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Abstract

Ground based observations of stratospheric and tropospheric bromine monoxide, BrO,

from a multi axial differential optical absorption spectrometer, MAXDOAS, located at

the UNEP/UNON site in Nairobi (1
◦

S, 36
◦

E) are presented for the year 2003. Differ-

ences in BrO slant column densities at 90
◦

and 80
◦

solar zenith angle retrieved from5

the zenith-sky measurements are used to study stratospheric BrO. They show only

small variations with season, as expected for the small seasonality in stratospheric

Bry and NO2 in this region. A pronounced diurnal variation can be observed, the

average value for the morning being 1.3×10
14

molecules/cm
2

and for the evening

1.5×10
14

molecules/cm
2
. The measurements are compared with simulations from a10

one-dimensional photochemical stacked box model which is coupled with a radiative

transfer model to allow direct comparisons between the observations and the model

calculations. In general the model reproduces the measurements very well. The dif-

ferences in the absolute values are 15% for the evening and 20% for the morning

which is within the limits of the combined uncertainties. Both seasonality and diurnal15

variation are well reproduced by the model. A sensitivity study shows that inclusion

of the reaction BrONO2 + O(
3
P) significantly improves the agreement between model

calculations and measurements, indicating an important role of this reaction in the

stratosphere near to the equator. Tropospheric BrO columns and profile information is

derived from the combined results obtained in the different viewing directions for the av-20

erage over several clear days. The resulting tropospheric BrO columns are in the range

of 4–7.5×10
12

molecules/cm
2

which is significant but lower than in previous studies at

mid and high latitudes. The vertical distribution of the tropospheric BrO peaks at about

3 km indicating the absence of local sources at this high altitude site.
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1 Introduction

Bromine species are well known to play an important role in ozone depletion in the

stratosphere (WMO, 2002). The total amount of stratospheric inorganic bromine was

estimated to be 18–21 ppt in 1999 from organic precursor measurements and from

coincident measurements of bromine monoxide (BrO) (e.g. Pfeilsticker, 2000). Its con-5

tribution to the total stratospheric ozone loss is estimated to be about 25%. As reported

by the World Meteorological Organization in 2006 the global tropospheric burden of Br

from the sum of methyl bromide and halons peaked in 1998 and has declined since

(Montzka et al., 2003). By mid-2004, tropospheric Br was 0.6 to 0.9 ppt below the

peak; the mean decline from 1998 to 2004 beeing between –0.1 and –0.15 ppt Br/yr.10

The decline is solely the result of a decrease in global mixing ratios of methyl bromide,

which declined at a mean rate of –0.24 ppt/yr from 1999 to 2004, or somewhat faster

than expected (WMO, 2006).

In spite of their importance for stratospheric ozone depletion, there have been few

measurements of the inorganic bromine compounds e.g. BrONO2, HOBr and BrCl,15

the only exception being bromine monoxide (BrO). Both in situ and remote sensing

measurements of BrO have been successful. Studies of BrO behaviour have been

reported at high and middle latitudes using resonance fluorescence spectroscopy from

aircraft (e.g., Brune et al., 1988,1989; Toohey et al., 1990; Avallone et al., 1995) and

balloon (McKinney et al., 1997) and ground-based zenith sky UV-visible spectroscopy20

(e.g., Arpag et al., 1994; Fish et al, 1995; Richter et al. 1999) and balloon-borne UV-

visible spectroscopy (e.g., Pundt et al., 2002; Fitzenberger et al., 2000; Harder et al.,

2000).

Zenith-sky measurements in mid-latitudes show a pronounced diurnal variation with

larger BrO values in the evening than in the morning at twilight. This is explained by the25

release of BrO from its reservoir species bromine nitrate, BrONO2, hypobromous acid,

HOBr, and bromine chloride, BrCl, and the reaction of HOBr with O(
3
P) during daytime.

