









































































































































104 3 The Effect of Bromine on Tropospheric Chemistry

Figure 3.29: Distribution of monthly mean tropospheric column BrO [x 10'3 molecules/cm?]
in daytime (09:00-15:00 LT) in p~TOMCAT [138].
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Figure 3.30: BrO profiles [pptv] resulting from measurements [35] and by Yang et al. [13§]
(p-TOMCAT) at Kiruna (68°N, 21°E). The curve "Model(SMI)” represents the simulation
including an equation for the sea salt droplet production rate that produces a bromine emis-
sion of 14 Gmol/yr; curve "Model(MON)” is the simulation with the bromine emission of
26 Gmol/yr.



106 3 The Effect of Bromine on Tropospheric Chemistry

3.6 Evaluation of ozone

Ozone is catalytically destroyed by the reactive species Br forming BrO as already mentioned
in the introduction. Therefore, the occurrence of BrO in the atmosphere is considered as a
sign for ozone destruction processes.

We observe in simulations G1 and S1, in which the only source of bromine are VSLS
and CHBr3 and bromine species atmospheric concentrations are low, that the destruction or
production of ozone lead to a change in the ozone volume mixing ratio that is lower than 6%
when compared with the Base run (Figure 3.31). This is a low value, which shows a limited
importance of halocarbon emissions to the ozone concentrations in the troposphere. As we
will see next, ozone is mostly affected when bromine emissions from sea ice are taken into
account.
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Figure 3.31: The percent difference in ozone [%] between the simulations G1 and the Base
run (left) and SI and the Base run (right). Monthly average for September 2000.

In Figures 3.32 to 3.35, we show distributions of BrO and ozone and the effect of the
introduction of bromine chemistry into the model for the month of September, when we have
important bromine emissions in both polar regions. For this purpose, we compare the Base
run that does not contain any bromine chemistry with the simulation SS3ice that contains
bromine chemistry combined with a scenario of high bromine emissions from the polar regions.

For September 2000, we observe in Figure 3.32 that we have regions at both poles with a
BrO column density of 1.5 to 3.4 molecules/cm?, which are also the regions with the highest
surface VMR, up to 17 pptv. From the graph at the top of Figure 3.33, it is confirmed that
the high VIT'CD are due to surface BrO. These high BrO levels are correlated with ozone
decreases in the order of 60 to nearly 100% relative to the Base run (graph at bottom right
in Figures 3.32, 3.34, and 3.35).

In Figures 3.34 and 3.35, we present the polar views of BrO and ozone distributions in the
North and South, and the impact on ozone VMR in these regions. The strong O3 decrease
of 60% to nearly 100% occurs in the regions of high Br emissions over sea ice. Since the
calculated vertical column of BrO has a magnitude that is close to the column derived from
space observations, we conclude that in the ”"real atmosphere”, the high BrO concentrations
are susceptible of destroying considerable amounts of ozone at high latitudes. This confirms
the possible formation of a tropospheric ”ozone hole”. Nevertheless, the geographical sea ice
distribution used in MOZART4 and the spatio-temporal variation of the bromine emissions
is not necessarily realistic. In particular, the release of bromine from sea ice, as shown by
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Figure 3.32: Top: vertical tropospheric column density of BrO [molecules/cm?] (left) and
volume mixing ratio [pptv] of BrO at the surface (right). Bottom: volume mixing ratio
[ppbv] of ozone at the surface and the percent difference in ozone between the simulations
SS3ice and the Base run. Monthly average for September 2000.

ground-based measurements, is not as uniform and continuous as produced by the model,
so that the high ozone depletion appear as episodic events. Therefore, the results should be
considered to be more a study of the general effects of the bromine chemistry than a case
study of a specific year or season.

Although our simulation is not a study of the specific year 2000, we show comparisons
between time series of the ozone VMR resulting from the simulations and from observations
for the year 2000 (Figure 3.36). This comparison is not straightforward, because MOZART4,
like other chemical transport models, does not represent accurately the transport of chemical
compounds (including ozone) in the polar regions. Simulations SS1, SSlice, and SS2ice result
in a small decrease of O3 compared to the MOZART4 Base run. For simulation SS3ice, we
observe a strong decrease in the O3 VMR for the stations presented in Figure 3.36. For the
stations located in Iceland, Greenland, and at the South Pole, this reduction in the O3 VMR
does not represent an improvement of the model results towards a better agreement with
the measurements since even the Base run provides too low O3 VMR. On the other hand,
at Barrow, one of the stations where the ”Polar Ozone Depletion Events” were observed
first, the simulation SS3ice results in an ozone reduction during spring time that brings the
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Figure 3.33: Top: zonal average of the volume mixing ratio [pptv] of BrO. Bottom: volume
mixing ratio [ppbv] of ozone at the surface and the percent difference in ozone between the
simulations SS3ice and the Base run. Monthly average for September 2000.

simulated O3 VMR closer to the measurements. In the simulation these low values persist
during the whole summer season because of the continuous high bromine emissions from sea
ice in the model. A better spatio-temporal representation of the bromine emissions would
certainly lead to a better agreement of the seasonal ozone cycle at these stations and it is a
subject of future research projects.

The differences in the seasonal cycle of the O3 VMR at the South Pole between the
various simulations merit some further analysis. In simulations SSI and SS1ice, the Southern
hemispheric winter ozone recovery from March to July does not take place to the same degree
as in the observations. This is a combined effect of the overestimated bromine emissions from
sea salt over open ocean in winter and of the atmospheric transport. SS3ice shows a better
seasonal cycle compared to the observations. However, the ozone concentrations are again
too low.

