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Abstract. Mercury is a contaminant of global concern. It is tion and deposition to the tropical oceans is missing from the
transported in the atmosphere primarily as gaseous elemerurrent understanding of atmospheric mercury oxidation.

tal mercury, but its reactivity and deposition to the surface

environment, through which it enters the aquatic food chain,

is greatly enhanced following oxidation. Measurements and

modelling studies of oxidised mercury in the polar to sub-1 Introduction

tropical marine boundary layer (MBL) have suggested that

photolytically produced bromine atoms are the primary oxi- Mercury is a contaminant of global concern due to its long-
dant of mercury. We report year-round measurements of elet@nge transport via the atmosphere, bioaccumulation and bio-
mental and oxidised mercury, along with ozone, halogen ox-Magnification in aquatic ecosystems, and developmental neu-
ides (10 and BrO) and nitrogen oxides (MQin the MBL rotoxicity to humans (Selin, 2009). The biogeochemical cy-
over the Galapagos Islands in the equatorial Pacific. Ele€!e of mercury has been greatly perturbed by present-day an-
mental mercury concentration remained low throughout thethropogenic emissions and reemissions from the legacy mer-
year, while higher than expected levels of oxidised mercuryCury accumulated in the oceans and soil reservoirs (Lindberg
occurred around midday. Our results show that the producet al., 2007; Soerensen et al., 2010b). Transported in the at-
tion of oxidised mercury in the tropical MBL cannot be ac- mosphere primarily in the form of less reactive, gaseous ele-
counted for by bromine oxidation only, or by the inclusion mental mercury (Hg(0), or GEM), the principal process gov-
of ozone and hydroxyl. As a two-step oxidation mechanism,erning the transfer of mercury from the atmosphere to the
where the HgBr intermediate is further oxidised to Hg(ll), ©c€ans involves oxidation of Hg(0), because oxidized mer-
depends critically on the stability of HgBr, an additional oxi- cury (primarily Hg(ll), but it may also include Hg(l) inter-
dant is needed to react with HgBr to explain more than 50 %smediates) is more prone to deposition than Hg(0) (Steffen et
of the observed oxidised mercury. Based on best availabl@l- 2008; Strode et al., 2007). However, the mechanism of
thermodynamic data, we show that atomic iodine N&  H9(0) oxidation in the marine boundary layer (MBL) and its
HO, could all play the potential role of the missing oxidant, subsequent removal are not well known, particularly in the
though their relative importance cannot be determined exiropical oceans (Strode et al., 2007; Soerensen et al., 2010a).
plicitly at this time due to the uncertainties associated with Mercury dynamics in the tropical MBL is of interest as
mercury oxidation kinetics. We conclude that the key path-the upwelling of colder and nutrient-rich waters in these re-

way that significantly enhances atmospheric mercury oxida9ions is known to be associated with enhanced mercury eva-
sion from the oceans, presumably due to phytoplankton’s
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2010). This scheme is favoured at colder temperatures in the
polar regions, where the HgBr intermediate formed is stable
enough to undergo further oxidation to Hg(ll) (Goodsite et
al., 2004, 2012). The contribution of bromine to Hg(l)-to-
Hg(ll) oxidation in the tropical MBL is, however, expected
to be of lesser importance, since reactive bromine concen-
trations are generally low in the tropical regions (Theys et

TR N ) al., 2011) and since the HgBr intermediate tends to dis-
NS ’ sociate readily under warm temperatures (Goodsite et al.,
' L stomm ‘ - 2004, 2012; Dibble et al., 2012). Gas-phasg OH, HOp,
g HEH M H2O2, and NG are all capable of oxidizing Hg(0) (e.g. re-
b= i : : actions R1-R5 in Table 1) (Lin and Pehkonen, 1999; Dibble

et al., 2012); however, it is generally thought that they play
Fig. 1. Location map showing the oceanic and atmospheric cir-g negligible role in the observed production of RGM in the
culation systems influencing the Galapagos archipelago. A Setroposphere (Holmes et al., 2010) because their bonding with
lection of typical five-day back-trajectories calculated with the Hg(0) is either too weak or the reactions are too slow (Dibble
HYSPLIT (http://ready.arl.noaa.gov/HY SPLIT.phipagrangian in- etal., 2012).

tegrated trajectory model are shown in red (March 2011), green S . .
(June 2011) and violet (October 2011). Arrows refer to major An indication that bromine atoms may not be the only im-

