Atmos. Chem. Phys., 6, 5589604 2006 iy —* -

www.atmos-chem-phys.net/6/5589/2006/ Atmospherlc
© Author(s) 2006. This work is licensed Chem |s_try
under a Creative Commons License. and Phys|cs

Measurement-based modeling of bromine chemistry in the
boundary layer: 1. Bromine chemistry at the Dead Sea

E. Tas!, M. Peled, D. U. Pedersen, V. MatveeV, A. Pour Biazar?, and M. Luria !

Linstitute of Earth Sciences, Hebrew University of Jerusalem, Israel
2Earth System Science Center, University of Alabama in Huntsville, Huntsvile, AL 35899, USA

Received: 13 February 2006 — Published in Atmos. Chem. Phys. Discuss.: 19 June 2006
Revised: 8 November 2006 — Accepted: 10 November 2006 — Published: 14 December 2006

Abstract. The Dead Sea is an excellent natural laboratory forl Introduction

the investigation of Reactive Bromine Species (RBS) chem-

istry, due to the high RBS levels observed in this area, comit has become increasingly clear that Reactive Halogen
bined with anthropogenic air pollutants up to several ppb.Species (RHS) have a significant potential to affect tropo-
The present study investigated the basic chemical mechanisispheric chemistry (Von Glasow et al., 2004). This is mainly
of RBS at the Dead Sea using a numerical one-dimensiondbecause RHS can destroy ozone in the boundary layer via
chemical model. Simulations were based on data obtainedatalytic chemical cycles. Several observations have detected
from comprehensive measurements performed at sites along sharp depletion in boundary layer ozone concentrations,
the Dead Sea. The simulations showed that the high BrO levirom normal values between 30 and 40 ppb to below detec-
els measured frequently at the Dead Sea could only partiallyion limits (<2 ppb in the polar regions during springtime
be attributed to the highly concentrated Bpresent in the  (Tuckermann et al., 1997; Hausmann and Platt, 1994; Barrie
Dead Sea water. Furthermore, the RBS activity at the Deadbt al., 1988; Kreher et al., 1997; Murayama et al., 1992). It
Sea cannot solely be explained by a pure gas phase mechhas been shown that elevated BrO levels of up to 30 ppt, are
nism. This paper presents a chemical mechanism which canoncurrent with episodes of boundary layer ozone destruc-
account for the observed chemical activity at the Dead Seation (Platt and Honinger, 2003).

with the addition of only two heterogeneous processes: the |t has been recognized that RHS may also lead to boundary
“Bromine Explosion” mechanism and the heterogeneous detayer O; destruction at mid latitudes. This was first observed
composition of BrONQ. Ozone frequently dropped below at the Dead Sea valley in Israel (Matveev et al., 2001; Hebe-
a threshold value of-1 to 2 ppbv at the Dead Sea evapora- streit et al., 1999), based on an obvious anticorrelation be-
tion ponds, and in such cases; Became a limiting factor  tween ozone and BrO during ozone depletion events. In these
for the production of BrQ (BrO+Br). The entrainment of measurements, very high BrO levels above 150 ppt were de-
Os fluxes into the evaporation ponds was found to be essentected together with daytime depletion og,Cfrom levels

tial for the continuation of RBS activity, and to be the main greater than 120 ppb to below the detection limit of the in-
reason for the jagged diurnal pattern of BrO observed in thestrument £2 ppb). All subsequent measurement campaigns
Dead Sea area, and for the positive correlation observed begyerformed at the Dead Sea (Tas et al., 2005; Matveev et al.,
tween BrO and @ at low Oz concentrations. The present 2001; Hebestreit et al., 1999; Stutz et al., 1999) have shown
study has shown that the heterogeneous decomposition afie presence of elevated BrO levels (Tas et al., 2005, 2003;
BrONO; has a great potential to affect the RBS activity in Matveev et al., 2001; Hebestreit et al., 1999). Evidence for
areas influenced by anthropogenic emissions, mainly due t®RBS activity was also found at other mid-latitude locations,
the positive correlation between the rate of this process ane.g., at the Great Salt Lake, Utah (Stutz et al., 2002), north of
the levels of NQ. Further investigation of the influence of the Canary Islands (Leser et al., 2003) and at Salar de Uyuni,
the decomposition of BrON©may be especially important  Bolivia (Honninger et al., 2004).

in understanding the RBS activity at mid-latitudes. Previous research on Reactive Bromine species (RBS)
has been conducted either at the polar regions, which have
very low anthropogenic pollution levels or even pristine
Correspondence tdz. Tas conditions (Ridley and Orlando, 2003; Tuckermann et al.,
(erann@pob.huji.ac.il) 1997; Hausmann and Platt, 1994; Beine et al., 1997), or at
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mid-latitude locations with low concentrations of RBS (Stutz Even so, the main chemical mechanisms that take place in
et al., 2002; Leser et al., 2003; Honninger et al., 2004). Atthis area are still unknown. One of the widely recognized
the Dead Sea area, very elevated concentrations of BrO (umechanisms that participate in the RBS chemistry is the het-
to more than 150 pptv) are frequently observed (Tas et al.erogeneous decomposition of BrOlN@Hanson and Ravis-
2005), while in general, photochemical air pollution in this hankara, 1995; Hanson et al., 1996; Sander et al., 1999).
area can be characterized by average levels of &ld SQ Since NGQ concentrations at the Dead Sea are on the order
around several ppb. Therefore, the Dead Sea basin providesf several ppb, higher than at the other sites where BrO was
a unique natural laboratory for investigating the interactionidentified, the formation and subsequent heterogeneous de-
between RBS and photochemical pollutants. composition of BrONQ (Reaction H1) was suggested as an

The present study focuses on RBS activity in the Dead Se@mportant process for recycling RBS (Tas et al., 2005) in this
area of Israel. The Dead Sea Valley has unique geophysicalrea
conditions, being the deepest land area on the face of eart
situated about 400 m below sea level, betweetD8IN and %rONOZ + H20 — HOBr+ HNOs (H1)
31°50 N—035%30 E. The Dead Sea is one of the most saline Previous research has identified the “Bromine Explosion”
lakes in the world with 5.6 g bromide/l and 225 g chloride/l mechanism (Reaction H2) as an important process releasing
(Niemi et al., 1997). The bromine content at the Dead SedBr into the gas phase (Fan and Jacob, 1992; Vogt et al., 1996;
is higher than in normal ocean water (Sverdrup et al., 1942)Mozurkewich et al., 1995; Tang and McConnell, 1996; Platt
higher than at the Great Salt Lake, Utah (Stutz et al., 2002pnd Moortgat, 1999). The “Bromine Explosion” has been
and Salar de Uyuni, Bolivia (Honninger et al., 2004) by fac- suggested as the most likely process of Br release into the
tors of 86, 134, and 19 to 400, respectively. The Br/Cl ratio 9as phase at the Dead Sea (Tas et al., 2005, 2003; Matveev et
at the Dead Sea is higher than in normal ocean water and th@l., 2001)
Great Salt Lake, by factors of about 7.5 and 36, respectivelyjogr + H* + Br~ — Br, + H,O (H2)

