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Abstract. Measurements of £and BrO concentrations over regions and were first observed Burrie et al.(1988. Sev-

the Dead Sea indicate that Ozone Depletion Events (ODEskral years agblebestreit et al(1999 detected a similar oc-
widely known to happen in polar regions, are also occuringcurrence at the Dead Sea, Isrddkbestreit et al(1999 re-

over the Dead Sea due to the very high bromine content of thgort maximum BrO mixing ratios of 86 pmol/mol, exceeding
Dead Sea water. However, we show that BrO andeédels  even mixing ratios in the Arctic regions. sQevels dropped

as they are detected cannot solely be explained by high Br simultaneously below the detection limit of 2 nmol/mol.
levels in the Dead Sea water and the release of gas phaséhose first measurements were taken on a peninsula sepa-
halogen species out of sea borne aerosol particles and theiating the northern and southern part of the Dead Sea. On
conversion to reactive halogen species. It is likely that otherall measurement days with southerly wirtdsbestreit et al.
sources for reactive halogen compounds are needed to €X1999 could observe a strong increase in BrO mixing ratios
plain the observed concentrations for BrO angl Jo ex- until noon. However, no BrO was found when the wind di-
plain the chemical mechanism taking place over the Deadection was northerlyMatveev et al(2001) made BrO and
Sea leading to BrO levels of several pmol/mol we used theO3 measurements at the same sitédabestreit et al(1999
one-dimensional model MISTRA which calculates micro- and obtained similar results regarding the high BrO mix-
physics, meteorology, gas and aerosol phase chemistry. Wag ratios but with a maximum of 176 pmol/mol and corre-
performed pseudo Lagrangian studies by letting the modelated G depletion events when surface winds were southerly.
column first move over the desert which surrounds the DeadHowever, in contrast to the first mentioned measurement
Sea region and then let it move over the Dead Sea itselfcampaign they could also detect high BrO levels when the
To include an additional source for gas phase halogen comwind direction was from North to South, even though under
pounds, gas exchange between the Dead Sea water and ttiese conditions no ©depletion could be observed. Dur-
atmosphere is treated explicitly. Model calculations indicateing two long term measurement campaigns, Wias moni-
that this process has to be included to explain the measurdered for more than one year at three sites (South, mid-West,
ments. North; additionally at a site 400 mabove sea level on sev-
eral days).Tas et al(2003 andTas et al(2005 report high
levels of BrO and low levels of ©on numerous days at all
measurement sites, in summer time as well as in winter time.
However, aircraft measurementddtveev et al.2001) show

Tropospheric ozone depletion events related to highly activd!0W Strongly variable the horizontal extent of the ODEs are.

bromine chemistry are widely known to take place in polar A first very simple boxmodel study bgtutz et al(1999
indicated that the formation of 0.5 nmol/mol BrO, which is

) about 3 times the absolute maximum measured BrO mixing
Correspondence td-. Smoydzin ratio, would be required to destroy an average background
BY (smoydzin@mpch-mainz.mpg.de) level of about 60 nmol/mol @within 2—3 h. A recent model
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study byTas et al.(2006 tries to explain the high bromine Sea Salt Aerosol =
levels observed at the Dead Sea by using a model setup in- source for gas phase
cluding only the source for gas phase bromine by the release
of bromine species from sea salt aerosols which are emitted
from the Dead Sea water. They suggest that sea salt aerosols
are the predominant source of bromine for the atmosphere
above the Dead Sea.

Besides the Dead Sea two other salt lakes have turned out
to be regions of highly active halogen chemistry in the mid-
latitudes. Stutz et al (2002 could detect BrO mixing ratios
of up to 6 pmol/mol at the Great Salt Lake, USA. The au-
thors find a decrease insOnixing ratios simultaneously to
the daily BrO peak period, however, the decrease is far lower
than for the Dead Sea. Furthermorinninger et al(2004 Direct degassing

i . f bromi i
found up to 20 pmol/mol BrO correlated withs@lepletion Zut ;?"5'22;223""5

events at the Salar de Uyuni in Bolivia. water
— " HY -
2 Motivation Br Wt - . H y*Bry/ seasalterosols
vt 2 Br ClI .+ - generated by
Br H Br bubble bursting

Our main scientific objective of this paper is to find an expla-
nation for the measurements taken along the Dead Sea based o . _ . o
on a reasonable chemistry mechanism and to reproduce tHfdg. 1. Simplified overview of the interacting chemistry in the wa-
general features observed at the Dead Sea with a numericH" the gas phase and aerosol particles.

model.

In genfaral the mqst important source for gas phase halogeg slow mass transfer between the aerosol and the gas phase.
species in the marine troposphere are sea salt aerosols. %us only a very limited amount of BrCl or Bcan be re-

Z(r):?o?ri:; %ophc:ggils(‘)or;sa?&e d':rgi irt]gl:ﬁg’ 2;CI and E(” leased out of particles as the total halogen cycling should be
! gas | gas pheg weak. Even though freshly emitted sea salt aerosols are deli-

etal, 1996 von Glasow and Crutze2007). Gas phase BrCl o . . .
. . quescent, it is very likely that these particles dry out quickly.
and B, are rapidly photolysed during the day and form Br Furthermore, the analysis of filterable chlorine and

which can react which @and produce BrO. Bromine oxide bromine from aerosol samples presentedvistveev et al.

g?:n:ﬁﬁgt;zir;hg ' tlaelfl:r']ng t% thtigg):rlé)(;té?r\]/vﬁ];rHeoiF trék'_ezpoa'ﬁZOO]) suggests that a bromine source in addition to aerosols
. : P by . Pl heeded in order to explain the observations made along
in the acid catalysed reactions forming BrCl and.Bn ad-

. . . the Dead Sea. As the production of BrCl and, Bn the
d|t|o'n,' Bro can react with N@and prqduce BrON@which aerosol is pH dependant and the exchange process between
participates in heterogeneous reactions on aerosol surfac

also starting the recveling of aas phase species in the a gﬁe aerosol and the gas phase depends on the solubility of the
S0 starting °Cycling of gas phase Species | aqu species as well as their gas phase and aqueous phase concen-
ous phase (see Fid). It has been suggested several times

that due to the very high bromide content and low pH of thetratlons, BrCl and Br can only degas directly out of acidified

. . aerosols but not out of open ocean water with an average pH
Dead Sea water and thus of emitted sea salt aerosol partlcle§ about 8. However, the pH of Dead Sea water is much

the above explained process leads to extraordinary high Brcﬁ

o . ower, leading to larger BrCl and Biproduction rates in the
mixing ratios and the related ODES$a(s et al. 2003 2005 . water. This indicates that beside sea salt aerosols the Dead