oceanic currents: the North Equatorial Countercurrent (NECC),portant Px'dam for mercury in the troplc_al MBL can be ob-
Humboldt Current and Equatorial Undercurrent (EUC). DashedServed in a recent round-the-globe cruise study (Soerensen
lines indicate the approximate position of the Inter-Tropical Con- €t al., 2010a). Although generally low, the peak RGM con-
vergence Zone (ITCZ) in January (red) and July (light blue). centrations at a few sites in the MBL of the tropical Atlantic
and Pacific oceans were similar to those observed in the sub-
tropical and temperate regions (Soerensen et al., 2010a). As
conversion of seawater Hg(ll) to Hg(0) (Fitzgerald et al., the concentrations of atomic chlorine in the MBL are very
1984; Kim and Fitzgerald, 1986), but can also be due tolow (< 10*atomscm®) (Platt et al., 2004), one plausible
photochemical reduction of seawater Hg(ll) (Soerensen etandidate oxidant would be atomic iodine (l), which is pre-
al., 2010b, 2013). Major discrepancies, however, exist in thedicted to aid in rapid oxidation of the HgBr intermediate
magnitude and fate of this re-emitted mercury. For instance(reaction R10 in Table 1) (Goodsite et al., 2004, 2012). In-
while one ship-based study reported a very high spike in thedeed, a role of iodine-containing species in RGM formation
Hg(0) concentration in the MBL when over the upwelling re- has been implied by modelling studies in the polar regions
gion in the equatorial Pacific Ocean (Fitzgerald et al., 1984)(Saiz-Lopez et al., 2008; Calvert and Lindberg, 2004), but
no such increase in MBL Hg(0) was found in subsequenthas not been experimentally confirmed or quantified. Quan-
studies (Kim and Fitzgerald, 1986; Soerensen et al., 2010afum chemical calculations have recently suggested that the
Continuous monitoring of total gaseous mercury at a tropicalHgBr intermediate could also be further oxidized in the pres-
Atlantic coastal site in Suriname did not detect any mercuryence of other free radicals such as NEO,, CIO, and BrO
evasion signals (Muller et al., 2012). Global mercury mod- (reactions R12—R16 in Table 1) (Dibble et al., 2012).
elling has also resulted in highly contradictory estimates: an As part of the Climate and HAlogen Reactivity tropi-
earlier model suggested that oceanic mercury emissions areaL Experiment (CHARLEX) (Gomez Martin et al., 2013),
largest in the tropics (Strode et al., 2007), but the net oceania year-round field campaign was carried out in 2011 at
mercury emission from the tropical ocean was much less irnthe Galapagos Islands to measure Hg(0), oxidised mercury
a more recent estimate (Soerensen et al., 2010b). (RGM, and particulate mercury or Hg along with G, halo-
Measurements of reactive gaseous mercury (RGM; pri-gen oxides (BrO and I0) and NQin the tropical Pacific
marily gaseous Hg(ll)) in the polar (Simpson et al., 2007; MBL. Different from ship-based studies where each station
Steffen et al., 2008) to sub-tropical MBL (Laurier et al., was only measured for a short period of time (Soerensen et
2003; Laurier and Mason, 2007; Obrist et al., 2011) andal., 2010a), the CHARLEX campaign provided an opportu-
global mercury transport modelling (Holmes et al., 2010; nity to observe mercury species at a fixed location for an ex-
Soerensen et al., 2010b) have suggested that the oxidatidended period of time, allowing detailed examination of the
of Hg(0) in the MBL is primarily by atomic bromine (Br), diurnal and seasonal variations.
which is produced photolytically from Br-containing com-
pounds and through the Br/BrO cycle involving tropospheric
O3 (Saiz-Lopez and von Glasow, 2012). The currently held
bromine-induced elemental mercury oxidation scheme (re-
actions R6—R9, Table 1) is thought to involve a Hg(l) inter-
mediate HgBr (Goodsite et al., 2004, 2012; Holmes et al.,
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Table 1. Gas-phase mercury—halogen reactions used in the photochemical box model.

Reaction Rate constant (1 atm) ®moleculel s=1  Reference
Direct oxidation scheme
(R1) HP+ O3 —>Hg"'0 + O, 3x 10720 Hall (1995)

(R2) HP+ OH —Hg'"

(R3) H+ Brp — Hg''Br3
(R4) H+ Bro—Hg"' O + Br
(R5) H+ Clo—Hg''0 + Cl

3.55x 1014, —2440RT
9.0x 10~17

1x 10715

1x 10717

Pal and Ariya (2004)
Ariya et al. (2002)
Raofie and Ariya (2003)
Subir et al. (2011)

Two-step oxidation scheme

(R6) H’+ Br —Hg'Br

(R7) Hd Br— HgP+ Br

(R8) HdBr + OH —Hg'' BroH
(R9) HdBr + Br — Hg''Br»
(R10) HgBr + I —BrHg'"|

(R11) HP+ CI (+Y) —Hg'Cl 4+ Y

1.1x 10712 (7 /298)-237
1.2x 1010, —8357/T

2.5% 10710 x (7/298) 057
2.5x 10710 (7/298)057

2.5x 10710 x (7/298)~0-57
2 25 10326801/ T—1/298)

Goodsite et al. (2004)
Goodsite et al. (2004)
Goodsite et al. (2004)
Goodsite et al. (2004)
Goodsite et al. (2004)
Donohoue et al. (2005)

Updated two-step oxidation scheme

(R6") Hg+ Br —Hg'Br
(R7’) Hg'Br — Hg%+ Br

3.7x 10713 (1/298) 276
1.6x 109780V T  [\v]

Goodsite et al. (2012)
Dibble et al. (2012)

(R8") Hg'Br + OH —BrHg' OH 6.33x 10711 Calculate8
(R9’) Hg'Br + Br — Hg''Brs 6.33x 10711 Calculated
(R10’) Hg'Br + | —BrHg'| 6.28x 10711 Calculatef
(R11) HP+ CI (+Y) >Hg'Cl+Y 2.2 x 10-32,6801/T—1/298 Donohoue et al. (2005)
(R12) HJBr + NO, — BrHg''NO,  2.81x 10711 Calculated
(R13) HdBr + NO, — BrHg'ONO  5.82x 10711 Calculated
(R14) HYBr + HOp, —»BrHg''HO,  8.2x 10711 Calculate8
(R15) HdBr + BrO —»BrHg'OBr ~ 1.09x 10-10 Calculated
(R16) HdBr + 10 —BrHg'" OI 49x 10711 Calculated

Henry's law constant (equilibrium)

(R17) HgCh = HgCly(aqy 1.4x 108 Matm™1 Hedgecock and Pirrone (2001)

2HgBr, refers to BrHgBr. The geometries of these BrHgX species-(Br, OH, NO,, HO,) are reported by Dibble et al. (2012).

bCalculations at 298 K and 1 atm using ab initio data from Dibble et al. (2012). The inverse Laplace transform (Davies et al., 1986; Robertson et al., 1995)
version of the MESMER algorithnhtp://sourceforge.net/projects/mesin@lowacki et al., 2012) is employed. High-pressure limit rate coefficients are
estimated from long-range capture rates. Relevant parameters for the master equation calculatianBggg:>= 300 cnml o =3A, e/k =250K.

Note that the rate coefficient for (R9’) is in reasonable agreement with the lower limit obtained from quasiclassical trajectory calculations by Balavanov et
al. (2005).

