected when high (O2)2 SCDs indicated (at

least partly) clear sky conditions (vertical box).

In summary we can attribute the BrO absorption  enhancements measured by GOME to

tropospheric BrO concentrations for several reasons:

A) The BrO amounts observed by far exceed the integrated stratospheric BrO column densities

predicted by models. In fact the BrO column exceeds what is believed to be the total bromine

column existing in the stratosphere.

B) Enhanced BrO absorptions were only detected when simultaneous high (O2)2 absorptions (see

Fig. 6.8) indicated that the instrument could look deep down into the troposphere (i.e. that there

prevailed largely cloud free conditions).

C) Large horizontal variations in BrO are unlikely to occur and persist in the stratosphere. In

particular, the observed BrO variations do not correlate with changes of other mainly stratospheric

species (O3, NO2, see Fig. 6.7d).

D) Enhanced BrO absorptions were detected for times and locations (in springtime at the border of

the sea ice) typical for the occurrence of enhanced tropospheric BrO-concentrations as indicated by

ground-based experiments [Hausmann and Platt, 1994; Tuckermann et al., 1997].

                                                          
1 Here the respective optical densities are displayed since for (O2)2 only the product of the

equilibrium constant between the O2- and O4 concentration with the absorption cross section is

known [Greenblatt et al., 1990].
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������4XDQWLWDWLYH�GHWHUPLQDWLRQ�RI�WKH�%U2�FRQFHQWUDWLRQ�LQ�WKH�ERXQGDU\�OD\HU

As pointed out in section 5.2.2 it is difficult to quantitatively assess tropospheric VCDs (and thus

also the tropospheric concentrations) from measurements of a space borne instrument. This is

mainly due to the large uncertainty of the tropospheric AMF (see section 5.2.2). These

uncertainties are even larger when clouds are present which is nearly always the case for the large

ground pixels measured by GOME.

And even if the true tropospheric BrO VCD could be determined there remain large uncertainties

regarding the conversion of the BrO VCD into tropospheric concentrations because in most of the

cases the height profile for the ‘BrO layer’ is not known. Second, large horizontal gradients of the

BrO concentration can occur across a GOME pixel.

Because of these large uncertainties in general it was not the aim of this study to derive the precise

numbers of the tropospheric BrO concentrations from GOME measurements.

Nevertheless, in principle the boundary layer BrO concentrations can be calculated from the

difference of the observed BrO VCD and the background BrO VCDbackground (drawn line in Fig.

6.7a)  by

VCDtrop = (VCD-VCDstrat)*AMFstrat/AMFtrop        (6.1)

This calculation makes use of AMFstrat and is thus based on the assumption that the ‘background’

BrO SCD is mainly located in the stratosphere which in general might not be true (see below).

However, this should effect the derived BrO VCDtrop only negligible because AMFstrat is also used

for the determination of the BrO VCD from the measured BrO SCD and thus cancels out applying

Equation 6.1.

Table 6.2 summarises the BrO concentrations during several events of enhanced BrO in polar

spring measured by GOME. With the assumption that the boundary layer reaches up to an altitude

of 1000 m and that the BrO concentration is distributed uniformly within this layer we calculated

BrO concentrations reaching up to about 1.3⋅10
9
 molec/cm³ which is in good agreement with BrO

levels up to 0.9⋅10
9
 molec/cm³ found in ‘DOAS long path’ ground-based observations [Hausmann

and Platt, 1994; Tuckermann et al., 1997]. A more detailed comparison is the subject of the

following section.
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Date

of start

1996

Approx.

duration

(days)

Location

(centre)

Max. BrO

concentration*

[10
8
 molec/cm³]

Extension

North-South

(km)

Extension

East-West

(km)

Sept. 5 3 150°W, 67°S 12.9 1000 1400

Sept. 7 3 155°O, 67°S 10.1 600 700

Sept. 11 2 180°W, 69°S 5.7 400 1400

Sept. 15 2 160°O, 66°S 9.5 700 2000

Sept. 16 1 177°O, 68°S 5.9 300 300

Sept. 17 3 160°W, 74°S 5.7 1200 700

1997

Apr. 20 2 30°W, 79°N 5.4 700 600

* if a BrO layer height of 1000 m is assumed.

7DEOH�����6XPPDU\�RI�HYHQWV�RI�HQKDQFHG�WURSRVSKHULF�%U2�FRQFHQWUDWLRQV�

������&RPSDULVRQ�WR�JURXQG�EDVHG�REVHUYDWLRQV�RI�2��DQG�%U2

In this section we will compare the BrO data from GOME data with in-situ measurements of BrO

and O3 made at Spitsbergen.

��������&RPSDULVRQ�RI�*20(�%U2�WR�LQ�VLWX�%U2�REVHUYDWLRQV�DW�6SLWVEHUJHQ

During spring 1995 and 1996 ‘long path’ DOAS measurements of boundary layer BrO were

carried out at Ny Alesund, Spitsbergen [Tuckermann et al., 1997].

Table 6.3 shows the BrO concentrations measured from ground for several events of enhanced

BrO concentrations during 1996 [Tuckermann et al., 1997]. Also displayed are the tropospheric

BrO VCDs observed simultaneously by GOME.

Compared to the values listed in Table 6.2 the BrO concentrations and the BrO VCDs are

significantly smaller at Spitsbergen and accordingly the relative error of the tropospheric BrO

VCDs derived from GOME observations using the method described in section 6.3.2 is relatively

large (about 50%).

Nevertheless, both data sets are in good agreement for assumed layer heights up to about 700 m.

This is in good agreement with observations of the boundary layer in polar regions [Platt and

Lehrer, 1996; Fortuin and Orlemans, 1992]. It in particular indicates that the observed BrO

concentrations are present in the boundary layer rather than the whole troposphere.
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Date

1996

trop. VCD BrO

GOME

[molec/cm²]

BrO concentration

ground based meas.