Accounting for about half of the inorganic bromine in the lower stratosphere, BrONO2
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is the major bromine reservoir species. During sunset BrO is converted to BrONO2, a

small amount reacts with ClO to form BrCl. Studies have shown that certain bromine

reservoirs can take part in heterogeneous reactions on PSCs (Abbatt, 1994) and on

sulfate aerosols. The most important of these reactions is hydrolysis of BrONO2 on

aerosols and polar stratospheric clouds within the polar vortex, which releases HOBr.5

As a result provided that sufficient amounts of particles are present HOBr is expected

to be the most abundant bromine reservoir before sunrise. The seasonal variation

of twilight BrO is characterised by larger values in winter than in summer. This is a

consequence of a more efficient formation of BrONO2 and subsequently of HOBr as

a result of the higher amounts of stratospheric NO2 in summer. The main reason for10

the seasonality of NO2 is the variation in day length and thus photolysis of the main

reservoir species N2O5 at mid-latitudes.

During the last years significant amounts of BrO were also observed in the tropo-

sphere (e.g. Hausmann and Platt, 1994, Richter et al., 1998; Wagner and Platt, 1998;

Stutz et al., 2002, van Roozendael et al., 2002; Bobrowski et al., 2003). Currently the15

sources and sinks of the reactive bromine in the troposphere and their impact on atmo-

spheric chemistry are not well understood, heterogeneous release from sea salt, short

lived organic species and volcanic emissions being some possible sources. Several

studies have shown a strong impact of enhanced BrO on ozone levels in the tropo-

sphere, both in model calculations and in measurements (e.g. Kaleschke et al., 2004;20

von Glasow et al., 2004).

In contrast to mid- and high latitudes, BrO measurements in tropical regions have

so far been limited to relatively short campaigns (e.g. Gabriel et al., 2002, Leser et

al., 2002). To improve on this situation, a permanent DOAS measurement station

was set-up in 2002 in Nairobi (1
◦

S, 36
◦

E) as part of the BREmian DOAS (Differential25

Optical Absorption Spectroscopy) network of atmospheric Measurements (BREDOM).

Measurements of BrO in the tropics are of significance because of the expected ab-

sence of seasonality as result of the small variations of the NO2 values during the year

and the smaller impact of horizontal transport. As result of the high tropopause, the
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BrO columns are also expected to be generally smaller than in mid and high latitudes.

This makes tropical measurements an important dataset for the sensitive validation of

satellite measurements and atmospheric models.

BrO columns can also be measured from space by instruments such as GOME and

SCIAMACHY, and the satellite data have been used for numerous studies (e.g. Wag-5

ner et al., 2001; Richter et al., 1998). However, the diffuser plate used for irradiance

measurements on the GOME instrument exhibits a time dependent interference pat-

tern, which correlates with BrO. To compensate for this, GOME BrO measurements

are usually normalised in low latitudes (Richter et al., 2002; van Roozendael et al.,

2002) and as a result do not provide independent information in the tropics. Therefore10

validation of satellite BrO measurements is not attempted here.

In this paper, the first full annual cycle of continuous ground-based zenith-sky mea-

surements of stratospheric BrO at low latitudes is presented. To test our current un-

derstanding of bromine chemistry, the measurements are compared with calculations

of BrO slant column densities from a 1-D photochemical stacked box model which is15

based on the SLIMCAT model from Chipperfield (1999), coupled with a radiative trans-

fer model (Rozanov et al., 2001) to allow direct comparisons between the observed

and modelled data. This provides an important low-latitude extension of the model-

measurement comparisons reported in Sinnhuber et al. (2002). Furthermore, addi-

tional data taken simultaneously to the zenith-sky measurements in horizon pointing20

geometry are analyzed with a profile retrieval algorithm and the resulting tropospheric

profiles and columns of BrO are discussed.