CNot included in the study by Dibble et al. (2012). Calculations at 298 K and 1 atm using our own ab initio data at the same level of theory considered by
Dibble et al. (2012).

d We assume the same solubility for all halogen complexes of Hg (e.g.21810Br,, HgBrl) (Hedgecock and Pirrone, 2001).

ocean for many days (Fig. 1). The associated Humboldt cold
oceanic current induces the cool and dry season from June to
November. The moisture evaporating from the sea is trapped
in an inversion layer (300 to 800 m above sea level) creat-
The CHARLEX field campaign was carried out from Febru- ing stratus clouds, which are intercepted by the southern vol-
ary to October 2011 on the Galapagos Islands to investigateanic slopes of the islands where precipitation is received in
halogen and mercury chemistry in the tropical Pacific MBL. the form of mist rain (“garda”), while lowland areas remain
Details of the sampling sites and the general oceanic and adry and relatively cold.

mospheric circulation systems around the Galapagos Islands During the northern winter, the Inter-Tropical Conver-
can be found elsewhere (Gomez Martin et al., 2013). Briefly,gence Zone edge migrates south, close to the northernmost
the southern shores of the archipelago receive the prevailingslands, weakening the southeasterly trade winds and shift-
southeasterly trade winds directly off the oceanf080%  ing the dominant oceanic current to the North Equatorial
of the time, carrying air masses that have been over the ope@ountercurrent. For a few weeks northeasterlies can reach

2 Experimental

2.1 Site description
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even the south of the archipelago as shown by the red back- While the same Tekran-based mercury speciation tech-
trajectories in Fig. 1. Warmer waters cause the cold seasonique has been widely used by Environment Canada, the At-
inversion layer to break up. Thus, the hot season is charactemospheric Mercury Network (AMNet) of the USA, and the
ized by typical tropical weather, with clear skies alternating Global Mercury Observation System (GMOS) of the Euro-
with convection and occasionally heavy orographic rainfall. pean Union, it should be noted that recent studies, published
Characteristic features of the Galapagos Islands are the exafter the completion of the field programme of this study,
ceptional amplitude of the seasonal variability of the sea surhave shown that the KCI-coated denuder in the Tekran tech-
face temperature (SST) and the existence of spatially connique does not efficiently collect all gaseous oxidized mer-
sistent, temporally variable areas with elevated primary pro-cury (GOM) compounds (e.g. Hg&;HgBrp, HgO), and thus
ductivity (salinity >34, [Chla]>0.4mgnT3, SST<24C) could underestimate reactive mercury by up to several fold
related to topographic upwelling from the Equatorial Under- (Gustin et al., 2013; Huang et al., 2013). Therefore, RGM

current into surface waters (Schaeffer et al., 2008). values reported in this study should be considered as the
lower limits of GOM until the new generation of in situ mea-
2.2 Measurements surement techniques (e.g. Ambrose et al., 2013) is applied at

the study site. For this reason, we also retain the widely used

Real-time concentrations of Hg(0), ozone, BrO, IO andbNO terminology RGM, instead of GOM, to flag that our data are
were measured throughout most of the 9-month durationpnly comparable with the existing Tekran-based literature re-
whereas the concentrations of RGM and-Hgere measured sults, and to avoid confusion with GOM values that are be-
in three different seasons: 23 February—29 March, 10-19ng generated through new techniques (e.g. Ambrose et al.,
June, and 10-26 October. From February to June 2011, th2013).
monitoring was performed at a waterside platform in Puerto The concentrations of BrO and 10 were measured by a
Villamil, Isabela Island (857 S, 9058 W). The station was long-path differential optical absorption spectroscopy (LP-
subsequently relocated, from July to October 2011, to the [0 DOAS) (Plane and Saiz-Lopez, 2006) and a Multi Axis
cal WMO station (S/N 84008) in Puerto Baquerizo Moreno, DOAS (MAX-DOAS) (Honninger et al., 2004) instrument
San Cristébal Island (B4 S, 8936 W). Both sites are lo-  at a temporal resolution of 1 h, as detailed in Gomez Martin
cated south of the equatorial front and are under the southet al. (2013). In brief, both instruments were shifted be-
east trade wind regime, with January to April being the hottween two wavelength regions for detecting BrO, HCHO and
and wet season (Gémez Martin et al., 2013). 04 (336-379nm) or 10, (CHQ)and O (415.6—460.3 nm).