20_?_?] T".Voa very %eneraltrﬁ) ogts Zpgak gga]:tnst fgﬁbhyﬁOths'SSea water itself can be a direct source for gas phase bromine
(i) The wind speed over the Dead Seaiis often estrel species. In order to investigate this aspect we included the

et al. (1999 and Matyeev et aI.(ZOQ]) report wmds_peeds air-sea exchange of bromine species explicitly in a humeri-
of 5m/s and respectively 3m/s which were prevailing dur- cal model

ing their measurement campaigns where high levels of BrO

were observed. Consequently the number of sea salt aerosol

particles that are released from the Dead Sea is low. (i) AS3 Background information about the Dead Sea

the relative humidity along the Dead Sea valley is often very

low (e.g.Alpert et al, 1997, and references therein), aerosol The Dead Sea extends 75 km from North to South and 15 km
phase chemistry is likely to be of minor importance. A low from East to West. On the East as well as the West shore it is
aerosol liquid water content which consequently has to be thélanked by mountains exceeding 1000 m altitude. The south-
case if ambient relative humidity is extremely low, leads to ern part of the Dead Sea, the so-called evaporation ponds, are
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separated from the northern part by a peninsula. These veriyn Fig. 1. To describe the fluxes of gases across the air-sea in-
shallow basins are fed with water from the northern part ofterface a two-layer model as first presented.lsg and Slater
the lake by a channel. The water of the Dead Sea has a ver{i974) is used. The implementation of the air-sea exchange
high salinity and acidity compared to ocean water with pH mechanism into MISTRA follows the work done [Rozzer
values in the order of 5 (southern part) to 6 (northern part,et al.(2006 (and references therein).
Tas et al.2009. Bromide as well as chloride concentrations  For studying the different formation mechanisms of BrO
increase significantly from the northern to the southern endn detail it is crucial to have a high vertical model resolution.
of the lake (Ct: 225-4059/l, Br: 6.1-11g/l, Sirkes etal. ~ Thus a logarithmically spaced grid for the vertical has been
1997). Thus the salinity of the water is about 12 times larger chosen with a grid spacing of 0.5 m for the lowest grid box
than for ocean water which has an average chloride conterdbove the water surface.
of about 19 g/l and a bromide content of 0.065 §¥érdrup
etal, 1942. 4.1 Activation of aerosol-chemistry
The topography at the Dead Sea leads to a strongly canal-
ysed wind flow through the valley. The local flow pattern, Due to the extremely dry conditions along the Dead Sea
which is very complex and still insufficiently understood is it is crucial to discuss the way aerosol chemistry is trig-
also partly influenced by the lake bree®&itén, 1977 Tas  gered in MISTRA. Aerosol phase chemistry is always cal-
et al, 2003. The wind direction at the North end of the culated if the ambient relative humidity is above the del-
lake is often southerly. The wind direction at the South endiquescence humidity of sea salt (75%) or sulphate (70%)
seems to be more variable and southerly as well as northerlperosols. When humidity decreases to the crystallisation hu-
winds are observedés et al.2003. As the Dead Sea is sur- midity (40% for sulphate, 42% for sea salt) calculation of
rounded by a desert the temperature is very high with meamerosol phase chemistry is terminated. As it can be assumed
values of about 38 in summer and the relative humidity is that freshly emitted sea salt particles are always present as
very low with about 40-50%A(pert et al, 1997, and refer-  an aqueous solution, sea salt chemistry is always calculated
ences therein; J. Zingler and M. Piot, Inst. of Env. Physics,in the lowest model level (over a water surface). As it is
Univ. Heidelberg, Germany, personal communication, 2007).well documented that sea salt aerosol particles remain in
a metastable state when the relative humidity drops below
the deliquescence humidity (eTang 1997 Pruppacher and
4 Model description Klett, 1997, aerosol chemistry is calculated in all model lay-
ers where the relative humidity had previously exceeded the
For all presented model studies the one dimensional numerdeliquescence humidity but is still higher than the crystalli-
ical model MISTRA is used. It contains a microphysics sation humidity. Calculation of aqueous phase chemistry is
scheme and explicitly calculates chemistry in the gas phasenowever, terminated if the total water mass in one aerosol
in aerosol particles and cloud droplei®g Glasow et a).  size class drops below a threshold value of]fOn3au>/m(3air)
2002ab). The chemical mechanism contains the most im-which is necessary in order to keep the chemistry mecha-
portant reactions of O, H, C, N, S, ClI and Br both in the nism numerical stablekgrkweg et al. 2007). To re-activate
gas phase and the aerosol phase and has been updated aerosol phase chemistry, the ambient relative humidity has to
cording to the IUPAC recommendation (April 2004, $ep: exceed the deliquescence humidity of the particles.
Ilwww.iupac-kinetic.ch.cam.ac.pkIn the model we distin-
guish between sulphate and sea salt aerosol particles which
differ by their size £=0.005-0.5um for sulphate,r=0.5— 5 Model setup
15um for sea salt) and initial chemical composition. The
parameterisation dflonahan et al(1986 for the emission 5.1 Lagrangian runs
of sea salt particles by bubble bursting is used. An aerosol
size distribution for rural areas based dmenickg(1988) is To investigate bromine chemistry over the Dead Sea and
used. All presented model runs are set up such that no cloudelated ODEs a Lagrangian-kind model setup was chosen
are formed. which can be understood as follows: the model column first
To be able to calculate air-sea exchange between the Deanoves over the desert for two days and then crosses the Dead
Sea and the overlying atmosphere, chemistry within the wa-Sea from South to North. The temperature ranges from about
ter of the lake is calculated explicitly in addition to the 42°C directly above the ground to about°Z2at the top of
aerosol phase. We assume that the same reaction set whithe boundary layer during day. During the nights temper-
is used for aerosol phase chemistry is also valid for chem-ature decreases below “ZD close to the surface. Relative
istry taking place in the water of the Dead Sea apart fromhumidity increases from 40% in the lowest metres above the
heterogeneous reactions. The only possible interactions thajround to a value of about 80% at the top of the boundary
are allowed between the Dead Sea water and the atmosphelayer at about 1500 m altitude during day. Chemistry is ini-
is via air-sea exchange of trace gases as is shown exemplarijalised such that average background mixing ratios fer O
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Fig. 2. The plot on the left shows the vertical gradient of the temperafi@edolid lines) and the potential temperatut€ (dashed lines) at
11:30 for scenarios EXALL (black) and LOWBL (red). The plot on the right shows the vertical gradient of the relative humidity (in %) at
11:30 for scenarios EXALL (black solid line) as well as scenario LOWBL (red dashed line).

Table 1. Overview of all scenarios.

NOEX No air-sea exchange of gases is calculated

EX Air-Sea exchange of only BrCl, BrCl, is calculated

EXALL The same setup as EX, but air-sea exchange of BrGl, 8, HOCI, HOBr, HCI, HBr is calculated

EXLIM  The same setup as EXALL, but limited vertical transport for first 90 min, strong vertical mixing for rest of simulation time

ENH The same setup as EXALL, but strong hot spot emissions within the first 2h
LOWBL The same setup as EXALL, but boundary layer height only 500 m
STAT The same initial conditions as EX, but model runs for 38 h over the same site at the South end of the Dead Sea

are about 70 nmol/mol and 1 nmol/mol for M@t the morn-  the Dead Sea water are decreased from 0.15 mol/l (South)
ing of day two in the initialisation model run. FiguPesshows  to 0.05mol/l (North) and the pH of the lake is increased
typical vertical profiles of temperature, potential temperaturefrom 4.6 (South) to 6.4 (North). Obviously, this setup only
and relative humidity over the Dead Sea for two scenarioschanges the bromide content of the water and not the total
which will be introduced below. The temperature inversion salt content. Even the lowest reported Gloncentrations
indicates the boundary layer height in the model. for the Dead Sea water (6.34 mollks et al.2005 are very

