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Abstract

Atmospheric mercury depletion events (AMDES) outside the polar regions — driven by
high levels of reactive bromine species (RBS) — were observed recently in the warm
Dead Sea boundary layer. Efficient oxidation of gaseous elemental mercury (GEM)
under temperate conditions by RBS was unexpected considering that the thermal back
dissociation reaction of HgBr, a proposed key mechanism, is more than 2.5 orders
of magnitude higher under Dead Sea temperatures compared with polar temperatures.
The goal of this study was to improve understanding of RBS-mercury interactions using
numerical simulations based on a comprehensive measurement campaign performed
at the Dead Sea during summer 2009.

Results demonstrate a high efficiency and central role of BrOx (i.e., Br + BrO) for
AMDEs at the Dead Sea, with relative contributions for GEM depletion of more than
~90%. BrO was found to be the dominant oxidant with relative contribution above
80 %. Best agreement between simulations and observations was achieved by ap-
plying rate constants for kyg.g and Kyg.go Of 2.7 x 10" cm® molecule™' s™' and

1.5x 107" cm® molecule ™" s77, respectively — indicating that kyg,g0 is higher than
most reported values and that BrO is a more efficient oxidant than Br in the ozone-rich
atmosphere (i.e., for [BrOJ/[Br] >2). This further explains why the efficiency of GEM
oxidation by reactive bromine species at the Dead Sea doesn’t critically depend on Br
and, therefore, is comparable to the efficiency in polar regions even under much higher
temperatures. These findings also support the hypothesis identified in a previous study,
that Br-induced GEM depletion can be important above oceans in the mid-latitudes and
tropics. In the presence of anthropogenic NO,, RBS activity can lead to enhanced NO4
formation, which then causes significant nighttime GEM depletion.
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1 Introduction

Atmospheric mercury is a persistent and toxic global pollutant, and the major contri-
butions of mercury loadings in remote locations are due to atmospheric deposition (Lu
et al., 2001; Driscoll et al., 2007). Most atmospheric mercury generally occurs as ele-
mental gaseous mercury (GEM; >95 %) — a form which is highly inert, has a low depo-
sition velocity, and shows global lifetime of ~1-2 years (Schroeder et al., 1998). Field
measurements in polar regions, however, showed that GEM can be oxidized rapidly to
reactive forms (reactive gaseous mercury: RGM; and particulate Hg: Hgp) after polar
sunrise, followed by rapid deposition to the surface. Schroeder et al. (1998) were the
first to show that during such events, termed Atmospheric Mercury Depletion Events
(AMDE), nearly complete depletion of GEM can occur within 24 h or less. There is
now a growing body of observational evidence indicating that rapid AMDESs, and sub-
sequent scavenging by aerosols and deposition to the surface, are widespread in polar
regions and the marine sub-Arctic and Antarctic (Lindberg et al., 2002; Ebinghaus et
al., 2002; Berg et al., 2003; Skov et al., 2004; Poissant and Pilote, 2003).

The oxidation of GEM during AMDEs is known to be caused by Br and BrO (i.e.,
BrOx), as well as other reactive halogen species (RHS) (Lu et al., 2001; Lindberg et
al., 2001; Ariya et al., 2004; Brooks et al., 2006). As a result, AMDEs strongly cor-
relate with ozone depletion events (ODEs) (Bottenheim 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 boundary layer (MBL) (Hebestreit
et al., 1999; Saiz-lopez et al., 2004). Due to the important role that reactive bromine
species (RBS) play in GEM oxidation, several studies, including modeling, focused on
interactions of RBS with atmospheric mercury in the polar region (Calvert and Lind-
berg, 2003; Skov et al. , 2004; Hedgecock et al., 2008; Xie et al., 2008), in the MBL
at mid-latitudes (Hedgecock and Pirrone, 2001, 2004; Hedgecock et al., 2003, 2005;
Holmes et al., 2006, 2008, 2009), and in urban areas (Shon et al., 2005). For exam-
ple, using an atmospheric chemistry model, Holmes et al. (2006) calculated a global
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chemical lifetime of atmospheric mercury of 0.5-1.7 years against oxidation by Br, im-
plying that Br is a significant oxidant of GEM on a global scale. Holmes et al. (2009)
further indicated that oxidation of GEM by Br accounts for 35-60 % of the MBL reactive
gaseous mercury source, with most of the remainder contributed by oxidation of GEM
by ozone (5-20 %).

Currently, however, there are some significant uncertainties in regard to the reaction
of RBS with Hg (see Ariya et al., 2008; Calvert and Lindberg, 2004; and Xie et al.,
2008): reaction rates of Br and BrO with GEM are not well defined; it is not clear which
is the dominant oxidant; Additionally, chemical pathways and consequent constituents
of RGM formation are unclear. Additional uncertainties include oxidation rates by other
oxidants — including halogens such as | and 10 (Raofie et al., 2008), O3, and OH (Xie
et al., 2008 and references within) — as well as the temperature-dependence of most
rate coefficients (Ariya et al. 2008; Xie et al., 2008).