The impact on ozone values of the sea ice emissions is regional, as it is observed from
Figure 3.37. In this figure we have the percent ozone difference between simulations SS3ice
and SS2ice for September 2000. From simulation SS2ice to SS3ice the emissions from sea ice
increased 36 times, from 0.5 to 18 Gmol(Br)/yr. This results in very high ozone decreases
between these simulations in the regions with sea ice emissions. This effect decreases rapidly
towards lower latitudes, reaching negligible values around the equator of a maximum of 1%.
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Figure 3.34: Top: vertical tropospheric column density of BrO [molecules/cm?] (left) and
volume mixing ratio [pptv] of BrO at the surface (right). Bottom: volume mixing ratio
[ppbv] of ozone at the surface and the percent difference in ozone between the simulations
SS3ice and the Base run. Monthly average for September 2000.

3.7 Evaluation of NO, and HO,,

The bromine chemistry introduced in MOZART4 has also substantial effects on other species
besides ozone. In Figure 3.38, we show the changes in the HO2/OH and in the Leighton ratio
(NO2/NO) between simulations SS3ice (high bromine emissions in the polar regions) and the
Base run (no bromine chemistry) for the month of September 2000. In Figure 3.39, we show
the sea ice mask used in the model for September, and for the same month the BrO volume
mixing ratio on the surface, which is directly correlated with the catalytic ozone destruction.

We see that the HO2/OH ratio decreases in areas with high values of BrO, except in those
where heterogeneous chemistry on sea ice is most active, that is, where the sea ice fraction
(fice) is 1. Everywhere, HO2 and OH VMR decrease by around 70% compared to the Base
run. Odd hydrogen (OH and HO3) decreases mainly due to the reaction:

BrO+ HOy — HOBr + Oy (3.4)

which is a net loss for these radicals if HOBr is then destroyed by heterogeneous reactions.
The heterogeneous reaction on sea ice
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Figure 3.35: Top: vertical tropospheric column density of BrO [molecules/cm?] (left) and
volume mixing ratio [pptv] of BrO at the surface over the South pole (right). Bottom:
volume mixing ratio [ppbv] of ozone at the surface level and the percent difference in ozone
between the simulations SS3ice and the Base run. Monthly average for September 2000.

HOBr — Bry (3.5)

has a high rate, especially in areas with f;.c.=1. Also, in this reaction the OH remains in
the substrate, and does not return into the atmosphere. This cycle has a positive feedback,
because more production of Bry implies higher atmospheric concentrations of BrO and HOBr.
The latter then reacts on the sea ice, and removes additional quantities of odd hydrogen.

In areas where equation (3.5) is less important, photolysis is the main loss of HOBr, which
returns OH to the atmosphere. Therefore, the HO2/OH concentration ratio decreases in
these areas.

The Leighton ratio shows the opposite tendency between simulations SS3ice and the Base
run. In this case, the determining process is the heterogeneous reaction of BrONOs on sea ice.
In regions where this heterogeneous reaction is more important than photolysis, the Leighton
ratio decreases, because NOs is removed from the atmosphere when BrONQOs reacts on sea
ice. For regions where the photolysis of BrONOs is the main loss, the Leighton ratio increases.
Furthermore, NO,. decreases by more than 60% in regions with high ozone destruction. The
connection between NO, removal by heterogeneous BrONO3y and CIONOy chemistry and Os
destruction was already reported by Pszenny et al. [90].



3.8 Comparison with data composites 111

Surface ozone at Barrow, Alaska Surface ozone at Westman Islands, Iceland
45 50
40 o 45

35 ‘/—\ﬁy{ 40
.
. \ b 35 2
30— A /- ,\’ —+—CMDL E
1 \ // ’ —=—Base Run 30 0
= \ T ‘Y\ /[ g .- sS - s
. ) . L
20 A = = = SSlice ° = - - - -SSlice
\”\\ /-\\—4 j . S5%ice 20 B SS%ice
o ) d '- = = = 5S3ice = = - SS3ice
7.

—e—CHNDL
——Base Run

O3 (ppb)
03 (ppb)

T T T T T T
Jan-00 Apr-00 Jul-00 Now-00 Jan-00 Apr-00 Jul-00 Mov-00
Months Months

Surface ozone at Summit, Greeland Surface Ozone at South Pole
60 35
- N P aiRen

50 30 /
T v—_\/o —e—CMDL / ——CMDL
e

— 407 ot —8—BaseRun| _ 25 —m—EBase Run
2 N \ A s 2 s31
2 et 2 -
3 5 \ "/__ s - -sslice | 3 SN N - - - SS5Tice
30 P e S52ice 201 L 2 S52ice
> B = o LY i
o !\/’ - - - 553ice - L0 2 v - - - 553ice
25 ~—— % .zt -t
kY I F - N Ny
20 — 15 e A
coan A B
o7 .
15 ° > ’
.
10 : : : 10 == . : :
Jan-00 Apr-00 Jul-00 MNow-00 Jan-00 Apr-ao Jul-00 Mow-00
Months Months

Figure 3.36: Ozone monthly averages [ppb] at four stations of the CMDL group in the year
2000, and corresponding values for MOZART4 simulations.