A number of studies (Hebestreit et al., 1999; Matveev et . ) .
al., 2001) performed at the Dead Sea have clearly showr "€ reasons for this were the high [Brcontent, the high
the role of BrQ (BrO+Br) in causing ozone depletion. Two ratio of [BrrJ/[CI7] and the high levels of BrO frequently
main chemical mechanisms have been proposed as being rQw_easured at the Dead Sea (Tas et al., 2005, 2003; Matveev et
sponsible for the catalytic destruction of ozone at the bound@l-» 2001)

ary layer via the recycling of Bro(Wayne et al., 1995). This paper is the first to present a basic chemical mech-
The first mechanism is driven by the self reaction of BrO anism that can explain the fundamental chemical activity of
and the photolysis of Br RBS observed at the Dead Sea. This objective was achieved

with a one dimensional model, which uses an explicit chemi-

Cycle 1 (Bro-cycle) cal mechanism, in combination wi'Fh data obtained from com-
prehensive measurement campaigns. The present study fo-

Bro + hv — 2Br (GP1) cuses on the main factors and processes which lead to the ex-
traordinarily high BrO levels, the unique BrO diurnal profile

(Br+ 03— BrO+0y) x 2 (G1)  obtained at the Dead Sea, and the efficient ozone destruction
via BrOy production.

BrO + BrO — 2Br+ O, (G2)
2 Experimental

— Bro + Oy (G3)
2.1 Model description
BrOyx
203 — 30, (G4 211 Basic model

The second mechanism is initiated by the hydroperoxyl

radical as shown below: The core of the research analysis was done by a one-

dimensional Chemical Transport Model, UAHCTMD (Bi-

Cycle 2 (HOBr-cycle) azar, 1995).'This model inqludes an explicit gas phase phem—
ical mechanism and takes into account the vertical motion of
BrO + HO, — HOBr + Oy (G6) the different species based on diffusion and advection calcu-
lations and on deposition velocity values.
HOBr+ hv — OH + Br (GP3) The model calculates the changes in the mixing ratio,
of species i in the gas phase with time @ccording to
Br+ O3 — BrO+ 0> (G1) Eq. (1):
aC;i aC; d aC;
H02+03w> OH + 20, (G2) a_tl =—wa—zl+a—z[1{(z)a—zl} +4qi + pi — Cil; (1)
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Table 1. Reactions in the gas phase.

Reaction Gas phase reactions Rate constant Reference
No. (cm® molecules 1 s—1)

(G1) Br+0;—Bro+0, 1.2x1012 1
(G2) BrO+BrO—Br+Br+0, 2.7x10712 1
(G3) BrO+BrO—Bry+0, 48x10°13 1
(G4) Br+HO,—HBr+0, 2.0x10712 1
(G5) BrO+HQ,—HBIr+0;3 2.3x10°13 1,2
(G6) BrO+HQ—HOBr+0, 2.3x10711 1,2
(G7) BrO+OH-Br+HO, 41x10711 3,4,5
(G8) BrO+OH—HBr+0, 41x10713 3
(G9) Bry+OH—>HOBr+Br 45x1011 1
(G10) HBr+OH—H,O+Br 11x10°11 1
(G11) Br+NQ;— BrO+NO, 1.6x10 11 1
(G12) BrO+NQ—BrOO+NO, 1.0x10712 1
(G13) OBrO+NG-BrOo+NO, 1.8x10°12 6
(G14)  BrO+NQ —>BrONOR 5.7x10~12 1
(G15)  Br+NQ % BrNO2 6.5x10~12 1
(G16) BrO+NG—Br+NO, 2.1x10711 1
(G17) Br+CH,0—HBr+HCO 11x1012 1
(G18) Br+GHo— CH,Br 2.6x10714 1
(G19) Br+GHa— BrCoHy 1.3x10°13 1
(G20) Br+CH;CHO—~HBr+CH3CO  39x10~12 1
(G21) Br+CH;Op— BrO+CH;O 25x10°14 7
(G22) Br+GsHg—> HBr+CgHY 1.2x10°14 1
(G23)  Br+GyHg —>BrCaHR 3.6x10712 1
(G24) BrO+CHO,—Br+CHzO+0,  0.9x10 12 8
(G25) BrO+CH0,—OBrO+CHO  0.9x10 12 8
(G26) BrO+CH0,—HOBr+CH,0, 4.6x10-12 8

1Atkinson et al. (2003)2Bloss et al. (2002)3Bedjanian et al. (2001) Gilles et al. (2001)°Atkinson et al. (2004)8Li and Tao (1999);
“Stutz et al. (1999ﬁAranda et al. (1997 Pressure dependent reactions; Calculated for 800 mm Hg aﬁdisbﬁﬂsignificant

wherew is the vertical wind speed componentjndicates The basic photochemical processes described by 166
the vertical height, an& ;) is the exchange coefficient at gas-phase reactions were based on the Trainer mechanism
heightz. The two first right hand side terms are the advection(Trainer et al., 1987), which was updated according to Atkin-
and diffusion terms, respectively; is the sum of emissions son et al. (2003). Thirty one reactions were added to de-
fluxes or advection fluxes for speciesp; andC;l; are the  scribe the bromine gas phase mechanism (Tables 1 and 2).
gas phase chemical production and loss, respectively. Th&he deposition velocities of the bromine species that had a
fluxes through the top of the model, the surface emissionsignificant influence on the results of the present simulations
and the surface deposition flux are included in the model asre listed in Table 3. The velocities for NO, NOC4HgO
boundary conditions of the second order partial differential(methacrolien), gHsO (methyl vinyl ketone) and PAN (per-
equation term. oxyacetyl nitrate) were calculated according to Trainer et
For the present study the model used 27 levels from theal. (1987). Deposition velocities for 40,, CH30OH,
surface to a height of 10 km with variable spacing in order toCH30, and CHO were calculated in the same way based
represent the boundary layer with greater vertical resolutionon values from Sander and Crutzen (1996).
Four grid points were included between heights of 1and 10m The rate constant for each photochemical reaction was cal-
and 7 grid points were included between heights of 10 m anctulated at a time resolution of 15 min by integrating over the
100 m and between 100 m and 1000 m. The model results areelevant wavelengths, using Eq. (2):
presented only for a height of 2 m, approximately the height

at which the chemical parameters were measured (Sect. 2.32. . /' FO)o ()b ()dA @)
=
s
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Table 2. Photolysis reactions of Bromine species and their averageTable 3. Deposition velocities for some bromine species.
daytime rate constants in the gas phase calculated fozésith
angle and clear sky at the Dead Sea (31afitude).