[molec/cm³]

resulting Layer

height

Cloud properties

from Satellite images

13:00 UT

07.04 0

(16:03 UT)
2⋅10

8 0 m partly cloud free

04.05. 1.2⋅10
13

(15:15 UT)

2⋅10
8 600 m mostly cloud free

04.05. 0.75⋅10
13

(18:30 UT)

3⋅10
8 250 m mostly cloud free

06.05. 1 ⋅10
13

(17:30 UT)

1.5⋅10
8 666 m mostly cloud free

07.05. 0.5⋅10
13

(16:03 UT)

2⋅10
8 250 m mostly cloud free

12.05. 1⋅10
13

(14:24 UT)

1.5⋅10
8 666 m mostly cloud free

12.05. 1⋅10
13

(17:40 UT)

1.5⋅10
8 666 m mostly cloud free

13.05. 0.5⋅10
13

(17:11 UT)

1⋅10
8 500 m mostly cloud free

7DEOH�����&RPSDULVRQ�RI�*20(�DQG�JURXQG�EDVHG�REVHUYDWLRQV�GXULQJ�HYHQWV�RI��HQKDQFHG�%U2

FRQFHQWUDWLRQV�LQ�WKH�WURSRVSKHUH��)RU�WKH�FDVHV�ZKLFK�ZHUH�PRVWO\�FORXG�IUHH�ERWK�GDWD�VHWV�DUH

LQ�JRRG�DJUHHPHQW�IRU�D�%U2�OD\HU�KHLJKW�RI�XS�WR�DERXW����P��7KH�JURXQG�EDVHG�GDWD�ZHUH�WDNHQ

IURP� 7XFNHUPDQQ� HW� DO�� >����@�� WKH� FORXG� FRYHU� ZDV� HVWLPDWHG� IURP� VDWHOOLWH� LPDJHV� >'XQGHH�

����@�

��������&RPSDULVRQ�RI�*20(�%U2�WR�LQ�VLWX�2��REVHUYDWLRQV�DW�6SLWVEHUJHQ

In this section we compare the GOME BrO data to in-situ measurements of O3 in the boundary

layer (Figure 6.9) performed at Spitsbergen by the Norwegian Institute for air research (NILU)

(Harald J. Beine, personal communication). These measurements are described in more detail in

Solberg et al. [1994].

While typical O3 mixing ratios are about 40 to 50 ppb around April 17, April 21, April 26 and May

12 events of nearly total O3 depletion were observed. Further events of less pronounced but sill

strong O3 depletion were also observed during April and May 1997. For all of these events

enhanced BrO VCDs could be found in the GOME data, one example is shown in Figure 6.10.

During that event (April 19 and 20, 1997) Spitsbergen is located at the edge of a very large area of

enhanced BrO VCDs extending nearly around the whole polar region. As will be shown in section

6.3.5.3 occasions with enhanced BrO VCDs above Spitsbergen are very rare. The cases presented

in Figure 6.10 represent some of the strongest ones during 1997. Also further events (see Figure

6.18) are well correlated to the O3 depletion events shown in Figure 6.9. A more detailed study of

these very interesting period can be found in Lehrer [1999].
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)LJXUH� ���� 7LPH� VHULHV� RI� ERXQGDU\� OD\HU� R]RQH� DW� WKH� =HSSHOLQ� PRXQWDLQ� DW� 1\� $OHVXQG

�6SLWVEHUJHQ��DV�GHVFULEHG�LQ�6ROEHUJ�HW�DO��>����@��+DUDOG�-��%HLQH��SHUVRQDO�FRPPXQLFDWLRQ��

19.04.1997 20.04.1997

)LJXUH������%U2�9&'V�LQ�WKH�$UFWLF�IRU�WZR�GD\V�GXULQJ�$SULO������ZKHQ�VWURQJ�WURSRVSKHULF�2�

GHSOHWLRQ�HYHQWV�ZHUH�REVHUYHG�VLPXOWDQHRXVO\�E\�JURXQG�EDVHG�REVHUYDWLRQV��VHH�)LJXUH�������,W

FDQ� EH� VHHQ� WKDW� WKH� DUHD� RI� HQKDQFHG� %U2� 9&'V� QHDUO\� VXUURXQGV� WKH� ZKROH� SRODU� UHJLRQ�

LQFOXGLQJ� LQ� SDUWLFXODU� 6SLWVEHUJHQ�� ZKHUH� WKH� 2�� REVHUYDWLRQV� ZHUH� PHDVXUHG�� 7KH� JUHHQ� DQG

\HOORZ� FRORXUV� UHSUHVHQW� W\SLFDO� µEDFNJURXQG¶� YDOXHV� �PDLQO\� ORFDWHG� LQ� WKH� VWUDWRVSKHUH� DQG

SRVVLEO\�DOVR�LQ�WKH�IUHH�WURSRVSKHUH��RUDQJH��UHG�DQG�ZKLWH�FRORXUV� LQGLFDWH�DUHDV�RI�HQKDQFHG

%U2�9&'V�
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������([DPSOHV�RI�SRODU�ERXQGDU\�OD\HU�%U2�HYHQWV�REVHUYHG�LQ�����

In this section we present some examples of typical GOME observations of enhanced tropospheric

BrO concentrations during polar spring in both hemispheres. We selected events of enhanced

boundary layer BrO for the beginning and the end of the period when such events occur. Also

presented are examples of days when very large BrO concentrations occurred and the enhanced

BrO concentrations covered very large areas.

The results presented in this section are derived applying the pure stratospheric AMF rather than

applying equation 6.1. Thus a systematic dependence of the results from the SZA is introduced.

We chose this approach for several reasons:

A) A quantitative assessment of the true BrO concentration in the boundary layer from satellite

observation is in general limited by several parameters, especially by the uncertainty of the AMF

(see section 5.2.2). In addition, the retrieved BrO VCDtrop depends strongly on the cloud cover. It

is impossible to consider all these parameters even if they were known (which is not the case).

Thus the uncertainty of the determined BrO concentrations is in general dominated by these

uncertainties which also show systematic dependencies on the latitude (for the ground albedo and

clouds).

B) Many questions regarding the phenomenon of enhanced BrO concentrations in the boundary

layer concern the properties necessary for its appearance (like location and time, or SZA) rather

than the exact numbers of the BrO concentration.

However, it should be noted that in principle the BrO VCDtrop presented in this section might be

underestimated towards high SZA.

(DUO\�HYHQWV

The first indications for enhanced BrO VCDs in the polar regions are found around the beginning

of January and July in the northern and southern hemisphere, respectively (see Figure 6.11).