Recently, it was observed that strong AMDEs are not limited to polar regions but also
occur in the mid-latitudes under temperate conditions. Near-complete (up to ~90 %)
conversion of GEM to RGM was observed under the warm summer Dead Sea atmo-
sphere (Peleg et al., 2007; Obrist et al., 2011). An important implication of the above
studies was that bromine-driven Hg(”) formation could be a main source of atmospheric
mercury deposition to the oceans. Dead Sea AMDEs correlated with high BrOx and
were unexpected given that the kinetics of BrOx with GEM are highly temperature de-
pendent (Goodsite, 2004).

The objective of the present study is to improve understanding of the Br-Hg interac-
tion — particularly its dependence on temperature, by combining results obtained from
a comprehensive measurement campaign performed at the Dead Sea during summer
2009 with detailed modeling analysis. Due to the elevated [Br™] and [Br~]J/[CI"] ratio
of the seawater (Niemi et al., 1997), low pH (<6; Tas et al., 2005) and moderate an-
thropogenic pollution (Tas et al., 2005), extremely high levels of BrO are formed almost
daily at the Dead Sea (e.g., Tas et al. 2006). Due to the high BrO levels and moderate
anthropogenic pollution, the Dead Sea provides excellent conditions for studying the
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interaction of RBS with atmospheric mercury at mid-latitudes. We used the MECCA
box model (Sander et al., 2005) heterogeneous mechanism, focusing on identifying
reaction rates of BrO and Br with GEM, the relative importance of BrOx and other
oxidants, and oxidation sensitivity to temperature and anthropogenic conditions. Our
simulations built upon extensive atmospheric chemistry characterization at the Dead
Sea, as described by several studies (Hebestreit et al., 1999; Matveev et al., 2001; Tas
et al., 2005, 2006, 2008; Peleg et al., 2007; Smoydzin and von Glasow, 2009).

2 Experimental
2.1 Field measurements

Model simulations presented in this work are based on a comprehensive measurement
campaign that took place at Ein Bokek, Israel (latitude 31.20° N, longitude 35.37° E) on
the shore of the Dead Sea, between 29 June and 28 July 2009. Measurements are
described in detail in Obrist et al. (2011), and additional details are found in Matveev
et al. (2001) and Tas et al. (2005). Measurements included speciated atmospheric
mercury (GEM, RGM, and Hgp) using Tekran Model 2537, Model 1130, and Model
1135 analyzers (Tekran Inc.; Toronto, Canada). Measurements also included O3 (TEII,
Model 49C), NO-NO, (TEII, Model 42i), SO, (TEIIl, Model 43C), CO (TEIl, Model 48i),
particulate sulfates (TEIl, Model 5020i), and meteorological conditions including wind
speed and direction, temperature, relative humidity, barometric pressure, and solar ra-
diation. Relative humidity (RH) is a critical parameter regulating Br, release from Dead
Sea water (Obrist et al., 2011). Therefore, we use RH’ for measured RH, noting that
RH’ was likely lower than actual RH directly above the sea surface as measurements
were taken about 17 m above the water surface and 25 m inland.

The long-path differential optical absorption spectroscopy (LP-DOAS) technique
(model HMT DOAS Measuring System, Hoffmann Messtechnik, Rauensberg, Ger-
many) was employed to quantify BrO (detection limit generally <3 pptv), O5 (detection
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limit generally <7.3ppbv), and NO, (detection limit generally <0.5ppbv). The LP-
DOAS system (Model HMT DOAS Measuring System; Hoffmann Messtechnik GmbH,
Rauensberg, Germany) was placed in the top floor of an air-conditioned hotel room
(same location as above instruments), and the DOAS reflector mirror was situated at
the eastern side of an evaporation ponds directly above the water surface, resulting in
an 11.8km light path traveling over the Dead Sea water. Details of the DOAS system
and signal retrieval are described in Stutz and Platt (1996) and Peleg et al. (2007).

2.2 Model description

The model used in this analysis is the comprehensive heterogeneous MECCA box
model (Sander et al.,, 2005). MECCA includes an explicit kinetic heterogeneous
chemical mechanism, accounting for gas and aqueous phase reactions and hetero-
geneous reactions for two aerosol modes. In the gas phase, species are subjected
to photochemical decomposition and dry deposition, while aerosol processes include
both scavenging and new particle formation. Gas-aerosol partitioning is performed
by MECCA based on Henry’s law and kinetic limitations for coarse soluble and ac-
cumulation soluble aerosol modes. The O-H-C-N-S-CI-Br-I chemical mechanism in-
cludes 186 gas phase reactions capturing 58 photolysis reactions, 266 aqueous re-
actions, and 154 heterogeneous reactions based on the default MECCA mecha-
nism (http://www.mpch-mainz.mpg.de/~sander/messy/mecca/). The mercury chemi-
cal mechanism was added to the model for gas phase (Supplement Table 1), aqueous
(Supplement Table 2), aqueous equilibrium (Supplement Table 3), and heterogeneous
reactions (Supplement Table 4) in sea salt and sulphate aerosols. Photolysis rate
coefficients are calculated by MECCA using the method described in Landgraf and
Crutzen (1998).