Species vy cmst

Reaction Gas phase reactions Gas phase Reference HOBr O'Zaa
No. reactions HEBr 0'65b
BrONO, 0.18
(GP1)  Bp ~Br+Br 31x10°92 1 BrNO,  0.18P
(GP2)  Bro™%Br+o, 38x10702 1 _
hy 03 8Values were determined based on Sander and Crutzen (1996).
(GP3) HOBr— Br+OH 25x10~ 1 b values similar to those of Nwere used.
(GP4)  BrONQ %Br+NO3 16x10°03 2
hv -
(GPS) BrNQhU—>Br+NO§ 22x107% 3 and Pielke, 1981). The meteorological conditions, fluxes, so-
(GP5) OBrG—Bro+03 13x10°%0 1 lar data and heterogeneous parameterizations were updated
every 15 min in all simulations.
LAtkinson et al. (2003)2Atkinson et al. (2002)¢ was taken from All features described in the basic model sections were an
Harwood et al. (1998)3Stutz et al. (1999)2Estimated from red-  integral part of all the model simulations. However, the basic
shifted CIONO absorption cross-section by 50 nm. model was unable to account for the observed RBS activity
without the inclusion of heterogeneous processes and ozone
fluxes.

wherex is the wavelengthg is the quantum vyieldy is the
absorption coefficient and' is the actinic flux. The actinic

flux was calculated by running the Tropospheric Ultraviolet As described later, the model simulations could not dupli-

&V|§|ble Radiation _model (Madronich etal., 1998). All sim- ate the observed chemical effects of the bromine species by
ulations were restricted to clear sky cases, based on glob cluding only a gas phase mechanism in the model. Two
and_ uItraylt_)Iet radiation meas_urem_ent data. The maximal erheterogeneous processes, the heterogeneous decomposition
ror in actinic flux calculations is estimated to be 16% for the of BIONO,(H1) and the “Bromine Explosion” Mechanism
520: UVdrange ﬁ3lfggn;,) an(.j :::ss ;olrzlor&ge.r \liva\llgggf]?:;[hs (H2), were the only additions to the mechanism, significantly
( (l:) wan Frleégi" » Erlick and Frederick, ’ ug'improving the agreement between measurements and simu-
9a gr etal, )- . ) lations (Sect. 3.1.2).

Since the model used in the present study is one- These two reactions were added to the basic model using

dimensional, it cannot account for external advection of parameterization for their first order rate constant, according
chemical pollutants, and it was therefore necessary to adgp Eq. (3):

horizontal fluxes. The fluxes were determined based on sim-
ulations performed for those days on which no significantR= (v <¢>4) /4 @)

activity of RHS was detected at the Dead Sea evaporatiofyhere R is the rate coefficient, is the uptake coefficient,

ponds (Sect. 2.3). In these preliminary simulations the RBS_ .~ s the mean thermal velocity andl is particle surface
mechanism was not included, and the results provided a reagrea per unit volume.

sonable agreement between the measured and simulated timeThe basic physical assumptions are that Reaction (H1)
series of ground level NPand hydrocarbons for these days. takes place mainly on sulfate aerosols, while Reaction (H2)
Once these fluxes were determined for those days in whichakes place mainly in the sea salt aerosols present over the
no RBS activity was observed, the same fluxes were includegyater. The first assumption is based on the relatively high
in all simulations with the addition of the RBS mechanism. efﬁciency of the heterogeneous decomposition of BrGNO
The magnitude of the fluxes at each height was estimate@n sulfate aerosols (Von Glasow et al., 2002; Hanson et al.,
based on the vertical profiles that were obtained during the;996: Hanson and Ravishankara, 1995) together with the
preliminary simulations. This procedure was used in or-hjgh levels of sulfate aerosols measured at the Dead Sea, av-
der to include fluxes for NO, NPand 13 different hydro-  eraging~8,.gm=3. This value is very similar to other values
carbons species, at heights between ground level and thgat were reported for this area (Andreae et al., 2002; Wanger
base of the planetary boundary layer. A very small flux of et al., 2000; Formenti et al., 2001).
Br2 of 10 molecules sz S_l was added for initiation of the Studies have shown that the dependence of the rate of
bromine species activity, from ground level upwards. Reaction (H1) on atmospheric conditions is essentially very
Necessary meteorological parameters, including the planweak (Hanson et al., 1996). The uptake coefficient for this
etary boundary height, representative of real conditions wereeaction is only slightly dependent on particle size, compo-
obtained by running the_dl Meteorological model (McNider sition of sulfuric acid, and temperature (Hanson et al., 1996;

2.1.2 Heterogeneous processes
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Hanson and Ravishankara, 1995). Further, the heterogeneosthle that different wind directions may have led to differ-
decomposition rate of BrON£iIs very efficient under dry ent BrO concentrations. The relation between wind direc-
conditions (Hanson and Ravishankara, 1995), such as exigton and BrO concentrations was therefore analyzed based
at the Dead Sea. Based on this information it was concludedn measurements from the entire campaign using the magni-
that it was justified to include Reaction (H1) in the model by tudeBrO- ’;’(i’)), wheren, (i) = time percentage in which pos-
a parameterization. itive BrO concentrations were measured for a wind direction
The total surface area of sulfate aerosols was determined); n), = time percentage for which wind direction (i) was
based on direct measurements of sulfate aerosols at the Deateasured during daytim8rO = average daytime BrO con-
Sea (Matveev et al., 2001) and the average value for theentrations obtained for wind direction (i). This relation was
density and radius of sulfate aerosols. Values between 50parameterized into the rate of Reaction (H2) for each update
65..g%/cm® were used for the total surface area of sulfate time of the model. The basic assumption was that there was a
aerosols. A value of 0.75 was assumed for the uptake coefpositive correlation between the magnituddBW)-’f;(—(i’)) and
ficienty (Reaction H1) based on literature data (Atkinson etthe rate of Reaction (H2). For all simulations included in the
al., 2004; Hanson et al., 1996) and a comparison of modepresent paper a linear relation between this expression and
simulations with relevant measurements. the rate of Reaction (H2) was used. Other relations were also
Reaction (H2), the “Bromine Explosion”, is the most checked and found to be irrelevant.
likely chemical mechanism for the release of bromine into The two parameterizations of wind speed and wind direc-
the gas phase at the Dead Sea (Matveev et al., 2001; Tas et aion were included in the rate constant of Reaction (H2) in
2005). In the present simulation study, it was assumed thaguch a way that its daily average magnitude was left un-
Bro was released solely from the sea salt aerosols. This is nathanged due to these parameterizations.
necessarily true, since it is also possible that part of theBr
released directly from the water or salt surfaces (Sect. 3.1.2)2.1.3 Ozone fluxes
or from sulfate aerosols (Von Glasow et al., 2002; Fan and
Jacob, 1992). As supported by the model results, the releag@zone fluxes were added to the basic model in addition to the
from sea salt aerosols is assumed to be the major contributdwo heterogeneous reactions in order to account for the en-
because there were very limited solid salt depositions in theérainment of ozone fluxes at the evaporation ponds in a time
investigation region. resolution of 15 min based org@easurements (Sect. 3.1.1).
The rate constant for Reaction (H2) was determined based
on comparison of model simulations and measurements. Thé.2 Model simulations
rate of Reaction (H2) was obtained as the only degree of free-
dom in the structure of the model. A range of values for Simulations were performed for 3 different days in August
Reaction (H2) was tested, and the best agreement betwee?01 (4, 5 and 9, Julian days-216, 217, 221) for which mea-
simulations and measurements was obtained for a daily avsurement data was available at the evaporation ponds. The
erage value of~1.35x10 % ppb/s. This final value was in measured BrO time series during these days were representa-
good agreement with values calculated from the literaturetive of the entire campaign. The days chosen for simulations
(e.g., Michalowski et al., 2000), and was used for the modeere those for which no significant signs for iodine species
simulations. The model simulations suggest that the result@ctivity were detected. Since iodine oxide species formation
are relatively insensitive to the timing of changes of the ratehas been detected at the Dead Sea (Zingler and Platt, 2005)
of Reaction (H2) (Sect. 3.1.2). it is important to perform the simulations only on those days
Sea salt aerosol concentrations are a strong function of suwithout expected 10 presence. The various conditions used
face wind speed. This relationship was thus included for eaclin the simulations are summarized in Table 4.
15 min update interval in the parameterization of the rate of The model simulations did not include the chemistry of
Reaction (H2), according to Eq. (4) (Gong et al., 1997; GrasReactive Chlorine Species. However, the influence of chlo-
and Ayers, 1983): rine species at the Dead Sea is expected to be low relative to
the contribution of bromine species due to the low CI/Br ratio
Inx =Inb) +al1o () (about 40) at the Dead Sea. This is because the production
wherey —ambient sea salt aerosol concentration; Ywind of Br;, is expected to be more efficient than the production
speed measured at 10 m height over the evaporation pondsf BrCl for T=<295°k by a factor greater than 10 (Fickert et
a, b — empirical parameters determined based on Gong etl., 1999) and because the production of Cl is dominant only
al. (1997). This parameterization was included mainly in or-for a [CI7]/[Br ] ratio of greater than 2000 (Behnke et al.,
der to examine its importance in the area under investigation1999).
The effect of this parameterization on the results was found During the simulations, the contribution of each reaction
to be negligible (Sect. 3.1.2). to the formation of its products was investigated by including
The bromide concentrations in the sea water at the studw chemically inert species as an additional product in the re-
site increases from north to south, and it is, therefore, posaction. For example, Reaction (G1) appeared in the model as
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Table 4. Key of different simulation runs.