Compared to events in later periods only weak enhancements (up to about 2⋅10
13

 molec/cm² are

observed, and also smaller areas are covered. While in the southern hemisphere enhanced BrO

VCDs appear closely to the edge of sea ice around the Antarctic in the northern hemisphere they

are found also towards lower latitudes (down to about 40° North). This might be related to the

different distribution of land and ocean in both hemispheres. However, it cannot be ruled out that

at least part of this difference might be caused by the change of the tropospheric AMF for sea ice

(high albedo) and ocean (small albedo), see section 5.2.2.
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Northern hemisphere, 20.01.1997 Southern hemisphere, 08.08.1997

)LJXUH������%U2�9&'�PHDVXUHG�E\�*20(�IRU�WKH�EHJLQQLQJ�RI�-DQXDU\�DQG�-XO\�ZKHQ�WKH�ILUVW

HYHQWV�RI�HQKDQFHG�%U2�9&'V�DSSHDU�LQ�WKH�QRUWKHUQ�DQG�VRXWKHUQ�KHPLVSKHUH��UHVSHFWLYHO\��7KH

JUHHQ� FRORXUV� UHSUHVHQW� W\SLFDO� µEDFNJURXQG¶� YDOXHV� �PDLQO\� ORFDWHG� LQ� WKH� VWUDWRVSKHUH� DQG

SRVVLEO\�DOVR�LQ�WKH�IUHH�WURSRVSKHUH���\HOORZ�DQG�RUDQJH�FRORXUV�LQGLFDWH�DUHDV�RI�HQKDQFHG�%U2

9&'V�GXH�WR�%U2�FRQFHQWUDWLRQV�LQ�WKH�ERXQGDU\�OD\HU�
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([DPSOHV�RI�KLJK�ERXQGDU\�OD\HU�%U2�FRQFHQWUDWLRQV�RYHU�ODUJH�DUHDV

The maximum enhancements of the BrO VCD are observed during March/April and

August/September in the high latitudes in the northern and southern hemisphere, respectively.

Thus, they occur about one month earlier around the Antarctic compared to the Arctic (with

respect to the elevation of the sun). In both hemispheres often several separated areas or a very

large area of enhanced BrO VCDs covering nearly the whole region surrounding the poles are

simultaneously affected by high BrO (Figure 6.12).

In the southern hemisphere the enhanced BrO concentrations are typically located at the edge of

the Antarctic; the boundaries of these areas usually show strong gradients. In contrast, in the

northern hemisphere the areas of enhanced BrO VCDs show a much larger latitudinal variability.

They are usually surrounded by areas with lower BrO VCDs rather than showing strong gradients.

Typically, the maximum enhancements are smaller in the northern polar region compared to the

southern polar region. In both hemispheres the areas of strong enhanced BrO VCDs are located

above or near to areas which are covered with sea ice.

Northern hemisphere, 05.04.1997 Southern hemisphere, 18.09.1997

)LJXUH� ����� %U2� 9&'V� PHDVXUHG� E\� *20(� GXULQJ� $SULO� DQG� 6HSWHPEHU� ZKHQ� WKH� VWURQJHVW

HQKDQFHPHQW�RI� WKH�%U2�9&'V�RFFXUUHG� LQ� WKH�QRUWKHUQ�DQG�VRXWKHUQ�KHPLVSKHUH�� UHVSHFWLYHO\�

7KH�JUHHQ�FRORXUV�UHSUHVHQW�W\SLFDO�µEDFNJURXQG¶�YDOXHV��PDLQO\�ORFDWHG�LQ�WKH�VWUDWRVSKHUH�DQG

SRVVLEO\�DOVR�LQ�WKH�IUHH�WURSRVSKHUH��RUDQJH��UHG�DQG�ZKLWH�FRORXUV� LQGLFDWH�DUHDV�RI�HQKDQFHG

%U2�9&'V�GXH�WR�%U2�FRQFHQWUDWLRQV�LQ�WKH�ERXQGDU\�OD\HU�
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/DWH�HYHQWV

During June and December the latest events of enhanced BrO VCDs are observed in the northern

and southern hemisphere, respectively (see Figure 6.13). For these periods the areas are located at

high latitudes close to the poles. In the southern hemisphere the enhancements are weaker

compared to the northern hemisphere.

Northern hemisphere, 04.06.1997 Southern hemisphere, 17.12.1997

)LJXUH������%U2�9&'V�PHDVXUHG�E\�*20(�GXULQJ�-XQH�DQG�'HFHPEHU�ZKHQ�WKH�ODWHVW�HYHQWV�RI

HQKDQFHG�%U2�9&'V�ZHUH�REVHUYHG� LQ� WKH�QRUWKHUQ�DQG�VRXWKHUQ�KHPLVSKHUH�� UHVSHFWLYHO\��7KH

JUHHQ� FRORXUV� UHSUHVHQW� W\SLFDO� µEDFNJURXQG¶� YDOXHV� �PDLQO\� ORFDWHG� LQ� WKH� VWUDWRVSKHUH� DQG

SRVVLEO\�DOVR�LQ�WKH�IUHH�WURSRVSKHUH���\HOORZ�DQG�RUDQJH�FRORXUV�LQGLFDWH�DUHDV�RI�HQKDQFHG�%U2

9&'V�GXH�WR�%U2�FRQFHQWUDWLRQV�LQ�WKH�ERXQGDU\�OD\HU�
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([DPSOHV�RI�SHUVLVWHQWO\�HQKDQFHG�ERXQGDU\�OD\HU�%U2�FRQFHQWUDWLRQV

The enhanced BrO concentrations observed in the southern hemisphere typically last for a period

of about one to three days. After short breaks in general they again form on the same place. In the

northern hemisphere the situation is completely different: usually the BrO VCDs stay enhanced

above particular areas up to several weeks, e.g. at the Hudson bay during March and April.

However, also in the southern hemisphere cases with persistently enhanced BrO concentration can

be observed. One example is shown in Figure 6.14.

)LJXUH������7LPH�VHULHV�RI�GDLO\�%U2�9&'V�DURXQG�$QWDUFWLFD�IURP�6HSWHPEHU�����WR�6HSWHPEHU�

���� ������ 7KH� JUHHQ� FRORXUV� UHSUHVHQW� W\SLFDO� µEDFNJURXQG¶� YDOXHV� �PDLQO\� ORFDWHG� LQ� WKH

VWUDWRVSKHUH� DQG� SRVVLEO\� DOVR� LQ� WKH� IUHH� WURSRVSKHUH�� RUDQJH�� UHG� DQG� ZKLWH� FRORXUV� LQGLFDWH

DUHDV�RI�HQKDQFHG�%U2�9&'V�GXH�WR�%U2�FRQFHQWUDWLRQV� LQ� WKH�ERXQGDU\� OD\HU��$URXQG�����:�

����6��WKH�HQKDQFHG�%U2�9&'V�LQGLFDWH�D�FRQWLQXRXV�RFFXUUHQFH�RI�HQKDQFHG�%U2�FRQFHQWUDWLRQV

LQ�WKH�ERXQGDU\�OD\HU�IRU�PRUH�WKDQ�D�ZHHN�
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������7LPH�VHULHV�IRU�ERWK�KHPLVSKHUHV

This section gives an overview of the temporal and spatial evolution of enhanced boundary layer

BrO concentrations for both hemispheres.