The initial sea salt aerosol composition was based on the Dead Sea water compo-
sition accounting for Br~ and CI~ concentrations, as reported by Tas et al. (2005). In
MECCA, the averaged mass transfer coefficient for each aerosol mode is based on
integration over a lognormal shape distribution of the particle radius, for each aerosol
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mode (Kerkweg et al., 2007). Dependence of average sea salt aerosol number con-
centrations on wind speed was taken into account using Eq. (4) in Gong et al. (1997)
on five-minute time resolution. Average sulphate aerosol number concentrations were
determined based on in situ measurements, using reported densities (Karg et al.,
1995) and radius dependency on RH (Yue, 1979).

2.3 Model simulations

Model simulations were based on a previous modeling study that described RBS for-
mation and interaction with GEM at the Dead Sea using the same measurement cam-
paign data (Obrist et al., 2011). This study showed that reactive bromine production
via aerosols is limited to relative humidity (RH’) of less than 28 %. Therefore, aerosol
chemistry in our simulations was activated only for RH above 28%. The previous
study shows that, in agreement with the study by Smoydzin and von Glasow (2009) di-
rect release of bromine from seawater needs to be included in the model to accurately
simulate observations, and an additional source representing direct Br, release from
the seawater was included in our model, as described in Obrist et al. (2011).

All simulations were updated on a 15-min. time resolution using measured tem-
perature; RH’ (averaged at ~37°C and 33 %); wind speeds; boundary layer height;
and fluxes for NO, NO,, SO,, and 13 different hydrocarbons species (based on HC
measurements; see Tas et al., 2006) in order to reach the observed non-AMDE/ODE
levels, as described in Tas et al. (2006). An O flux was added at the end of the
AMDE/ODE to reach the background measured O3 concentrations. Similarly, a GEM
flux was added to reach the measured GEM prior to and after occurrence of AMDE.
GEM fluxes were added for half an hour after the end of AMDE and between 06:00 and
08:00 LT (JD =201) as well as 07:30 and 08:00 LT (JD = 197) to reach measured back-
ground GEM levels, and exceptionally also between 07:30 and 13:30 LT (JD = 188; see
Sect. 3.2). Boundary layer height was determined using a 1-D meteorological model
(McNider and Pielke, 1981). Photolysis rate coefficients were calculated by the MECCA
model, representing clear sky conditions for the Dead Sea.
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Simulations were performed according to the above model description for measure-
ment campaign days (Julian days 188, 197, 198, and 201) using different combinations
for the reaction rates of Hg with Br and BrO (see detailed description in Table 1).
Based on a literature review and sensitivity analysis (Sect. 3.2), simulations were
based on low and high values of k4. g, With values of 2.7 x 10" cm * molecule™" s

and 1.1x 107 "% x (T/298)“2'37 cm® molecule™ s (termed “L_Br’ and “H_Br”, resPec-
tively). For kyg.gr0, We used values of 1. x 107" and 5. x 107" cm® molecule™' s~

(termed “L_BrO” and “M_BrQ”) and a value of 1.5. x 107" cm ® molecule™'s™ (termed
“H_BrO”). “L.Br H BrO” led to best agreement with measurements and therefore is
termed “BASE” simulation.

Additional simulations were performed for Julian days 188 and 201 and summarized
in Table 1: Simulation “L_Br_H_BrO_HgOp” is identical to the “BASE” simulation, except
that the reaction of BrO and Hg was assumed to yield only HgO(s), particulate HgO,
which is completely removed from the system. Simulation “NOBROX” is identical to
the “BASE” simulation, except that all direct reactions of Hg with BrOy were switched
off. Simulations “ONLYBROX” and “ONLYBR” are identical to the “BASE” simulation
except that they include only BrOy and Br as GEM oxidants, respectively. Simulation
“HIGHSO,” is identical to the “BASE” simulation except that the SO, flux was multi-
plied by a factor of two, resulting in maximum daily SO, concentrations higher by a
factor of ~2.6. All the above reaction rates were calculated using summer Dead Sea
temperatures (averaged at ~310Kk). In addition, “WINTER” and “POLAR” simulations
are identical to the “BASE” simulation, except that winter Dead Sea temperatures (av-
eraged at ~294 k) and typical polar temperatures (averaged at 240k) were used to
calculate all mercury-involved reactions.