Simulation  Individual conditions for calculatiohs

“FULL” Full bromine species mechanism as described in Sect. 2.1.
“NOB” No bromine mechanisms included.
“NOOZ” No O3 fluxes advected during RBS activity3@uxes advected only for a short time during evening when RBS

activity was insignificant.
“NOHET” No heterogeneous reactions inclufled
“NOH1” Reaction (H1) was excludéd
“NOH2" Reaction (H2) was excludéd

“NWS” Wind speed parameterization not included for Reaction (H2). The rate of Reaction (H2) was normalized in
order to obtain the same daily average value that was used in the “FULL” simulation.
“NwWD” Wind direction parameterization for Reaction (H2) was not included. The rate of Reaction (H2) was normalized

in order to obtain the same daily average value that was used in the “FULL” simulation.

& All simulations except for NOHET, NOH1 and NOH2 were run with a maximal Bux of 10 molecules cm?s~1 normalized to the
actinic flux at the area at the appropriate tifi&imulation with maximal Bs flux of 5x 1019 molecules cmi2 s~1 normalized to the actinic
flux at the appropriate timé&.Simulation with maximal By flux of 10'%molecules crm? s~ normalized to the actinic flux at the appropriate
time.

Br+O3—BrO+0O,+X , where X is an inert gas product spe- <0.5ppbv) (Matveev et al., 2001). The continuous mea-
cific to Reaction (G1). The first derivative with time of the surements were performed at the western edge of the ponds,
concentration of this inert species correlates with the rate ofvhile the DOAS measurements represent the average con-
the reaction that produces this product, and appears in thisentrations along a 5.8 km light path with the light source
paper as%, where X indicates the reaction number. situated due east over the evaporation ponds.

In practice, this approach was mainly used in orderto com- Oz was measured at the western end of the DOAS light
pare between the time series of the reaction rate, representdth (Fig. 1) on the edge of the evaporation ponds. The O
by the magnitude%, and the time series of the modeled monitor was located downwind of the DOAS reflectors, with
concentrations of a product formed by this reaction. Oncewind vector and light path directions differing by less than
the inert species X is formed in the model, its concentrations20°. The changes in ©concentrations were detected with a
can only be changed due to physical processes incorporateiéme delay of 10 to 30 min relative to the comparable changes
into the model. The same physical properties were definedn BrO levels, due to the transport of the air masses along the
for the inert species and for the product of the same reactionPOAS light path to the @monitor. Thus, the measurements
to which it was compared. Therefore, the physical effect isof BrO and @ represent concentrations in the same air mass
neutralized in the comparison of the magnitd%ié—] andthe at two different locations. In order to synchronize the mea-
specific product to which it is being compared. This allowed surements of ozone and BrO to the same time scale, the wind
for the isolation of the chemical effect from the physical ef- speed and direction were used to calculate the travel time
fects. Another advantage of this method is that the magnitud@long the DOAS light path, and the ozone measurements

2 s calculated with the same time resolution as the modeere adjusted back in time (Fig. 2a). All ozone concentra-

time step. tions presented in this paper have been adjusted in this way.
Supporting parameters that were not measured at the evap-
2.3  Field measurements oration ponds site were obtained from other research cam-

paigns performed at the Dead Sea. In Metzokei Dragot, a site

All simulations presented here were based on a compreherfoMme 400m above the Dead Sea (see Fig. 1)y Big@cies
sive set of atmospheric trace gas measurements and reléNOy=NOx*+HNO3+2N205+NO3 + organic nitrates + par-
vant meteorological parameters collected at the Dead Sediculate nitrate +...) were detected by the use of an appro-
Continuous measurements 0§, NO, NO,, SO, particu- priate ponverter Ioca_lted before the inlet of the N@oni-

late sulfates and nitrates, wind speed and direction, tempef©"- This, together with N@data from the DOAS, was used
ature, relative humidity, pressure and solar radiation, werd® calculate the NOz (N&NGy-NOx) concentrations. Dur-
conducted at the evaporation ponds using the techniques d&9 another campaign at the Ein Bokek site canister samples
scribed by Matveev et al. (2001) during 2-12 August 2001'Were collected and analyzed for hydrocarbons using GCMS.
(see Fig. 1 for site locations). The differential optical absorp-

tion spectroscopy (DOAS) technique was employed to quan-

tify BrO (detection limit<7 pptv) and NQ (detection limit
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Fig. 1. Map of Israel, inset showing Dead Sea region.

3 Results and discussion 012 T S e T 0 shited

e R S S S AR b L
The measured BrO profiles at the Dead Sea are unique in so %7 | J v /}3\"‘:‘, R S Rk
their high concentrations, jagged shape, and relation to the_ & _oos §‘i$é; L W /"l,'\/\"\ [ 20 Nesaured
measured ozone profile (Fig. 2a). While the basic relation 002 ] S \FC e
between BrO and ©is one of anti correlation, under cer- 005 {® "2
tain circumstances, a positive correlation of ©© BrO can a0 0% N
be observed (Fig. 2a). The basic homogeneous model mech- ) | F 1S by
anism could not correctly simulate the measurga@d BrO 001 Fs
concentrations (Figs. 2a, b and 4). As described below, the o] :go
present research has demonstrated that a basic description of,;;, e F 40 e
the special RBS activity at the Dead Sea can be achieved only ®™" ;1 [” 30 0, (ppbY)
by the addition of two heterogeneous processes and ozone IEN S
fluxes to the basic gas phase mechanism. 07 Fo

8 10 12 14 16 18 20

Time (hours)

