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Abstract. Atmospheric mercury depletion events (AMDES) could explain why the efficiency of GEM oxidation at the
outside the polar region — driven by high levels of gaseousDead Sea does not critically depend on Br and, therefore, is
Br and BrO (i.e., BrQ) — were observed recently in the comparable to that in cold polar regions. In order to confirm
warm Dead Sea boundary layer. The efficient oxidation ofthe suggested kinetics, additional studies, particularly for
gaseous elemental mercury (GEM) under temperate conditemperature-dependence of rate constants, are required.
tions by BrG was unexpected considering that the thermal
back dissociation reaction of HgBr is about 2.5 orders of
magnitude higher under Dead Sea temperatures compared 0 Introduction
polar temperatures, and hence was expected to significantly

slow down GEM oxidation under warm temperatures. The atmospheric mercury is a persistent and toxic global pollu-
goal of this modelling study was to improve understandingant, and the major contributions of mercury loadings in re-
of the interaction of reactive bromine and mercury during mote jocations are due to atmospheric deposition (Lu et al.,
Dead Sea AMDEs using numerical simulations based on &qq1; priscoll et al., 2007). Most atmospheric mercury oc-
comprehensive measurement campaign in summer 2009. s as gaseous elemental mercury (GENS5 %) — a form

Our analysis is focused on daytime AMDE when which is relatively inert, has a low deposition velocity, and
chemical processes dominate concentration changeshows global lifetime of-1yr (Lindberg et al., 2007). Field
Best agreements between simulations and observameasurements in polar regions showed that GEM can be ox-
tions were achieved using rate constants fayg,pr idized rapidly to reactive forms (reactive gaseous mercury:
and kngisro Of 2.7 x 10 3cm®moleculels™? and  RGM and particulate Hg: Hg after polar sunrise, followed
1.5 x 10 3cmPmolecule s, respectively. Our by rapid deposition to the surface. Schroeder et al. (1998)
model also predicted that a rate constamigisro Of were the first to show that during such events, termed Atmo-
5.0 x 100 cm®molecule 1s~1 may be considered as a spheric Mercury Depletion Events (AMDES), nearly com-
minimum, which is higher than most reported values. Theseplete depletion of GEM can occur within 24 h or less. There
rate constants suggest that BrO could be a more efficienis a growing body of observational evidence indicating that
oxidant than Br in the troposphere as long as [Br]/[BrO] rapid AMDESs, and subsequent scavenging by aerosols and
ratios are smaller tham-0.2 to 0.5. Under Dead Sea deposition to the surface, are widespread in polar regions
conditions, these kinetics demonstrate a high efficiency andind the marine sub-Arctic and Antarctic (Lindberg et al.,
central role of BrQ for AMDES, with relative contributions  2002; Ebinghaus et al., 2002; Berg et al., 2003; Skov et al.,
to GEM depletion of more tham-90%. Unexpectedly, 2004; Poissant and Pilote, 2003; Steffen et al., 2008; Kim
BrO was found to be the dominant oxidant with relative et al., 2010; Mao et al., 2010). The oxidation of GEM dur-
contributions above 80 %. The strong contribution of BrO ing AMDES is considered to be caused by Br and BrO (i.e.,
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BrOyx =BrO + Br) as well as other reactive halogen speciesbox model (Sander et al., 2005) heterogeneous mechanism,
(RHS) (Lu et al., 2001; Lindberg et al., 2001; Ariya et al., focusing on identifying reaction rates of BrO and Br with
2004; Brooks et al., 2006). As a result, AMDEs generally GEM, the relative importance of BgOand other oxidants,
correlate with ozone depletion events (ODESs) (Bottenheimand oxidation sensitivity to temperature.

et al., 1986). It is well known that reactive halogens also
can exist outside of polar regions at temperate, mid-latitude
locations such as over salt lakes and in the marine bound?
ary layer (MBL) (Hebestreit et al., 1999; Saiz-lopez et al.
2004). Due to the important role that By@lays in GEM

oxidation, several studies, including modelling, focused ony;del simulations are based on a comprehensive measure-
interactions of BrQ@ with atmospheric mercury in the po- ,ont campaign that took place at Ein Bokek, Israel (lat-
lar region (Calvert and Lindberg, 2003; Skov et al., 2004; i ,4e 31.20 N, longitude 35.37E) on the shore of the
Hedgecock et al., 2008; Xie et al., 2008; Durnford et al., peay Sea; between 29 June and 28 July 2009. Measure-
2011; Subiretal., 2011; Stephens etal., 2012), in the MBL atyents are described in detail in Obrist et al. (2011), and
mid-latitudes (Hedgecock and Pirrone, 2001, 2004; Hedgeygitional details on methodology are found in Matveev et