24474

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
11, 2446724502, 2011

Bromine-induced
oxidation of mercury
above the Dead Sea

E. Tas et al.

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/24467/2011/acpd-11-24467-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/24467/2011/acpd-11-24467-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

3 Results and discussion
3.1 Model verification

The primary, non-halogen gas phase oxidants of GEM in the urban and lower tropo-
sphere boundary layer are O3, H,O,, and OH (Hedgecock et al., 2005; Holmes et al.,
2009; Sillman et al., 2007; Spivakovsky et al., 2000). In the marine boundary layer
and upper troposphere, halogens are presumed to be the dominant oxidants (Lin et al.,
2006). Bromine is a major global sink for GEM, especially in the middle and upper tro-
posphere where relatively cold temperatures suppress the thermal back-decomposition
of the HgBr intermediate (Holmes et al., 2006). During AMDEs in the polar regions,
RHS and particularly RBS dominate the rate of GEM depletion (e.g., Xie et al., 2008).
During Dead Sea AMDE, GEM depletions are strongly linked to BrOx levels (Obrist
et al., 2011), primarily due to the very high concentrations of RBS compared to other
halogens. Additional considerations include generally low iodine species concentra-
tions present when RBS are active (Zingler and Platt, 2005), together with the higher
efficiency of GEM depletion by RBS, compared with other RHS.

Hence, our model was configured to include a detailed account of reactive bromine
species formation, but it also includes multiphase chemical reactions involving chlorine
and iodine reactive species (Sect. 2.2) and interaction of these species with mercury
in the gas and liquid phase. The photochemistry was carefully evaluated in the model,
based on measurements at the Dead Sea, in order to adequately describe the RBS-
O3-NOy interaction (Obrist et al., 2011).

The release of Br, into the gas phase has been shown to be highly sensitive to
wind speed and RH at the Dead Sea (Sect. 2.3), and oxidation of GEM by Br is highly
temperature sensitive (i.e., decreases with increasing temperature) due to the thermal
back-reaction of HgBr (Goodsite et al., 2004). Therefore, we updated the model by the
in situ measured temperature, wind speed, and RH’. The calculated boundary layer
height also was taken into account by the model, although vertical and spatial gradi-
ents were shown to play only a minor role at the measurement site (Obrist et al., 2011).
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Model evaluation based on the selected days showed relatively good agreement be-
tween measured and simulated BrO concentrations (see panel “a” in Figs. 1, 2 and
Supplement Figs. 1 and 2), indicating that the model was successful in predicting BrO
formation. The analysis in the present paper was mostly based on Julian days 188 and
201, which represent typical Dead Sea and polar regions BrO levels, respectively.

3.2 Reaction rates of GEM with Br and BrO

Previous studies (Goodsite et al., 2004; Ariya et al., 2002; Calvert and Lindberg, 2004;
Peleg et al., 2007) indicated that GEM oxidation by Br predominates over oxidation
by BrO, since theoretical kinetic calculations suggest that the reaction of BrO with Hg
is endoergic and therefore unlikely to occur in the atmosphere (Tossell et al., 20083;
Holmes et al., 2006; Shepler et al., 2007). Experimental studies, however, found con-
flicting data on the energetics of the species existing in the vapor over heated HgO s
(Tossell et al., 2006). Overall, a wide range of values have been published during
the last decade, suggesting that GEM oxidation by Br ranges between a high value of
1x107°-3x107"%cm ®molecule ' s~ (see Ariya et al., 2008 and references within)
and lower oxidation rates by BrO of 107"*-10""° cm ® molecule ™' s (Raofie and Ariya,
2003). Recently, Xie et al. (2008) pointed out that model simulations could best repro-
duce the observed correlation between GEM and O; if rate constants for GEM oxidation
by Br and BrO were in the magnitude of 3 x 10""® and <1.0x 10" cm® molecule ' s,
respectively.

We performed sensitivity analyses to calibrate the model configuration for the present
study in respect to reaction rates of Br and BrO with GEM. Figures 1, 2, and Sup-
plement Figs. 1 and 2, present measured and simulated GEM concentrations for the
four simulation days. For JD =188, GEM concentrations had to be constrained be-
tween 07:30 and 13:30LT (Fig. 1c), as model simulations showed at this time too
intense GEM depletions (Fig. 1b). The reason for this is unknown but could be ex-
plained by entrainment of GEM from areas where measured BrOy concentrations were
low. The figures show that measured GEM depletions could best be reproduced when
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employing the “BASE” simulation (“LBr-HBrO”). For ky4.g,0 Values smaller than used
in “BASE”, (i.e., L.Br_-M_BrO, L Br_L BrO, and H_Br_L BrO), simulations yielded rela-
tively good agreement only on days with high BrO levels (such as day 188 in Fig. 1) but
significantly underestimated GEM depletions for days with lower BrO levels (Fig. 2 and
Supplement Figs. 1 and 2). Panel a in these figures also presents [BrOJ/[Br] ratios:
low BrO levels are associated with higher O3 levels resulting in high [BrO]/[Br] ratios.
The simulations show that using k4.0 Values smaller than used in “BASE” under-
estimates GEM depletions, particularly on the days with high [BrO]/[Br] ratios (Fig. 2
and Supplement Figs. 1 and 2). This implies that the rate constant of kyg.g.0 is par-
ticularly important and should not be lower than the value used by the “BASE” case
(i.e., 1.5.x 107" cm® molecule™ s™). In contrast, use of rate constants other than in
the “BASE” simulation yielded significantly less underestimation of GEM depletion at
low [BrOJ/[Br], while for H.Br_L_BrO an overestimation of GEM depletion was obtained
(due to a higher k4., g, value; see Fig. 1). These results indicate that the combination
of rates for kyq,5r @and kg0 @s used in “BASE” could best account for the observed
GEM depletion under Dead Sea conditions.