3.1 Model verification

Fig. 2. Movement of ozone fluxes into the spatial region of bromine
activity. (a) Measured BrO concentrations vs. time-shifted and not
The general pattern of 0zone levels measured at the evag, ed G concentrations measured during Julian day ZB18ro

. - . and & concentrations for “NOOZ” simulation. Simulated BrO
oration ponds increased sharply at sunrise, and then begaép

dv d hi - i | nd G; concentrations did not match the measured levels when O
a steady decrease, reaching a minimum of nearly zero af'l'uxes were not added(c) Simulated @ concentrations vs. time-

around 11:00 a.m. This was followed by sharp increasesifed measurements. Itis evident that the jagged events in the BrO
in ozone, alternating with sharp decreases, thus forming @me series are associated with times when simulatgdr@sses the
jagged pattern (Fig. 2a). These mid-day increases must bgreshold value of-1 to 2 ppb (panel c).

the result either of photochemical production or of advec-

tion from outside the area. Model simulations, without ex-

ternal G fluxes, showed that the observed increases4n O creases must be the result of the entrainment of external air
concentrations, were not due to photochemical productionmasses, containing highers@oncentrations, into the area
even at lower @ destruction rates (Fig. 2b). Thus, these in- during periods of RBS activity. Due to the relatively small

3.1.1 Validation of ozone profiles
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R e S A A Fig. 4. Diurnal profiles of BrO obtained in different simulations
Time (hours) (See Table 4 for the conditions of each simulation).

(a) NOHET — Heterogeneos reactions (H1 and H2) are not included
Fig. 3. The influence of @ depletion below~1-2 ppbv on Brand  (b) NOH1 — Reaction (H1) is not included
BrO diurnal profiles(a) When G; levels were dropped below1— (c) NOH2 — Reaction (H2) is not included
2 ppbv (dashed line at 2 ppbv), concentrations of HBr increased, in{d) FULL — All reactions are included

dicating an increase in the rate that Br undergoes termination reacthe full treatment of the bromine chemistry suggested in this pa-
tions. (b) This in turn caused the decrease in Br and BrO concen-per is incorporated only in the FULL simulation. In the plots for

trations, and hence led to lower Byevels. NOHET, NOH1, and NOHZ2, the Brflux was multiplied by~10°
(Table 4), an unrealistic value. Reaction (H1) is necessary for the
structure, Reaction (H2) is necessary for the correct magnitude of
width of the evaporation ponds at the Dead Sea (4 km EastBrO concentrations.
West), and the eastern wind flows, this entrainment is pos-
sible, occurring on a time scale of tens of minutes. Since
the model used in this work is one dimensional, it cannot ac-ing a threshold value of1 to 2 ppb, was the crucial factor
count for this external advection of chemical species, and itfor determining the correct BrO time series. It was not neces-
was, therefore, necessary to add horizontaflGxes during  sary to obtain a strict agreement for higher levels of &hd
the simulations (Sects. 2.1.3 and 3.2.2). The chemical prothe choice was made to obtain the best possible match for
cess by which ozone fluxes are entrained into the evaporatiothe lower ozone concentrations around the threshold value
ponds, their influence on the RBS activity, and their relation (Fig. 2c). The inclusion of these ozone fluxes in this manner,
to Br concentrations are discussed in detail in Sect. 3.2.2. focusing on the timing of the ozone changes at low levels,
The timing of the input of ozone fluxes was based on actuagave a good match between the modeled and simulated BrO
measured ozone in order to obtain good agreement betwedime series.
the trends of the simulated and measured ozone time series. Figure 3 demonstrates that the frequent and severe tran-
The magnitude of the simulated ozone, however, was lowesitions between increases and decreases in BrO were con-
than the ozone concentrations measured at the edge of theolled by ozone concentrations crossing the threshold value
ponds for two reasons: (1) the difference in ozone levels beof ~1-2 ppb, as described in detail in Sect. 3.2.2. This oc-
tween the center and the edges of the evaporation ponds arirred in a way that, close to the threshold level, d [BrO]/dt
more fundamentally, (2) adjustment limitations in the model, was positive for [@] above~1 to 2 ppb, and d [BrO]/dt was
as described later in this section. First, the ozone concentranegative for [Q] below ~1 to 2 ppb. On the other hand,
tions measured at the edge were higher than the simulateifl the simulations were adjusted to the higher ozone levels,
levels representing the middle of the ponds. This is con-even large changes in ozone, c]@t, caused much smaller
sistent with limited DOAS measurements of ozone over thechanges in d [BrO]/dt, did not lead to the jagged shape of
evaporation ponds, showing that they were lower than thosghe BrO concentrations, and, furthermore, the simulated BrO
measured by the monitor at the edge of the ponds. Itis likelytime series were inconsistent with BrO measurements. These
that the edge of the evaporation ponds was influenced by aipbservations were also confirmed by the model results for
masses containing higher levels of ozone. the two other simulations describing RBS activity in two
The more fundamental reason for the lower simulatedother days. The focus was thus placed on the trends of mea-
0zone concentrations was that the changessic@centra-  sured ozone concentrations, making sure that the simulated
tions were so frequent and severe at the Dead Sea, that th@zone concentrations were allowed to drop below the thresh-
could not be captured by the model due to adjustment limita-old level (Fig. 2c). This, together with the addition of two
tions. As described in the next paragraph, it turned out that deterogeneous processes, led to a good agreement between
correct description of @concentrations at low levels, cross- simulated and measured BrO (Sect. 3.1.2).
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3.1.2 Validation of BrO profiles 0.12

4 Julian day 216
As stated previously, even after including ozone advec- 0.08 ~
tion into the region, the simulations could not emulate the 7
unique BrO profile using only a gas phase mechanism. The 0.04 7
present study shows that the heterogeneous decomposition of o ) )
BrONOZ (Reaction H1) and the “Bromine Explpgion” (Reac- - Julian day 217
tion H2) are not only necessary, but also sufficient to recon- 012 7

struct the BrO time-series measured at the Dead Sea. Thiﬁpi'fv) 0.08
can be seen in Fig. 4, which shows simulations without Re- 0.04 ]
action (H2) (NOH2), without Reaction (H1) (NOH1), and -
without the two reactions (NOHET). It should be noted that 0 X
the simulations, except for FULL, were initiated with axBr 042 - Julian day 221
flux about 16 times higher than normal simulation fluxes 0.08 ]
(Table 4). This Bs flux was unrealistically high, and was 4
necessary in order to get reasonable results in the absence of %4 7]
Reaction (H1) or (H2). Even though the addition of Reac- 0 o fogototo et T TSPt
tion (H1) produces the correct jagged diurnal pattern of BrO, 0z 4 6 8 M0 :hzour;;* 16 18 20 22 24
itis only when both of the heterogeneous reactions are added
together (FULL simulation) that the simulations agree with
both the BrO pattern and its magnitude (Fig. 4).