cock etal., 2003, 2005, 2008; Holmes etal., 2006, 2009), and, (2001) and Tas et al. (2005). In summary, measurements

in urban areas (Shon et al., 2005). Holmes et al. (2006) cal;,q|uded speciated atmospheric mercury (GEM, RGM, and

culated a global chemical lifetime of atmospheric mercury Hgp) using Tekran Model 2537, Model 1130, and Model
of 0.5-1.7yr against oxidation by Br, implying that Bris a 1135 analyzers (Tekran Inc.; Toronto, Canaday, (TEII,
Significant oxidant of GEM on a global scale, and Holmes etModel 49C), NO-NQ (TEIl, Model 42i), SG (TEIIl, Model
al. (20(39) found that oxidation of GEM by Br accounts for 43C), CO (TEII, Model 48i), and particulate sulfates (TEI,
35-60% of the MBL RGM source. Model 5020i, all Thermo Environment Instrument Incorpo-

There are still significant uncertainties in regard to the re- 4104 \Waltham. MA USA). Meteorological conditions in-
action of BrQ with Hg (see Ariya et al., 2008; Calvert and ,ging wind speed and direction, temperature, relative hu-

Lindberg, 2004; and Xie et al., 2008). Reaction rates of Brypigiry (RH), barometric pressure, and solar radiation were
and BrO with GEM are not well defined; it is not clear which measured using meteorological instruments (Met-One In-

is the dominant oxidant; and chemical pathways and prodi.,ments Inc. Grants Pass, Oregon, USA). Long-path dif-

ucts of RGM formation are unclear. Additional uncertainties ferential optical absorption spectroscopy (LP-DOAS) tech-
exist regarding the role of other halogens such as | and |Q1ique (Model HMT DOAS Measuring System: Hoffmann

(Raofie et al., 2008), ClO(Stephens et al., 2012),5@nd  \jesstechnik, Rauensberg, Germany) was used to quantify
OH (Xie et al., 2008 and references within), and temperaturego (detection limit as low as 3 pmolmoY), Oz (detec-

dependence of rate constants (Ariya et al. 2008; Xie et al.;ion jimit generally <7.3nmol mot1), and NG (detection
2008). . _limit generally <0.5nmolmot?). The LP-DOAS system

_ Recently, it was observed that strong AMDES are not lim-yya5 njaced in the top floor of an air-conditioned hotel room
ited to the polar region .but also occur in the mid-latitudes (18 m above water level and the same location as above in-
under temperate conditions: near-complete (up-80%)  g4ments), and the DOAS reflector mirror was situated at the
conversion of GEM to RGM was observed in the Dead Seggagtern side of an evaporation pond directly above the water
atmosphere under temperatures of@0and over (Peleg et g face, resulting in an 11.8 km light path traveling over the
al., 2007; Obrist et al., 2011). These pronounced Dead Sefeqq Sea water. Details of the DOAS system and signal re-

AMDEs, which strongly correlated with high BiOwere ey are described in Stutz and Platt (1996) and Peleg et
unexpected given that the dissociation of HgBr (formed by 5, (2007).

GEM oxidation by Br), a rate limiting step in GEM oxidation
by Br, is considered strongly temperature dependent (Good2.2  Model description
site, 2004).

The objective of our study was to improve understandingThe model used in this analysis is the comprehensive hetero-
of the BrQ-Hg interaction at the Dead Sea by combining geneous MECCA box model (Sander et al., 2005). MECCA
results from a comprehensive measurement campaign witincludes an explicit kinetic heterogeneous chemical mecha-
detailed modelling analysis. Due to the elevated{Band nism, accounting for gas and aqueous phase reactions and
[Br~J/[CI~] ratio of the seawater (Niemi et al., 1997), low heterogeneous reactions for two aerosol modes. In the gas
pH (<6; Tas et al., 2005), and moderate anthropogenic polphase, species are subjected to photochemical decomposition
lution (Tas et al., 2005), extremely high levels of Br@re  and dry deposition; aerosol processes include both scaveng-
formed almost daily at the Dead Sea (e.g., Tas et al., 2006)ng and new particle formation. Gas-aerosol partitioning is
Due to regularly high BrQlevels, the Dead Sea provides ex- performed based on Henry's law and kinetic limitations for
cellent conditions for studying the interaction of Br@ith coarse soluble and accumulation soluble aerosol modes. The
atmospheric mercury at mid-latitudes. We used the MECCAQ-H-C-N-S-CI-Br-I chemical mechanism includes 186 gas