The possible contribution of other halogens to GEM oxidation is unlikely, especially at
high BrOy levels (see Sect. 3.1). In order to demonstrate that the good agreement be-
tween the measured GEM and “BASE” simulation was not influenced by overprediction
of the gas phase HgO, which can then return back to Hg(o) via aerosol agueous chem-
istry, the L_Br_.H_BrO_HgOp simulation was performed with all produced HgO from the
reaction between BrO and GEM assumed as a gas phase product (Sect. 2.3). Fig-
ures 1 and 2 demonstrate that differences between the GEM diurnal profile for this
simulation and the “BASE” simulation are insignificant, indicating that recovery of Hg
via HgO scavenging by the aerosol is insignificant compared with Hg depletion.

Figure 3a presents the relationships between GEM, BrO, and O3 by graphing GEM
depletion per change in BrO (i.e., AGEM/ABrO) as a function of O3, and only for
ABrO>0. Using daytime values only, measured AGEM/ABrO is higher at higher O
levels. [Br]/[BrQO] ratios are expected to anti-correlate with O3 (e.g., Wayne et al., 1995;
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Tas et al., 2008), and therefore oxidation of GEM by BrO is expected to increase at the
expense of oxidation by Br for high O5 levels (Xie et al., 2008). Figure 3a therefore im-
plies that GEM oxidation by BrO predominates over oxidation by Br, in agreement with
the model simulations in Figs. 1 and 2, and Supplement Figs. 1 and 2. The possibility
that higher efficiency of GEM depletion for higher O levels predominantly results from
higher GEM associated with higher O3 levels may be ruled out by the much sharper
change in A-SE” compared with GEM change for O of ~30-60 ppb (Fig. 3a).

Figure 3b—d compares the measured results from panel a with simulated
AGEM/ABrO for Julian days 188, 201, 198 and 197, using three different simulations.
AGEM/ABrO is graphed as a function of [Br]/[BrO], which is analogous to O4 levels
in panel a. These results show that the distribution of AGEM/ABrO versus [Br])/[BrO]
— and, hence, versus Oz — is in relatively good agreement with measurements for
the “BASE” simulation (Fig. 3b; i.e., L.Br_.H_BrO), although AGEM/ABrO ratios tend
to peak at somewhat lower O3 levels compared to measurements. This may suggest
that the ratio between the rate constants of GEM with BrO and Br (e.g., kgem+Bro)
/Kcem+gr) Still may be underestimated for the “BASE” simulation. For simulations
“H_Br_L_BrO” and “L_Br_L_BrO”, AGEM/ABrO was [greatly overestimated for O3 lev-
els below 10 ppb, which supports that kgem.sr0)/K(Gem+an iS underestimated for these
simulations. The decrease in efficiency of GEM depletion by BrO for O3 levels above
~30—40 ppbv, as observed in the “BASE” simulation, may be due to the predominance
of O5 over BrO in controlling GEM oxidation at high O4 levels, which is further explored
in Fig. 4.

Figure 4 explores relative contributions of BrO and O3 to GEM depletions by plotting
the ratio AGE'\AA;OS / NEEYBO against O for Julian day 201 using the “BASE” simulation.
For O5 levels above 30 ppbv, high ratios predominate, suggesting that for O3 levels
above ~30 ppbv, GEM oxidation is controlled predominantly by O5. For O levels below
30 ppbv, the ratios can be separated into ratios below and above 0.1; low ratios may
be the expected result due to low O availability. High ratios also occur, however, and
these may be associated with time periods for which both BrO and O5 concentrations
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are low but Oz shows a time delay in recovery after RBS activity is terminated toward
late afternoon and evening.

3.3 Extent of GEM depletion

Br, release into the gas phase and subsequent BrO formation is dependent on meteo-
rological conditions (Obrist et al., 2011), resulting in highly variable BrO diurnal profiles
as shown in Fig. 5a, for all measured BrO during the campaign. As a result, O; and
GEM depletions also show variable diurnal patterns (Fig. 5 b and c¢). Figure 5 also
presents simulated diurnal profiles of O3, BrO, and GEM for Julian days 188 and 201
with high and average BrOx levels, respectively. GEM levels at the Dead Sea rarely
dropped below ~50 ppqv, and never below 22 ppqv, even when very high BrO levels
were present (exceeding 100 pptv). This suggests that the efficiency of GEM depletion
decreased at lower GEM, a notion supported in Fig. 3a. Figure 4 suggested that GEM
depletion was controlled primarily by BrOy at low O4 levels (i.e., ~30—40 ppbv). Hence,
reduced GEM depletion efficiency at lower GEM levels may be due to a decrease in
BrOy or GEM levels. Other reasons may include a decrease in photochemical oxidants
such as O3, HO,0O,, and OH for lower GEM, associated with lower O levels.