Platt et al. [88], discuss the effects of tropospheric bromine chemistry on the HO2/OH and
the Leighton ratio. They expect a decrease of the HO2/OH and an increase of the NOy/NO.
Wennberg et al. [135] observed such changes in the upper troposphere. In our simulation this
predicted effect occurs in regions where the heterogeneous chemistry is not dominant. This
also holds for the free troposphere (see Figure 3.38).

3.8 Comparison with data composites

We compared the results of simulation G1 and Base run with the data composites of chemical
species provided by Emmons et al., 2000. The first version of the data base is described in [31]
and we use an updated version, in which the observations of the TOPSE, TRACE-P, and
SONEX campaigns are added.

We select the TOPSE campaign for the comparison since it took place in 2000, the year
corresponding to our simulation. TOPSE provided measurements from flights between Col-
orado (USA) and Greenland. To investigate the impacts in the tropical region we adopted
the observations made during the PEM-Tropics A campaign, which is generally characterised
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Figure 3.37: Percent ozone difference between simulations SS3ice and SSZ2ice in September

2000. Clockwise we have the horizontal distribution, the zonal average, and a zonal slice at
180°

by climatological airflow patterns [31]. PEM-Tropics B is a follow-up of PEM-Tropics A,
which showed similar results in the comparison. However, it might have taken place under
special atmospheric conditions [95]. The SONEX campaign took place in the North Atlantic
in 1997. We do not show the comparison, because in most cases the measurements are in
the upper troposphere/lower stratosphere, while most of the effects we are investigating are
below this altitude. Three campaigns, whose data were available, took place in East Asia.
However, normally they are designed to study the Asian outflow. It would be advantageous
for us to have a campaign with airflow mainly from the ocean. That is the case for PEM-West
A, however it seems that the circulation patterns during this campaign were considered to
be not representative of climatological values [31]. Moreover, this campaign is rather old (it
took place in 1991), therefore it is expectable that the emissions prescribed in the model are
not appropriate.

In simulation G1I the only bromine source are halocarbons (VSLS+CHBr3). However,
generally speaking, the comparison with TOPSE observations shows that the inclusion of the
bromine chemistry into MOZART4 improves the performance of the model with respect to
several ozone precursors. For the TOPSE campaign, we show the VMR profiles of several
species at three locations (Figure 3.40 to 3.43): Thule in Greenland as an Arctic station,
Boulder (USA) a continental station in the midlatitudes, and Churchill at the Hudson Bay
in the higher midlatitudes, for February and May.

In particular, we observe that the species associated with the oxidation capacity of the
atmosphere (CH300H, PAN, H202) sometimes have calculated VMR which considerably
exceed the measured ones in the Base run, e.g., 80% for CH3OOH at Churchill in May, 130%
at Thule in February, and 160% for HyO9 at Boulder in February. These overpredictions are
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Figure 3.39: Sea ice fraction in MOZART4 [0 to 1] and the distribution of BrO VMR [pptv]
in simulation SS3ice at the surface for September 2000.

reduced to 40%, 70%, and 8% in the aforementioned cases in the simulations with bromine
chemistry and bromine emissions from VSLS (G1I). Species which become oxidized in the
atmosphere are normally underpredicted in the Base run, in particular ethane, propane and

CO. Ethane and CO VMR are 50% too low at Thule in May.

This underprediction is

reduced to almost zero and roughly 20% by the inclusion of the bromine chemistry although
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deficiencies in the form of the profiles remain. At some locations, the Base run provides too
low VMR for PAN (by 50% at Churchill in May) or too high formaldehyde VMR (by 50%
at Thule in May). These deviations are reduced to almost zero by the inclusion of bromine
chemistry in the model.

PEM-Tropics A provides measurements near several Pacific islands, where halocarbon
emissions are stronger. In Figures 3.44 and 3.45, we show the VMR profiles for the PEM-
Tropics A campaign. The measurements were performed from August-September 1996. We
selected the profiles at the Easter Island, Fiji, and Hawaii, which are all three islands in the
Pacific Ocean.

We observe that when bromine chemistry influences the concentration of other chemical
species, they usually improve the performance of the model. That is the case for CoHg and
CO at all three locations, CsHg at Fiji and especially Hawaii, and for PAN in the upper
troposphere, at Easter Island and Fiji. The percentage differences between the results of
the simulation G1 and the Base run are lower than for TOPSE, but still important. Maybe
the effects observed are lower, because the measurements were performed in 1996 and the
simulations were done for 2000.

We conclude that VSLS have a substantial effect on several precursors of ozone and on
the oxidising capacity of the troposphere, even if their impact on ozone itself is limited (less
than 6% compared with the Base run).

When comparing the measurements with the other simulations, we observe that the in-
troduction of heterogeneous chemistry on sulphate (simulation SI) results in slight effects,
mainly observable in the TOPSE campaign. The highest effects are on HoOg (17% in April),
C3Hg (14% in summer), and CH3OOH (4% in April)3. However, the inclusion of sulphate
chemistry leads usually to a worse agreement with the observations. When the sea ice emis-
sions are introduced the tendency between G1 and S1 is reversed.