Experimental

'2.1 Field measurements
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Table 1. Photochemical and meteorological ambient conditions. Several measured chemical and meteorological average (avr.), maximal
(max.) and minimal (min.) values that were obtained during daytime (06:00-20:00 LT) are presented for Julian days 188 and 201.

Parameter Julian day 188 (avr./max./min.)  Julian day 201 (avr./max./min.)
NO, (nmol mol1) 1.2/4.2/0.1 1.8/6.7/0.3

O3 (nmolmol1) 37.2/69.4k7.5¢ 50.9/61.0/33.0

Wind speed (msl)  2.3/12.0/0.7 4.9/10.9/0.9

Relative humidity (%) 31.8/42.1/29.1 28.7/39.4/25.2

Temperature (K) 310.9/313.1/302.7 313.5/316.2/304.8

Pressure (pascal) 104 924/105 058/104 658 104 764/105 058/104 525

* Og concentrations dropped below the instrument detection limit which was equal or lower than 7.5 nmbl mol

phase reactions capturing 58 photolysis reactions, 266 aqueésea) so that no significant sources from land were expected
ous reactions, and 154 heterogeneous reactions based on ttering mid-day AMDESs where we focused our investigation;
default MECCA mechanismhftp://www.mpch-mainz.mpg. however, during nighttime, morning, and evening advection
de/sander/messy/mecga/ The mercury chemical mecha- and possibly other sources occur as explained below. Simu-
nism was added to the model for gas phase (Supplemerations were updated on a 5-min. time resolution using the
Table S1), aqueous (Supplement Table S2), aqueous equiellowing real-time measured parameters: temperature, RH,
librium (Supplement Table S3), and heterogeneous reacwind speeds, and mixing ratios for NO, NOSO,, and 13
tions (Supplement Table S4) involving sea salt and sulphatdalifferent hydrocarbon species (based on HC measurements;
aerosols. Photolysis rate coefficients are calculated using theee Tas et al., 2006). Table 1 presents typical measured val-
method described in Landgraf and Crutzen (1998) and werelies of chemical and meteorological parameters used during
updated at each time step (1 min) representing real time andur simulations. Boundary layer height was determined us-
location of the measurement site. ing a 1-D meteorological model (McNider and Pielke, 1981)

The initial sea salt aerosol composition was based on thend was continuously updated. Photolysis rate coefficients
Dead Sea water composition accounting for Band CI were calculated by the MECCA model, representing clear
concentrations, as reported by Tas et al. (2005). In MECCAsky conditions for the Dead Sea. Using the above in the
the averaged mass transfer coefficient for each aerosol modeodel enabled to obtain relatively good agreements with
is based on integration over a lognormal shape distributiormeasurements for£and BrO diurnal profiles (Sect. 3.1).

of the particle radius for each aerosol mode (Kerkweg etal., o analysis is focused on daytime-AMDES, during which
2007). Dependence of average sea salt aerosol number COgE\ concentrations are mainly controlled by chemical pro-
centrations on in situ measured wind speeds was taken int@esses rather than other source or sink processes (such as
account using Eq. 4 in Gong et al. (1997) on five-minute time4yection or emission) which could not be well described by
resolution. Average sulphate aerosol number concentrationg,e used box model. Our measurements indicate that once
were determined based on in situ measurements (Sect. 2. W\DE/ODEs are terminated, both GEM and @re quickly
using reported densities (Karg et al., 1995) and radius depen;qyected back as indicated by sharp decrease in BrO and
dency on RH (Yue, 1979) and were updated in the model oy, rebounds of £and GEM to background levels. To
time resolution of 5 min. account for this, @ and GEM fluxes were added for 30 min

at the end of AMDE/ODEs to simulate these rebounds. For

Julian day (JD) 197, GEM fluxes were added instead be-

Initial model runs showed that reactive bromine productionWeen 07:30_08:09’ and duri.ng 3b188 fluxes were also
via aerosols is limited to RH higher than 28 %. Therefore, 2@dded between 07:30 and 13:30 (see Sect. 3.2). Itis impor-