2 Instrument

A MAX (Multi-AXis)-DOAS instrument was used for the measurements in Nairobi. The

instrument has a telescope with a moving mirror to enable not only measurements25

in zenith-sky direction but also measurements of scattered light at multiple elevation

angles (off-axis). For the Nairobi measurements the off-axis viewing directions of 4
◦

,
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7
◦

, 16
◦

and 30
◦

above the horizon are used. Two spectrometers take simultaneous

measurements in adjacent spectral ranges covering

a) 320–410 nm with a spectral resolution corresponding to a Full Width Half maxi-

mum, FWHM, of 0.5 nm and,

b) 395–565 nm with a spectral resolution corresponding to a FWHM of 0.9 nm.5

Here, only data from the UV instrument are considered. Details about the MAXDOAS

instrument used in this study can be found in Wittrock et al. (2004).

The instrument is located at the United Nations campus, UNON, in Gigiri (1
◦

S,

36
◦

E), close to Nairobi. It was set-up with the support of the United Nations Envi-

ronmental Programme, UNEP, and the staff of the Ozone Secretariat. Gigiri is on the10

edge of the city Nairobi, approximately 10 km from the centre of Nairobi. The region is

a mixture of urban area and tropical vegetation. The off-axis angles measured by the

system point in the South direction towards the city of Nairobi.

3 Data analysis

3.1 BrO slant column densities15

For the analysis of the measured spectra the Differential Optical Absorption Spec-

troscopy (DOAS) method is applied (Solomon, 1987, Platt, 1994). The fundamental

principle being used in DOAS is the separation of high frequency from lower frequency

features in the spectral domain. It separates the differential structures of the absorp-

tion cross sections of the absorbers to obtain their integrated amount along the light20

path. Since some of the absorbers have absorption structures in the same wavelength

regions, all of the relevant absorbers have to be taken into account simultaneously.

Mie and Rayleigh scattering on air molecules and aerosols as well as instrumental ef-

fects are corrected by a polynomial. To account for rotational Raman scattering on air

molecules, which is known as the Ring effect, an additional effective cross section, the25

Ring cross section is used in the spectral fitting process. This is calculated by using
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the radiative transfer model SCIATRAN in a version that includes Rotational Raman

scattering (Vountas et al., 1998). The relevant cross sections, σ, the polynomial and

a reference spectrum, I0, usually taken at high sun are fitted to the logarithm of the

measured spectra, I :

ln
I0(λ)

I(λ)
=

∑

i

σ′

i
(λ)SCDi +

∑

p

apλ
p.5

Here, λ is the wavelength, i the index of the respective trace gas and ap are coefficients

of the polynomial. This fitting algorithm yields the slant column density, SCD. For O3

and NO2 these can be converted into the vertical amount by means of an air mass

factor, AMF:

AMF =
SCD

VCD
.10

The AMF is calculated by the radiative transfer model SCIATRAN (Rozanov et al.,

2001) which includes full multiple scattering and has been evaluated in recent studies

(e.g. Hendrick et al., 2006). For species having relatively small photochemical change

between SZA of 80
◦

and 90
◦

this procedure is robust. However BrO amounts change

rapidly between these SZA. Significant uncertainties result in the determination of the15

vertical column densities of BrO when the diurnal change of BrO (Fish et al., 1995)

is not accurately accounted for. Therefore, for this study the difference in BrO slant

column density (DSCD) between 90
◦

and 80
◦

SZA is preferred. The 90
◦

–80
◦

SZA

range was chosen in several previous studies because this maximizes the sensitivity of

the observations to the stratosphere at twilight (Solomon et al., 1987). In comparison20

the tropospheric air mass factors are small in this range of SZA reducing the impact of

tropospheric BrO.

In this study the fitting window from 344.7 nm to 359.0 nm is used for BrO. This

wavelength region encompasses two absorption bands of BrO. Reference spectra of

NO2, O3 (at 221 K and 241 K), O4, HCHO, BrO and Ring are fitted to the atmospheric25

spectrum. A third order polynomial is included in the fit to remove the broadband
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features caused by Mie and Rayleigh scattering. The spectral features due to the solar

Fraunhofer lines are removed by using a Fraunhofer reference spectrum taken in the

zenith direction on the same day around noon. To obtain the DSCDs the average of

the slant column densities in the solar zenith angle (SZA) range from 89
◦

to 92
◦

is

calculated and then the reference slant column density at 80
◦

(+/–2
◦

) is subtracted.5

The accuracy of the measurements is estimated to about 20%.