To initialise chemistry in the Dead Sea water, a separatéarge compared tp ocean water and sensitivity stgdies showed
model run was calculated for two days prohibiting air-seathat they do not limit the extent of halogen chemistry.
exchange in order to have a spin up. It is assumed that the An overview of the dlffergnt scenarios and the abb.rewa-
model column crosses the lake from South to North. By us-tions of each model run is given in Takle In all scenarios
ing this pseudo-Lagrangian approach, the influence of thdhe model (_:olumn moves over _the Dead Sea from 10:00 until
gradient in chemical composition of the lake’s water on gas16:00 (all imes refer to local time). The dry and hot mete-
phase concentrations can be taken into account. Furthefrological conditions lead to a boundary layer height that is
more, no unrealistic or speculative assumptions about adconstantly at=1300m if not mentioned otherwise. _
vection into the model domain have to be made. The po- We usedthe foIIov.vmg. Lagrangian modtlellscenarlos to sim-
tential implications of such an idealised model setup will be Ulate the effect of differing ambient conditions on the trace
addressed in the discussion of the model results in Sect. @S concentrations over the Dead Sea:
Based on the low wind speed reported Hgbestreit et al.
(1999 and Matveev et al.(2001) we assume a horizontal
wind speed of 3m/s for our model simulations such that it
would take six hours to transport an air parcel across the
Dead Sea. During those six hours when the model is run over
the water surface, the lower boundary conditions are changed _ gx: degassing of the halogen species BrCh &nd C
representing the measured gradient in the acidity and salin- oyt of the Dead Sea water into the atmosphere is calcu-
ity of the lake water which are factors that are assumed tobe  |5ted explicitly.
responsible for the stronger and more often occurripgl®
pletion events over the southern part of the Dead Sea. Based — EXALL: additionally to BrCl, Br, and Cb, the air-sea
on values reported byas et al (2005 Br~ mixing ratios in exchange of HOBr, HOCI, HCI and HBr is considered

— NOEX: air-sea exchange of gases is not explicitly cal-
culated and only the “standard” gas phase and aerosol
phase chemistry of the model MISTRA is taken into ac-
count.
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Fig. 3. Plots(a, b) show gas phase mixing ratios at 2 m altitude for scenario NOEX. Aqueous phase concentrations in sea salt aerosols at
again 2 m height for scenario NOEX are showr{dh

explicitly. In scenarios EXLIM, ENH and LOWBL the
same tracers are exchanged like in EXALL.

It is rather unrealistic, that the air at one particular site
at the Dead Sea stays uninfluenced by the environment.

— EXLIM: for the first two hours of simulation time verti- Thus advectwe_flgxes are as_sumed however, only Q_f O
and NOQ. As it is not possible to calculate advection

cal transportis strongly limited. Such a situation might into the model domain explicitly with a one-dimensional

arise when hot and dry air masses that had been trans- . .
model, the strength of the fluxes is chosen somewhat arbi-
ported over the desert start to cross the water surfac? - ) . )
TR . rarily (10:00 day 1-15:00 day 2: N©0.463 pmol/(mol s),
which is slightly cooler than the land surface. An inver- o ) )
. s . .. 03: 0.078 pmol/(mols); 15:00 day 2—24:00 day 2: NO
sion which is not very intense but strong enough to limit .
: ; . 0.347 pmol/(mol s), @ 6.829 pmol/(mols). The inflow of
vertical transport builds up in the lower most boundary N N
L both species into the model domain is assumed to be the same
layer. After about two hours it is broken up due to ver- . : . . :
) L . in all model levels. The assumption of an inflow in general is
tical mixing of air masses. ; . L ;
a strong constraint to the model. This scenario is not valid
— ENH: fluxes of bromine species out of the Dead Sea wa-for representing accurately the conditions and daily varia-
ter are increased in the first two hours of simulation time tions at one particular site at the Dead Sea. As it is our ob-
to simulate a potentially stronger bromine source. Saltjective to simulate the general (chemical) features observed
pans which are mainly present in the southern part of theat the Dead Sea this scenario is not meant to represent one
Dead Sea might be a strong additional bromine sourcespecific measurement day. Anyhow, no meteorological data
Furthermore, it is possible that the air-sea parameterisahas been published for the measurement periods at the Dead
tion underestimates the flux of bromine species out ofSea which could be used for comparison. However, scenario
the very shallow and highly concentrated evaporationSTAT should help to better understand the general chemical
ponds in the South. mechanism and its sensitivity to changing background con-

— LOWBL.: initial meteorological conditions were cho- ditions.

sen such, that the boundary layer height is constantly at

about 500 m. To achieve this the temperature had to bés Results: Lagrangian runs
decreased by about@ compared to scenario EXALL
as can be seen in Fig. 6.1 Lagrangian runs without air-sea-exchange

First we will discuss the scenario ignoring direct air-sea ex-
change (NOEX). If not mentioned otherwise all line plots
To investigate the daily variation of trace gas concentrationgresented herein show mixing ratios at two metres altitude as
at one single point above the Dead Sea, one stationary mod@host measurements were taken at approximately this height.
run (STAT) over the South end of the Dead Sea (Dead Se&nly the time period when the model column moves over the
water with a pH of 4.8 anfBr—]=0.15 mol/l) was performed. Dead Sea (from 10:00 to 16:00) is shown in all plots.

The model run was initialised with the same fields for meteo- The maximum BrO mixing ratio as simulated in scenario
rology and chemistry as the Lagrangian studies, but the comNOEX is 0.012 pmol/mol (Fig3a). This value which is
position of the water as well as the composition of freshly reached at 16:00, is up to four orders of magnitude lower
emitted sea salt particles is not changed during the 38 h othan values reported from measurements. n@xing ratios
simulation time. The model run starts at the same time as thétay nearly constant at about 70 nmol/mol (Rg) during
Lagrangian runs (10:00) and all presented plots show mixinghe six hours of simulation time between 10:00 (South) and
ratios between 10:00 day 1 and 20:00 day 2. 16:00 (North).

5.2 Stationary run

www.atmos-chem-phys.net/9/5057/2009/ Atmos. Chem. Phys., 9, 5032-2009
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Fig. 4. The fluxes of Bp (red solid line), BrCl (black dashed line) and HOBr (blue dotted line) out of the Dead Sea water are(ahown
Plots(b) and(c) show concentrations of several bromine containing species in the Dead Sea Water. All plots refer to scenario EXALL.

Without considering degassing out of the Dead Sea watepour model simulations due to the limited uptake of gas phase
the only source for gas phase bromine species is the transfapecies on aerosol particles due to the low relative humidity
of halogen precursor species out of sea salt aerosols. Eveover the Dead Sea.
though sea salt aerosols over the Dead Sea contain high Br In a sensitivity test, the wind speed in scenario NOEX was
and CI~ concentrations¥3 and 40 mmol/l Fig3c) and have  increased such that it constantly exceeded 15 m/s. Even un-
a high acidity (pH~ 1, Fig. 3c), it is not possible to repro- der these conditions BrO mixing ratios at 2 m altitude only
duce the measurements with model setup NOEX. As the semcreased up to 5pmol/mol after six hours of simulation
salt production is low and aerosol chemistry is only effec-time. Clearly the model setup only including the interacting
tive in the lowest 2 ma.s.l. due to the low relative humidity gas- and aerosol phase chemistry is not appropriate to sim-
(see Fig.2), the Be flux out of aerosol particles (610~ '— ulate ozone depletion events and BrO levels in the range of
2.8x 108 pmol/(n?s)) is too weak to produce significant 100 pmol/mol. Therefore in the following air-sea exchange
bromine levels in the gas phase. Beside the vertical limitationof halogen species is taken into account.
of bromine production, strong vertical transport is another
limiting factor for the accumulation of BrO in the lowest me- 6.2 Lagrangian runs with air-sea-exchange
tres above ground as it leads to a quick vertical mixing of the . .
anyway low concentrated tracers all over the boundary layerS-2-1 Air-sea exchange and water chemistry