aerosol chemistry in our simulations was activated only fort@nt to note that no fluxes were added during the simulation
RH above 28%. Smoydzin and von Glasow (2009) found©f AMDESs which is the main focus of our study. Hence, our
that due to low pH, direct release from the seawater is likelyM0del simulations focused on the chemical and kinetic pro-
an additional source for BrOat the Dead Sea. A BgD  C€SSes during AMD.Es., as opposed.to processes such as ad-
source representing direct Brelease from the seawater via vection, surface emissions, or poIIutlpn inputs — all of WhIF:h
the bromine explosion mechanism (Vogt et al., 1996) wasffect Hg and @ concentrations during non-AMDEs peri-
parameterized in the model with a first order rate constant ofds.
1.0x 1073571, as described in Obrist et al. (2011). Simulations were performed for three measurement
Simulation days showed dominant daytime local wind di- days (Julian days 188, 197, and 201) using different com-
rection from the east and south (i.e., directly from the Deadbinations of reaction rates for Hg with Br and BrO (see

2.3 Model simulations
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Table 2. Key to different simulation types. Simulations 1-4 were performed for four different days from the measurement campaign
(Julian days 188, 197 and 201) using different combinations for the rate of Hg with Br and BrO: low ankjighy (= 2.7 x 10713

and 11 x 10712 x (7/298 =237 cm® molecule 1 s=1) for “L _Br” and “H_Br”, respectively, based on Donohoue et al. (2006) and Goodsite

et al. (2004);kpg4pro = 1 x 10715 and 5x 10~ cm® moleculet s~ for “L _BrO” and “M_BrO,” respectively, based on Raofie and

Ariya (2003); andkpggro = 1.5 x 10~ 13cm® molecule ! s71 for “H_BrO”. “L _Br_H_BrO”, is referred to as “BASE” simulation due to

best agreement with measurements. Simulations 5—10 were performed for Julian days 188 and 201 which represent typical days of relatively
high Dead Sea BrO levels (see additional details in Sect. 3.1).

Number  Simulation Individual conditions for calculations

1 L_Br H.BrO/BASE  Lowkuggr and highkpgygro

2 L_.Br.M_BrO Low knggr and mediunmkygy gro

3 L_Br L _BrO Low kng+Br andkygy Bro

4 H._Br_L_BrO High kpgygr and lowkpg i gro

5 NOBROX Similar to BASE, not including Brpas GEM oxidants

6 ONLYBROX Similar to BASE, including only BrQas GEM oxidants

7 ONLYBR Similar to BASE, including only Br as GEM oxidants

8 WINTER Similar to BASE, with GEM chemistry based on winter
Dead Sea temperatures (averaged 294 K)

9 POLAR Similar to BASE, with GEM chemistry based on polar

regions temperatures (averaged at 240 K)