Atmospheric concentrations of Hg(0), RGM and iHg The collected spectra were analysed using the QDOAS soft-
were measured using an automated Tekran system comprisedare (Fayt et al., 2011). The LP-DOAS mixing ratio DLs
of Model 1130 and 1135 speciation units with a Model 1102 (20) were 0.5 parts per trillion by volume (pptv) for BrO
air dryer and a 2537B mercury vapour analyser, following and 1 pptv for 10. The MAX-DOAS differential slant col-
established procedures (Steffen et al., 2012; Soerensen et alimn density (dSCD) DLs ) were 1x 1013 molecule cnv?
2010a). The system was configured to measure Hg(0) wittfor BrO and 05 x 103 molec cnt? for 10, which convert
a temporal resolution of 5min and RGM andgHevery 3h.  to ~ 1 pptv and 0.2 pptv respectively using radiative transfer
RGM was operationally defined as the Hg that was retainedtalculations (Goémez Martin et al., 2013).
on a KCl-coated quartz annular denuder, ang tag the Hg In situ measurements ofddwvere made using a standard
that passed through the KCl-coated denuder and retained ddV absorption instrument (2B technologies, Model 205) at
a downstream 2.5 um quartz filter. All mercury data are re-a temporal resolution of 10 min with a DL of 2 parts per bil-
ported in units of nanograms or picograms per standard cubition by volume (ppbv), and N®by a chemiluminescence
metre under the standard conditions ©fand 1 atm. Exten-  analyser (Teledyne 200EU) with a DL of 50 pptv. Continu-
sive laboratory and field tests have established that the deteous measurements of relative humidity (RH), temperature,
tion limit (DL) for Hg(0) measured by this technique is bet- wind speed and direction, and other meteorological param-
ter than 0.10 ng m? for Hg(0) (Tekran, 2011). Based on the eters were also made at a temporal resolution of 2 min by
sampling volumes, the DL for RGM and Hgvas estimated two weather stations (Davis WeatherLink Vantage), and a
to be better than 0.42 pgTa. Calibration of the system was global radiometer (Kipp & Zonen CPM11). Daily averaged
carried out daily with the built-in internal mercury perme- SST, CDOM, and Chlorophytl (Chla) recorded by MODIS
ation source within the Tekran 2537B detector, and monthly(Aqua) for the complete measurement period were obtained
with manual injections of an external mercury source (Tekranfrom the Ocean Color websiténtfp://oceancolor.gsfc.nasa.
2505). No calibration standards were available for RGM andgov) and averaged in a°3wvide box extending 4 from the
Hgp, but the I precision for RGM and Hgwas about 15% location of the measurements to the south. Direct in situ mea-
(Landis et al., 2002). Other QA/QC procedures followed thesurement of SST was carried out at San Cristébal every 6 h.
standard procedures developed by Environment Canada, and
are comparable with those by the Atmospheric Mercury Net-
work (AMNet) of the USA (Steffen et al., 2012).
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2.3 Photochemical box modelling Lindgvist and Rodhe (1985), and the total aerosol volume.
Note that theKy values for bromine- and iodine-containing
The evolution of mercury species in the MBL was studied RGM compounds are considered to be the same as HgCl
by a photochemical box model using the halogen chemicall1.4 x 10° Matm~1). The total lifetime of RGM in the MBL
scheme containing iodine and bromine gas phase and heter@s calculated to be 4.8 h. Wet deposition was not considered
geneous uptake reactions (Mahajan et al., 2010). For the meend data from rainy days have been filtered out to ensure wet
cury oxidation schemes, Holmes et al. (2009, 2010) considdeposition did not play a role.
ered both a slow, direct Hg(0) to Hg(ll) pathway and a faster, The model is constrained with observed diurnal pro-
two-step pathway involving the formation of HgBr followed files of NO,, O3, H2O and aerosol surface area.q#x
by further oxidation by Br or OH (iodine was not included 10~7cm?cm3), and RH along with other meteorological
in their modelling). The latter scheme was primarily basedparameters (see Fig. S1 in the Supplement). The boundary
on rate constants estimated from ab initio quantum calculafayer height is assumed to be 1000 m and is typical of the
tions (Goodsite et al., 2004). However, the key thermal dis-height observed at the site using radiosonde/ozonesonde data
sociation rate of HgBr has recently been found erroneous(see Sect. 3.5 below). The prescribed mixing ratios of atomic
with revised values at 1 atm and 298 K up to 20 times fasterchlorine (55x 10~ pptv or 14x 10* atoms cn®) and calcu-
than the previous estimation (Goodsite et al., 2012; Dibblelated OH (0.2 pptv) at noon are consistent with the box model
et al., 2012). Furthermore, other trace gases could also agarameters used by Holmes et al. (2009). The daytime mix-
as oxidants of the HgBr intermediate according to recent abing ratios of NQ were under the DL (50 pptv) throughout the
initio quantum calculations of bonding energies of X—HgBr campaign and are prescribed to be 40 pptv. The simultane-
complexes (X= NO, HOy, BrO, CIO) (Dibble et al., 2012).  ous rate equations are solved using the KPP 2.2.3 integrator
Therefore, three chemical pathways for mercury oxidation(Sandu and Sander, 2006). Photodissociation frequencies are
are evaluated with the photochemical model (Table 1): (i) di-calculated offline using a two-stream radiation code (Thomp-
rect oxidation of Hg(0) to Hg(ll) by @ (R1), OH (R2), Bp son, 1984).
(R3), BrO (R4), and CIO (R5); (ii) a two-step mechanism The simulations are also constrained with the observed
with the original chemistry scheme (i.e. prior to the 2012 re- Hg(0) diurnal profiles, and the total Hg(Il) generated in dif-
vision of the HgBr dissociation rate), where atomic bromine ferent scenarios is then calculated. The model is likewise
combines with Hg(0) to first form Hg(l) (R6), which is then constrained with the MAX-DOAS observed |10 mixing ra-
oxidised to Hg(ll) by OH, CI, Br, and | (R7-R10). This is tios, while the daytime BrO mixing ratio is considered to
essentially the same as used in Holmes et al. (2009), wittbe equal to 0.2 pptv, consistent with the absence of BrO
the exception of oxidation by atomic |, which was not con- in the LP-DOAS at & DL and with low bromine levels
sidered in that study; and (iii) a two-step mechanism with anfrom satellite estimates (Theys et al., 2011), and predic-
updated chemistry scheme including updated rate constantfons by the large-scale CAM-Chem (Saiz-Lopez etal., 2012)
for reactions R6'-R10’ (Goodsite et al., 2012; Dibble et al., and GEOS-CHEM (Holmes et al., 2010) chemistry models
2012), as well as new aggregation reactions, computed in thifor the eastern Pacific. Note that sensitivity runs included
study, involving NQ (R12 and R13), HQ(R14), BrO (R15), 0.5pptv BrO, according to the LP-DOAS detection limit.
and 10 (R16). To derive rate constants and thermal dissociThe Br atom concentration is calculated online in the model,
ation lifetimes for these reactions at 298K and 1 atm fromwhich has a detailed description of bromine chemistry. The
the ab initio data reported by Dibble et al. (2012), we usedBrO/Br ratio (on average about 10 during CHARLEX) is
the Master Equation Solver for Multi-Energy well Reactions largely sensitive to the $ concentration, which is con-
(MESMER) (Glowacki et al., 2012), in a similar fashion to strained, giving higher confidence in the calculated Br atom
the calculations performed by Goodsite et al. (2004) fo#Br concentration. The atomic iodine mixing ratios are calculated
HgBr. Partitioning of HgG between the gaseous and aque- from the measured 10 mixing ratios using the same chemical
ous phases is also included in the model (R17). box model constrained with the observed 1Q,and NG. In
Entrainment of Hg(ll) from the free troposphere is cal- this clean environment, the partitioning between IO and | is
culated according to parameterisation given in Holmes etmainly determined by the IO photolysis rate and the reaction
al. (2009), which depends on the RGM concentration gra-between | and @to form back 10.
dient between the MBL and the free troposphere. The en-
trainment velocity is considered to be 0.5 cnt gFaloona
et al., 2005) and the free tropospheric RGM concentration3 Results and discussion
used for calculating the flux is 20 pgm The sinks con-
sidered for Hg(Il) are boundary layer ventilation (calculated 3.1 Hg(0) concentration in the tropical MBL
in a similar way to the entrainment), sea salt aerosol uptake
and dry deposition (deposition velocity of 0.46 cnts Up- As shown in Figs. 2 (entire campaign) and 3 (three
take of RGM on aerosols is determined by its Henry’s law intensive measurement periods), Hg(0) remained low
equilibrium constantKy), the rates of which are taken from (1.08+0.17ngm?  (averagets.d.), range: 0.58-
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0 1.4 ﬁ/ ik} : - was observed, which was most likely due to a localized and short-
15 [ : Jis lived event.
g1.o} ¥ 3kl i {1.0%
20 é%&liﬂiuﬁié F ¥ ‘ig NG This difference may be attributed to temporal and spa-
R oA P~ o o 1”31,1 oo tial variability in upwelling and in primary production
Local Time (mm/d/2011; UTC = Local time + 6 hr) (Kim and Fitzgerald, 1986). However, no statistically sig-

