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ABSTRACT: Air−sea exchange of mercury (Hg) is the largest flux between
Earth system reservoirs. Global models simulate air−sea exchange based
either on an atmospheric or ocean model simulation and treat the other
media as a boundary condition. Here we develop a new modeling capability
(NJUCPL) that couples GEOS-Chem (atmospheric model) and MITgcm
(ocean model) at the native hourly model time step. The coupled model is
evaluated against high-frequency simultaneous measurements of elemental
mercury (Hg0) in both the atmosphere and surface ocean obtained during
five published cruises in the Atlantic, Pacific, and Southern Oceans. Results indicate that the calculated global Hg net evasion
flux is 12% higher for the online model than the offline model. We find that the coupled online model captures the spatial
pattern of the observations; specifically, it improves the representation of peak seawater Hg0 (Hg0aq) concentration associated
with enhanced precipitation in the intertropical convergence zone in both the Atlantic and the Pacific Oceans. We investigate
the causes of the observed Hg0aq peaks with two sensitivity simulations and show that the high Hg0aq concentrations are
associated with elevated convective cloud mass flux and bromine concentrations in the tropical upper troposphere. Observations
of elevated Hg0aq concentrations in the western tropical Pacific Ocean merit further study involving BrO vertical distribution
and cloud resolving models.

■ INTRODUCTION

Air−Sea exchange of mercury (Hg) is a bidirectional process
that includes the deposition of divalent (HgII) and elemental
(Hg0) mercury from atmosphere to ocean and the evasion of
Hg0 from the ocean to the atmosphere. It is the largest Hg flux
term between environmental media in the Earth system.1−3

The reduction of deposited HgII to Hg0 in the surface ocean
followed by air−sea exchange extends the lifetime of Hg in
actively cycling reservoirs.1,4 This process governs the size of
the HgII pool in the surface ocean, which is scavenged by
particulate matter to the subsurface ocean and is also the
substrate for conversion to the most toxic form of Hg,
methylmercury.5,6 Even though the air−sea exchange process
involves both atmospheric and oceanic processes, current
global models represent only one of the two compartments and
treat the other media as a spatially and/or temporally averaged
boundary condition.7−10 Here we develop a new online
coupled model for Hg that couples two state-of-the-art three-
dimensional atmosphere and ocean models and use it to

examine factors controlling the air−sea exchange fluxes at the
atmosphere−ocean interface.
Wet deposition constitutes the main flux of HgII to the

surface ocean and is largely influenced by the amount and type
of precipitation.3,11 Enhanced surface ocean Hg concentrations
have been observed in tropical oceans associated with elevated
precipitation in the Intertropical Convergence Zone
(ITCZ).12,13 It has also been shown that strong convective
systems that reach higher altitudes result in higher Hg
concentrations in precipitation than weaker convective and
stratiform systems.14,15 Dry deposition of HgII in the marine
boundary layer is a function of the HgII concentrations and the
deposition velocity, and it is governed by uptake into sea-salt
aerosols followed by deposition.16 Air−Sea exchange of
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gaseous Hg0 is a diffusion process, and the direction of the net
exchange is determined by the Hg0 concentration gradient
normalized by the Henry’s Law constant across the air−sea
interface.17 The mass transfer coefficient is influenced by
factors such as the kinematic viscosity of seawater, aqueous
diffusion coefficient of Hg0, the wave condition, and the
turbulence in the air and water surface microlayers.17,18 The
transfer across the surface microlayers is dominated by the
water phase and typically parametrized as a function of the
wind speed in Hg models.9,19

Early box model studies used averaged atmospheric and
oceanic Hg concentrations and wind speed to estimate Hg0

air−sea exchange fluxes.20−22 In later global three-dimensional
atmospheric models spatial variable evasion was estimated
based on temperature and sea ice fractions.8,23 The GEOS-
Chem model first traced surface ocean Hg concentrations and
air−sea exchange by adding a two-dimensional slab surface
ocean module.17,19 The global three-dimensional ocean Hg
models (OFFTRAC, MITgcm, and NEMO) developed later
include the isopycnal and diapycnal transport of Hg, but they
have prescribed atmospheric Hg deposition fluxes and
concentrations.9,10,24 Previous studies coupling atmosphere
and ocean models have used a monthly interval for information
exchange, which is appropriate for long-term trend analysis and
climatological mean studies.3,25 However, using monthly
intervals smooths out high-frequency signals and hampers
our ability to critically evaluate modern high-resolution
measurements (every 5 min or higher) in both atmosphere
and ocean. This is especially problematic, since air−sea
exchange is strongly influenced by episodic high wind speed
and precipitation events.13,26 Indeed, a coupled regional scale
atmosphere−ocean model showed better agreement with
observed Hg0 concentrations than previous offline models.27