In general mixing ratios of gas phase halogen species ing;jrs the fluxes of bromine and chlorine species out of (into)
crease with time (in terms of the Lagrangian model setupy,e water of the Dead Sea and chemistry taking place in the
with travel distance), as at the south end of the Dead Se@eaq Sea water are discussed. Only fluxes for scenario EX-
(10:00) halogen concentrations are close to zero, and th@ ) are shown as the magnitude of fluxes as well as aqueous
longer halogen chemistry is active (the closer the model colppase concentrations in the water do not differ significantly
umn gets to the north end of the lake) the more the concenperyeen the scenarios however, HOB fluxes are not included
trations increase. The relative increase (e.g. in BrO mixing, scenario EX. Figurda shows fluxes (in pmol/(As)) for
ratios) is thus large, however, the absolute mixing ratios aresr, (red line), BrCl (black dashed line) and HOBr (blue dot-
very small. ted line) out of the Dead Sea water into the gas phase. Fluxes

Generally, the low relative humidity and thus the very low of all other halogen species are more than three orders of
liquid water content of sea salt aerosols Y10 m3/m3.)  magnitude lower than the BrCl flux (which is the smallest
is the reason for the slow recycling of bromine species onflux shown) and are thus of minor importance and will not be
aerosol particles. The lower the liquid water content of andiscussed any further.
aerosol particle, the lower is the uptake rate of a gas phase The strength of degassing of B(80—154 pmol/(ris))
species. stays on the same order of magnitude during the simula-

The production of Brin the aerosol phase by the bromine tion time. The change with time for both other fluxes plot-
explosion reaction is essential for the formation of signifi- ted in the same figure is much larger. BrCl and HOBr
cant gas phase BrO levels. However, in addition to the highfluxes increase from 0.23 to 1.22pmol4s) and 2 to
acidity and salinity in the aerosol, significant HOBr levels 800 pmol/(nf s), respectively. As explained above, Band
are required. As the halogen cycling between the gas- an¢i™ concentrations in the Dead Sea water are decreased dur-
aerosol phase is weak, HOBr uptake into aerosols is weakng the six hours that the model column moves from the
leading to the relatively small HOBr concentrations within South to the North of the Dead Sea. Regarding those back-
sea salt particles5x 104 pmol/l). The recycling pathway —ground conditions it is surprising that Bfluxes stay nearly
via heterogeneous decomposition of BrON®Inefficientin constant and HOBr and BrClI fluxes even increase with time.

Atmos. Chem. Phys., 9, 5053672 2009 www.atmos-chem-phys.net/9/5057/2009/
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Concentrations of HOBr in the water rise from 0.29 nmol/|
to 61 nmol/l which is an increase of two orders of magni- o
tude (Fig.4b). Concentrations of Brin the water slightly Br @
increase in the first three hours of simulation time from about P H o
121 nmol/l to 142 nmol/l and then decrease slightly to about
136 nmol/l (Fig 4b). The most important reaction for activat- {(HOBr HH
ing bromine chemistry is the bromine explosion mechanism
(red reaction path in Figh):

HOCI ClO™+ H*

HOBr+ Br~ 4+ H*=Br; (R1)

Even though bromide concentrations and the acidity in | Br2 BrCl Cl,
the water are decreased with time in the model, they remain
high enough such that the equilibrium reactions produee Br Fig. 5. Chemical aqueous phase equilibria. Large arrows indicate
throughout the simulation time (indicated through the largerwhether the forward or backward reaction tends to dominate.
red arrow in Fig.5 pointing at Bp). The forward reaction
(of ReactionR1) is getting only slightly slower in the last
two hours between 14:00 and 16:00 as Bind H" get less

fastest two are shown in Fi§.(blue and grey reaction path

abundant with time, leading to the small decrease inddn- in Fig. 5):

centrations followed by a decrease in the Blux. Even HOCI+ Br~ + H*—>BrCl (R3)
though Br- concentrations decrease to about a third of their

initial value after 6 h of simulation time (0.15-0.05 mol/l), Br  +ClIO” + HT—BrCl + OH". (R4)

the absolute concentrations at 16:00 are still very large. Fur-

thermore, HOBr concentrations increase strongly with time, Thus the slow production of BrCl via ReactioRZ) is over-
which will be explained below. Thus the ratio of the forward compensated by BrCl production via ReactioR8 &andR4).

to the backward reaction of the equilibrium Reacti®l)  The increase of HOBr as well as of HOCI concentrations
even increases slightly with time, but the absolute reactionin the Dead Sea water from South to North can be seen as
rate slightly decreases with time. This explains why thefollows: As both H™ and Br- concentrations decrease with
bromine explosion reaction does not get significantly slowertime, less HOCI is consumed with time forming BrClI (via
with time and the decrease inBroncentrations in the Dead Reaction R3), blue reaction path in Fig). This leads to an
Sea water with time is negligibly small. Additionally the increase of HOCI concentrations followed by a stronger net
increase of the pH to a value of 6.4 (thus the water is stillproduction of CIO via the equilibrium reaction:

slightly acidic) at 16:00 does not yet limit Bformation sig- _ N
nificantly compared to a value of Fickert et al, 1999. HOCI=CIO™ +H (R5)

In contrast to Bs, HOBr concentrations increase nearly (pjack reaction path in Figh) followed by a stronger pro-
gxponenually WI"[h time. Besides for thg conversion of Br - qyction of BrCl (via ReactionR4), grey reaction path in
into Brz, HOBr is needed to convert Clinto BrCl (green  rig 5). This now leads to an increase in BrCl concentra-

reaction path in Fig5): tions followed by a stronger conversion to HOBr (via Re-
_ N action R2), green reaction path in Fig). The strongly
HOBr+ CI™ + H"=BrCl (R2 increasing HOBr concentrations in the water determine the

strength of the HOBrr flux into the atmosphere which exceeds

Due to the very high Cl and H" concentrations this reac- ¢ By, flux (after 13:40) even though hypobromous acid is
tion is very fast. Throughout the 6 h of simulation time the ,4re soluble than Br

backward reaction of the equilibrium Reactid®?j is faster

(indicated by large green arrows in Figpointing at HOBr .22 Gas phase chemistry

and CI") than the forward reaction. Thus the backward re-

action is a net source for HOBr in the Dead Sea water. InFor both scenario EXALL and EX, BrO mixing ratios in-
contrast, within aerosol particles, the forward reaction is increase rapidly within a few minutes after the model col-
general faster than the backward reaction and BrCl is net proumn is assumed to cross the Dead Sea up to 10 pmol/mol
duced. The explanation for the shift of the equilibria in the and increase further up to 151 pmol/mol (EXALL) and
Dead Sea water can be found in the very high salt contenfl02 pmol/mol (EX, Fig. 6a) indicating that the Dead
and the very high and changing bromide content as well asSea water itself has to be considered as an important
the very low and changing pH of the Dead Sea water. Apartsource for gas phase bromine species as the calculation
from ReactiorR2, BrCl is produced by other pH dependent of air-sea exchange is necessary in the model to simu-
but non-equilibrium reactions within the water of which the late BrO mixing ratios on the same order of magnitude

www.atmos-chem-phys.net/9/5057/2009/ Atmos. Chem. Phys., 9, 5032-2009
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Fig. 6. Plotted are gas phase mixing ratios at 2 m altitude for scenarios EX (red dotted line), EXALL (black line) and EXLIM (blue dash-
dotted line) for the six hours that the model crosses the Dead Sea. The vertical distributip(sbb@ed) and BrO (contour lines) is shown
in addition for scenarios EXALI(d) and EXLIM (e). Note the logarithmic scaling of the y-axis.

as field measurements show. The difference of ab

outo the air-sea exchange (81-154 pmof/6)) leads to an ac-

50 pmol/mol BrO between scenario EX and EXALL can be cumulation of bromine in the air. Even though the largest

explained with the very high gas phase HOBr mixing r
tios in scenario EXALL ([HOBImax=0.91 nmol/mol, EX:

a- source and sink reactions for Bare on the same order of
magnitude, the source of gas phase Bue to air-sea ex-

[HOBIr]max=0.14 nmol/mol) caused by the additional HOBr change is slightly larger than the Bphotolysis throughout

source due to direct degassing out of the Dead Sea w.