nificant relationship was found between Hg(0) and surface
Fig. 2. Atmospheric mercury and related parameters over the GalACh| ¢ concentration during the 9-month study (Fig. 5a).
pagos Islands. From top to bottom: atmos_pheric Hg(0) (hourly av-|nstead, daily averaged Hg(0) was significantly higher
erage), sea surface temperature (SST; daily average) and ocean s% < 0.001; Mann-Whitney test) in the warmer months of
face Chla (daily average), atmospheric marine boundary laygr O February to June ([Hg(O)E 1.10+0.13ng m3: SST =

gzggulsor:g?gu?;Czl-\:zijl)vznzu;n;?tgul(;s;n? gg@v;;g?:%’/ ;et?ft've 26.441.6°C) than |3n the colder month of Oc_tober ([Hg(0)]
and IO (every 1 h; detection limit is shown in red) and | atom (calcu- = 0.91+0.04ngn”; SST= 20.4+2.6°C) (Fig. 5b), sug-

lated from 10 and @) over the entire study period. The data before 9€Sting oceanic Hg eva;iqn V{?lries seasqnally With SST, most
1 July 2011 were obtained at Puerto Villamil on Isabela Island, andProbably due to the variation in photolytic reduction of sea-
those after were from Puerto Baquerizo Moreno on San Cristébawater Hg(ll) (Soerensen et al., 2010b, 2013).

Island.
3.2 Enhanced production of Hg(ll)

2.0ngnT3; n=20236) throughout the campaign, and Mean concentrations of RGM and Hgvere comparable
was markedly lower than the total gaseous mercury (whichwith ship-borne measurements in the MBL of the tropical
is dominated by Hg(0)) measured at a tropical Atlantic Atlantic and Pacific oceans (Soerensen et al., 2010a), though
coastal site (Muller et al., 2012). The Hg(0) levels, es- much lower when compared with those occurring during
pecially during evenings, showed considerable seasongbolar mercury depletion events (Steffen et al., 2008), and
variations (Figs. 2—4): they were the highest and most vari-showed seasonal variability, with the highest monthly con-
able from February to May, decreased in June, and becameentrations in October (RGM= 3.8+ 3.4pgn3, Hgp =

the lowest and least variable in October. Contrary to anl.1+1.1pgnt3), followed by February-March (RGM=
earlier ship-based study (Fitzgerald et al., 1984) but similarl.0+ 1.2 pgn13, Hge = 0.6+ 0.7 pgnm3), and decreasing

to two subsequent studies (Soerensen et al., 2010a; Kino below the detection limit in June (Figs. 3 and 4). Through-
and Fitzgerald, 1986), we did not observe sustained higtout most of the campaign (except for a 3-day period, 23-25
Hg(0) concentrations that would be indicative of persistently October, when unusual variations in RGM occurred; Fig. 3),
enhanced biotic mercury evasion from the upwelling regionthe concentration of RGM showed a distinct diurnal cy-
in the equatorial Pacific Ocean. cle, with a rapid increase at sunrise, peaking at midday and
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Fig. 4. Diurnal variations (3 h average) in atmospheric Hg(0), reac- Fig. 5._ Relationship between daily averaged concentrations of
tive gaseous mercury (RGM) and particulate mercurygHgea- Hg(0) in the MBL and sea surface chlorophyll(A) and temper-
sured on the Galapagos Islands over three different seasons. F&ture (SSTJB).

simplicity, error bars (standard deviations) are shown only for the

October data. Dashed lines show the respective detection limits.
0.5 pptv detection limit. The simulations based on the mech-

anism considered by Holmes et al. (2009) showed that the
standard oxidation pathways involvingg@H, or Br, or the

declining through the afternoon (Fig. 4). Kglosely fol-  compination of them, are not sufficient to explain the high
lowed a similar diurnal trend, although its peak concentrationg g Jevels measured during CHARLEX. We estimate that
was lower. the Br-alone scheme can account for no more than 50 % of