The introduction of sea salt emissions does not produce any observable effect on the
chemical species analysed. The introduction of sea ice emissions produces strong effects in
the boundary layer for PAN and CH50O, with decreases up to 70% compared with G1. Also
ozone is affected by a 120% decrease (relative to the measurement) down to a VMR close to
zero), which represents a substantial improvement with respect to measurements. The effect
increases from the beginning of the campaign in February to the end in May. This matches
well with the fact that February is the beginning of the polar day period in the Northern
hemisphere and consequently the beginning of the emissions from sea ice, while we can see
the cumulative effect of three months of continued emissions on the chemistry in May.

We note that an important impact on ozone is only observed when very high emissions
exist, like the ones from sea ice. This impact is regional as are the emissions. However, VSLS
has an important global impact on the oxidation capacity of the troposphere, which has the
tendency to decrease when the bromine chemistry is included.

3The difference is between simulation SI and G1, but normed by the observed volume mixing ratio, so that
the percentage is a relative difference with respect to the observation.
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Figure 3.40: Comparison of methyl hydroperoxide (six upper panels) and formaldehyde (six
lower panels) VMR profiles for the simulation GI (red) and the Base run (blue) with mea-
surements from the TOPSE campaign (black). We present the profiles obtained at Boulder
(left), Churchill (middle), and Thule (right) for the months of February and May. Boxes and
whiskers indicate the central 50% and 90% of the observations, the vertical bar representing
the median, the star indicating the mean. The dotted lines represent the standard deviation

in time for the simulations.
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Figure 3.41: Comparison of ethane (six upper panels) and propane (six lower panels) VMR
profiles for the simulation GI (red) and the Base run (blue) with measurements from the
TOPSE campaign (black). We present the profiles obtained at Boulder (left), Churchill
(middle), and Thule (right) for the months of February and May. For further explanations,
see Fig. 3.40.
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Figure 3.42: Comparison of carbon monoxide (six upper panels) and PAN (six lower panels)
VMR profiles for the simulation GI (red) and the Base run (blue) with measurements from
the TOPSE campaign (black). We present the profiles obtained at Boulder (left), Churchill
(middle), and Thule (right) for the months of February and May. For further explanations,
see Fig. 3.40.
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Figure 3.43: Comparison of HoO9 (six upper panels) and SOz (six lower panels) VMR profiles
for the simulation G1 (red) and the Base run (blue) with measurements from the TOPSE
campaign (black). We present the profiles obtained at Boulder (left), Churchill (middle), and
Thule (right) for the months of February and May. For further explanations, see Fig. 3.40.
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Figure 3.44: Comparison of (from top to bottom) methyl hydroperoxide, formaldeyde, ethane,
and propane VMR profiles for the simulation G1 (red) and the Base run (blue) with mea-
surements from the PEM-Tropics A campaign (black), with the exception of formaldeyde,
where we only have data from PEM-Tropics B. We present the profiles obtained at Easter
Island (left), Fiji (middle), and Hawaii (right). For further explanations, see Fig. 3.40.
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Chapter 4

Summary

The aim of this work was to describe the global impact of halogenated species on tropospheric
ozone (O3). Halogenated species are the focus of this study, because they are involved
in the ozone destruction in the atmosphere. Despite the relatively small concentration of
halogenated species in the atmosphere, their ozone destruction potential is high, because
of the catalytic mechanism of ozone depletion that regenerates halogenated species making
them available for further reactions with ozone.

Numerical models that simulate tropospheric ozone show important discrepancies with
observations. It has been postulated that one of the reasons for these discrepancies is the
absence of halogen chemistry in those models [67, 128, 138, 97].

The halogens chlorine (Cl), bromine (Br), and iodine (I) are potentially important for the
ozone depletion in the troposphere. In our study, we decided to focus on bromine chemistry,
because it has an efficiency for ozone depletion in the troposphere, which is 40% higher than
that of chlorine, and compared to iodine the global sources of bromine are considerably larger.
Therefore, the global impact of this compound is expected to be higher.

The most important sources of bromine in the troposphere are bromocarbons, sea salt
aerosols, and frost flowers. Bromocarbons are important contributors to the bromine burden
in the troposphere. They are mainly produced in the oceans, in locations with high primary
biological productivity. Bromine production from sea salt is, obviously, limited to the ocean.
Moreover, due to its fast removal by sedimentation and wet scavenging, its impact is limited
to the marine boundary layer. Frost flowers are ice crystals formed from sea water, that
grow over young sea ice, on frozen leads and polynyas. They usually last some days, and
are a very important source of bromine in the polar atmosphere, because of their very high
content in bromide. This global study has the advantage to allow the assessment of the
relative importance of the various sources. From our work, we found that the bromine
sources are the highest in the polar regions. Their effect on ozone is regional. The emissions
from bromocarbons have an important effect on other chemical species, ozone precursors,
PAN, Hs0s, etc., with a much wider geographical influence. Furthermore, the bromine of
organic origin is an initiator of inorganic bromine emissions. Sea salt bromine emissions
have very small effects on the tropospheric composition in our simulations. However, sea salt
emissions are probably too low in our simulations. All the sources are essential to explain
the tropospheric background BrO concentrations of 1-2 ppt derived from observations [49,
74, 103]. The inclusion of the bromine chemistry in MOZART4 improved clearly its ability
to produce realistic distributions of several chemical compounds.