We further investigated dependence of the GEM depletion rate (AGEM/At) as a
function of BrO and GEM levels, both using days with low (Fig. 6a) and high (Fig. 6b)
BrO levels. For high BrOy levels (> 6 x 107" moI~moI'1), our simulations suggested
that AGEM/At was inversely related to GEM levels, and hence is strongly limited at
low GEM (Fig. 6b insert; Julian day = 188). Figure 6b also suggests that the lifetime of
GEM against oxidation by BrOy decreased by about an order of magnitude for GEM
levels above 4—24 x 10~"* mol x mol™", while no significant change in BrO (i.e., <10 %)
occurred, suggesting that oxidation of GEM by BrOy became GEM-limited and very
inefficient below GEM concentrations of ~24 x 10~ 4. Alternatively, GEM oxidation
by BrOy became BrOy-limited for BrO <~3 x 10™ ' 'mol x mol™" (Fig. 6a insert; Julian
day = 201).
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3.4 GEM oxidation pathways

The similarity in rate constants of the reactions of Br and BrO with GEM (Sect. 3.2)
suggests that the role of BrO in GEM oxidation dominated over Br, as long as O levels
were not too low such that [BrO]/[Br] remained above 2. This is usually the case in the
Og-rich troposphere (Wayne et al., 1995).

Figure 7 shows calculated relative contributions of various oxidants to GEM deple-
tion rates and associated GEM lifetimes, for Julian days 188 and 201 using the “BASE”
simulation. This figure demonstrates that RBS (e.g., BrO, Br, and Br,) and BrOy con-
tributed more than 90 % and 85 %, respectively, to GEM depletion on a 24-h basis for
these days. Most of the GEM oxidation (>80 %) was caused by BrO, especially under
lower BrOy levels associated with higher O3 levels and hence higher [BrOJ/[Br] ratios.
The associated diurnal average GEM lifetime against oxidation by BrO for Julian day
188 is 41.2 min, equivalent to a lifetime of 6.86 min for the daily peak BrO level of 90 ppt.
Under lower BrOy concentrations, the relative contributions of Br and Br, are compa-
rable due to relatively higher [BrOJ/[Br] ratios. The integrated sum contribution of NO5,
O3, and OH was between ~4 and 8 % on a 24-h basis for these simulation days.

3.5 Temperature effects

Temperature can significantly influence the efficiency of GEM oxidation by RBS in the
gaseous and aqueous phases. Temperature-dependencies for many mercury reac-
tions are unknown, although the thermal back-dissociation of HgBr is known to signifi-
cantly slow down GEM oxidation in the gas phase (Goodsite et al., 2004). Using rates
given by Goodsite et al. (2004), the thermal back-dissociation of HgBr is ~2.6 orders of
magnitude higher under the average Dead Sea summer temperature measured during
the campaign (~310k) compared to typical temperatures in the polar regions (240k).
Figure 8 presents the GEM diurnal profile obtained for “BASE”, “WINTER”, and “PO-
LAR” simulations in order to investigate temperature effects on GEM oxidation. Only
direct effects of temperature on the Hg-involved chemical reactions were investigated,
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while indirect effects of temperature — for instance, on the release of RBS into the gas
phase (Sander et al., 2006) — were ignored here. Figure 8b demonstrates that under
relatively moderate BrO levels such as on Julian day 201, temperature effects on the
efficiency of GEM oxidation by RBS during AMDE were minimal, averaging ~16.8 %
and continuously decreasing for lower GEM levels. Oxidation of GEM under typical po-
lar temperatures were more efficient than for Dead Sea summer by 69.9 %, on average,
but by only 27.6 % for low GEM concentrations. Figure 8a also shows that tempera-
ture effects were significantly lower under the high BrOy levels observed on Julian day
188, where differences in GEM depletions averaged 10.9 % between typical Dead Sea
summer and winter temperatures and 19.7 % between Dead Sea summer and polar
temperatures. This is due, to a large extent, to the fact that GEM depletion becomes
highly limited by the relatively low GEM concentrations, in the presence of high BrOy
concentrations (Sect. 3.3).

Obrist et al. (2011) showed that GEM depletions by BrOy at the Dead Sea occurred
even at low BrO concentrations between ~4 and 6 ppt (and possibly below), suggesting
that this has important implications on Br-induced GEM depletions above oceans in the
mid-latitudes and tropics. The present analysis indicates that GEM depletions in such
areas is not expected to show high temperature dependency since at low BrOy levels
(e.g., BrO <~6.5ppt [Saiz Lopez et al., 2004]), [BrOJ/[Br] ratios are expected to be
significantly larger than 2 (e.g., Fig. 3) and thus BrO becomes the predominant GEM
oxidant.