(Fig. 6b). HOBr is under the prevailing circumstances an

important precursor species for gas phase bromine as

atehe simulation time.
BrO mixing ratios in scenario EXALL tend to increase
it izvith time throughout the boundary layer. From 13:00 on

rapidly photolysed to form Br atoms (and OH radicals) which mixing ratios exceed 5 pmol/mol even at 1000 m altitude
react with Q to produce BrO. Under less dry atmospheric (Fig.6d) and increase further at this height up to 20 pmol/mol
conditions, HOBYr is taken up into sea salt aerosols quicklyat 16:00, when the model column reaches the North shore of
due to its high solubility. However, as the liquid water con- the Dead Sea. There is a delay of about one hour between the
tent of aerosol particles is very low, the uptake of gas phasestart of the model run at 10:00 when BrO surface values ex-
species in aerosol particles is not efficient. As the source oteed 1 pmol/mol after a few minutes until BrO mixing ratios
HOBr due to degassing out of the Dead Sea water is large, & 1000 m also exceed 1 pmol/mol at 11:00.

significant fraction of HOBr gets photolysed and provides an Even though BrO gets quickly distributed all over the

efficient source for Br atoms.

boundary layer, the strong vertical gradient in mixing ratios

The steadily and strongly increasing BrO mixing ratios in is striking (note the logarithmic scaling of the contour lines

scenario EXALL and EX are caused by the constantly stro

ngn plots showing BrO mixing ratios in Figd, €). BrO mix-

fluxes of bromine species out of the water. The most impor-ing ratios at e.g. 15:30 are less than half the ground level
tant source reaction of bromine atoms is photolysis of molecvalues at 10 m altitude (240 pmol/meb90 pmol/mol) and

ular bromine. Even though gas phase Bets quickly pho-
tolysed to Br (by ReactioR6):
Bro + hv—>2Br (R6)
(R7)

the reaction rate is in the range of 10—40 pmofgrat 2 m
altitude (EXALL). Regarding all Br source and sink reac-

Br+ O3—BrO+ O,

tions, the large additional source of bromine compounds due

Atmos. Chem. Phys., 9, 5053672 2009

at 100 m altitude they are almost a factor of four smaller than
mixing ratios directly above the Dead Sea water surface.

The influence of those high bromine concentrations, as
simulated in scenario EXALL (and EX), onsGchemistry
are still small though. The decrease from 69 to 63 nmol/mol
(EXALL) is insignificant compared to the observed deple-
tion events. The difference ingOmixing ratios in scenario
EXALL means an @ reduction of only 9%.
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In Scenario EXLIM vertical transport is limited in the first Fluxes were enhanced by a factor of 30 until 10:30, a fac-
two hours of simulation time leading to the sharp increase intor of 20 until 11:00 and a factor of 10 until 12:00. After-
BrO mixing ratios between 10:00 and 11:40 from below 1 wards, the fluxes as calculated by the air-sea exchange pa-
up to 395 pmol/mol and the likewise quick decrease to aboutameterisation are not modified anymore. BrO mixing ratios
30 pmol/mol between 11:40 and 13:00 when the inversionpeak at 10:30, 11:00 and 12:00 as a response to the strong
is broken up (Fig6b, blue dash-dotted line). Simultaneous and instantaneous changes in the flux strength of BrO pre-
to the very fast increase of BrO mixing ratios in the first cursor species. Between 10:00 and 11:00 BrO mixing ratios
1.5h that the model crosses the Dead Seanixing ra- reach values between 600 and 750 pmol/mol (red dotted line,
tios decrease until they reach a minimum of 9.3 nmol/mol atFig. 7c). Simultaneously @ mixing ratios decrease from
11:40 (Fig.6c, blue dash-dotted line). However, as soon as65 to 47 nmol/mol (black line, FigZc). As the strength of
the low - level inversion is compensated; Quickly reaches  degassing is again decreased after 11:00, BrO mixing ratios
background mixing ratios of about 69 nmol/mol due to verti- decrease quickly to about 300 pmol/mol and drop further to
cal downmixing of Q. about 100 pmol/mol after 12:00 and stay more or less con-

The limited & destruction in scenario EXALL might be stant around this value until 16:00. During the same time
surprising at a first glance regarding the extraordinarily highspan Q mixing ratios decrease constantly, but not very fast
BrO levels. Even though the neg@estruction is larger than and reach a minimum value of 13 nmol/mol at 16:00.
the net @ production close to the Dead Sea water surface, The slow depletion of @affects the whole boundary layer
the contribution of the strong £3sink due to reaction with  up to an altitude of 1200 m (Figa). BrO mixing ratios are
halogens to the total §mass balance is still not large enough approximately 100 pmol/mol all over the boundary layer af-
to lead to a distinctive ODE. ter 12:00 in scenario ENH whereas mixing ratios never ex-

As mixing ratios of bromine species show a strong verti- ceeded 50 pmol/mol in altitudes greater than 100 m in sce-
cal gradient, bromine mixing ratios in the upper boundarynario EXALL. Due to the enhanced fluxes during the first
layer are not large enough anymore to destroy significantwo hours of simulation time the bromine load all over the
O3 levels. Thus vertical downmixing of £rich air from boundary layer is significantly higher in scenario ENH than
the upper boundary layer compensates the ngté€struc-  in scenario EXALL during the whole simulation time. As
tion in the lower most metres of the boundary layer. How- a consequence s destroyed all over the boundary layer
ever, bromine mixing ratios permanently increase with timeby reaction with bromine in scenario ENH, such that vertical
all over the boundary layer such thag @estruction cannot mixing cannot compensate the depletion af @ymore as
be totally compensated anymore by vertical mixing leadingit happened in scenario EXALL. However, the reaction be-
to the slight decrease ingOnixing ratios between 13:00 and tween bromine and £is not fast enough to lead to an imme-
16:00. diate ODE such that a delay between the time of maximum