To address the aim of this work, we use the three-dimensional global chemistry trans-
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port model MOZART4 designed to simulate tropospheric ozone and its precursors. We had
to develop a new version of MOZART4 that is expanded by bromine chemistry comprising
photolysis, gas-phase reactions, and reactions on aerosol surfaces of sulphate, NH4NOj3, or-
ganic carbon, and sea salt. Dry and wet deposition are also included. In terms of emissions,
maps with the oceanic emissions of very short lived species (VSLS) of bromocarbons were
developed and inserted in the list of files read by the model during a simulation. Inorganic
bromine emissions are calculated interactively as far as possible. A first approach was made
to parameterise the emissions from sea salt and sea ice resulting from heterogeneous reac-
tions of the gas-phase species BrONOs and HOBr on the surface substrates, which lead to
the production of Bre and BrCl. The yield of these two products depends on the pH of the
reaction site. A calculation of the pH is difficult, but the implementation is such that it is
possible to introduce a geographically varying yield. Each single process was evaluated as
described in chapter 2 of this document.

The expanded version of MOZART4 is stable and can be used for long term runs. We
performed 2.5 year simulations and used one year for the analysis, because bromine chemistry
is a fast process. In the T42 resolution, a simulation of one year was normally executed in
one real day on the bluevista machine! at NCAR.

In the following table, we summarise the simulations performed with MOZART4, the
results of which are analysed in this study.

Simulation Description

Base run the standard MOZART4, without bromine chemistry.

G1 Bromine chemistry, including the gas phase and photolysis reactions.
Emissions from short-lived halocarbons.

S1 G1 + heterogeneous chemistry on sulphate and other background par-
ticles.

SS1 S1 + heterogeneous chemistry on sea salt over open ocean (no limitation
of pH).

SSlice SS1 + parameterised emissions from sea ice in the polar regions (proxy
for all sea salt sources in those regions including frost flowers).

SS2ice SSlice + heterogeneous reactions on sea salt over open ocean with pH
limitation.

SS3ice SS2ice + heterogeneous reaction rates on sea ice 100 x higher than in
SS2ice.

The simulations showed that the bromine production from the VSLS (7.3 Gmol (Br)/yr)
results in BrO vertical tropospheric column density (VTCD) in the order of 10
molecules/cm? at the equatorial region. Further away, the concentrations are lower, resulting
in a global tropospheric mean mixing ratio of 10 2pptv of BrO. This translates into ozone
changes up to 6% (relative to a simulation without bromine chemistry).

The introduction of the production of bromine from airborne sea salt increases the BrO
VTCD up to the order of 10'® molecules/cm?. Such values have been observed in the tro-
posphere using the DOAS technique. However, these high calculated values are located in
a belt around 58°S, which is not consistent with the observations. Instead, the BrO VTCD
of 1013 molecules/cm? detected by satellites are located in the polar regions. In simulations

!Bluevista is a supercomputer with an IBM clustered Symmetric MultiProcessing system based on the
POWERS5 processor.
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SS1 and SSlice (see table before), we assumed that the sea salt particles are slightly acid all
over the globe, even in the clean Southern hemisphere, where less acidifying agents occur.
The acid pH means that the bromide in the aqueous phase is available for oxidation and
forms bromine species that will be released from the particle into the gas phase. In simu-
lation SS2ice, we assumed that the particles maintained their original pH in the Southern
hemisphere and changed the reaction yields accordingly. The high values in the 58°S belt
decreased to values in the order of 102 molecules/cm?. The change in this sensitivity simu-
lation is probably too drastic. However, we would need to know the exact pH of the particles
to improve the parameterisation of bromine emission from sea salt over the open ocean.

In order to capture the highest BrO VTCD in the polar regions as shown in the satellite
retrievals, we implemented a parameterization of bromine emission from sea ice in the polar
regions. It was intended as a proxy for all sea salt sources in those regions: sea salt deposited
on the snowpack or included in it and sea ice, including frost flowers. We used the original
sea ice distribution of MOZART4 in the simulations. SSlice, as already mentioned, shows
too high emissions from the sea salt over open ocean, which results in wrong BrO VTCD
distribution globally. Simulation SSZ2ice results are generally 10 times lower than the satellite
retrievals in the regions where a comparison is possible. In simulation SS3ice, we increased
the production rates of bromine from sea ice 100 times compared to SS2ice. The results
showed a distribution of BrO VTCD that resembles GOME retrievals and the highest values
are in the order of 10'® molecules/cm?. In the set of simulations performed for this work,
we think that simulation SS3ice has the results that are closest to the observed reality. To
improve the performance of the model, we need more ground-based measurements.

In simulation SS3ice, the impact on ozone in the regions with BrO VTCDs of 103
molecules/cm? was a decrease in VMRS relatively to the Base run in the range of 40-100%.
Thus, we would expect that over the polar regions where the satellites ”detect” the high
VTCD, the ozone loss would be of the same magnitude.