Table 2). Based on a literature review and sensitivity analysisal., 2009; Sillman et al., 2007; Spivakovsky et al., 2000).
(Sect. 3.2), simulations were based on low and high valuedn the marine boundary layer and upper troposphere, halo-
for kng+ar, With values of 27 x 1073 cm®*molecule st gens are presumed to be the dominant oxidants (Lin et al.,
and 11x 107 12x (17298 23" cm® molecule 1 s~ (termed ~ 2006). Atomic bromine is a major global sink for GEM, es-
“L_Br" and “H_Br", respectively). Forkyg.gro, we used pecially in the middle and upper troposphere where relatively
values of 1x 10715 and 5x 10 ™cm*moleculels  cold temperatures suppress thermal back-decomposition of
(termed “LBrO” and “M_BrO”) plus a value of theHgBrintermediate (Holmes etal., 2006; Lin et al., 2006).
1.5 x 100BcmPmolecule's ! (termed “HBrO”).  During AMDESs in the polar regions, RHS, particularly BfO
“L _Br.HBrO” led to best agreement with measurementsdominate the rate of GEM depletion (e.g., Xie et al., 2008).
and is termed “BASE” simulation, although it usesgysro At the Dead Sea, AMDEs are strongly linked to Rrievels
which is higher than the upper limit of previously reported as well (Obrist et al., 2011), primarily due to the very high
theoretical and laboratory studies. concentrations of reactive bromine species compared to reac-
Additional detailed simulations were performed for Ju- tive chlorine species which are not expected to play a signif-
lian days 188 and 201 (Table 2). Simulation “NOBROX” icant role at the Dead Sea (Tas et al., 2006). In addition, io-
is identical to the “BASE” simulation, except that all di- dine concentrations are generally low when bromine species
rect reactions of Hg with BrQwere switched off. Simu- are active (Zingler and Platt, 2005). Still, our model was con-
lations “ONLYBROX” and “ONLYBR” are identical to the figured to include a detailed account of multiphase chemical
“BASE” simulation except that they include only Bg@nd  reactions involving all halogens (reactive bromine, chlorine,
Br as GEM oxidants, respectively. All above simulations and iodine; based on the actual Dead Sea water composition
used real-time in situ measured summer Dead Sea temper&ect. 2.2) plus non-halogen oxidants.
tures (which averaged310 K during the summer). In addi- Figure 1 shows good agreements between simulated and
tion, “WINTER” and “POLAR” simulations are identical to measured @ concentrations during AMDEs for J©188
the “BASE” simulation, except that typical winter Dead Sea and 201, the two main days used for analysis. Model eval-
temperatures (294 K) and polar temperatures (240 K) weraiation also showed good agreement of BrO concentrations
used instead of real-time summer temperatures. (Figs. 2, 3 and Supplement Fig. S1), particularly during the
occurrence of mid-day AMDEs. We focused further de-
. . tailed analyses on comparing results for JDs 188 and 201
3 Results and discussion as they are characterized by inherently different Bl&els
and associated [Br]/[BrO] ratios, with maximum BrO levels
of ~90 pmol mot! (JD 188) — as frequently observed over
the Dead Sea — and levels 80 pmolmot! (JD 201), as
pically observed in the polar boundary layer.

3.1 Model verification

The primary, non-halogen, gas-phase oxidants of GEM con
sidered in the urban and lower troposphere boundary Iayef'y
are 3, H,O», and OH (Hedgecock et al., 2005; Holmes et

Atmos. Chem. Phys., 12, 242244Q 2012 www.atmos-chem-phys.net/12/2429/2012/
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Fig. 1. Simulated and LP-DOAS measured @ixing ratios. Com-  Fig. 2. Simulated and measured diurnal profiles of GEM and BrO.

parisons are shown for Julian days 201 (pa)eind 188 (paneb). (a) Measured and simulated diurnal profiles of BrO, and simulated
diurnal profile of [Br]/[BrO] for Julian day 188(b) GEM diurnal

profiles for different combinations @G em+sro andkgem+ar Val-
ues.(c) Same agb) with simulated GEM mixing ratios being con-
strained between 07:30 and 13:30 LT. Note that constrains of fluxes

o ) were not added during AMDESs which was the main emphasis of
We performed sensitivity analyses to calibrate the modelyyr analyses.

with respect to reaction rates of Br and BrO with GEM
(Figs. 2—4 and Supplement Fig. S1). Note that fo=JID88,
GEM depletions occurred too early and were too intense for i o ]
most combinations of rate constants (Fig. 2b), except in one BASE” simulation (i.e., LBr_-H.BrO) achieves best agree-
case (LBr_L_BrO) when GEM depletion could not be simu- Ment under moderate BrO cloncen_tratlons (i.e., =97
lated to its full extent. We chose to constrain GEM concen-and 201; BrO<~45pmolmot™), while L_Br M _BrO ap-
trations between 07:30 and 13:30LT (i.e., prior to the onsetP€&rs 0 achieve better rlesult_s on JD 188 with very high
of the AMDE; Fig. 2c); the reason for the elevated measured®'©Ox (BrO>80pmolmor=). High BrO levels on JD 188
GEM levels is unknown but is likely due to entrainment of €@use correspondingly lowgand high [Br]/[BrO] ratios,
GEM from other areas or from other sources that are not acWhile [Br]/[BrO] ratios for JDs 197 and 201 are lower.
counted in our chemical box model. Figure 4 shows scatte©On these days, usingigsro values smaller than MBrO
plots of measured GEM concentrations (x-axis) with corre-9réatly underestimates GEM depletions. This suggests that
spondingly simulated concentrations (y-axis) during mid-daka9+Bfolfh0U|d be at Ieflsflas high as inBr M_BrO (i.e.,
AMDES for all combinations of reaction rates for the three 2 < 10~ 9”‘3 molecule"s™) and 103°“|d be as h|glh asin
days of simulations, and Table 3 shows corresponding sum-BASE" simulation (i.e., 15 10~ cm® moleculet s,
mary statistics. GEM depletions were best reproduced whe$€€ Pelow).