3.2 Profile retrieval

To derive tropospheric vertical profiles and columns the profile retrieval algorithm

BREAM (BREmian Advanced MAX-DOAS retrieval algorithm) is used (Wittrock, 2006).

In a first step the aerosol extinction profile is calculated by using the oxygen dimer O410

(Wagner et al., 2004; Wittrock et al., 2004, Frieß et al., 2006). This is possible since the

O4 profile can be calculated from the temperature and pressure profiles. The BREAM

algorithm uses the radiative transfer model SCIATRAN to calculate O4 slant column

densities based on meteorological data and an a priori aerosol extinction profile. After-

wards in an iterative process the aerosol extinction profile is scaled in its total quantity15

as well as in its structure until the measured and modelled slant column densities of

O4 are in agreement. In the second step of the algorithm block air mass factors of the

selected absorber are calculated by SCIATRAN using the obtained aerosol settings.

Block air mass factors are air mass factors for individual layer heights of the absorber.

The overall air mass factor is simply the average of the block air mass factor weighted20

by the distribution of the trace gas. This concept allows the description of the rela-

tion between the measurements and the absorber profile as a linear system. To solve

the linear system which is ill-posed, the Optimal Estimation method (Rodgers, 1976;

Rodgers, 1990) is used in a third step. The output of the retrieval is the profile of the se-

lected absorber. A more detailed description of the algorithm can be found in Wittrock25

(2006).
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3.3 Chemical model studies

The atmospheric simulations of the stratospheric BrO calculated within this study use

a 1D photochemical stacked box model (henceforth 1D model). This is based on the

photochemical scheme from the SLIMCAT model described in detail by Chipperfield et

al. (1999). The model contains a comprehensive description of stratospheric Ox, NOx,5

ClOx, BrOx, HOx and CHyOx oxidation chemistry. With a few exceptions which were

described by Sinnhuber et al. (2002) the model calculations use the photochemical

reaction rate constants and photolysis cross-sections from the NASA/JPL compilation

(Sander et al., 2003). It has 21 levels ranging from about 870 to 0.02 hPa (an altitude

range from about 2 to 80 km). The model was initiated with the output of a global 2-D10

chemistry, transport and photochemistry model. The 2-D model is described in more

detail by Sinnhuber et al. (2003) and references therein. Temperature and pressure

are from the ECMWF.

For the study shown here all of the species in the model were integrated separately

using a 5 minute time step. A series of model experiments at the 15th of each month15

at latitude of 1.27
◦

S were performed. Two runs with different meteorological input data

were made, one using climatological and the other using ECMWF data for the year

2003. A third run using the ECMWF data includes the reaction BrONO2 + O(
3
P) ->

BrO + NO3.

To calculate BrO slant column densities from the modelled BrO the radiative transfer20

model SCIATRAN is used. The model uses full spherical geometry and takes into ac-

count multiple scattering and the variation of BrO with solar zenith angle along the slant

path. The calculations were made for a wavelength of 350 nm, the centre wavelength

of the fitting window used.
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4 Results and discussion

4.1 Stratospheric BrO

The stratospheric BrO DSCDs over Nairobi for the year 2003 are presented in Fig. 1.

This plot shows the variation of the morning AM 90
◦

–80
◦

DSCD and the afternoon PM

90
◦

–80
◦

DSCD. It can be seen that the afternoon values are higher than the morning5

values. Any seasonal variation in the AM and PM values is small relative to the errors.

The AM-PM differences (Fig. 2) are explained by the release of BrO from BrONO2 and

HOBr during the day and formation of the reservoir species at night.