3.6 Anthropogenic NO, and SOy

Anthropogenic pollution can directly enhance GEM depletion by oxidation by O, H,0,,

and OH. The potential role of NO3 in GEM oxidation outside of the polar regions has

been addressed in several field measurement studies (e.g., Mao et al., 2008; Shon et

al., 2005) and was shown by Mao et al. (2008) to be comparable or even higher than

GEM oxidation by Og, by using the upper limit of k4. no3 (Sommar et al., 1997). Since

significant conversion of NO, to nitrate can be associated with RBS activity (Tas et al.,
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2006, 2008; Sander et al., 1999; Evans et al., 2003; Pszenny et al., 2004), enhanced
nighttime GEM oxidation by NO5 can occur in areas influenced by anthropogenic pol-
lution, in addition to daytime RBS catalyzed GEM depletion.

NO; was not measured in the present study but has been detected at nighttime with
up to levels of tens of ppt on a daily basis and up to ~300 ppt at the Dead Sea during
summer (Peleg et al., unpublished data). High nighttime variance of GEM concentra-
tions during the measurement campaign as seen in Fig. 5 may indicate the occurrence
of GEM oxidation by elevated levels of NO5;. Assuming typical NO5 concentrations of
50 ppt and Kyg,nos =4x107'° cm *molecule™" s™' (Sommar et al., 1997), the lifetime
of GEM against oxidation by NOj is expected to be about 55 h, equivalent to a lifetime
of ~6 days (using typical Dead Sea NOg diurnal profile). Figure 9 presents the diurnal
time evolution of the relative contribution of different species to GEM oxidation for Ju-
lian day 188. The graph demonstrates that by applying NOg3 of ~20 ppt and kyq.no3

= 4x10""®cm 2 molecule™' s~ nitrate was the predominant nighttime GEM oxidant,
while Br, and Oz were only of secondary importance. Figure 8 demonstrates that un-
der moderate BrOy loadings, the GEM depletion rate during “NOBROX” is much higher
during nighttime compared to the “ONLYBR” simulation, due to oxidation by NO;.

SO, can influence the oxidation rate of GEM indirectly by absorbance of aerosols to
yield sulphite via the following reactions:

SO, < SOyaq) (R1)
SOp(aq) < HSO; +H* (R2)
HSO; (aq) SO ) +H" (ag) (R3)
The sulphite can then reduce H92+ and yield Hg(o) in the aqueous phase as follows:

HgZ:) + 805 (agy < HISOg(aq) (R4)
HgSOg(aq) + 720 — Hg' (aqy + HSO; (ag) + His) (R5)
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Figure 8 investigates the influence of SO, on mercury oxidation by RBS and demon-
strates that for Julian day 188, high levels of SO, led to lower rates of GEM oxidation
in agreement with the above reactions (Fig. 8a). Conversely, Fig. 8b demonstrates that
for relatively low BrOy concentrations (Julian day 201), an increase in SO, concentra-
tion leads to an increase in the GEM oxidation rate, associated with an increase in BrO
concentrations up to ~5ppt. The increase in BrO concentrations results from an en-
hanced release rate of Br, into the gas phase, mainly from sulphate aerosols, caused
by elevated SO§'(aq) levels according to the following reactions:

2 - -
SO3(aq) +HOBr — Br(aq) +HSO, (aq) (R6)
BrONO, + Br(‘aq) — Bry +NO4 (R7)

4 Summary and conclusions

The present study demonstrated the high efficiency and central role of BrOx (a diurnal
relative contribution of more than ~90 %) in AMDEs at the Dead Sea. BrO was found
to be the dominant oxidant, with a diurnal relative contribution above ~80 %. In order
to obtain good agreement between model simulations and observed GEM, kg, g, and

Kng+Bro depletion rates of 1.5 x 107" and 1. x 107" cm ® molecule™" s, respectively,
had to be used. This indicates that BrO is the dominant GEM oxidant, for [BrO]/[Br]
ratio above 2, which is usually the case in the O5-rich troposphere.

Since under most conditions BrO is the predominant GEM oxidant, the proposed
chemical mechanism causes GEM depletion to be very efficient under Dead Sea con-
ditions, even though the reversible reaction of HgBr to yield back GEM is calculated
to be faster by ~2.6 orders of magnitude at Dead Sea temperatures compared with
the polar regions. The effect of temperature becomes significantly less important for
higher BrOy levels, mainly due to enhanced limitation of GEM depletion caused by
its own decreasing concentrations. The analysis supports the prior conclusion (Obrist
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et al., 2011) that Br-induced GEM depletion can be important above oceans in the
mid-latitudes and tropics, even under relatively low BrOy levels in these areas.

In addition to direct GEM oxidation by anthropogenic pollutants (e.g., O3, H,O,, OH),
there are several indirect pathways in which anthropogenic pollution can influence GEM
oxidation. The interaction of NO, with BrOy led to elevated NO3 concentrations during
the nighttime which can then cause significant GEM depletion even when averaged on
a 24-hr basis. Increases in SO, concentration, and its subsequent uptake by aerosols,
increased the formation rate of sulphite which in turn reduced the Hg"+ to GEM con-
version rate in the aqueous phase, thereby reducing the overall rate of GEM depletion.
Conversely, under relatively lower BrOy concentrations (e.g., <30 ppt), increases in the
SO, concentration can lead to an increase in GEM depletion by enhancing the rate of
Br, release, due to an increase in the conversion of HOBr into Br™ (aq) by the sulphite.