The present study provides more evidence for the signif-
icant role of Reaction (H1) in the RBS activity at the Dead ,

. . . . . . graph presents only measurements of BrO concentrations above

Sea. With the inclusion of this reaction, the mechanism was, DpLv.
able to account for the conversion of N@ NO, that was
frequently observed at the Dead Sea (Sect. 3.2.3). The ex-

clusion of this reaction led to several incompatibilities be- Following the good agreement obtained for 9 August (Ju-
tween the simulations and the measurements. The formajan day 221), the entire FULL simulation was performed
tion of BrONQz reached levels that were unrealistically high ¢4, two other representative days, 4 and 5 August (Julian
compared with those measured at the Dead Sea (Peleg ghys 216 and 217). Good agreement between simulations
al., unpublished data, 2006), the BrO diurnal time series, iNang measurements was obtained for the three days, indicat-
the absence of Reaction (H1), was also totally inconsistenfq that with the inclusion of advectedsGluxes and two

with the measurements and included a significant morningyeterogeneous processes, the model is capable of sufficient
peak (Fig. 4b). This peak was formed due to the increasgccyracy and reproducibility in predicting BrO formation

in BrONO, concentrations during nighttime, in the absence rig. 5) Although other heterogeneous reactions certainly
of Reaction (H1), followed by fast photochemical decOmpo- taye place at the Dead Sea, the present research showed that
sition of BrONG; during the morning (Figs. 4a and b). In " he role of the heterogeneous decomposition of Br@ax
addition to that, it is evident that Reaction (H1) has a domi-ne “Bromine Explosion” in the RBS chemistry are expected

nant role in forming the jagged BrO time series (Fig. 4). This {4 he most significant, based on the successful comparison of
is because Reaction (H1) leads to a very sharp increase in thge measured and simulated BrO time series.

rate of BrQ formation via Cycle 3, as long as enoughyBr
is produced by Reaction (H2) or by another source, as ex32 The RBS activity at the Dead Sea
plained in Sect. 3.2.2 for Cycle 3b. This is consistent with
other evidence that shows that the RBS chemistry is relaThe RBS mechanism suggested for the Dead Sea evapora-
tively insensitive to the timing of changes of the rate of Re- tion ponds area is schematically displayed in Fig. 6. The
action (H2). time series of some important gas phase bromine-containing
The simulated results were relatively insensitive to thespecies obtained during “FULL” simulation are shown in
parametrization of wind speed, suggesting that the rate ofig. 7. Based on the simulations, the daily (06:00-20:00) av-
Reaction (H2) depends only weakly on concentrations oferage concentrations of B@nd OH during RBS activity are
sea salt aerosols. This implies that the sea salt aerosols aghout 2 ppt and 1 ppt, respectively. The sharp increase in the
not the only source of airborne Br, and that Br may be re-sum of bromine species begins on 06:00 a.m., at sunrise, with
leased directly from the seawater or from salt pans by Reaca small peak of BrO reaching about 20 ppt due mainly to the
tion (H2). Similarly, the model simulations were also insen- photochemica| decomposition of B(F|g 5) The increase
sitive to the parameterization of wind direction. in total Br lasts until 09:30 a.m. with a short decay between
07:00 a.m. and 07:30 a.m. (Fig. 7). After approximately

— — = —— Simulations ———e—— Measurements

Fig. 5. Comparison between measured and simulated BrO. This
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species shown in the lower panel.

09:00 a.m. until sunrise occurs again, the sum of Br tendg,eqyeen 19:00-20:00. Although they are essential to the

to decrease continuously. It can be seen that, during RBqcess, these photochemical reactions are only a necessary
activity, BrO is not the only species that shows a jagged d"trigger for efficient production and recycling of RBS.
urnal profile and other bromine species also exhibit a similar

jagged diurnal profile. Heterogeneous reactions If the model is run without

including heterogeneous Reactions (H1) and/or (H2),
maximal BrO concentrations do not exceed 1 pptv, while
the measured BrO levels were greater by about two orders
of magnitude. As described previously, the heterogeneous
processes (H1) and (H2) are required in order to simulate
the high measured level of BrO (Sect. 3.1.2). Cycle 3,
especially Cycle 3b which includes these two processes, is
suggested as being the chemical mechanism which promotes
the extensive BrQformation at the Dead Sea:

3.2.1 Main factors of BrOX formation at the Dead Sea

Sea salt concentrationsThe basic contributor to high RBS
levels is the abundant Brpresent in the Dead Sea waters.
According to a laboratory study (Fickert et al., 1999) the effi-
ciency of Bp release by activation of HOBY, is not expected
to increase once Brexceeds a value of 0.8 mol/n? (for
pH=5.5 and T=27%K). The Br  at the Dead Sea exceeds
this value by about two orders of magnitudes, while the Br
of normal ocean water is about equal to this value. HoweverCycle 3

a previous study (Tas et al., 2005) showed an increase in BrO + NO, - BrONO, (G14)
both frequency and concentrations of BrO events towards BrONO; + Ho0 — HOBr+ HNOz  (H1)
the more concentrated salt ponds, and may indicate that the J N

high Br~ concentrations at the Dead Sea contribute to the A B

BrO formation. Even so, the very high Bicontent may not

be solely responsible for the high BrO levels observed at theHOBr-"% OH+Br (GP3) HOBr+H +Br~— Bry+H,0 (H2)

Dead Sea. Brp % 2Br (GP1)
Photochemical reactions Model simulations showed . /
that the formation of Br@is also highly dependent on pho- Br+ O3 — BrO+ O, (G1)

tochemical reactions. This is emphasized by the similarity
between the diurnal pattern of Bg@nd the photochemical
decomposition rates (J values) of b_ro_mine species_ that arfo, 4+ H,0 + O3 Brox HNO3 4+ OH+ O,
essential for the progress of RBS activity. The sharp increase

in BrOy between 06:00 and 07:00 (Fig. 3) is mainly due to Cycle 3b

the fast increase in the rate of the photochemical decomposi: n _
tion of Br,, leading to a sharp decrease inBoncentrations 203+NOz+H"+Br BrO-+HNO;+20;

(Fig. 7). As photochemical decomposition rates of the keyCycle 3 includes the heterogeneous decomposition of
bromine species reach near-zero values, they Bevels BrONO, (Reaction H1) followed either by the photodisso-
decrease sharply by about 4 orders of magnitude in only 1 h¢iation of HOBr to Br (Reaction GP3) (Cycle 3a) or by the

net: Cycle 3a

H*,Br—,BrOy
—_—
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release of By by the “Bromine Explosion” mechanism (Re-

- . ) 0.00025 - 0.04
action H2) followed by the photolyzation of Bto yield 2Br 00002 ] -
(Reaction GP1) (Cycle 3b). Cycle 3 is then completed by the 22 . [ 003 a1
reformation of BrO from the reaction of Br with4YReac-  ®e=mn**"] /\/ J \/\/ | 0.02 (ppbVimin)
tion G1). In both Cycles 3a and 3b the heterogeneous decom- oot 1 oo T
position of BrONQ utilizes the Br located in the BrONO SE-005 7 A R N ﬁng '
reservoir to form HOBY. In Cycle 3b this formation of HOBr °] < | RBS actvity | —— °
leads to the exponential production of Br@hile in Cy- 03 "
cle 3a it leads to the recycling of BgO cox ] pusl b