As mentioned above the seasonal variation of BrO is most likely controlled by the

seasonal variation of NO2 as a result of the formation of the reservoir BrONO2 and10

transport of Br containing precursors into the stratosphere from the troposphere. As

shown in Fig. 3, no strong seasonal variation of NO2 is observed over Nairobi where

day length varies only slightly over the year. This in combination with the constant Br

input explains the lack of seasonality in the BrO DSCDs.

The absolute values of the BrO DSCD are about 1.5×10
14

molecules/cm
2

for the15

evening and about 1.3×10
14

molecules/cm
2

for the morning which is in the same or-

der of magnitude as for measurements at mid- and high latitude sites. Measurements

above Bremen (53
◦

N) by Richter et al. (1999) show a pronounced seasonal variation

with DSCDs of up to 1.9×10
14

molecules/cm
2

in winter and 0.5×10
14

molecules/cm
2

in summer. A similar seasonality of BrO was observed by Schofield et al. (2004) over20

Lauder (45
◦

S), the stratospheric BrO columns reported in this study ranging from 1.5

to 3×10
13

molecules/cm
2
. BrO DSCDs from 22 January to 24 May 1993 over Col-

orado (40
◦

N) were reported by Arpag et al. (1994). They used a different instrument

setup than the measurements in Bremen and Nairobi. The telescope was first pointed

at an 80
◦

angle relative to the zenith towards the setting sun and was in April re-25

orientated towards the east. The values of the BrO DSCDs ranged from 0.8 to 1.8×10
14

molecules/cm
2

but no seasonal variation was observed. Recent measurements at the

tropical Station Reunion-Island (21
◦

S) also show no seasonal variation, in agreement
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with this study (Theys et al., 2007
1
).

For the comparison of measured and modelled data different model runs were per-

formed. The first run used climatological data as meteorological input. Figure 5 shows

DSCDs of the model for all months in comparison with the measurements. For the

measurements the monthly mean is presented. The seasonal and the diurnal varia-5

tion are well captured by the model. However, the observed BrO DSCDs are higher

than the DSCDs for the run with climatological data by about 4×10
13

molecules/cm
2

(25%) in the evening and 6×10
13

molecules/cm
2

(45%) in the morning. To test if the

use of the climatological data instead of meteorological data of the year 2003 could be

a reason for the differences, a second run using ECMWF data of 2003 as input was10

performed. Both the slant column densities of the calculated stratospheric BrO (Fig. 4)

and the DSCDs show no significant difference when the climatological or the ECMWF

data are used in the calculation.

As investigated by Soller et al. (2001) the reaction of BrONO2 with O(
3
P) could be

an important loss of bromine nitrate in the stratosphere, resulting in increased concen-15

trations of BrO during daytime. Due to the low concentrations of O(
3
P) the influence is

small in the lower stratosphere but dramatically increases above an altitude of 20 km.

If the reaction BrONO2 + O(
3
P) -> BrO + NO3 is included in the calculations the val-

ues of the slant column densities increases by about 20% in the morning and by about

10% in the evening (Fig. 4). This is in good agreement with the sensitivity studies pre-20

sented by Sinnhuber et al. (2002) where similar results were obtained for mid-latitude

situations. The difference of the BrO DSCDs between the modelled and observed

data decreases to values of about 2×10
13

molecules/cm
2

(15%) in the evening and

3×10
13

molecules/cm
2

(20%) in the morning (Fig. 5). These differences are compa-

rable to the mean differences for different latitudes that were found in the study of25

Sinnhuber et al. (2002). There, differences ranged from 0.4×10
13

molecules/cm
2

to

1
Theys, N., Van Roozendael, M., Hendrick, F., et al.: Retrieval of stratospheric and tropo-

spheric BrO columns from multi-axis DOAS measurements at Reunion Island, Atmos. Chem.
Phys. Discuss., submitted, 2007.
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2.8×10
13

molecules/cm
2

for AM values and from 0.6×10
13

molecules/cm
2

to 3.2×10
13

molecules/cm
2

for PM values. Sensitivity studies by Sinnhuber et al. (2002) have

shown that by varying the reaction rate constants within the given limits of the JPL

reaction rate recommendations the BrO 90–80
◦

DSCD can change by up to 25%. Con-

sidering the fit errors of the measurements of about 20% the measurements and the5

model calculations are in a good agreement. Even though the DSCD between 90
◦

and

80
◦

is weighted towards the stratospheric BrO parts of the differences could be related

to tropospheric BrO in the measurements as discussed below.