As was discussed abovezQs depleted strongly and BrO and minimum @ mixing ratios can be seen (Figa,c).
quickly in scenario EXLIM between 10:30 and 11:30. As For scenario LOWBL different meteorological back-
bromine mixing ratios are high only in the lowest metres ground conditions were assumed leading to a constantly
above sea level due to the limited vertical transport (64, much lower boundary layer (500 m) than in all other so far
O3 destruction is also restricted to the lowest 10—20 m of thepresented Lagrangian studies. Note that therefore the tem-
boundary layer. Above this inversion layeg @ixing ratios  perature in the atmosphere had to be decreased by more than
are again hardly affected by bromine chemistry. As soon as°C (see Fig.2) compared to the other scenarios and thus
the inversion is broken up,{yets again rapidly well mixed the relative humidity in scenario LOWBL is higher than in
throughout the whole boundary layer. After 13:30, when theother scenarios all over the boundary layer (see BigThis
boundary layer height quickly rises to 1300 m, BrO is also also indicates that aerosol phase chemistry gains in impor-
quickly distributed all over the boundary layer and mixing tance as it is not only calculated in the lowest 2—4 m but
ratios are between 2 pmol/mol and 50 pmol/mol all over thealso constantly in altitudes exceeding 300 m. BrO gas phase

boundary layer (Fig6e). mixing ratios increase with time as it was seen before (see
Fig. 7b, d). Compared to scenario EXALL, they increase
6.3 Enhanced fluxes stronger with time ([BrQinax=207 pmol/mol (LOWBL) ver-

i i . . sus [BrQmax=151 pmol/mol (EXALL)). Simultaneously to
With all of the Lagrangian scenarios presented above neithef,q increase in Bro mixing ratios g@nixing ratios decrease

an ozone depletion event affecting the whole boundary layek.om 65 to 25nmol/mol at 2m altitude. As in scenario

could be simulated nor any significang @epletion in case  gnH the depletion of @ affects the whole boundary layer
of a deep and well mixed boundary layer. For scenario ENH(Fig. 7b).

the fluxes of halogen species out of the Dead Sea water were
enhanced for the first two hours of simulation time which is
the time the model is roughly assumed to cross the evapora-
tion ponds.

www.atmos-chem-phys.net/9/5057/2009/ Atmos. Chem. Phys., 9, 5032-2009
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Fig. 7. Figures in the top row show BrO (contour lines, in pmol/mol) angd(€haded in nmol/mol) mixing ratios over the whole boundary
layer for scenarios ENHa) and LOWBL (b) for the six hours that the model crosses the Dead Sea. Note the logarithmic scaling of the
y-axis. Figures in the bottom row show BrO (red dashed lines, in pmol/mol) an@l@ck solid lines, in nmol/mol) mixing ratios at 2m
altitude for scenarios ENKt) and LOWBL (d).

7 Stationary runs ways lower than 12 pmol/mol in heights larger than 100 m
(Fig. 8b, e).
To study the influence of changing meteorological back- Maximum HOBr mixing ratios at 2m altitude on day 1
ground conditions on tracer mixing ratios, scenario STAT of the simulation time are of similar order of magnitude
was calculated. In comparison to scenario EX, maximumin scenarios STAT and EX. However, on the second day
BrO mixing ratios on day 1 in scenario STAT are slightly of simulation time, HOBr mixing ratios also increase to
lower: [BrOJgx: 100 pmol/mol, [BrQstar: 60pmol/mol  larger values than on day 1 ([HOBx=165pmol/mol
(Fig. 8a). NG mixing ratios are higher during the whole [HOBr]star day 1174 pmol/mol,
day in scenario STAT compared to scenario EX due to thefHOBr]star day 2523 pmol/mol, Fig8a, b).
prescribed advection of NOnto the model domain (day 1. comparing the results from scenarios STAT and EX, the
[NO2]star~0.8 nmol/mol, [NQ]ex~0.3nmol/mol). Thus  yertical distribution and the time evolution of;@nixing ra-
comparatively more BrO is consumed via the reaction tios is surprising. On the first day of simulation times @ix-
ing ratios stay constant at around 70 nmol/mol and are not
BrO + NO,—BrONG; (R8)  affected by halogen chemistry. On the second day (30h in
Fig. 8=06:00 day 2) @ mixing ratios start to decrease imme-
leading mainly to the difference in BrO mixing ratios at diately after sunrise, when photochemistry and thus bromine
day 1 between scenarios STAT and EX. On the second daghemistry starts getting activated. At 14:0Q, Bixing ratios
of simulation time, BrO mixing ratios in scenario STAT in- at 2 m altitude reach a minimum value of 5 nmol/mol and in-
crease stronger than on day 1 and reach a maximum valuerease again afterwards mainly because of the prescriped O
of 140 pmol/mol at 2 m altitude at about 10:00 in the morn- flux and because mixing ratios of bromine species decrease
ing. Mixing ratios decrease again after 10:00 (34h inin the late afternoon hours. In contrast to the Lagrangian
Fig. 8=10:00 day 2) but are always larger than on day 1. BrOscenarios discussed above; i® strongly depleted up to an
mixing ratios exceed 50 pmol/mol up to an altitude of aboutaltitude of about 1200 m even though the boundary layer is
1200 m almost all day long whereas on day 1 they were al-high and well mixed throughout the simulation time. Even

Atmos. Chem. Phys., 9, 5053672 2009 www.atmos-chem-phys.net/9/5057/2009/
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Fig. 8. All plots in this figure refer to scenario STAT. Pl¢a) shows the time evolution at 2m altitude of gas phase mixing ratios of
HOBr (blue dotted line, pmol/mol), BrO (red dash-dotted line, pmol/mol) agdkack solid line, nmol/mol). Plotb) shows the vertical
distribution of HOBr mixing ratios (shaded, pmol/mol) and the liquid water content of sea salt aerosols (contour lingg).shimt/s the
vertical distribution of @ (shaded, nmol/mol) and BrO mixing ratios (contour, pmol/mol).

though BrO mixing ratios are on the same order of magni- Through strong vertical transport, also the lower part of the
tude as e.g. in scenario EXALL where no influence on O boundary layer is indirectly influenced by the enhanced halo-
chemistry could be found, the bromine oxide production in gen chemistry in the upper parts of the boundary layer. This
scenario STAT is sufficiently large to lead to a significant O can be seen in the vertical distribution of gas phase HOBr
depletion event. mixing ratios (Fig.8b). As the total halogen recycling ca-
Two factors contribute to the formation of the ODE: the pacity all over the boundary layer is enhancegdjsxepleted
(rather unrealistic) assumption that air masses are stagnaeten though BrO mixing ratios do not exceed 200 pmol/mol.
results in higher mixing ratio of halogens in the morning of  Even though the cycling of halogen species between the
the second day of the simulation compared to the first dayaerosol phase and the gas phase contributes to the increase in
Brz mixing ratios before sunrise on day 2 are 470 pmol/molthe gas phase halogen mixing ratios, the air-sea exchange of
whereas they increase from 0 at 10:00 on day 1 when thér, and BrCl is still the dominant source for BrO especially
model simulations start ([Bistar: 100 pmol/mol at 10:00 in the lowest part of the boundary layer. BrO mixing ratios
day 2). still show a strong vertical gradient. The inflow of to the
Furthermore, the strong{lepletion is related to slightly model domain was increased in the afternoon hours of day 2
changing meteorological background conditions from day lof simulation time, as otherwisezOnixing ratios would not
to day 2. The temperature is lower and the relative humid-increase anymore. Almost all measurements show a quick in-
ity is higher on day 2 compared to day 1. As explained in crease of @ mixing ratios in the late afternoon/early evening
the model description the ambient relative humidity has tohours. However, a flux of 6.8 pmol/(mol s) ok@vas neces-
exceed the aerosol's deliguescence humidity of 75% (70%sary to reach mixing ratios of at least 40 nmol/mol at 20:00
for sulphate aerosols) to reactivate the calculation of sea saliay 2 in the model.
(and respectively sulphate) aerosol chemistry in the model. One of the main conclusions which can be drawn from this
On day 1 of the simulation time the relative humidity is be- idealised scenario is that it is important not only to consider
low this threshold value all over the boundary layer but onchemistry as an isolated system as apparently in addition to
day 2 it exceeds 75% at altitudes above 800 m (and 70% athanges in tracer concentrations, small changes in the mete-
altitudes above 650 m) and thus aerosol phase (sulphate argtological background conditions (namely temperature and
sea salt) chemistry is reactivated (F89). As a result, aque- humidity) give a large feedback to chemistry.
ous phase chemistry and the cycling of halogens on aerosol
particles gains inimportance. Within all levels having a LWC
>10'2m3/m3,s in Fig. 8b, liquid phase chemistry is acti- 8 Discussion
vated in the model simulation (note again the logarithmic
scaling of the y-axis in all plots showing vertical distribu- Considering the measurements taken at the Dead Sea in more
tions!). A generally efficient recycling process is the hetero-detail, it can be seen that BrO mixing ratios in the North
geneous decomposition of BrON®©n sulphate aerosols and reach very regular maximum mixing ratios at noon and the
the subsequent release of HOBr out of aerosol particles:  standard variation of the measurements is very small. In
the South however, the time of maximum BrO mixing ratios
BrONG,— HOBraq + HNOZq (R9) varies strongly as well as the absolute values of m%ximum
HOBrag—>HOBIyg BrO mixing ratios (Fig. 2 inTas et al. 2003. In addition
O3 seems to be destroyed more rapidly and more often over