��������7RWDO�DUHD�FRYHUHG�E\�ERXQGDU\�OD\HU�%U2

The temporal evolution of the total area of enhanced boundary layer BrO concentrations observed

by GOME during 1997 is presented in Figure 6.15. In both hemispheres events of enhanced BrO

can be observed during several months per year. Their duration is slightly longer (start slightly

earlier and end slightly later) in the northern hemisphere. The total area of enhanced BrO

concentrations in the northern polar region exceeds that of the southern polar region by about 20%.

Compared to the southern hemisphere the tropospheric BrO VCDs are significantly smaller (by

about 20%) in the northern hemisphere.
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1      2      3      4     [1013 molec/cm²]

BrO VCDtrop

)LJXUH� ����� 7HPSRUDO� HYROXWLRQ� RI� WKH� WRWDO� DUHD� ZKHUH� HQKDQFHG� WURSRVSKHULF� %U2� 9&'V� DUH

REVHUYHG�E\�*20(�IRU� WKH�QRUWKHUQ��WRS��DQG�VRXWKHUQ�KHPLVSKHUH� �ERWWRP���7KH�PDJQLWXGH�RI

WKH�WURSRVSKHULF�%U2�9&'�LV�LQGLFDWHG�E\�GLIIHUHQW�FRORXUV��7KH�EODFN�ER[�LQGLFDWHV�D�SHULRG�ZLWK

QR�GDWD�

��������'HSHQGHQFH�RQ�WKH�ODWLWXGH

Two important parameters change significantly during the period when enhanced BrO

concentrations in the boundary layer can be observed: First, the sun’s elevation which increases

significantly from winter towards summer. Second, as a consequence of the rising sun, the

temperatures increase towards the summer.
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6=$�IRU�WKH�*20(�RYHUSDVV�LV�DERYH������WKHVH�PHDVXUHPHQWV�ZHUH�H[FOXGHG�DV�IRU�WKHVH�6=$�WKH
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To study the possible impacts of these parameters on the boundary layer BrO concentrations the

latitudinal variation of enhanced BrO concentrations as a function of time is investigated (see

Figure 6.16).

In the southern hemisphere, for the whole period enhanced BrO VCDs can be seen within nearly

the same latitude range (from about 58° to 77°S) which is closely related to the extension of the

sea ice surrounding the Antarctic continent. In contrast, in the northern hemisphere a systematic

dependence on the latitude is found: During January enhanced BrO VCDs are observed towards

mid latitudes (down to below 40°N); in the following months this range shifts towards the pole.

After mid March enhanced BrO VCDs can be found within a large latitudinal band extending from

about 45° N to close to the pole. After the middle of May they are mainly found north of about

65°N.

These differences in both hemispheres seem to be most probably related to the extension of the

regions covered by sea ice. While in the Antarctic the sea ice is confined within a restricted area

between about 55° and 78° S, in the northern hemisphere it extends over a much larger latitudinal

range e.g. at several bays at the edges of the continents.

In addition there also is a region inside the Eurasian continent where frozen salt water exists

during winter and spring: The Caspian and the Aral Sea (see Figure 6.17). Also at this region

enhanced BrO VCDs were observed during springtime (Figure 6.17).

Enhanced BrO VCDs were observed over a wide range of SZAs (from about 35° to about 88°).

Thus the formation of enhanced BrO concentrations in the boundary layer seems to depend on the

SZA only to a small extent. I.e. it probably forms even when there are only small amounts of

sunlight.

)LJXUH������/HIW��6DWHOOLWH�YLHZ�RI� WKH�QRUWK�HDVW�FRUQHU�RI� WKH�&DVSLDQ�6HD��ORRNLQJ�VRXWK�HDVW�

GXULQJ�VSULQJ��7KH�ZKLWH�SDWFK�QHDU�WKH�XSSHU�OHIW�LV�WKH�LFH�FRYHUHG�$UDO�6HD��7KH�QRUWKHUQ�SDUW

RI� WKH� �&DVSLDQ�6HD� LV� LFH�ERXQG��GHVSLWH� WKH�KHDY\� VSULQJ� IORZ� LQWR� WKH� VHD� IURP� WKH�8UDO�DQG

9ROJD� 5LYHUV�� 7KH� KD]\� DWPRVSKHUH� QHDU� WKH� EDFNJURXQG� LV� GXH� WR� GXVW� EORZLQJ� IURP� D� UHJLRQ

QHDU� WKH� $UDO� 6HD� �6DWHOOLWH� LPDJH� WDNHQ� IURP� WKH� 1$6$� ZHE� VLWH�

KWWS���HRO�MVF�QDVD�JRY�QHZVOHWWHU�KWPOB0LU�FDVSLDQ�KWPO�� 5HVSRQVLEOH� 1$6$� 2IILFLDO�� 'U�

.DPOHVK�/XOOD���5LJKW��%U2�9&'�PHDVXUHG�E\�*20(�RQ�0DUFK�����������$W�WKH�QRUWKHUQ�ERUGHU

RI� WKH� &DVSLDQ� VHD� �LQGLFDWHG� E\� D� UHG� OLQH�� DQ� H[WHQGHG� DUHD� ZLWK� HQKDQFHG� %U2� 9&'V� ZDV

REVHUYHG�
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For a given day the maximum elevation of the sun is similar for all locations at a specific latitude

band. Thus, from the longitudinal distribution of enhanced BrO VCDs indications might be found

as to which areas and conditions are favourable or necessary for the release of in the boundary

layer. In Figure 6.18 the longitudinal distribution of enhanced BrO concentrations is shown as a

function of time for both hemispheres.