The peakSIeveI_s of RGM, up to 10 pg‘rﬁ(most_ periods)  he RGM observed in October (Fig. 6a). As mentioned ear-
(or 15pgnm™ during the unusual 3-day period in OCtober) jier, the RGM reported in this study is likely an underestimate
observed in the tropical MBL, are consistent with those re- ¢ 31l GoM in the air (Gustin et al., 2013; Huang et al., 2013;
ported for some tropical Atlantic and Pacific Ocean sites (S0-p prose et al., 2013). An additional oxidant is thus needed
erensen et aI.., 2010a) and in the §ub—tropical to mid-latitudg,, reproduce the high midday RGM concentrations. The di-
regions (Laurier et al., 2003; Laurier and Mason, 2007; S0-,ng variability of RGM clearly shows that this additional
erensen et al., 2010a). This is surprising given that the BrO,,ijant has to be generated by photochemistry.
mixing ratios were always below ther2detection limit of
0.5 pptv throughout the CHARLEX campaign. 3.3 Potential oxidants of Hg(l) in the tropical MBL

With the use of the observed diurnal profiles of Hg(03, O
H->0, BrO, 10, and NG, we calculated the RGM due to dif- 3.3.1 lodine
ferent oxidation mechanisms (Table 1) with a photochemi-
cal box model (Fig. 6). BrO was considered to range fromIn addition to bromine, atomic chlorine is suggested to chem-
0.2 pptv (Saiz-Lopez et al., 2012; Holmes et al., 2010) to theically oxidize Hg(0) (Goodsite et al., 2004, 2012; Ariya et
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Original Scheme action with mercury is the major initiating pathway in Hg(0)

8 : ; oxidation to form HgBr, when an additional iodine oxida-
S a) tion reaction (HgBr+ | — HgBrl) is added to the two-
~ 6 oieiedionr: | step reaction scheme (R10 in Table 1), using the measured
WE m;:::g E\?\thBBrr+l ‘ i 10 concentratlons,_the mod_elled rate of RGM forma'qon in-
=0 creases up to four times, which matches the observations well
‘E" (Fig. 6a). The significant enhancement of mercury oxidation
8 . in the presence of iodine results from the higher I/IO ra-
I tio (~ 7.7x [03] 1, with [Oz] in ppbv) compared with that
I — of Br/BrO (~2.4x [03] 1), due to faster photolysis of 10
0 3 T 15 0 — with respect to BrO (Saiz-Lopez et al., 2008). This, together
Time with higher observed 10 concentrations, results in an iodine
Updated Scheme atom concentration roughly an order of magnitude larger
8 T s ‘ : ' b) than bromine atoms.
Modelled OH and 03
B Modelled (ow Br 4 o 1
‘s Modelled low Br + | b 3.3.2 NGO and/or HO»
g A Madelled law Brel+HO,+NO, /‘ N
% The results shown in Fig. 6a have been obtained using
o 2t the original two-step oxidation mechanism (Goodsite et al.,

———— = - 2004; Holmes et al., 2009) with the additional contribution
0 ———— ‘ : of iodine. As mentioned earlier, considerable uncertainty ex-
0 5 10 15 20 ; . . . : d
Time ists regarding this reaction scheme, since the theoretically
derived rate constants for the second oxidation step have
Fig. 6. Comparison of the average daily profile of reactive gaseousnOt been verified experimentally. Furthermore, recent studies
mercury (RGM) during October (grey area indicates the standardDibble et al., 2012; Goodsite et al., 2012) found the thermal
deviation of the data) with simulated profiles obtained by two dif- dissociation rate of HgBr derived by Goodsite et al. (2004)
ferent modelling approacheg®) Modelled results from the original  and used in subsequent modelling exercises (Holmes et al.,
chemistry scheme according to Goodsite et al. (2004) and Holme®009) to be in error by an order of magnitude. Dibble et
et al. (2009) under four different scenarios. Scenario 1: oxidationg| (2012) also suggested that other trace gases such s NO
is assumed to result only from OH ands @ed line). Scenario 2 (5, ClO and BrO could act as oxidants of the HgBr inter-
ado!s bromine oxidation using a peak BrO of 0.2 PRtV (t_’lu_e)' SCemediate. We have thus carried out further modelling with an
nario 3 (green) assumes BrO to be at the detection limit of theupdated two-step oxidation mechanism (Table 1). The bond

DOAS instrument (0.5 pptv). Scenario 4 (cyan) shows a simulation . .
with 0.2 pptv of BrO and the observed levels of 10, an average of SNEr9Ies of X-HgBr (%= NO2, HO;, BrO, or CIO) are sim-

1 pptv during the daytime(b) Modelled results using an updated ilar to those of BrHgBr and BrHgl (Dibble et al., 2012), re-
chemistry scheme according to Goodsite et al. (2012) and DibbleSulting in master equation-derived aggregation rates of the
et al. (2013). Peak daytime mixing ratios of the bonding moleculessame magnitude 210-11—1x10-1%cm® molecule s71).
were OH= 0.14 pptv, Q@ = 10 ppbv, Br= 0.08 pptv, |= 0.45 pptv, Including the updated reaction rates for the formation and
NO, = 40 pptv, and H@ = 14 pptv (see Fig. S1 for their diurnal dissociation of HgBr and new reactions between HgBr and
profiles). NO,, HOy, BrO, and |0 (Table 1), Fig. 6b shows that this
scheme would also lead to modelled RGM levels similar to
those observed. With this updated reaction scheme, bromine
al., 2002). Although reaction with chlorine atoms is included and iodine would only play a very minor role in the conver-
in our calculations (R11 in Table 1), due to low Cl atom sion of Hg(l) to Hg(ll). Instead, the only way to generate
concentrations in the MBL< 1.4 x 10* atoms cnt3) (Platt RGM levels comparable with the observations reported here
et al., 2004), it does not have any significant effect on theis to include the second-step reactions of HgBr withN@d
fate of Hg and can thus not be responsible for the enhancetlO, (R12—-R14). The much faster dissociation rate of HgBr
Hg(ll) production observed in this study. For instance, a(R7’) in the updated chemistry scheme means that nothing
sensitivity analysis shows that increasing the Cl atom con-else but NQ@ and HQ, which have large enough concentra-
centration tenfold from the predictedx110* atoms cnT? to tions, would further oxidise HgBr to RGM.
1 x 10° atoms cnT2 results in only 5% increase in the total  The modelling strongly reveals that some fundamental
RGM. processes are missing in the currently accepted mercury ox-
Unlike BrO, 10 was consistently measured above the de4dation mechanism and the two pathways suggested here
tection limit (0.2 pptv) during the entire campaign, with a would improve matching models with observed values of
peak mixing ratio of 1 pptv (Fig. 2). Although the bromine re- Hg(ll). We suggest that the complete mercury oxidation
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030r 30 — T Ty was neither observed for the daily averaged data from the
IR " entire campaign, nor for the night-time averaged data from
o 28 - /’\ ] \ | e February to June (night-time meteorological data were not
o 1! I available for October). Instead, when considering the daily
g0 &2 o 110 averaged data from the entire campaign, a statistically sig-
8 . ! |1 —l |, 2 nificant, negative correlation with RH was found (Fig. 8),
S i I‘ ‘. M. e £ explaining 68 % of the variance. RGM was highest in Oc-
%0_10_ £ _O\.h“m.i -’T '_ 1° 8 tober when the RH was lowest (Fig. 2). Inclusion in the re-
£ 1 dl e e gression fit of an extra term depending linearly ons][G
sk os ) 51 accounting for a halogen atom-driven RGM source (R9 and
, e \ ] [IA.DDJ_; 17 R10) improved the fit, but its contribution is small (6 %) and
ool ool M MM N STRT r % N mostly concentrated in the short-term variability during Oc-
S P S F P FSE G IS T tober (Fig. 8). This highlights the multivariate dependences