Here we develop a global online model for Hg that couples
the GEOS-Chem atmospheric model and the MITgcm ocean
model. The models exchange atmospheric HgII deposition
fluxes and ocean Hg0 net evasion fluxes in a two-way fashion
using an hourly time step. We use the coupled model to better
understand factors controlling the concentrations and air−sea
exchange fluxes of Hg at the atmosphere−ocean interface by
comparing model simulations with previously published Hg0

concentrations from several ocean basins. A specific focus is
put on the high surface ocean Hg0 concentrations observed in
the ITCZ regions.

■ METHODOLOGY
GEOS-Chem Model. We use the GEOS-Chem Hg model

(version v9-02) (www.geos-chem.org), which is described
(including an evaluation against available observations) by
Horowitz et al.3 for the atmospheric simulation. The model is
driven by assimilated meteorological data archived from the
Goddard Earth Observing System (GEOS) general circulation
model operated by the NASA Global Modeling and
Assimilation Office (GMAO). It includes 47 vertical levels
extending up to the mesosphere and is run at a horizontal
resolution of 4° × 5° by regridding the native GEOS-5 (2007−
2012, 1/2° × 2/3°) and GEOS-FP (2013−2017, 1/4° × 5/
16°) meteorological data. Two separate tracers, namely, Hg0

and HgII, are included. They are transported by the same
advection scheme as the GEOS model to achieve consistency.
Convective cloud mass fluxes are used to compute convective
transport, and a nonlocal scheme is adopted for boundary layer
mixing.28 HgII is water-soluble and scavenged by precipitation

in the forms of both rain and snow. Cold/mixed precipitation
is also considered for HgII absorbed to aerosols.29,30 A dry
deposition velocity is calculated based on the resistance-in-
series scheme for both Hg0 (except over the ocean, where
deposition is handled by the air−sea exchange module) and
HgII.31

The model uses a global anthropogenic emission inventory
for Hg developed by Zhang et al.32 A recently developed
mechanism for Hg0/HgII redox chemistry is included,3 with the
concentrations of the principle Hg oxidant, Br, also taken from
the GEOS-Chem model.33 The partitioning of HgII between
the gas phase and particulate matter is assumed to be an
instantaneous process and is, except for in the marine
boundary layer (MBL), calculated based on a temperature-
dependent partitioning coefficient and the mass of fine
particulate matter.30 In the MBL, the partitioning is instead
modeled as a first-order process limited by mass transfer of
gaseous HgII onto sea-salt particles, which undergo fast
deposition.2,16 The model also considers the re-emission of
Hg0 from soil based on Smith-Downey et al.34 with spatial
allocation following Selin et al.7 Emissions from snowpack and
re-emission of deposited Hg are modeled following Selin et al.7

The original two-dimensional slab ocean module is disabled in
this study,17,19 and the air−sea exchange of Hg0 at the
atmosphere−ocean interface is handled by the MITgcm and a
newly developed coupler (see section of Model Coupling).

MITgcm Model. The Massachusetts Institute of Technol-
ogy General Circulation Model (MITgcm) is used in this study
to simulate the chemistry and transport of Hg in the ocean. It
has a nominal horizontal resolution of 1° × 1° and 50 vertical
levels. The resolution is higher over the equator (∼0.5° × 1°)
and the Arctic (∼40 km) to better represent the ocean currents
there. The physical ocean is configured as a nonlinear inverse
modeling framework with a solution that represents the ocean
state for 1992−2011 including seawater temperature, salinity,
velocity, sea ice, and turbulent diffusion coefficients (ECCO
v4).35 The model solves the hydrostatic Boussinesq equation36

and is forced by 6 h ERA-Interim reanalysis fields for the
atmosphere (temperature, wind stress, precipitation, humidity,
downward radiation) and seasonal climatological runoff.35