The model runs performed here are also consistent with a model calculation in the

Sinnhuber et al. (2002) study that was made for the tropical site of Kaashidhoo (5
◦

N,10

73
◦

E). Both sites don’t show seasonal variation, the PM/AM ratio for Kaashidhoo is 1.4

and for the Nairobi site ranging from 1.35 to 1.65. Because of the absence of useful

BrO measurements at Kaashidhoo no comparison of modelled and measured BrO is

available and no validation of the model in the tropics could be made in the Sinnhuber

et al. (2002) study. The present study closes this gap with the Nairobi measurements.15

The good agreement between model results and observations of Nairobi is in agree-

ment with the results of Sinnhuber et al. (2002) indicating that the used model of the

mechanisms controlling the stratospheric BrO is also valid for the tropical region.

4.2 Tropospheric BrO

While for the stratospheric observations only the zenith viewing direction is used be-20

cause of its short light path through the troposphere, for tropospheric observations

the measurements pointing to the horizon are useful. In good approximation, the light

path through the stratosphere does not depend on the viewing direction, while in the

lowest atmospheric layers the light path increases strongly as the viewing direction

approaches the horizon. As the vertical sensitivity is a function of elevation angle the25

combination of all measurements can be used to retrieve vertical profiles of absorber

concentrations. If a sufficient amount of absorber is present in the troposphere a clear
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distinction between the slant column densities of the different viewing directions should

be observable.

For the Nairobi BrO measurements this distinction proves to be difficult. On a single

day, the differences between the slant column densities are small and not systematic.

This is the result of the measurement uncertainty at these small absorptions and the5

changing viewing conditions in the presence of clouds. From measurements of sin-

gle days the profile retrieval used in this study was not able to calculate tropospheric

profiles and columns.

To improve the signal to noise of the BrO slant column densities averaged slant

column densities were calculated. For the period from January to March 2003 all days10

with good weather conditions, altogether 29 days, were used. The resulting averaged

slant column densities are shown in Fig. 6. In addition the slant column densities are

averaged over 2.5
◦

solar zenith angle bins in this figure. It can be seen that the slant

column densities for the different viewing directions have systematic differences with

the smallest value in the zenith-viewing direction and a crossing of the results from15

the different off-axis measurements at about 65
◦

SZA. This indicates the presence of

BrO in the troposphere. The relatively small difference between the different viewing

directions and the change with solar zenith angle can only be explained by BrO which

is not concentrated in the boundary layer but rather in the free troposphere. This can

be analysed in more detail using a profile inversion.20

For the profile retrieval calculations the slant column densities of BrO and O4, the

solar zenith angles and the solar azimuth angles of all 29 days were averaged. Ad-

ditionally a mean measurement time was calculated as the profile retrieval needs this

input. This is not critical as observation conditions do not vary strongly over 3 months

at this latitude. The BREAM profile retrieval algorithm was then used to calculate a25

mean aerosol extinction profile and a mean absorber profile for every hour using all

values in this hour.

The mean tropospheric vertical column density of BrO calculated by the profile re-

trieval algorithm from the slant column densities shown in Fig. 6 is presented in Fig. 7.
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The values range between 4 and 7.5×10
12

molecules/cm
2
. Compared to previous

measurements at mid latitudes (e.g. van Roozendael et al., 2002) the values of Nairobi

are small. These studies estimated values of 6–37×10
12

molecules/cm
2

for the tro-

pospheric background of BrO based on systematic comparisons of ground-based and

GOME satellite measured BrO columns. From GOME measurements above the equa-5

torial pacific region a BrO background of 40×10
12

molecules/cm
2

was estimated for

the free troposphere using cloudy and clear scenes (Richter et al., 2002). One pos-

sible reason for the differences could be that the calculations of the profile retrieval

were made up to an altitude of 6.5 km only because for higher altitudes the information

content is too low. At Lauder (45
◦

S) in New Zealand also relatively small values of10

tropospheric BrO have been measured (Schofield et al., 2004). Upper limits for the tro-

pospheric columns of 12×10
12

molecules/cm
2

and in the mean 2×10
12

molecules/cm
2

were calculated.