Especially during the beginning of the period for which enhanced BrO VCDs were measured they

mainly occurred at specific locations. In the northern hemisphere the most preferred region is the

Hudson Bay (northern Canada), the Caspian Sea (Russia) as well as the Okhotskian sea (north of

Japan). In the southern hemisphere enhanced BrO VCDs are mainly observed over the Weddell

and the Ross Sea. Also for the following months most of these regions are frequently covered by

enhanced BrO VCDs, however, for these periods enhanced BrO VCDs are also observed at other

regions.

In both hemispheres specific regions exist where enhanced BrO VCDs were observed only rarely.

In the northern hemisphere this is especially the case for the northern Atlantic between Greenland

and Scandinavia. In particular over Spitsbergen (where several measurement campaigns related to

tropospheric ozone depletion have been performed during the last years) only a few events of

enhanced BrO VCDs have been found (which correlate very well with periods of boundary layer

ozone depletion measured at Spitsbergen, see Figure 6.9). In the southern hemisphere a region

with only very few events of enhanced BrO VCDs is located around the Antarctic peninsula where

the latitudinal extension of the sea ice is relatively small.

��������6XPPDU\�RI�WKH�*20(�REVHUYDWLRQV�RI�%U2�LQ�WKH�ERXQGDU\�OD\HU

From satellite observations it was possible to monitor the spatial and the temporal evolution of the

phenomenon of enhanced BrO concentrations in the boundary layer on a global scale.

The main conclusions of our studies are summarised in the following points:

A) From GOME observations enhanced BrO concentrations in the boundary layer could be

measured similar to those from ground based observations.

B) Enhanced BrO concentrations in the boundary layer are observed in coincidence with ozone

depletion events.

C) The first events appear in January and July for the northern and southern hemisphere,

respectively. The last events were observed during June and December. Thus, enhanced BrO

concentrations in the boundary layer are present anywhere on Earth during the whole year.

D) The highest boundary layer BrO concentrations and their largest spatial extension occur during

March/April and August/September in the northern and southern hemisphere, respectively. In the

northern hemisphere the areas are by up to 20% larger compared to the southern hemisphere. To

the contrary, in the southern hemispheres the BrO concentrations are higher than in the northern

hemisphere.
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E) Enhanced BrO concentrations are mainly observed over areas covered by sea ice. In particular

over the Antarctic continent they are found only seldom. Also over the northern Atlantic between

Greenland and Scandinavia events were observed only sporadically.

F) Also at mid latitudes (around the Caspian Sea) events of enhanced boundary layer BrO

concentrations were found. These events are also related to the occurrence of salt water ice.

G) Over a wide range of SZAs (from about 35° to about 88°) enhanced boundary layer BrO

concentrations are observed. Thus the formation of enhanced BrO concentrations in the boundary

layer seems to depend on the SZA only to a small extent.
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�����%U2�LQ�WKH�IUHH�WURSRVSKHUH

While a long time it was thought that atmospheric BrO was located in the stratosphere, during

recent years enhanced BrO concentrations have also been detected in the boundary layer

(occasionally in polar regions during winter/spring and in the dead sea valley). Most recently,

however, there have also been speculations about BrO in the free troposphere. This new concept of

atmospheric BrO can be described by a ‘three-layer model’ [Platt et al., 1999].

The first indications for BrO in the free troposphere were yielded by the comparison of balloon

and ground based observations (see e.g. Pundt [1997], Harder et al. [1998], Wagner et al.

[1998b]). However, most recently, indications have also been found in chemical models and

studies of the atmospheric dynamics in the tropical tropopause [Dvortsov et al., 1998 supporting

the assumption that about 1 to 2 ppt BrO might exist in the free troposphere [McElroy et al., 1999;

Platt et al., 1999]. Similar amounts have been derived from observations.

This section presents GOME BrO measurements supporting the presence of BrO in the free

troposphere.

������&RPSDULVRQ�ZLWK�EDOORRQ�ERUQH�PHDVXUHPHQWV

BrO height profiles have been measured by different groups during the past years using

spectrometers aboard balloon gondola [Harder et al., 1998; Pundt et al., 1999]. From these

observations it is possible to derive the pure stratospheric BrO VCD (indeed up to now it has

seemed to be impossible to determine BrO concentrations for the troposphere [Ferlemann, 1998;

Harder, 1999]).

From the comparison of the stratospheric BrO VCD and the total atmospheric BrO VCD derived

from GOME or ground based measurements the magnitude of a possible tropospheric BrO VCD

can be investigated. Figure 6.19 shows the results of this comparison for several balloon soundings

performed by different instruments [Pundt et al., 1999; Harder et al., 1998; Fitzenberger, pers.

comm.] for different latitudes and seasons. It is important to note that the AMFs in all cases were

calculated for the (stratospheric) BrO profile derived from the respective balloon observation.

As a general feature it turned out that the BrO VCDs measured by GOME observations are

significantly larger than the pure stratospheric BrO VCDs for all balloon soundings. This is similar

for both sets of balloon data. For the balloon soundings which were performed at (or near to)

Kiruna also the BrO VCDs from ground based observations [Enell et al., 1998; Wagner et al.,

1998f] were compared to the results from the balloon soundings (see also section 6.4.3). For

cloudy days the BrO VCDs measured from ground are between the BrO VCDs measured from

GOME and balloon indicating that the sensitivity of the ground based observations to tropospheric

BrO concentrations is significantly decreased by clouds above the measuring site (see also section

6.4.3). Accordingly, the results for days on which the sky above Kiruna was cloud-free (see also

Figure 6.20) the BrO VCDs measured from ground are even higher than the BrO VCDs derived

from GOME.