Local Time (mimiddi2011; UTC = Local ime + 6 hr) of RGM sources and sinks and the shifting balance between

Fig. 7. Maximum lapse rate (blue) and height of maximum and sec-theém. The dominant role of RH suggests that RGM loss is
ond maximum lapse rates (solid and empty black circles respeccontrolled primarily by uptake onto sea salt aerosol, due to
tively) obtained from radiosonde data during the CHARLEX cam- association with chloride (Holmes et al., 2009) or to the
paign. The small blue circles (note corresponding missing black cir-larger aerosol volumes; this is in agreement with a recent
cles) indicate an uncapped boundary layer. In red: reactive gaseousomparative study that shows His preferentially associ-
mercury (RGM; full symbols) and particulate mercury gigmpty  ated with sea salt at a marine site and with finer aerosols at
symbols). The peak in RGM and Hat the end of Marca) is g coastal site (Feddersen et al., 2012). The effect of RH on
likely related to the disappearance of the inversion and the subsepy,omine activation on aerosol is not clear, with models sug-
quent subsidence of free tropospheric air masses. The peak in RGl\desting an increase in halogen recycling with increasing RH
at the end of October wab) most likely due to a localized and . . .
short-lived event. due to faster uptake and recycling of reservoir species, lead-
ing to larger gas phase halogen concentrations (von Glasow
et al., 2004). Note however that BrO mixing ratios were be-

scheme needs to be subjected to further laboratory and fiellPW the 0.5 pptv detection limit during the entire campaign,

studies to understand the major oxidation pathways. with periods of significant variation in RH levels. _
In the warm and wet season (February—March), a sig-
3.4 Influence of the free troposphere nificant negative correlation between ozone and RBE=(

—0.609, p<0.001), and between RGM and RH £

The highest concentrations of RGM were observed in Octo-—0.580, p = 0.002) was observed. In the tropical MBL the
ber when there was a strong inversion in tropospheric temperseasonal variability of ozone is controlled to a large extent by
ature at a height of 1.2 km (Fig. 7), suggesting that the in- water vapour, showing a negative correlation due t6D(
fluence of free tropospheric RGM entrainment on RGM lev- scavenging by BO. However, during the shorter measure-
els in the MBL was negligible. This, however, may not be the ment period in the cold and dry season (October), although
case in March when there was no inversion, with the excepthe ozone levels were similar to those in the warm season
tion of a period from 18 to 24 March when a weak inversion (Fig. 2), they appeared decoupled from RH, while a posi-
built up and then disappeared (Fig. 7). The disappearance dive dependence of RGM in [§~* (- = 0.526, p = 0.05)

the inversion was followed by an increase in RGM ang-Hg existed. Assuming that the RGM source is related tg} {®

on 25 March. Therefore, the entrainment of free tropospherid€.g. the halogen atom-mediated second step in the old oxida-
RGM cannot be ruled out in March, although it is not the tion scheme, see Table 1), these relationships would indicate

source of the high levels observed during October. that RH not only controls the removal, but also indirectly in-
fluences the production of RGM. Thus, a sustained decrease
3.5 RGM source and sinks in the tropical MBL: in ozone in October+ 1 ppbday?, Fig. 2) seems to result
correlation analysis in an enhancement of RGM sources, which is not balanced

out by the low RH. By contrast, the strong coupling between
The rapid decrease in RGM to the background levels in earhRH and @Q would preclude an observable dependence of
evenings indicates efficient removal by boundary layer ven-RGM on other processes during other periods. Finally, it is
tilation, sea salt aerosol uptake and dry deposition (Holmesvorth noting that the typical RGM daily cycle remained un-
et al., 2009, 2010). Modelling studies of night-time RGM altered throughout several high N@vents { 0.5 ppbv) re-
in the MBL have shown that both dry deposition and sea salfated to shipping activities observed in the warm season. The
aerosol uptake increase with wind speed, and that aerosol uNO, and RGM daily averages or 12 h daytime averages do
take increases also at low RH (Holmes et al., 2009). A statisnot show any significant correlation during the period when
tically significant correlation between RGM and wind speed NO, was measured, with= 0.105 (p = 0.6) andr = 0.279
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Fig. 8. Multilinear regression of reactive gaseous mercury (RGM) vs. relative humidity (RH) agjd }OThe daily averaged observed data
and the modelled data are shown in black and red respectively as a function of time. The inset shows the residual dependence of RGM or
RH after removing the optimised gp~1 contribution to RGM (full squares: March—June, open squares: October).