Under the relatively high Dead Sea BrO levels, GEM depletion is limited to levels
of ~25 ppqv and becomes significantly inefficient below ~50 ppqv, due to the fact that
further GEM depletion becomes highly dependent on its own concentration.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/24467/2011/
acpd-11-24467-2011-supplement.pdf.
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Table 1. Key to different simulation types. Simulations 1-4 were performed for four differ-
ent days from the measurement campaign (Julian days 188, 197, 198, and 201) using different
combinations for the rate of Hg with Br and BrO: low and high Ay, g, (=and cm® molecule™ 3_1)
for “L_Br” and “H_Br,” respectively, based on Donohoue et al. (2006) and Goodsite et al. (2004);
Kug+sro = and for “L_BrO” and “M_BrO,” respectively, based on Raofie and Ariya (2003); and

Kng+Bro =1.5. x ™3 cm® molecule™ s™" for “H_BrO*. L_Br_H_BrO;" is referred to as “BASE” sim-
ulation due to best agreement with measurements. All simulations 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 LBrHBrO/BASE Low and high kyq.g and Kyg,g0, respectively
2 L.Br.M_BrO Low and medium Ay, and kyg, g0, respectively
3 LBrLBrO Low Kyg.pr @nd Kpg.ar0
4 HBrLBrO High and low kg5, and Ayg.g0 respectively
5 L.BrHBrOHgOp  Similar to BASE with higher [HgO(p)]/[HgO(g)]
6 NOBROX Similar to BASE, not including BrOy as GEM oxidants
7 ONLYBROX Similar to BASE, including only BrOy as GEM oxidants
8 ONLYBR Similar to BASE, including only Br as GEM oxidants
9 HIGHSO, Similar to BASE, with higher SO, levels

10 WINTER Similar to BASE, with GEM chemistry based on winter

Dead Sea temperatures (averaged at ~294 k)
11 POLAR Similar to BASE, with GEM chemistry based on polar

regions temperatures (averaged at 240 k)
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Fig. 1. Simulated vs. measured diurnal profiles of GEM and BrO. (a) Measured and simulated
diurnal profiles of BrO, and simulated diurnal profile of [BrO]/[Br] for Julian day 188. (b) GEM
diurnal profiles for different combinations of k_ggmupo @nd K_gemser Values (see Sect. 2.3).
(c) Same as (b) with simulated GEM concentrations being constrained between 07:30 and

13:30LT (Sect. 3.2).
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Fig. 3. The relative influence of Br and BrO on GEM oxidation. (a) Measured GEM depletion
per BrO (AGEM/ABrO) as a function of O;. AGEM/ABrO was calculated for all campaign
days and averaged for respective O4 values. (b-d) Simulated AGEM/ABrO as a function of
[Br)/[BrQ] for simulations L_.Br_.H_BrO (i.e., “BASE”; b), L.Br_L_.BrO (c), and H_.Br_L_BrO (d).
Measured O5 corresponds to [Br]/[BrO] ratios in simulations due to known positive correlations
between the two. Simulated AGEM/ABrO values were calculated only for periods of ABrO > 0
and are based on Julian days 188, 197, 198, and 201.
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Fig. 4. The relative influence of O; and BrO on GEM depletion as a function of O levels. Ratio

of contributions of O; and BrO to GEM depletion, AGE'\A";OS/A GEM-BIO for Julian day 201 using

“BASE” simulation are presented. Crosses represent the average values of all time increments,
and horizontal lines below and above the averages represent 0.5 standard deviations.
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Fig. 5. Measured and simulated diurnal profiles of GEM, BrO, and O;. Measured data points
of entire campaign are plotted as dots. Crosses represent average concentrations for each
hour, and horizontal lines below and above represent 0.5 standard deviations. Simulated BrO,
O3, and GEM are presented for Julian days 188 (pink line; high RBS day) and 201 (blue line;
average RBS day) using the “BASE” simulation.
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((b); high BrOx day), using the “BASE” simulation. Figure inserts show modeled correlation of
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Fig. 8. Influence of BrOy and temperature on GEM depletion. The influence of BrOy, temper-
ature and SO, on GEM depletion rate. The GEM diurnal profiles are shown for the “BASE”,
“HIGHSO,”, “WINTER”, “POLAR”, “NOBROX”, and “ONLYBR” simulations (Sect. 2.3) for Julian
days 188 (a) and 201(b).
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Fig. 9. Diurnal time evolution of GEM oxidation by the main oxidants. The simulated diurnal
profiles of relative (in %) GEM depletion (4SEM) caused by different oxidants, presented for
Julian day 188.

24502

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 2446724502, 2011

Bromine-induced
oxidation of mercury
above the Dead Sea

E. Tas et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/24467/2011/acpd-11-24467-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/24467/2011/acpd-11-24467-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