In contrast to ground based measurements for which the sky above the instrument is either cloudy

or clear, nearly all of the GOME ground pixels are partly covered by clouds and thus the

sensitivity for tropospheric BrO concentrations is usually smaller compared to purely clear sky

conditions.
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)LJXUH������&RPSDULVRQ�RI�VWUDWRVSKHULF�%U2�9&'V�IURP�EDOORRQ�ERUQH�REVHUYDWLRQV�PHDVXUHG

ZLWK� WZR�GLIIHUHQW� LQVWUXPHQWV� �6$2=�>3XQGW�������3XQGW�HW�DO�������@�DQG�'2$6�>)HUOHPDQQ�

������+DUGHU�HW�DO�������������@��ZLWK�WKH�WRWDO�DWPRVSKHULF�%U2�9&'V�PHDVXUHG� IURP�*20(

DQG� D� JURXQG� EDVHG� LQVWUXPHQW� DW� .LUXQD� �WKH� $0)V� ZHUH� FDOFXODWHG� IRU� WKH� UHVSHFWLYH

VWUDWRVSKHULF�%U2�SURILOH�PHDVXUHG�E\�WKH�EDOORRQV���7KH�EDOORRQ�GDWD�DUH�ORZHU�WKDQ�WKH�UHVXOWV

IURP�WKH�RWKHU�LQVWUXPHQWV�IRU�DOO�FDVHV��:KLOH�*20(�PHDVXUHPHQWV�DUH�QHDUO\�DOZD\V�DIIHFWHG

SDUWO\�E\� FORXGV�� WKH�JURXQG� EDVHG� REVHUYDWLRQV� VWURQJO\� GHSHQG� RQ� WKH� ORFDO� FORXG� FRYHU�� )RU

JURXQG�EDVHG�REVHUYDWLRQV�RQ�FOHDU� VN\�GD\V� �VHH�DOVR�)LJXUH������� WKH� UHVXOWV�DUH�HYHQ�KLJKHU

WKDQ�WKRVH�IURP�*20(�
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)LJXUH������/HIW��*20(�%U2�9&'V�IRU�0DUFK�����������5LJKW��6DWHOOLWH�LPDJH�IRU�WKH�VDPH�GD\

>'XQGHH������@��7KH� VN\�DERYH�.LUXQD�ZKHUH� WKH�JURXQG�EDVHG� PHDVXUHPHQWV� ZHUH� SHUIRUPHG

ZDV�FOHDU�ZKLOH�VRXWK�ZHVW�DQG�VRXWK�HDVW�FORXGV�ZHUH�SUHVHQW��)RU�WKHVH�UHJLRQV�GHFUHDVHG�%U2

9&'V�ZHUH�PHDVXUHG�

When comparing the results of these different instruments, the dependence of the atmospheric BrO

concentration on the SZA has to be considered. This dependence can be investigated from ground

based observations on a clear day for which the AMF is not influenced by clouds. In Figure 6.21

the diurnal variation of the BrO VCD measured at Kiruna for March 2, 1998 is shown using two

different sets of AMF: The BrO VCDs in the upper panel are calculated assuming that all BrO was

located in the stratosphere; the BrO VCDs in the lower panel are calculated assuming that BrO

was also present in the troposphere. Displayed are also the BrO VCDs determined from GOME

and balloon observations on the same day. It can be seen that the diurnal variation of BrO VCD

depends strongly on whether it was assumed that BrO was in the troposphere or not. However, for

both cases the BrO VCDs derived from the ground based observations are significantly larger than

the pure stratospheric BrO VCD derived from the balloon measurement. This is a strong indication

that BrO is actually present in the troposphere.

All measurements can be ‘brought together’ if it is assumed that a BrO mixing ratio of about 2.3

ppt takes place in the free troposphere. This assumption affects the results of the different

measurements in the following way:

A) Ground based observations: The BrO VCDs are determined using the AMF for BrO also in the

troposphere rather than only in the stratosphere.

B) Balloon observations: The integrated tropospheric concentration for an assumed mixing ratio of

2.3 ppt is added to the purely stratospheric BrO VCD measured by the balloon.

C) Satellite observations: The BrO VCDs are determined using the AMF for BrO also in the

troposphere rather than only in the stratosphere. In addition it is assumed that clouds hide about

30% of the tropospheric BrO VCD corresponding to a cloud cover of about 50% (see Figure 6.20)

and an assumed average cloud height of about 5 km (see also section 5.3.2).
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)LJXUH������&RPSDULVRQ�RI�WKH�%U2�9&'V�IURP�GLIIHUHQW�LQVWUXPHQWV�IRU�D�GD\�ZKLFK�ZDV�FORXG

IUHH� DW� .LUXQD� ZKHUH� WKH� JURXQG� EDVHG� PHDVXUHPHQWV� WRRN� SODFH�� ,Q� WKH� XSSHU� SDQHO� LW� ZDV

DVVXPHG�WKDW�%U2�ZDV� ORFDWHG� LQ� WKH�VWUDWRVSKHUH�RQO\�� LQ� WKH� ORZHU�SDQHO�SDUW�RI� WKH�%U2�ZDV

DVVXPHG� WR� EH� ORFDWHG� DOVR� LQ� WKH� WURSRVSKHUH� �ZLWK� D� FRQVWDQW� PL[LQJ� UDWLR� RI� DERXW� ���� SSW��

6LQFH�WKH�$0)V�VWURQJO\�GHSHQG�RQ�WKH�DWPRVSKHULF�SURILOH��WKH�%U2�9&'V�IRU�WKH�JURXQG�EDVHG

REVHUYDWLRQV� �DQG�DOVR� IRU� WKH�*20(�PHDVXUHPHQW��GLIIHU� VLJQLILFDQWO\� IRU� ERWK� FDVHV�� )RU� WKH

*20(�REVHUYDWLRQ�LW�ZDV�DOVR�WDNHQ�LQWR�DFFRXQW�WKDW�SDUW�RI�WKH�WURSRVSKHULF�%U2�ZDV�KLGGHQ�E\

FORXGV��,W�FDQ�EH�VHHQ�WKDW�WKH�GLIIHUHQW�PHDVXUHPHQWV�FDQ�RQO\�EH�EURXJKW�LQWR�DJUHHPHQW�LI�D�SDUW

RI�WKH�DWPRVSKHULF�%U2�LV�DVVXPHG�WR�UHVLGH�LQ�WKH�WURSRVSKHUH�
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Assuming a BrO mixing ratio of 2.3 ppt in the free troposphere, the BrO VCDs from the ground

based observation indicate that the BrO VCD for this day is nearly constant below a SZA of about

88°. The BrO VCDs displayed at the bottom of Figure 6.21 include the tropospheric part.

������&RPSDULVRQ�RI�WKH�*20(�%U2�6&'V�ZLWK�*20(�2��PHDVXUHPHQWV

As already shown in Figure 6.20 an effect of clouds on the BrO VCDs can be found in GOME

data, which is consistent with the assumption that part of the total atmospheric BrO VCD is

located in the troposphere. To further investigate this effect we studied GOME measurements

around the Tropics where usually clouds can reach high altitudes because of strong convection.