Another indication that Cycle 3b drives RBS activity is (peby) %2 7] LY b
the relation between BrOconcentrations and the rate of 0.1 Y
Reactions (H2) and (H1). First, enhanced rates of Reac- B 0 O . o .
tion (H2) leads to increases in Bg@oncentrations, which 0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hours)

reflect an exponential growth in Bg@roduction. Secondly,
the r{.ﬂe of ReaCtlc.m (H2), which is the rate determlnlpg Fig. 8. The dependence of BrOx production on the heterogeneous
step in Cycle Qb, is enhanced by React!on (H1), l_ea_dmgprocesses_ During RBS activity (shaded area) there was a correla-
to fast production of HOBr (Reaction H1 is more efficient ion (1=0.73) between the trends in the rates of Reactions (H2) and
by a factor of~4 than Reaction G6). Enhanced rates of (41). Enhanced rates of these reactions led to increases ig BrO
Reaction (H1) are, therefore, also associated with increasesoncentrations (which reflect BgQproduction). This is because

in BrOy concentrations. In addition, BsOproduction is  Reaction (H2) is the rate determining step in Cycle 3b and is en-
delayed relative to the rates of Reactions (H2) and (H1)hanced by Reaction (H1). The BxQoncentrations exhibited a
(Fig. 8). This delay emphasizes the fact that the productiorporrelation with these reaction rates, subject to a delay on the or-
of BrOy depends more on Reactions (H2) and (H1) than theder of~1/2h, which is the model time resolution of the output.
reaction rates depend on By@vels.

voir of RBS species at the Dead Sea, because it exist8r reacts with ozone (Reaction G1) approaches the rates at
in high concentrations in this area and can lead to thewhich Br reacts with some of its terminators (CH20, C2H2
formation of BrQ, via Reaction (H2) (e.g., Cycle 3b) or and HQ), and the bromine chemistry is driven to termina-
via photochemical decomposition (e.g., Cycle 3a). Thetion (Fig. 3).

main source of HOBr at the Dead Sea is the heterogeneous The interaction betweengand BrQG at the Dead Sea can
decomposition of BrON@ (Reaction H1). An additional be described by a periodic two stage cyclic process. The first
significant source of HOBr is the reaction of HQvith ~ Stage of the process is an increase inlé€vels, which leads
BrO (Reaction G6): during daytime, the HOBr time series t0 increased BrO production via Reaction (G1). This in turn
follow the concentrations of H§) with correlation factors leads to greater Broproduction mainly through Cycle 3b,

of about R=0.45 between 06:00 a.m. and 20:00 p.m. andvhich then leads to the depletion of@uring the second
R=0.85 between 08:00 a.m. and 18:00 p.m. However, thisstage of this periodic process. During the second stage, BrO
mechanism produces 80% less HOBr than that formed byproduction via Reaction (G1) also decreases, due to a de-
Reaction (H1), and is therefore much less important at thecrease in @ concentrations. This leads in turn to lower Br

Dead Sea. production due mainly to an overall slower rate of Cycle 3b.
Further decreases in Br occur due to the increase in the ratio
3.2.2 Qdepletion, BrO profiles and £fluxes [Br]/[BrO] for lower levels of ozone (Wayne et al., 1995),

which lead to a higher rate of BgGermination mainly via
One important finding of the present study is that at the DeacReactions (G4), (G17) and (G18). The resulting drop in Br
Sea, Q can occasionally function as a limiting factor in the concentrations weakens theg @epletion, and eventually D
formation and recycling of BrQand the consequent;@e-  starts to increase due to advection, initiating the periodic cy-
struction. This is because the catalytic destruction of tropo-cle once again.
spheric @ by RBS occurs by Cycles 1, 2, 3a, and 3b. Inthese If the Oz levels drop drastically to levels belowl to
cycles, the rate of @destruction does not depend on the rate 2 ppbv during the second stage, further decreases in Br and
of Reaction (G1) unless £Jevels drop below~1 to 2ppb.  BrO occur via termination reactions which lead mainly to the
Thus, the rate of ozone destruction via Rr@oduction and  formation of HBr (Fig. 3). Please notice that the minimum
recycling through these cycles is not normally dependent orin Br concentrations occurs around midday, simultaneously
the ozone concentrations, unless ozone levels drop below @ith a minimum in @G and a maximum in HBr concentra-
threshold level of-1 to 2 ppbv, as occasionally observed in tions (Fig. 3a). Thus, at very low{Jevels, Br can be ef-
the Dead Sea area. Both kinetic calculations and model simuficiently removed from the @depletion mechanism. This
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strengthens the motive force of transition to the first stageDead Sea, Reaction (H1) has a significant influence on the
and ozone can now be transported into the area resulting initrogen oxides balance.
higher G concentrations. A conversion of NQ to NO, during RBS activity was fre-

The change of Br concentrations with tinf”, appears ~ quently observed at the Dead Sea, expressed by a sharp drop
to play an important role in controlling thes@oncentrations  in NO2 levels coinciding with an equivalent increase-et
in the air masses which were advected into the evaporatio© 2ppb in NQ (Fig. 9a). Measurements performed at Met-
ponds. This factor changes cyclically as a part of the peri-zokei Dragot (Tas et al., 2005) showed that on the average for
odic process described previously. The second stage in thihe entire campaign, N{xoncentrations dropped to levels of
periodic process is featured by a decrease drc@ncentra-  below~0.1 ppb concentrations for BrO levels#80 pptv or
tions, and a consequent decrease in BrO and Br concentrd@eater, while a corresponding increase ofAN@s detected
tions. Thus, during the second Stage of the proc%’sgo (Flg 9a) Slmllarly, simulations showed that during RBS ac-
due to the @ depletion. The depletion of Br concentrations tivity, NO2 was depleted to levels 6f0.1 ppbv together with
resulted in an increase of advectedg Que to a lower rate an increase of HN@(Fig. 9b). The depletion of N@during
of reaction with Br. This increase in4dlue to advection is RBS activity related to the heterogeneous decomposition of
even more Significant after {reaches levels of below 1 BrONOy, has been reported in other field and model studies
to 2 ppbv, which lead to a more intense Br depletion, as ex{€.9- Sander et al., 1999; Evans et al., 2003; Pszenny et al.,
plained above. During the first stage of this periodic pro-2004).
cess, @ can increase by up to a few ppb. During this stage, The formation of BrON@ and BrNG on their own can
4Br .0 mainly due to the increase in the rate of reactions viaaccount for only~0.35 ppbv (Fig. 7) of the Npincrease,
Cycle 3b as a result of the increase ig@ncentrations. The and thus cannot explain the total observed conversion gf NO
increase in Br concentrations leads, during the second stagéQ NO;. The increase in HN®was shown to be anticorre-
to a renewed decrease i €oncentrations. lated with NQ, according to the simulations, and can ac-
count for a growth of~1 ppbv of NG (Fig. 9b). Thus, the