www.atmos-chem-phys.net/9/5057/2009/ Atmos. Chem. Phys., 9, 5032-2009
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Table 2. Summary of results of scenarios calculated for the Dead Sea. All values refer to mixing ratios at 2 m altitude.

Scenario  BrQnay [pmol/mol]  Ogminy [Nmol/mol]  AO3

NOEX 0.012 const 69 0% No air-sea-exchange, Bi(pmol/mol, G not affected

EX 102 66 4% High BrO, No ODE

EXALL 151 63 9% High BrO, No ODE

EXLIM 347 10 84% ODE affects only lowest 20 m

ENH 375 13 80% ODE affects whole BL,fQlecrease still slow but steady

LOWBL 207 25 63% ODE affects whole BL, less strong than when enhancing fluxes

STAT day 1: 61 day 1: 70 0% No ODE on day 1 but ODE on day 2 affecting the whole BL due to
day 2: 139 day 2: 5 92% slightly differing meteorological background conditions

the Southern end of the Dead Sea than the NorthernTasd (  air masses that crossed the evaporation ponds from the South
et al, 2005 Zingler and Platt2005. With the Lagrangian towards the North do not reach the northern End of the lake
scenario EXLIM it was possible to reproduce these measurebut are redirected (e.g. due to the lake breeze) after reach-
ments showing high BrO mixing ratios-60 pmol/mol) all  ing the centre of the lake (thus stopping our simulations after
over the Dead Sea but an ODE only in the South. Resultsibout 3 h or continuing them without further increasing the
agree well regarding the strength of the ODE, the spatial dispH of the water) we can still conclude that we need a bromine
tribution of O3 and BrO as well as the temporal evolution of source in addition to aerosols and that an ODE is likely to oc-
the depletion event meaning a very quick @&crease when cur (fast) only under certain meteorological conditions.
air masses are assumed to reach the Dead Sea from the SouthThe assumption that air masses reaching the South of the
(see Fig®6). Dead Sea coming from the desert have a negligible halogen
Nevertheless, the presence of BrO mixing ratios of almosioad might not be true under all circumstances. As was ob-
400 pmol/mol at 2 m altitude are necessary to destroy a sigserved byTas et al (2005 air masses reaching the Dead Sea
nificant amount of @ in the model. However, it is possible from the desert South of the lake can already contain a signif-
that the effect of a low level inversion is overestimated in theicant load of BrO (up to 20 pmol/moras et al.2005 which
model. It is likely that he inversion height in the model sim- was attributed to recirculations of air masses. For such cases
ulation is slightly too low. Furthermore, the inversion could the Lagrangian setup underestimates initial halogen concen-
be compensated faster in reality. Consequently it is likelytrations. However, the different simulations presented herein
that BrO mixing ratios would not become as high as in sce-indicate that an additional halogen load of this reported or-
nario EXLIM. To asses the potential overestimation of the in- der of magnitude would not lead to a much faster and much
version, scenario EXLIM was recalculated only allowing the stronger @ decrease than shown in the modelled cases.
exchange of Brand BrClI (not shown). In that case BrO mix-
ing ratios reached a maximum mixing ratio of 290 pmol/mol 8.2 Aqueous phase reactions including DOM
(in contrast to 395 pmol/mol in EXLIM) and ©still de-
creased quickly to 13 nmol/mol (in contrast to 10 nmol/mol Halobromous oxide is likely to react efficiently with organic
in EXLIM). It is not possible to evaluate those model re- matter in the aqueous phase (elaworske and HelA4985.
sults, as the measurements were only taken at one level @ne general uncertainty regarding our model results can be
approximately 2m height and no information about the ver-attributed to this reaction. A high uncertainty is related to
tical extent of the real depletion events or BrO mixing ratios the actual rate constant for the reaction between HOBr and
is available. For future studies it would be desirable to mea-DOM as well as to the DOM (or DOC) concentrations in the
sure the vertical extent of the layer affected by ozone loss anthead Sea water. To the knowledge of the authors, the only
possibly vertical profiles of BrO. Information about the ver- values for DOM (and DOC) concentrations in the Dead Sea
tical structure of the boundary layer (temperature, humidity)water are cited byNissenbaun{1975 and are based on un-

would also be very helpful. published measurements. Therefore, we performed a series
of sensitivity studies with different DOM concentrations and
8.1 Idealised pseudo-lagrangian model setup different rate coefficients in order to be able to discuss the