Due to the large vertical extension of the troposphere at those latitudes the integrated tropospheric

BrO VCD can also be expected to be large. Thus the measured total BrO VCD should be largely

decreased when high clouds are present which hide the instrument’s view down into the

troposphere.

In Figure 6.22 the latitudinal dependence of the BrO SCD and the O4 absorption measured by

GOME are shown for several (arbitrarily selected) orbits at mid and low latitudes for all seasons.

To study a possible sea-land dependence two data sets were selected, one above the Pacific and

one above Africa.

While in most orbits there appears a broadband variation of both measured species which can be

attributed to the dependence of the SCD from SZA, also many narrow variations are obvious.

Since O4 is mainly located near the Earth’s surface (with a scale height of about 4 km), the

changes of the O4 absorption can be explained by a changing cloud cover (section 5.3.2). This

relation can in particular be seen in Figure 5.18.

For many of the GOME observations over the ocean the BrO SCDs are significantly decreased

when small O4 absorptions are observed. This is in particular true for the Tropics, where the

clouds can reach very high altitudes. This observation is consistent with the assumption that a

significant part of the total atmospheric BrO VCD is located in the troposphere. One could argue

that the cloud induced change of the albedo might decrease the stratospheric BrO AMF and thus

explains the observed absorption decreases. But this is not the case (see also section 5.2.1). First,

the dependence of the stratospheric AMF from such changes is rather weak compared to the

observed variations. Moreover, it would even lead to an absorption increase in the presence of

clouds.

Most of the observed decreases of the BrO SCDs are related to very strong absorption decreases of

O4 while for only weak absorption decreases of O4 nearly no influence on the BrO SCD is found.

This can be explained qualitatively by assuming that the tropospheric BrO is located near the

tropopause rather than at lower altitudes. This was indeed found by a balloon observation in the

Tropics [Pundt et al., 1999].

In contrast to the observations over the Pacific, above Africa the correlation between the O4 and

BrO is significantly lower. In addition, the BrO SCDs are in general smaller compared to the orbits

over the ocean. These findings can be explained assuming that the tropospheric BrO

concentrations is smaller over the continent compared to the ocean. It is important to note again,

that this dependence cannot be explained by the dependence of the tropospheric AMF on the

ground albedo which would cause the opposite effect (see section 5.22).
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)LJXUH�������$�/DWLWXGLQDO�GHSHQGHQFH�RI�WKH�%U2�6&'��EOXH�FXUYHV��DQG�WKH�2��DEVRUSWLRQ��UHG

FXUYHV��PHDVXUHG�E\�*20(�IRU� VHYHUDO� �DUELWUDULO\� VHOHFWHG��RUELWV� IRU� -DQXDU\� WR� -XQH� ������

7ZR�GDWD�VHWV��RQH�RYHU�WKH�3DFLILF�DQG�RQH�RYHU�$IULFD�ZHUH�FKRVHQ��7R�UHGXFH�WKH�VPDOO�VFDOH

YDULDWLRQV�IRU�WKH�%U2�6&'��VHH�H�J��)LJXUH�������WKH�GDWD�ZHUH�VPRRWKHG��UXQQLQJ�DYHUDJH�RYHU

���QHLJKERXULQJ�PHDVXUHPHQWV���RQO\�PHDVXUHPHQWV�IRU�6=$�EHORZ�����ZHUH�VHOHFWHG�
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)LJXUH�������%�/DWLWXGLQDO�GHSHQGHQFH�RI�WKH�%U2�6&'��EOXH�FXUYHV��DQG�WKH�2��DEVRUSWLRQ��UHG

FXUYHV��PHDVXUHG�E\�*20(�IRU�VHYHUDO� �DUELWUDULO\�VHOHFWHG��RUELWV� IRU�-XO\� WR�'HFHPEHU������

7ZR�GDWD�VHWV��RQH�RYHU�WKH�3DFLILF�DQG�RQH�RYHU�$IULFD�ZHUH�FKRVHQ��7R�UHGXFH�WKH�VPDOO�VFDOH

YDULDWLRQV�IRU�WKH�%U2�6&'��VHH�H�J��)LJXUH�������WKH�GDWD�ZHUH�VPRRWKHG��UXQQLQJ�DYHUDJH�RYHU

���QHLJKERXULQJ�PHDVXUHPHQWV���RQO\�PHDVXUHPHQWV�IRU�6=$�EHORZ�����ZHUH�VHOHFWHG�
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������&RPSDULVRQ�RI�*20(�GDWD�ZLWK�JURXQG�EDVHG�%U2�PHDVXUHPHQWV

In section 6.4.1 BrO VCDs measured from ground were already compared to GOME observations

for selected days when also balloon observations were performed. In this section this comparison

is extended over a larger period from January to March 1997.

The GOME BrO data are compared to ground based DOAS measurements at the Institute for

Space Physics (IRF) at Kiruna (Sweden) which have been performed since December 1996 in a

co-operation with the Institute for Environmental Physics at the University of Heidelberg [Enell et

al., 1998; Wagner et al., 1998f]. The instruments are described in detail in Otten et al. [1998] and

Wagner et al. [1998e,].

From a comparison of the GOME data with ground based observations the temporal evolution can

be studied with special emphasis on the dependence on the SZA. During the period of the

comparison the SZA for the satellite overpass above Kiruna changes from about 90° in January to

about 70° in March. This allows to study the influence of the SZA over a wide range. In addition,

also different atmospheric conditions can be studied, which include ‘ozone hole conditions’ during

winter and unperturbed conditions outside the vortex and towards summer.

The BrO evaluation for the ground based observations were performed in the same wavelength

interval and using a similar set of reference spectra as for the GOME BrO analysis (see section

4.3.7). For the comparison GOME measurements were chosen for which the centre of the ground

pixel was located within an interval of ±1° north/south and ±5° east/west of Kiruna (67.9°N,

21.1°E). From the ground based measurements spectra were selected which were measured at

SZAs within ±0.5° with respect to the average SZA of the selected GOME measurements. For the

selected measurements of both instruments the daily average of the SCD BrO of the selected

measurements was calculated. Accordingly, the respective AMF for the average of the SZAs was

applied.

In Figure 6.23 the VCD BrO for both sets of measurements is shown (for these data an AMF for a

profile height of 14 km was used, see supplement A). It can be seen that both data sets are in a

very good agreement with respect to short-term and long term variations.
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To investigate the influence of possible BrO concentrations in the free troposphere the impact of

clouds on both data sets was studied.