In this periodic process the decrease gmddncentrations )
beneath the threshold value of 1-2 ppbv, acts as a motivéermation of HNG at the expense of Nocan account for

force for fresh @ fluxes to move into the evaporation ponds, € observed conversion of NGnto NO; during bromine
initiating the production of BrO, mainly via Cycle 3b. This activity time. In the absence of Reaction (H1) (NOH1)

process can explain the observed increasessile@ls after _(Fig. 9c),the levels of both Nand HNG; decrease, show-

dropping to levels of only a few ppbv, as repeatedly observednd t'hat Reaction (H1) contributes significantly to the con-
at the Dead Sea (Fig. 2a). This can also explain the repeat/€rsion of NQ to the more stable HNO The effect of other
edly observed correlation of BrO withiOobtained after the ~9aS Phase reactions on the concentrations of sibi@ NG
first depletion of @ during morning hours, and is the basic (€-9-» the reaction between N@nd OH) were cancelled out

cause for the jagged shape of the BrO profiles at the Dead!"ce they were included in all of the simulations used for
Sea evaporation ponds (Figs. 2a and 5). The model simulaliS @nalysis. The preceding analysis provides further ev-
tions also indicate that the addition o @uxes increases the dence that Reaction (H1) has a significant contribution to
production of BrQ, Oz depletion rates, and paradoxically, RBS chemistry atthe Dead Sea.

the intensity of Q depletions. It is possible that incoming

O3 fluxes may cause similar features in the diurnal profile

of BrO at the m_arging of _othgr locations that are larger thanThis study has shown that under conditions typical of the
the area under investigation in the present study, such as thISead Sea, Cycle 3b has a significant contribution to ozone

polar regions. destruction. The contribution of this cycle is proportional
mainly to the concentrations of BrO and M@nd to the to-
3.2.3 The role of the heterogeneous decomposition ofg| surface area of substrate available for the heterogeneous
BrONG; and its interaction with N@ Reaction (H1). Thus, the absolute contribution of Cycle 3b
to ozone destruction is predicted to be smaller in areas with
The NO levels measured during the field campaigns werdess anthropogenic activity, which are characterized by lower
usually very low, and frequently dropped to below detectionlevels of NG, or sulfate aerosols.
limit (0.1 ppbv) during BrO formation periods. Additionally, In order to evaluate the relative contribution of Cycle 3b
the simulations showed that at these levels, the influence ofo ozone destruction in other locations, Cycle 3b needs to be
NO on RBS activity was insignificant. Therefore, the role of compared to the contributions of cycles 1 and 2. At a first ap-
NO is not discussed in this section. In contrast, theld@n- proximation, the relative importance of each of these cycles
centrations at the Dead Sea reach levels of several ppb arghould be evaluated based on the dependence of the rate of
appear to enhance the importance of the heterogeneous d#iese cycles on BrO concentrations, which are lower in other
composition of BrONQ@ (Reaction H1), which occurs about areas. This dependence is dictated mainly by the influence
34% faster than its photochemical decomposition. At theof BrO concentrations on the rate of the slowest reaction in

3.3 Implications for other mid-latitude areas
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the cycle. During daytime at the Dead Sea, Reaction (H2) 8 -

is the rate limiting step in Cycle 3b, slower by about two or- 6 R a A R
ders of magnitude than Reaction (G14). Since the level of 4 No, B ° “ B

BrO influences the rate of Cycle 3b only via Reaction (G14), ®PbvI4 - & 2

the contribution of Cycle 3b to £destruction is, on aver- 20 o .

age, less than linearly dependent on BrO concentrations. As 7 (@NO, o« °

mentioned, Cycle 1 has a quadratic dependence on BrO con-
centrations, while the dependence of Cycle 2 is linear. Thus,
under the Dead Sea conditions, the dependence of pr&

0 20 BrO (pptv) 40 60

duction and @ destruction on BrO concentrations via Cy- 0 i
cle 3b is lower than those of cycles 1 and 2. Therefore, in (ppbv)

the boundary layer at other mid-latitude areas under anthro- -1
pogenic influence, characterized by similar levels of,N@d 7

sulfate aerosols and by lower BrO levels, the relative contri- 2

bution of Cycle 3b to @ destruction may be similar or even 0

higher than the contribution at the Dead Sea. However, in ar- 024
eas that are influenced by lower anthropogenic activity, and (ppbv)

are characterized by lower levels of sulfate aerosols angl NO -0.4 -

the relative contribution of Cycle 3b is predicted to be smaller ;¢ 1@ S ||

than at the Dead Sea. 0 2 4 6 8 10 12 14 16 18 20 22 24
The same absolute and relative dependence on anthro- Time (hours)

pogenic activity should be attributed to the rate of Brécy- _ _ _

cling via Cycle 3a, as previously attributed to the production Fig. 9. Comparison of N@ and NG by measurements and simula-

of BrOx via Cycle 3b. This is due to the less-than-linear de- tions. The influence of BrO on N£and NOz at Metzokei Dragot is
pendence of this cycle on the rate of Reaction (G14), undefhown. Values were averaged over the entire campaign period and
the Dead Sea conditions, reflecting the fact that the rate of™ Presented in bin&). AHNOs: HNOz concentrations during

. . a simulation that included bromine species (i.e, “FULL"tirand
ReaCt!on (H1) is slower by a factor 6i2.5 than the rate of “NOH1" in ¢) minus HNG; concentrations during “NOB” simula-
Reaction (G14).

; ) o tion. ANO2: NO, concentrations during a simulation that included
The analysis described in this paper shows that the produsromine species (i.e, “FULL” in b and “NOH1” in ¢) minus NO
tion and recycling of BrQ as described by cycles 3a and 3b, concentrations during “NOB” simulation.

and the consequent destruction of ozone, should be propor-
tional to ambient concentrations of N@nd sulfate aerosols.
Thus, the contribution of the heterogeneous decompositio
of BrONO, to BrOy production should be much more effi-
cient in the boundary layer of mid-latitude areas than in the
boundary layer at polar regions. Since the levels obN&ry
significantly with the distance from pollution sources, the in-
fluence of the heterogeneous decomposition of BrQNO
BrOx production via Cycle 3b and BgOrecycling via Cy-

cle 3a should be checked under different levels 06NO

Nelease of Brinto the gas phase via the “Bromine Explosion”
mechanism which occurs in sea salt aerosols and (2) the de-
composition of BrONQ that occurs on the surface area of
sulfate aerosols. These processes, only if included together
as illustrated in Cycle 3b, can account for the efficient BrO
production and @destruction at the Dead Sea. Future stud-
ies of RBS chemistry should certainly investigate additional
heterogeneous processes, in order to describe the RBS activ-
ity at the Dead Sea area in greater detalil.

The heterogeneous decomposition of BrONDthe Dead
Sea is an essential link in the production of Rr€ince it

This paper presents a chemical mechanism that can descri@ads to the production of HOBr4 times faster than its
the basic RBS activity at the Dead Sea. It was shown thaProduction in homogeneous gas phase (Reaction G6). The
in addition to gas phase reactions, the model must includd10Br may then activate the release of Br into the gas phase
advected ozone fluxes and two heterogeneous processes B the “Bromine Explosion” mechanism, or else undergo a
order to duplicate the measurements. The present study indfast photolysis to yield Br. It should also be noted that model
cates that the extraordinarily high BrO levels that were mea-Simulations indicate that the release of By activation of
sured at the Dead Sea can only partially be explained by th&?OBr may also occur directly from the sea water or salt pans
high Br- content in the Dead Sea. These high levels are@nd notonly from the sea salt aerosols.

also caused by highly efficient heterogeneous processes of The present research focused on a chemical cycle which
BrOy recycling and production that occur in the area. Theincludes both the “Bromine Explosion” mechanism and the
two heterogeneous processes that were included are (1) tHeeterogeneous decomposition of BrON@Yycle 3b). Under

4 Conclusions
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