There are only two previous measurements of tropospheric BrO in the tropics. During

a cruise of the research vessel “Polarstern” from Bremerhaven (54
◦

N) to Cape Town15

(34
◦

S) measurements in the marine boundary layer were made with a MAX-DOAS

instrument (Leser et al., 2003). In the tropics, tropospheric BrO columns were only

rarely above the detection limit. The maximum of vertical column densities of BrO for

single measurements range between 2.4 to 3×10
12

molecules/cm
2
. With an average

of 1×10
12

molecules/cm
2

of the vertical column density the values are significantly20

smaller than the values in Nairobi.

At Reunion-Island (21
◦

S) MAX-DOAS measurements similar to those reported here

for Nairobi were performed (Theys et al., 2007
1
). The measured vertical column den-

sities of about 10–12×10
12

molecules/cm
2

are slightly higher than the vertical column

densities of Nairobi. A possible explanation for the differences could be that at Reunion-25

Island additional BrO is introduced in the troposphere by sea salt aerosol from breaking

waves. Another factor that could contribute is the fact that Nairobi is situated in an alti-

tude of about 1.6 km above sea level whereas the Reunion-Island measurements took

place close to sea level. Considering the error of about 25% in the profile retrieval, the
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measurements are in an excellent agreement.

A typical retrieved vertical profile of tropospheric BrO is shown in Fig. 8. As already

pointed out above, the small differences of the BrO slant column densities from the

different viewing directions indicate that the bulk of the BrO is not close to the surface.

This is confirmed by the result of the formal inversion that peaks between 2 and 3 km.5

Compared with the balloon-borne measurements of atmospheric profiles of BrO in

Kiruna (68
◦

N) (Fitzenberger et al., 2000) the shape of the profile is in good agreement.

The absolute values of the Nairobi measurements at the tropospheric maximum of

about 1 ppt are about half the Kiruna summer values of 2 ppt. In contrast the winter

profile of the Kiruna measurements with 0.6 ppt shows lower values.10

The relatively small values of tropospheric BrO which are in the range of the assumed

atmospheric background indicate that no large local sources of BrO are present in

Nairobi and no transport of BrO for example from biomass burning areas or methyl

bromide from the coffee plantations near Nairobi take place.

5 Summary15

In this study, one year of ground-based zenith-sky measurements of BrO above Nairobi

(1
◦

S, 36
◦

E) are reported. This is the first comprehensive BrO measurement at low

latitudes and provides the opportunity to test our understanding of bromine chemistry

in tropical regions.

The measured stratospheric differential slant column densities (90
◦

–80
◦

SZA) show20

only little seasonal variation. This is related to the small seasonal variation of Bry

and the lack of a seasonality of NO2 which is anti-correlated to BrO via the forma-

tion of BrONO2. A clear diurnal variation of BrO can be observed, the average BrO

DSCD being 1.3×10
14

molecules/cm
2

in the morning and 1.5×10
14

molecules/cm
2

in

the evening. This PM/AM ratio of 1.2 is slightly lower than that observed at mid-latitude25

stations.

Comparison of the measured DSCDs with values calculated by a 1-dimensional
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chemical model combined with radiative transfer calculations shows good agreement.

In the morning the values of the measurements are 20% and in the evening 15% larger

than predicted by the model but the diurnal variation and the lack of seasonality are well

reproduced. The use of climatological or actual meteorological fields has no significant

impact on the results. However, the agreement between model and measurement can5

be further improved to be within the combined uncertainties by including the reaction

BrONO2 + O(
3
P) (Soller et al., 2001).This implies that this reaction plays an important

role at low latitudes.