(p = 0.18) respectively. In October, no NOneasurements peaked twice daily, one from midnight to early morning, and
were carried out, and therefore it is not possible to ascertairthe other in the late afternoon. The peak RGM concentra-
its potential role in enhanced RGM formation during that pe-tion reached as high as 16 pgf the highest throughout
riod. It must be noted that such lack of correlation during the entire campaign. Night-time rising of RGM has been re-
the warm season may not be indicative of Nt playinga  ported sporadically in the literature (Holmes et al., 2009; So-
role in mercury oxidation. One of the main reasons for this iserensen et al., 2010a), though its cause has not been well
the effect of NQ on bromine chemistry. In the presence of studied. It could be speculated that elevated,d@Gncentra-
larger levels of NQ, the reservoir bromine species that forms tions emitted over the- 4 km strip of land, separating the
is BrNOs, which will limit the reactive bromine available for ocean from the meteorological station at San Cristobal, could
the formation of HgBr. have enhanced the RGM levels via (R12) and (R13). Un-
Similar to RGM, there is a significant anti-correlation ob- fortunately, NQ was not monitored during the last 15 days
served between Hgand RH for the whole data set £ of the campaign, and therefore, this possibility could not be
—0.62, p<0.001), as well as between Hgnd RGM ¢ = tested. However, as mentioned above, sustained high levels
0.681, p = 0.001), further supporting the removal of RGM of NO, are not compatible with the low{Inixing ratios ob-
by its association with sea salt (Feddersen et al., 2012). Theerved. Since the unusual RGM diurnal pattern in this study
observed Hg/ RGM ratio was 0.55- 0.25, whereas the only  started and ended abruptly, lasting only three days, and since
significant correlation of the Hg RGM ratio throughout the  Hgp did not follow the same pattern, we hypothesize that it
campaign was with the coloured dissolved organic mattercould result from a localized condition under which the RGM
(CDOM) index ¢ =0.482, p<0.01). If oceanic CDOM is taken up by sea salt aerosols did not immediately deposit into
considered as a proxy of the organic matter content of seghe ocean and was subsequently re-emitted from the aerosols
spray, this may be an indication of a reduction in the RGM toto the MBL.
Hgp processing in aerosol due to a decrease in organic mat-

ter.
4 Conclusions

3.6 Unusual diurnal cycles of RGM from 23—-25 October
The detection of enhanced Hg(ll) production over the trop-

While the generally observed mid-day peaking of RGM is ical MBL suggests that modelling based on known oxida-
more in line with the simulations shown in Fig. 6a or b, an tion pathways (e.g. by Br, £ and OH radicals) using old
unusual diurnal pattern was seen from 23-25 October (théinetic data underestimates mercury oxidation by at least
shaded period in Fig. 3). During this short period, RGM 50 %. Inclusion of iodine in a two-step mercury oxidation
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mechanism, where an BrHgl aggregate is formed, helps to ies, and atmospheric implications, J. Phys. Chem. A, 106, 7310—
reconcile the modelled RGM with the observations. How- 7320, doi10.1021/jp0207192002.

ever, a recent revision of the HgBr thermal dissociation rateBalabanov, N. B., Shepler, B. C., and Peterson, K. A.: Accurate
together with high level ab initio calculations of X—HgBr  Global Potential Energy Surface and Reaction Dynamics for the
binding energies (¥= NO,, HO,, Br, BrO, I, 10) and our Ground State of Hngr, J. Phys. Chem.A10_9,_8765—8773,_20(_)5.
MESMER-calculated rate constants indicate that only,NO C@!Vert: J. G.and Lindberg, S. E.: The potential influence of iodine-
and HQ concentrations would be high enough to generate containing compounds on the chemistry of the troposphere in the

. P . . . olar spring. Il. Mercury depletion, Atmos. Environ., 38, 5105—
the observed RGM levels in competition with HgBr dissoci- 2116 zpoof. yaep

ation. This suggests that H@nd/or NG aggregation with  payies J. W., Green, N. J. B., and Pilling, M. J.: The testing of mod-
HgBr could be another possibility to explain the enhanced ejs for unimolecular decomposition via inverse Laplace trans-
RGM production over the tropical MBL. Furthermore, the  formation of experimental recombination rate data, Chem. Phys.
cause of unusually high night-time RGM levels observed Lett., 126, 373-379, 1986.
from 23-25 October remains unclear. Dibble, T. S., Zelie, M. J., and Mao, H.: Thermodynamics of re-
Given that Hg(ll) is readily deposited back to the ocean actions of CIHg and BrHg radicals with atmospherically abun-
(Holmes et al., 2009), the observation of enhanced atmo- dant free radicals, Atmos. Chem. Phys., 12, 10271-10279,
spheric mercury oxidation implies enhanced mercury depo-_ 901:10.5194/acp-12-10271-2012012. _
sition. Our results indicate that the oxidation mechanisms in->°"°houe, D. L., Bauer, D., and Hynes, A. J.. Temperature and
cluded in mercury transport and chemistry models are miss- pressure depend_ent rate coe_:fflments for the reaction of Hg ywth
. . ) Cl and the reaction of Cl with Cl: A pulsed laser photolysis-
Ing a m"’uor process and therefore do not provide an adequqte pulsed laser induced fluorescence study, J. Phys. Chem. A, 109,
description of atmosphere—ocean exchanges of mercury in 7732_7741. 2005,
the tropical oceans. To solve this problem, new laboratoryraloona, I., Lenschow, D. H., Campos, T., Stevens, B., van Zanten,
and field studies on the kinetics and mechanism of mercury M., Blomquist, B., Thornton, D., Bandy, A., and Gerber, H.: Ob-
oxidation are needed. servations of entrainment in eastern Pacific marine stratocumu-
lus using three conserved scalars, J. Atmos. Sci., 62, 3268-3285,
doi:10.1175/jas3541,2005.
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