employing “BASE” (“LBr_.HBrO”) and L Br_.M_BrO simu- We attribute overestimation of GEM depletion on JD 188
lations. Values ofkngpro smaller than used in these two to under-estimation of simulateds@uring that AMDE (be-
cases yielded fair agreement only for the day with high BrOtween~13:30 and 14:45 LT, Fig. 1) which would overpredict
levels and a high [Br)/[BrO] ratio (i.e., JD 188), and strongly [Br]/[BrO] ratios. Based on our analysis (see Fig. 5),
underestimated GEM depletion for the days with lower BrO [Br])/[BrO] ratios on that day could have been overesti-
levels (i.e., JD 197 and 201). Figure 4 emphasizes that thenated by up to a factor of2, which would overestimate

3.2 Reaction rates of GEM with Br and BrO

www.atmos-chem-phys.net/12/2429/2012/ Atmos. Chem. Phys., 12, 242819 2012
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Fig. 3. Simulated and measured diurnal profiles of GEM and BrO. - Jp=188
(a) Measured and simulated diurnal profiles of BrO and simulated -+ J=t97

JD=201

diurnal profile of [Br])/[BrO] for Julian day 201(b) Different com-
binations of values fokgemBro andkgem+ar Were used to eval-
uate the simulated GEM diurnal profiles. Fig. 4. Comparison between measured (x-axis) and simulated

(y-axis) GEM mixing ratios during midday AMDEs.

depletion of GEM by Br at the expense of BrO. The good apje 3. Correlation and average error during AMDES as an in-

fit of GEM depletion for the “BASE” simulation on days dicator for simulated GEM agreement with measured GEM during
197 and 201 — two days with quite different [Br]/[BrO] AMDEs.
ratios — suggest that the rate constants used by “BASE”

fit observations quite well. We suggest that a value of Julian LBrHBrO LBrMBrO LBrlLBrO HBrlLBrO

2.7 x 10083 cm* molecule st for kngigr and a lower day (BASE)

and upper limit of 5¢< 10-1*cm® molecule st and 15 x 188 0.79/33.83  0.80/46.86  0.66/68.25  0.80/55.40

10_]-3cn'|3m0|ecu|e_l S_l for kGEM+BI’O seem reasonable 197 0.90/25.27 0.94/6.36 0.85/53.60 0.85/37.56
0752733  0.76/852  0.75/68.73  0.76/34.30

rate coefficients to reproduce observed AMDEs at the Dead 201
Sea. It should be emphasized that improved knowledge of
kintetics, particularly temperature-dependence of rate con-
stants (Ariya et al., 2008: Xie et al., 2008) are needed to0f 1x 1071¥—3x 10-*2cm? molecule ' s™* (see Ariya et
confirm the above suggested rate constants. al., 2008 arl13d refelrsences within) a?d Ii)wer o>_<idation rates by
Previous studies (Goodsite et al., 2004; Ariya et al., 2002;Bro of 1010t e molecule™ s™* (Raofie and Ariya,

Calvert and Lindberg, 2004; Peleg et al., 2007) indicated tha12h003; Sgi(ier_ et TI.,.2002). IT de(t:)ently, Xiedet al. %OOB) s:owed
GEM oxidation by Br predominates over oxidation by BrO, that model simulations could best reproduce observed corre-

since theoretical kinetic calculations suggest that the reacl-atlons between GEM and(Jor rate constants of GEM ox-

tion of BrO with Hg is endoergic and, therefore, unlikely idation by E{E and BrO on tf;e_rfagmtude_ 0&310_1_3 and

to occur in the atmosphere (Tossell et al., 2003; Holmes= 10x 10-*cm® molecule™ s ! respectively, which are

et al., 2006; Shepler et al., 2007). Experimental studies,d"cferent than val_ues proposed in our stqu (see above). One
however, found conflicting data on the energetics of the€ason for the discrepancy between t.he|rs and our rate con-
species existing in the vapor over heated Hg@Tossell stants may be that they used correlations between GEM and
et al.,, 2006), suggesting that oxidation of GEM by BrO