An important aspect comparing ground based and satellite observations is that their fields of view

are very different: While ground based observations typically use a very narrow field of view (1°

for the observations at Kiruna) and thus observe a very small area of the sky, GOME observations

cover a large area (typically 40 x 320 km, see section 3). Thus, while the sky above ground based

instruments is either clear or cloudy, GOME measurements are almost always partly affected by

clouds.

Thus it seems interesting to perform a selective comparison with respect to the cloud cover above

the measuring site of the ground based instrument. The idea is that for GOME measurements a

possible BrO concentration in the troposphere should be partly hidden by a partial cloud cover in

nearly all measurements. In contrast, ground based observations are expected to be very sensitive

to the local cloud cover (see Figure 5.16; Wagner et al., [1998e]).

There are two methods to decide whether the ground based measurements are affected by clouds.

First, from satellite images the cloud cover over the measuring site can be determined. Second, the

ground based observations also directly provide information about the local cloud cover from the

measured intensities and the O4 absorptions. This is illustrated in Figure 6.24, where satellite

images of Scandinavia for two following days are shown [Dundee, 1999]. It can be seen that on

March 4, 1997 the sky above Kiruna was clear while on the following day it was cloudy. This

finding is also confirmed by the measurement of cloud-sensitive parameters from the ground (see

e.g. Wagner et al., [1998]).
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PHDVXUHPHQWV� DUH� LQGLFDWHG� ZLWK� DUURZV�� 7KH� QXPEHUV� DERYH� WKH� DUURZV� DUH� WKH� DSSUR[LPDWH
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PDQ\�RI�WKH�FOHDU�GD\V�WKH�%U2�9&'V�IURP�WKH�JURXQG�EDVHG�PHDVXUHPHQWV�DUH�ODUJHU�WKDQ�WKH

%U2� 9&'V� IURP� WKH� VDWHOOLWH� REVHUYDWLRQV�� 7KLV� HIIHFW� LV� ODUJHVW� IRU� GD\V� ZLWK� UHODWLYHO\� ODUJH

FORXG�FRYHU�IRU�WKH�*20(�JURXQG�SL[HOV�

In Figure 6.25 the comparison between satellite and ground based measurements for part (mid

February to mid March) of the whole period (Figure 6.23) is shown. This part was selected

because the solar zenith angle during the GOME overpass was below about 80° for which the

sensitivity to tropospheric species is higher than for larger SZA. It can be seen that for most of the

cloud free days (with respect to the ground based measurements) BrO VCDs for both data sets are

larger than for cloudy days. And in particular, for most of these days the BrO VCDs derived from

the ground based instrument are systematically higher than for the satellite observation. This effect

is largest for days with relatively large cloud cover for the GOME ground pixels.

These findings are consistent with the assumption that a large part of the total atmospheric BrO

VCD is located in the free troposphere.

$� QHZ� DSSURDFK� WR� GHULYH� WKH� %U2� DEVRUSWLRQ� RI� WKH� )UDXQKRIHU� VSHFWUXP� IURP� WKH

FRPSDULVRQ�RI�JURXQG�EDVHG�DQG�VDWHOOLWH�GDWD

In contrast to satellite observations the Fraunhofer spectrum used for ground based DOAS

measurements contains BrO absorption features, because no extraterrestrial spectrum measured

with the same instrument is available. Usually, a spectrum measured at low SZA is used as

Fraunhofer spectrum which contains only small atmospheric absorptions. However, to derive the
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total SCD from the DOAS analysis, the BrO SCD of the Fraunhofer spectrum (SCDRef) has to be

added to the retrieved difference in the SCDs of the measured spectrum and the Fraunhofer

spectrum.

In appendix A we present a new method for the determination of SCDRef. Especially for species

which are mainly located in the lower stratosphere and with a pronounced diurnal variation (like

e.g. BrO and OClO) this method is more accurate than the methods normally used. This new

method was in particular applied to the ground based BrO data presented in sections 6.4.1 and

6.4.3.

������6XPPDU\�RI�WKH�*20(�REVHUYDWLRQV�RI�%U2�LQ�WKH�IUHH�WURSRVSKHUH

From several GOME observations indications have been presented in this PhD thesis that a

significant part of the total atmospheric BrO column is located in the free troposphere. The results

of these observations are summarised in Table 6.4.

Method Latitudinal

variation

Seasonal

variation

Land/ocean

dependence

Altitude

dependence

BrO mixing

ratio

Modelling of the pure

stratospheric BrO SCDs

(section 6.2)

no obvious

dependence

strong

variation ? ?

up to about

6 ppt

Comparison between

GOME and ground

based measurements

(sections 6.4.1 and

6.4.2)

?

no obvious

dependence ? ? ?

Comparison between

GOME and balloon

observations (section

6.4.2)

no obvious

dependence

no obvious

dependence ? ?

2.3 ppt for

one case

study

Influence of clouds on

the GOME

measurements (section

6.4.3)

no obvious

dependence

no obvious

dependence

higher

mixing

ratios above

the ocean

in the Tropics

probably

located near

the tropopause

up to 2 ppt

in the

Tropics

7DEOH� ���� 6XPPDU\� RI� WKH� UHVXOWV� RI� WKH� GLIIHUHQW� PHWKRGV� XVHG� WR� LQYHVWLJDWH� SRVVLEOH� %U2

FRQFHQWUDWLRQV� LQ� WKH� IUHH� WURSRVSKHUH�� 7KH� %U2� PL[LQJ� UDWLRV� DUH� GHULYHG� IURP� WKH� %U2� 9&'

DVVXPLQJ�D�FRQVWDQW�PL[LQJ�UDWLR�LQ�WKH�WURSRVSKHUH��4XHVWLRQ�PDUNV�LQGLFDWH�WKDW�WKH�UHVSHFWLYH

PHWKRGV�FDQ�PDNH�QR�SUHGLFWLRQ�

In conclusion we state that it is very likely that BrO mixing ratios up to several ppt are present in

the troposphere on a global scale. From the time series of the total BrO VCD measured by GOME

there are indications of seasonal variation with a period of about one to two months. We also

found indications of higher mixing ratios above the oceans compared to the continents. From

observations over the Tropics it can be concluded that the main fraction of the tropospheric BrO is

located in the upper troposphere. This is in good agreement with the results of a balloon sounding

made at Bauru, 25° S [Pundt et al., 1999].