The good agreement between model and observations are in line with the results

reported by Sinnhuber et al. (2002) for mid and high latitudes indicating that our current10

knowledge of the mechanisms controlling the stratospheric BrO is also valid for the

tropical region.

Using the multiple observation directions of the MAX-DOAS instrument it was possi-

ble to determine the tropospheric BrO column and approximate vertical distribution for

an average of 29 clear days. The tropospheric vertical column densities of 4–7.5×10
12

15

molecules/cm
2

are in the range of the tropospheric BrO background and lower than es-

timates based on GOME data. They are however limited to the lowest 6.5 km where the

profile retrieval is most sensitive. The low columns and the lack of a surface maximum

indicate that no large local sources of BrO are present in Nairobi and surroundings. The

measurements reported here provide further support for the notion of a tropospheric20

BrO background concentration between 0.5 and 1 ppt of still unknown origin.
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studies and their application, Atmos. Chem. Phys., 4, 995–966, 2004,
http://www.atmos-chem-phys.net/4/995/2004/.

Wittrock, F.: The retrieval of oxygenated volatile organic compounds by remote sensing tech-
niques, PhD thesis, http://nbn-resolving.de/urn:nbn:de:gbv:46-diss000104818, University of10

Bremen, 2006.
WMO(World Meteorological Organization): Scientific Assessment of Ozone Depletion: 2006,

Global Ozone Research and Monitoring Project-Report No. 50, Geneva, 2006.

6547

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6527/2007/acpd-7-6527-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6527/2007/acpd-7-6527-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.atmos-chem-phys.net/4/995/2004/
http://nbn-resolving.de/urn:nbn:de:gbv:46-diss000104818


ACPD

7, 6527–6555, 2007

BrO measurements

above Nairobi

S. Fietkau et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

0

0.5

1.0

1.5

2.0

2.5

3.0

2003
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

MEAS AM

MEAS PM

B
rO

 D
S

C
D

 9
0˚

-8
0˚

 [1
014

 m
ol

ec
/c

m
2 ]

 
 

Fig. 1. Observations of stratospheric BrO above Nairobi for the year 2003. Shown are morning
and evening differential slant column densities between solar zenith angles of 90

◦

and 80
◦

.
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Fig. 2. Difference between AM and PM values of the BrO DSCD.
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Fig. 3. NO2 vertical column densities above Nairobi observed at solar zenith angles around
90

◦

. Morning and afternoon values are given. The scatter in the second half of the year is the
result of local pollution affecting the measurements in the presence of clouds.
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Fig. 4. Modelled BrO slant column densities for Nairobi, 15 August 2003. Two runs with different
meteorological input data were made, one using climatological and the other ECMWF data for

the year 2003. A third run using the ECMWF data includes the reaction BrONO2 + O(
3
P) →

BrO + NO3.
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Fig. 5. Comparison of observed and modelled BrO differential slant column densities for the
year 2003. For the observations the monthly mean is presented.
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Fig. 6. Mean BrO slant column densities. For the calculation of the average all days with good
weather conditions, altogether 29 days, in the period January to March 2003 were used. In
addition the slant columns are averaged over intervals of 2.5

◦

solar zenith angle. All off-axis
viewing directions yield larger BrO columns than the zenith-sky measurement but the relative
order changes with solar zenith-angle.
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Fig. 7. Mean tropospheric vertical column of BrO above Nairobi (averaging period January–
March 2003). Compared with mid latitude stations the values are small and in the range of the
tropospheric BrO background.
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Fig. 8. Mean tropospheric BrO profile at Nairobi. The profile maximum is situated in an altitude
of about 2.5 to 3 km (1 to 1.5 km above station ground). Also shown is the a priori used in
the profile retrieval. While the profiles are shown in 50 m layers, the information content of the
retrieved profile is about 1.5 independent pieces of information.
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