O3 to assess GEM andg@epletion rates by BrQ Correla-
may be significant. Stephens et al. (2012) found that Wh”ezl)onzbEe'\;\Neeg gandl GElM’ howelg/_er, 5are|subject tg abég'l\jlte
Br had the greatest overall contributions to GEM deple—d3'I =Vl an Q evesée.g.(,j ig. 5). r;o_urstum)&l
tion in the Arctic, BrO on some occasions nearly matched €p etion rates were not base on corre ations4 on
the importance of Br. Overall, a wide range of reaction ratios of [Br]/[BrO] to assess relative influences of BrO and

rates have been published during the last decade, sugge&-r on GEM depletion rates.
ing that GEM oxidation by Br ranges between a high value
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IS
s}

200

Figure 5b—d shows simulated GEM/ABrO for Julian

0 —ﬁ easured | 3, 3 days 188, 201, and 197. In these graphGEM/ABIO is
=5 120 L g 55 graphed as a function of [Br]/[BrO] (which is based on, and
4 § F20 5 0| hence analogous to,s0devels in panel a). Our results indi-
£ |10 3 cate that modeledd GEM/ABrO versus [Br]/[BrO] is sim-
0 -1 ilar to observed patterns only for the “BASE” simulation
0010 1020 20-30 3040 40-50 50-60 60-65 ° d (Fig. 5b). Even for this case, howevex GEM/ABrO ra-
O (nmol-mol™) % g tios tend to peak at somewhat loweg,Qvhich may sug-
b:ZO % gest that the ratio of rate constants for BrO and Br (e.g.,
BASEL " 8 1 kcem+srolkcem+ar) Still may be underestimated for the
' g%l&  “BASE” simulation. For simulations “HBr_L_BrO” and
[0 § “L_Br.L_BrO”, AGEM/ABrO was greatly overestimated
J I I F5 2 for Oz levels below 10 nmolmoft, which is expected if
Lio ,: kcem+srolkcem+sr is underestimated. This result further
‘t 2 suggests that the rate constant faBLO is too low to ac-
LBrtBro :1203 , curately represent observed results. Possibly, a decrease in
- 80 ‘§§ E efficiency of GEM depletion by BrO at£Jevels above-30—
P 40 nmol mof as observed in the “BASE” simulation may
-] be due to the importance ofsdor GEM oxidation at high
- B - O3 levels.
F40 3
MBI [ a0 A 3.3 Relative contributions of oxidants to GEM
LS B8 depletions
:20 S Oz
10 § Figure 6 shows relative contributions of various oxidants to
m 0 n 1§ nl, 3 GEM depletion rates and associated GEM lifetimes for Ju-