The total amount of bromine produced from sea salt over the open ocean in each simula-
tion differed extremely. In simulation SSI, the emission was 5 Gmol (Br)/yr. In simulation
SSlice, in which we added the sea ice bromine production to SS1, the emissions rose to
8.4 Gmol (Br)/yr. This is because the added source results in a higher atmospheric concen-
tration of HOBr and BrONOy and, therefore, a higher production of bromine on airborne
sea salt. In simulation SS2ice, the production of bromine from sea salt is curtailed in the
Southern hemisphere, resulting in an emission of 1.3 Gmol Br/yr. Interestingly, the decrease
from SSlice to SS2ice is extreme due to feedback processes and shows the sensitivity of the
emissions to pH and correspondingly to the yield of the heterogeneous reactions. In SS3ice
the emission from sea salt doubled compared to SS2ice due to the increase of the emission
from sea ice. The emissions from sea ice in the polar regions in simulations SS1ice and SS2ice
are 0.8 Gmol (Br)/yr and 0.5 Gmol (Br)/yr, respectively. These values are found to be too
low, because the resulting BrO VTCD did not have their maxima in the polar regions, as is
observed in the satellite retrievals. In simulation SS3ice the emission was 18 Gmol (Br)/yr
and the resulting BrO VTCD in the polar regions is satisfactory. However, the comparison of
our model results with Schofield et al. [110] ground-based measurements in Antarctica indi-
cates that the results of BrO VTCD from SS2ice are characteristic of background conditions,
while the BrO VTCD from simulation SS3ice are between values characteristic of background
and ”bromine explosion” conditions.

Our simple parameterisation of bromine emissions from sea ice depends only on the light
conditions. This means that there is a continuous emission of bromine from sea ice, with,
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consequently, a too high impact on ozone. To better understand the impact of bromine
chemistry on ozone chemistry, it is necessary to better represent the spatio-temporal variation
of the emissions. Consequently, the insertion of frost flowers and their dependence on physical
variables as temperature in water, would improve our analysis and understanding.

The losses of bromine species over snow/ice are believed to be too low, as highlighted
by the high HBr volume mixing ratios and, consequently, the values of Br, (total inorganic
bromine) in the polar regions. Fortunately, in the bromine chemistry scheme, the bromine
in HBr is actually lost for the atmospheric bromine chemistry, because the conversion rate
of HBr to other forms of bromine is low. The literature does not provide much information
on parameters for the dry deposition and wet deposition of bromine compounds on snow and
ice surfaces. Thus, we need laboratory experiments that determine dry and wet deposition
parameters of bromine species.
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Chapter 5

Outlook

Concerning the field of bromine chemistry in the troposphere, the most exciting challenge at
the moment is to define the location and timing of bromine emissions in the polar regions.
Interactions between the scientists in the field and in the laboratories, and atmospheric
modellers and satellite specialists are required to make significant progress. The contribution
of the global modeller is to investigate the global effects and explain observations.

It is quite certain that most of the bromine in the troposphere is emitted in the polar
regions. In our study, we determined that the polar fraction of the tropospheric bromine
emissions is roughly 65%. Thus, it is very important to improve the accuracy of polar emis-
sions in global models. Moreover, model simulations have to be tested against observations.
At the moment, the satellite retrievals from GOME allowed an approximative analysis of the
relative emission fluxes of bromine from the different sources, which are important for the
troposphere. The next step must be a comparison of the model simulations against ground-
based measurements. The observations that exist show that bromine sources are very variable
in space and time. Therefore, the comparisons of the model results with ground-based mea-
surements can lead to a better description of the spatio-temporal variablility of the emissions.
The translation of the results of such an intercomparison into a detailed knowledge of emis-
sions is a non-trivial task and will involve regional models, e.g. the frost flower detection
model of Kaleschke and co-workers [61]. These authors constructed a one dimensional ther-
modynamic model that defines the regions potentially covered with frost flowers, using as
input parameters the ice concentration and the surface air temperature. Their predictions
and the regions with observed BrO enhancements are in good agreement. The snowpack is
also a source of bromine!. The surface area of snow in the snowpack is very large. However,
Rankin and colleagues [94] argue that the concentration of bromide in snow is small (they
calculated a value of 3.29 ng/g, while the value for frost flowers measured by them is 5x10%
times higher). Thus, the focus on frost flowers in the next development steps seems to be
more promising.

In our study, we concluded that the losses of bromine species in the polar regions derived
in the model are too low. The dry deposition velocities on ice/snow are of the magnitude
of 1073 cm/s. The values are calculated interactively in the model MOZART4. Based on
the literature it is not possible to determine accurate values of dry deposition velocities on
ice/snow. There may also be inaccuracies in the wet deposition, particularly in the polar
regions, in which the wet deposition scheme is used to account for the scavenging of bromine
species by snow and ice. For a further improvement of the simulations of these processes,

!The snowpack incorporates salt, by deposition or by wicking brine [57].
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we need laboratory studies that determine dry and wet deposition parameters of bromine
species.

The bromine emission from the inorganic sources, salt and ice, is dependent on complex
aqueous chemistry. Probably, it is not necessary to include these in detail into a global
model like MOZART4. However, it is essential to have a better parameterisation of the
conditions on the substrates that determine the efficiency of bromine emission. This is the
case for the acidity of a particle [107]. The comparison between model results and ground-
based measurements hints to too low bromine emissions from sea salt in the model. Another
evidence of the inaccuracy in the emissions from sea salt are the results reported in a very
recent article of Read et al. [97]. They performed measurements of several chemical species
such as ozone, its precursors, BrO, 10, etc., and of dynamical variables, like wind speed, at
Cape Verde archipelago (17°N, 25°W) in the Atlantic Ocean, from October 2006 to October
2007. Their BrO measurements were around 2 pptv all the year long. The results from the
MOZART4 simulations SS1 and SSlice, which have the highest bromine emissions from sea
salt over open ocean in our study, were 100 times lower at the gridbox where Cape Verde
is located. Read et al. argue that the site where the ground-based measurements were
performed is representative of the surrounding open ocean marine boundary layer. Under
the conditions of our model, this location is representative of open ocean conditions near the
Equator?. In MOZARTA4, this region is characterised by low sea salt aerosol production as
expected in these low latitudes with low wind speed.