potential impact of this reaction on our results.
The assumption for the lagrangian scenarios that the wind No information is available about the sampling technique
direction is southerly all over the lake might be idealised. and analysis of the samples which were used to derive the
Regarding the wind direction data given by Matveev et DOM/DOC concentrations cited Hyissenbaun{1979. In
al. (2001) the wind direction was at least at the measuremeraddition the chemical composition of the Dead Sea water has
station southerly on numerous days. Even if we assume, thathanged over the last decad€xén and Ventosdl999 as
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well as the salinity of the lake water (e gnati and Shasha tions, one additional uncertainty is the actual source strength
1989. Even though several microorganisms have been founaf bromine species degassing out of the Dead Sea water. As
in the Dead Sea water, their distribution does not seem to béhe evaporation ponds are very shallow, the water within the
homogeneous among the lake water and concentrations qfonds have a highly concentrated bromide content and the
bacteria seem to be comparatively Id8h{moni et al.2002 depth of each pond is different and is varied regularly, the pa-
Oren 2008. Can we therefore also assume that DOM/DOC rameterisation used to calculate air-sea exchange might un-
concentrations vary within the Dead Sea water, similar likederestimate the bromine source strength over the evaporation
the pH shows a gradient between the northern part of the lakponds. However, it is difficult to estimate quantitatively how
and the southern part? Are there seasonal variations in DONarge this potential error might be.
(or DOC) concentrations? We do not know where and when In addition it is possible that bromine compounds are di-
the samples were taken which were used for the creation ofectly injected into the evaporation ponds by the Dead Sea
the dataset cited iNissenbaun(1975. We further do not  Bromine Company during the process of industrial bromine
know if at that time e.g. algae were present in the lake watemproduction. These emissions into the water could contribute
or had been present in the weeks before the sampling tooto the temporal as well as spacial variability of the bromine
place. contend (depending on the emissions from the Dead Sea
Implications for the model results: we varied DOM con- Works) in the different ponds at the southern end of the Dead
centrations in the Dead Sea water between 0.0003 gfid  Sea and thus to the varying bromine emission strength. This
0.1g/n? and the rate coefficient for the reaction betweenwould also be an explanation for the highly variable BrO
HOBr and DOM was varied between4and 16 M—1s—1  mixing ratios as observed over the evaporation ponds.
(based onJaworske and He]2985andPechtl et al.2007, However, it is unlikely that the emissions by the Dead Sea
and references therein). If DOM concentrations exceedBromine Company are the only reason for the enhanced BrO
0.01g/n? , HOBr concentrations in the Dead Sea water mixing rations over the Dead Se#lebestreit et al(1999
decrease almost immediately by about two orders of magsiscuss the potential impact of gas phase emissions of the
nitude. This results in negligibly small mixing ratios of Dead Sea Works and point out that the diurnal variation of
BrO in scenario EXALL whereas they still increase up to industrial emissions like NQand SQ are different than the
at least 15 pmol/mol (depending on the chosen rate coeffidiurnal variations of BrO concentrations. They even ruled
cient) at 2m altitude in scenario EXLIM. DOM concentra- out that the factory emissions are a bromine source due to
tions for which at least several pmol/mol BrO build up in sce- the time variation of the BrO signal.
nario EXLIM, are still smaller than reported Missenbaum In order to test the effect of an additional bromine source
(1979. Consequently, bromine species in the Dead Sea waever the Southern part of the Dead Sea, scenario ENH was
ter become too small to degase in significant concentrationgsalculated. @ is depleted in this scenario even though more
out of the Dead Sea water. Thus the question of additionathan 700 pmol/mol BrO are formed. It was observed by
bromine sources has to be addressed again. Surface reagtatveev et al(2001) that ODEs can occur only affecting the
tions on the Dead Sea water could contribute to the gas phaggorthern part of the Dead Sea like it is simulated in scenario
bromine load as was suggestedMgtveev et al(2001) but ENH. Again it is not possible to evaluate the model results
they are considered to be of minor importance. Crystallizedof scenario ENH and scenario LOWBL as well, regarding
surface salt deposits were discussed as a potential broming@e vertical extent of the depletion event due to the lack of
source. However, no striking correlations regarding the exisertically resolved measurements.
tence of such salt deposits and high BrO mixing ratios were As mentioned in the introduction a few measurements took
observed and are reported in the literature. The sensitivityplace on an elevated site 400 m above water level. Only at 3
studies including reactions with DOM might further support out of 22 days BrO 420 pmol/mol) was detected and thus
the idea, that an inversion is necessary for the formation okimulated values (EX, EXALL) are on the same order of
high BrO levels (and an ODE). magnitude at this altitudelas et al (2003 assumed that on
We consider it as likely that DOM/DOC concentrations in those three days where BrO mixing ratios were detected, the
the very shallow and highly concentrated evaporation pond$soundary layer height was very low. However, in scenario
are lower than in the northern part of the Dead Sea whichEXALL the boundary layer height is about 1300 m and BrO
has a lower salinity. Thus concentrations of bromine speciegs transported very efficiently with high concentrations into
in the southern part of the lake would be high enough to de-altitudes around 400 m. This let the question arise, what kind
gas into the atmosphere and supply a source for gas phass local wind and transport pattern is responsible forltui
bromine species. of BrO on the other days.

8.3 Bromine source strength 8.4 Reactions on “dry” aerosol particles

Apart from the uncertainties regarding the influence of me-The main reason for the termination of aerosol chemistry
teorological background conditions on trace gas concentran MISTRA is the low water content of aerosol particles
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due to the low ambient humidity. In order to enhance the9 Conclusions

recycling potential of halogens, scenarios NOEX and EX-

ALL were calculated including heterogeneous reactions onRegarding @ depletion events at the Dead Sea, not only the
dry aerosols based on several laboratory measurentgtgs ( strength of the @destruction but also the short timescale is
llipldataeval.jpl.nasa.gpBander et al200§. Thus aerosol  Striking. Additionally, the strong spatial and temporal vari-
chemistry is calculated in all model layers and at all times.ability of observed ODEs at the Dead Sea and the compara-
This setup leads to higher BrO mixing ratios due to the en-tively large range of corresponding BrO mixing ratiesi0—
hanced cycling potentials of halogen species. However, thd40 pmol/mol) complicates the finding of an overall explana-
enhancement of BrO formation by about 20% compared tdion of the occurring processes.

scenario EXALL and by about 66% compared to scenario In general the model results presented herein clearly indi-
NOEX does (i) not lead to a strongers@estruction and cate that bromine release from salt aerosols is not sufficient
(i) in comparison to scenario NOEX the formation of BrO as a source for BrO at the Dead Sea and that most likely
(BrOmax. 0.02 pmol/mol) is still significantly lower than ob- air-sea exchange of halogens between the Dead Sea and the
servations show. The slow phase transfer reactions due to thatmosphere has to be considered in order to simulate BrO
low ambient relative humidity and the low LWC is the main Mixing ratios in the same order of magnitude as observations

limitation for an efficient aerosol recycling of halogens. show.
A fast and strong ODE could only be simulated if an in-
8.5 Literature comparison version was assumed that limits vertical transport. In addi-

tion an ODE develops if either the flux of halogens out of

In general results from model simulations presented hereifjhe Dead Sea was temporally enhanced or if the BL height
agree very well with a first simple model study $tutz etal.  did not exceed 700 m. In both cases however the time evolu-
(1999 who concluded that the production of 500 pmol/mol tion of the ODE was much slower than often observed at the
BrO would be essential to simulate a significant loss 1 O pead Sea. It is difficult to evaluate the model results properly
within at least three hours. HOWeVer, results from both Stud'due to missing information regarding meteoroiogicai back-
ies differ significantly from what is presented Bgs et al.  ground conditions at the measurement days. In order to im-
(2006 and their follow up paperTas et al. 2008. Below  prove our understanding ofsand halogen chemistry at the
we list the main differences in the model approaches used ilbead Sea, the knowledge of temperature, relative humidity
this study and the study bas et al(20086. and the boundary layer height for every single measurement
day is absolutely crucial.

It would be of interest to have a data set showing the ver-
tical distribution of BrO and @ Model simulations indicate

2. The model used byfas et al.(200§ treats only gas that the vertical gradient in BrO mixing ratios is very strong

phase chemistry explicitly, one aqueous phase and oné" the lowest 10 to 20 m above thg water surface. AII_ pub-
heterogeneous reaction were parameterised. lished measurements were done with the DOAS technique at

an altitude of approximately 2m. According to the model
3. The source strength of Bwas not chosen process re- results it is even of significance whether measurements are
lated byTas et al.(200§ but was chosen until model taken at 1.50m or 2.30m or 10m. We have no reliable in-
simulations agreed best with observations. formation regarding the vertical extent of an ODE and the
strength of an ODE in the upper boundary layer. Overall it
can be concluded that meteorological processes seem to play
a key role in understanding the observed fastd@pletion
events. Chemical processes lead to the formation of BrO and
the destruction of @however, the strength and spacial extent

5. Tas et al.(2006 explain the fast decrease (as well of the ODEs as well as the distribution of halogen species
as increase) in §concentrations by:‘the decrease within the boundary layer strongly depend on the local me-

in O3 concentrations beneath a threshold value of 1 t€orology.
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