1.25 057 0.29 0.48 0.16 0.09 0.05

(Br1/BrO] lian days 188 and 201 using the “BASE” simulation. This

figure demonstrates that Bg@ontributed more than 90 %
Fig. 5. Relative importance of Br and BrO to GEM-oxidation based @nd 85 %, respectively, to GEM depletion on a 24-h basis.
on underlying LP-DOAS @ mixing ratios.(a) Measured GEM de- ~ Most of the GEM oxidation¥80 %) was caused by BrO, es-
pletion per unit BrO (i.e. AGEM/ABrO) is presented as a function pecially under lower BrQ levels associated with highersO
of O3. AGEM/ABrO was calculated for all campaign days and av- levels and hence low [Br]/[BrO] ratios. The associated diur-
eraged for respective {values. (b—d) SimulatedAGEM/ABrO nal average GEM lifetime against oxidation by BrO for Ju-
as a function of [Br)/[BrO] for simulations IBr-H.BrO (i.e.,  [ian day 188 is 41.2 min, equivalent to a lifetime of 6.86 min
“BASE”; b), LBr-L_BrO (c), and HBr_L BrO (d). Measured @ for the daily peak BrO level of 90 pmol mot. Under lower
are expected to correspond to [Br}/[BrQ] ratios in simulations due gy, concentrations, the relative contributions of Br ang Br
to known correlations between the two. SIMUIABGEM/ABIO 0 comparable due to relatively lower [Br)/[BrO] ratios. The
values were calculated only for periods&BrO > 0 based on Ju- . o
lian days 188, 197, and 201. integrated sum contribution of NQO3, and QH was be-
tween~4 and 8 % on a 24-h basis for these simulation days.
The similarity in rate constants of the reactions of Br and
Figure 5a shows relationships between measured GEMBO with GEM, using the rate constants of the "“BASE” sim-
BrO, and G. We graphed GEM depletion per unit change ulatlgn, suggests that the role of BrO in GEM oxidation may
in BrO (i.e., AGEM/ABrO) as a function of respective dominate over Bras long as [Br]/[BrO] remains bele.2—
O3 concentrations, and only daytime values and data wher®-5, Which is expected for £>4-5nmol mot* (Fig. 5).
ABroO > 0 were used. Clearlyh\ GEM/ABrO increases with This is usually the case in the troposphere (e.g. F|g. 5; Wayne
higher Q levels. Ratios of [Br)/[BrO], however, are ex- etal., 1995). Itis |m!oort_ant to note that contributions of Br
pected to anti-correlate with £(e.g., Wayne et al., 1995; and BrO to GEM oxidation, as well as suggested rate con-
Tas et al., 2008); therefore we expect that oxidation of GEMStants, are based on best fits of observations and model re-
by BrO will increase at the expense of oxidation by Br for Sults during mid-day AMDEs under Dead Sea conditions;
high O3 levels (Xie et al., 2008). Figure 5a implies that relatlve_ contrlbutlons of Br to GEM oxidation are expected
GEM oxidation by BrO predominates over oxidation by Br, © bg hlghgr in other areas, whe.rellower temperatures are as-
in agreement with model results in Fig. 6. We rule out thatSociated with lower back dissociation of HgBr.
these patterns are caused by correspondingly different GEM
concentrations (blue bars in Fig. 5a) as these did not well
correlate withAGEM/ABTO.
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Fig. 6. Relative contributions of various oxidants to GEM depletion. Relative contributions (in %) of different species to GEM oxidation
and associated GEM lifetimes for Julian days 2&jland 188(b), based on “BASE” simulation. Maximum mixing ratios of 20 pmol mbl
were used for N@.

3.4 Temperature effects

Time (hour) Temperature can significantly influence the efficiency of
0 2 4 6 8 10 12 14 16 18 20 22 0 GEM oxidation by BrQ in the gaseous and aqueous phases.
e Temperature-dependencies for many mercury reactions are

a
2.2E-013 :J unknown, but the thermal back-dissociation of HgBr is ex-
& 1.8E-013 - pected to significantly slow down GEM oxidation in the gas
2 J4e013 ] phase (Goodsite et al., 2004). Using the rate coefficient given
E y by Goodsite et al. (2004) for the back dissociation rate of
% 18013 7 HgBr, the thermal back-dissociation of HgBr+.6 orders
©  6E-014 - of magnitude higher under the average Dead Sea summer
26014 temperature measured during the campaigB1(0 K) com-
6E-013 pared to typical temperatures in the polar regions (240 K).
5E-013 / Hence, if Br plays a major role in GEM oxidation one should
) — expect significantly slower oxidation of GEM by Bx@t the
E AB013 —— / Dead Sea compared with the polar regions.
:E), 3E013 7 Figure 7 presents the GEM diurnal profile obtained for
§ 2E-013 - “BASE”, “WINTER”, and “POLAR” simulations in order
1E-013 - to investigate temperature effects on GEM oxidation. Only
o= direct effects of temperature on the Hg-involved chemical

0 2 4 6 8 10 12 14 16 18 20 22 0 reactions were _investigated, while indirect effe_cts of tem-
Time (hour) perature — for instance, on the release of Br@to the
WINTER BASE gas phase (Sander et al., 2006) — were ignored here. Fig-
POLAR .
ure 7b demonstrates that under relatively moderate BrO lev-

Fig. 7. Influence of BrQ and temperature on GEM depletion. The els (N4Q_50 pmol mcﬁl; JD 201), oxidation °,f .GEM un-
GEM diurnal profiles are shown for the “BASE”, “WINTER”, “PO-  der typical polar temperatures was more efficient than for
LAR”, “NOBROX”, and “ONLYBR” simulations for Julian days the Dead Sea summer by 69.9 % on average, and by 10.1%
188(a) and 201(b). between typical Dead Sea winter and summer temperatures.
Figure 7a shows that temperature effects were lower under
high BrQ, levels (JD 188), where differences in GEM deple-
tions averaged 19.7 % between Dead Sea summer and polar

NOBROX
ONLYBR
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temperatures and 10.9 % between typical Dead Sea winteb. O. and M. L.) and has benefited from an US Environmental
and summer temperatures. We attribute these differences terotection Agency Star-to-Achieve grant (R833378).
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