The bromine production from sea salt is less well established than the production from
very short-lived species. The atmospheric concentrations of the latter to measurements and
their chemical degradation are less uncertain than the bromine flux from sea salt particles. If
the pH in the sea salt particle is not considered, the estimated direct bromine production is
77.5 Gmol(Br)/yr [107]. Yang et al.[138] obtained a flux of 14/26 Gmol(Br)/yr. We obtained
a maximum of 8.4 Gmol(Br)/yr in simulation SSlice. Thus, there is much space for im-
provement. However, this can only be accomplished with more ground-based measurements.
At lower latitudes, we especially need long-term measurements, in order to establish the
background concentration with higher accuracy. The work of Read and co-workers and the
prospective results from the OASIS campaign® are a valuable source of information that will
allow a substantial improvement of the knowledge of bromine emissions into the troposphere.

2We increased 15 times the emissions of VSLS within 18°N-18°S compared to higher latitudes, because the
observations show an equatorial enhancement in VSLS concentrations (see chapter 2.3).

3Plan of the OASIS campaign at http://www.oasishome.net/oasis[underscore]science.php. Last accessed
July 22, 2008.
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Appendix A

Additional Chemistry in

MOZART4

Table A.1: Halogenated species and processes in which they interact

Species Wet Dry Surf Fix lower Heterog ~ Photolysis
deposition  deposition  emissions bound conds reactions
Halocarbons
Short-lived
CH3Br no no no yes no yes
CHBrj3 no no yes no no yes
CH:Bro no no yes no no yes
CH,BrCl no no yes no no yes
CHBr,Cl no no yes no no yes
CHBrCly no no yes no no yes
Inorganic bromine
Br no no no no no no
BrO no no no no no yes
HBr yes yes no no no no
HOBr yes yes no no yes yes
BrONO, no no no no yes yes
Bro no no no no yes! yes
BrCl no no no no yes! yes
Inorganic chlorine

Cl no no no no no no
01(0) no no no no no no
HCI yes yes no no no yes
HOCI1 yes yes no no no yes
CIONO9 no no no no no yes
Cl, no no no no no yes
OClO no no no no no yes
Cl504 no no no no no yes

las a product
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Table A.2: Gaseous reactions

Arrhenius A-factor Temperature dependence

A —-E/T
CH;3Br + OH — Br + H,O + HO, 2.35 x 10712 -1300.
CHBr3 + OH — 3*Br + H,0 1.35 x 1012 -600.
CH,Brs + OH — 2*Br 2.0 x 10712 -840.
CH,BrCl 4+ OH — Br + Cl 2.4 x 10712 -920.
CHBr,Cl + OH — 2*Br + Cl 2.4 x 10712 -920.
CHBrCl, + OH — Br + 2*Cl 2.4 x 10712 -920.
Br + O3 — BrO + O, 1.70 x 10~ -800.
Br + HO; — HBr + O, 4.80 x 10712 -310.
Br + CH,O — HBr + HO, + CO 1.70 x 10~ 1 -800.
Br + NO3 — BrO + NO, 1.6 x 10~
Br + OH — HOBr 42 x 1071
Br + CH3;CHO — CH3CO;3 + HBr 1.30 x 10~ -360.
BrO + O — Br + O, 1.90 x 10~ 230.
BrO + OH — Br + HO, 1.7 x 10711 250.
BrO + HO; — HOBr + O, 4.5 x 10712 460.
BrO + NO — Br + NO, 8.80 x 1012 260.
BrO 4+ NO; + M — BrONOy + M 5.2 x 10731 3.2,6.9 x 10712,2.9, .6
BrO + ClO — Br + OCIO 9.50 x 10713 550.
BrO + ClO — Br + Cl + O, 2.30 x 10712 260.
BrO + ClIO — BrCl + O, 4.10 x 10713 290.
BrO + BrO — 2*Br + O, 1.5 x 10712 230.
BrO + CH302 — Br + CH,0 + HO, 1.6 x 10712
BrO + CH3045 — HOBr + CH,0 4.10 x 10712
BrO + CH3CO3 — Br + CH30, 1.7 x 1012
HBr + OH — Br + H, 5.5 x 10712 200.
HBr + O — OH + Br 5.8 x 10712 -1500.
HOBr + O — OH + BrO 1.2 x 10710 -430.
Br, + OH — HOBr + Br 2.1 x 1071 240.
BrONO; + O — BrO + NOj 1.91 x 10~ 215.
BrONO, + Br — Br2 + NO; 1.78 x 10~ 365.
BrONO, + Cl — BrCl + NO; 6.28 x 10711 215.
Cl + O3 — CIO + Oq 2.30 x 10~ 11 -200.
Cl+H, - HCl+H 3.70 x 10711 -2300.
Cl + H,O5 — HCI1 + HO» 1.10 x 10~ -980.
Cl + HO5 — HCI + Oq 1.80 x 10~ +170.
Cl + HO; — OH + CIO 4.10 x 10711 -450.
Cl + CH,O — HCI + HO5 + CO 8.10 x 10~ 11 -30.
Cl + CH4 — CH30, + HCI 9.60 x 1012 -1360.
ClO + 0 — Cl + O, 3.00 x 10711 +70.
ClO + OH — Cl + HO, 7.40 x 1012 +270.
ClO + OH — HCIl + O, 6.0 x 10713 230
ClO + HO3 — O + HOC1 2.7 x 10712 +220.
ClO + NO — NO, + ClI 6.40 x 1012 +290.
ClO + NOy + M — CIONO, + M 1.8 x 10731 3.4,1.5 x 107, 1.9, 0.6
ClO + CIO — 2*Cl + O, 3.00 x 10711 -2450.
ClO + CIO — Cly + O, 1.00 x 10~12 -1590.
ClO + CIO — C1 + OCIO 3.50 x 10713 -1370.

table continued on next page
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Table A.2: Gaseous reactions — continued

ClO + CIO + M — CLO, + M 1.6 x 10732 4.52.0 x 10712,2.4,0.6
ClbO3 + M — 2*C10 + M

HCl + OH — H50 + Cl 2.60 x 10712 -350.
HCl + O — Cl + OH 1.00 x 10~11 -3300.
HOCI + O — CIO + OH 1.70 x 10713

HOCI + Cl — HCI + CIO 2.50 x 10712 -130.
HOCI + OH — H,0 + CIO 3.00 x 10712 -500.
CIONOy + O — ClO + NOj3 2.90 x 10712 -800.
CIONO; + OH — HOCI + NOj4 6.5 x 10712 -135.
CIONOy + Cl — Cly + NOg 6.50 x 10712 135.
Cl, + OH — HOCI + Cl 1.4 x 10712 -900.

Table A.3: Photolysis reactions

CH3BI‘ + hv — Br + CH302
CHBr3; + hv — 3*Br
CH5Bry + hv — 2*Br
CHyBrCl + hvy — Br + CI
CHBr,Cl + hv — 2*Br + CI
CHBrCly; + hv — Br + 2*Cl
BrO + hv — Br + O

HOBr + hv — Br + OH
BI‘ONOQ + hy — Br + N03
BI‘ONOQ + hr — BrO + NOQ
Bry + hy — 2*Br

BrCl + hy — Br + Cl
HCl+hyr - H+ Cl

HOCI + hv — OH + CI
CIONO3 + hry — CI + NO3
CIONO3 + hv — CIO + NOo
Cly + hv — 2*Cl

OCIO + hv — O + ClO
Cly05 + hy — 2*Cl
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Table A.4: Heterogeneous reactions

BI‘ONOQ( )
+ HNOs(g)
BrONOs(g) + H2O.(NH4NO3 or organic carbon) I'= 0.032

— HOBr(g) + HNO3(g)

HOBr(g) + HoSO4.HCl(wet particle) — BrCl(g) I' = f(yn,s0.4, T, P, YHCI, YHOBr, YH,0, &)
+ H5S04.HoO(particle)

HOBr(g) + HoSO,4.HBr(wet particle) — Bra(g) + I' = f(ym,s0,, T, P, YUBr, YHOBrs YH,0, &)
HyS04.HoO(particle)

BrONOy(g) + deliquescent sea salt — ny I'=0.02

Bra(g) + ne BrCl(g)

HOBr(g) + deliquescent sea salt — n3 Bra(g) I'=0.1

+ nq4 BrCl(g)

+ H5S04.HyO(particle) — HOBr(g) I' = f(ym,s0,)

ys - weight percent of species s
a - radius of the particle
n1,N9,N3,Mn4 - yields
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Appendix B

The Atmospheric Chemistry of
Bromoform

The atmospheric removal of bromoform is dominated by photolysis (lifetime 36 days) and by reaction
with OH (lifetime 100 days). Both lead to an estimate for the local lifetime of 26 days [85]. The
photolysis leads to the direct elimination of a halogen atom and the formation of a formyl halide:

CHBr3 + hv — CHBry + Br (B.1)

According to several studies, the quantum yield of reaction (B.1) is near unity (personnal com-
munication from John Orlando). The CHBr» has sufficient internal energy to undergo a subsequent
dissociation with two possible pathways: the production of CHBr 4+ Br or of CBr + HBr [77] with
quantum yields of 0.3 and 0.4, respectively. HBr is very soluble and rapidly removed from the gas
into the aqueous phase.

The reaction with OH is followed by several steps (Figure B.1), and in sunlit oceanic conditions will
promptly release the 3 Br atoms. The rate of the reaction of CHBrs with OH is 1.8 x 10713 cm?3s™!
at standard conditions [6], yielding the tribromomethyl radical (CBr3), which rapidly reacts with Og
to form the tribromomethyl peroxy radical (CBrzOs). The reaction of CBrzOs with NO results in an
activated peroxy nitrite molecule (CBrsOONO*). In a low NO environment the reaction with HOq
will be more important forming the molecule CBrsOOH and subsequently the CBrsO radical, due to
the weakness of the O-O bond. CBr30 rapidly degrades into CBroO, which also has an ephemerous
atmospheric lifetime. CBryO releases the remaining 2 Br atoms after an initial photolysis step [76].
CBr20 may also react with water vapour in an endothermic reaction which leads to a net formation
of 2HBr + CO4 [37].

HO:2 OH
CBr:QCH
Q2

CcO
CBr:O *
CHBrs OH_ CBrs O 130z NO_ CBrsOQONO CBr:Q CBr:0 hv M<A
Hz0 NO:2 Br Br o

Figure B.1: Schematic oxidation path for bromoform till it releases all its bromine atoms.
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