Hg chemistry and transport were added to this model by
Zhang et al.24 and have been extensively evaluated against
observations in the global ocean. The model includes Hg0,
inorganic HgII, and particulate divalent Hg (HgP). It receives
atmospheric deposition of HgII to the surface ocean and
includes photochemical and biological redox reactions between
Hg0 and HgII following Soerensen et al.19 The partitioning
between HgII and HgP is calculated based on a constant
partition coefficient and local particulate organic carbon
(POC) concentrations. HgP is scavenged by POC to the
deeper ocean (i.e., the biological pump). The ocean
biogeochemistry and ecological variables (e.g., POC) are
from the Darwin model.37 The air−sea exchange flux of Hg0 is
calculated in the MITgcm following Soerensen et al.19 with a
Hg0 gas exchange velocity from Nightingale et al.,38 the
Henry’s law constant from Andersson et al.,39 Schmidt number
for CO2 from Poissant et al.,40 and temperature and salinity-
corrected Hg0 diffusivity from Wilke and Chang.41 The initial
conditions of ocean Hg concentrations are from Zhang et al.25

Model Coupling. We develop a new coupler (NJUCPL)
that facilitates the two-way coupling of GEOS-Chem and
MITgcm at their native time resolution (1 h) (the flowchart of
the coupling process is shown in Figure S1). The two models
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are run in parallel and exchange information using
intermediate files. The coupler determines when atmospheric
HgII deposition and Hg0 concentrations are passed from
GEOS-Chem to MITgcm and also when the net ocean Hg0

evasion flux passes from MITgcm to GEOS-Chem (which may
be negative if Hg0 is absorbed at the ocean surface rather than
evaded). The resulting files are read by the other model only
after the coupler interpolates between the two different
horizontal grids. The particular model or the coupler reading
the data is paused, until the necessary files have been written.
As the size of the files used for the information exchange is
small (<100 Kb), the coupler does not significantly slow the
slowest of the models (the MITgcm).
Data. We include observational data from five cruises with

high-resolution simultaneous measurements of atmospheric
and aqueous Hg0 concentrations in the Atlantic, Pacific, and
Southern Oceans (Figure 1 and Table 1). This includes data
from Kuss et al.12 obtained along two north−south transects in
the Atlantic Ocean, one in November 2008 (from
Bremerhaven, Germany, to Cape Town, South Africa), and
the other in April−May 2009 (from Punta Arenas, Chile, to
Bremerhaven). We include data reported by Soerensen et al.13

along a latitudinal transect (∼20° N to ∼15° S) on the
METZYME cruise in the Central Pacific Ocean in October,
2011. Also included are data gained during a cruise along the
Antarctic coast.42 This cruise started from Prydz Bay, Ross Sea,
and went to Christchurch, New Zealand, before returning to
Prydz Bay during December 2014 to Feburary 2015. The last
data set was obtained during the fourth leg of the Chinese
National Antarctic Research Expedition (CHINARE) cam-
paign in March−April, 2017 that covered the tropical Indian/
Pacific Ocean.43 Similar measurement methods were used in

all these studies, which included a Tekran instrument for
atmospheric Hg0 measurements and an automatic continuous
equilibrium system for seawater Hg0 measurements. The
frequency of data reported ranged from 1 to ∼10 h. We refer
to these data sets by the ocean name and the sample year [e.g.,
Atlantic (2008), Pacific (2011)].

■ RESULTS AND DISCUSSION

Exchange Fluxes. Figure 2 compares the annual mean Hg0

evasion, HgII deposition, and net atmosphere to ocean transfer
(≡ HgII deposition − Hg0 net evasion) fluxes simulated by the
online model with that of the offline model presented in
Horowitz et al.3 The latter uses archived monthly mean surface
ocean Hg concentrations from the MITgcm to drive the
GEOS-Chem model (we refer to it as the “offline model”).
Overall, the spatial patterns of the fluxes are similar, indicating
that the offline model is able to capture long-term means and
large-scale variability. The global total net Hg evasion flux
calculated by the online model is 3360 Mg/a, which is 12%
higher than the offline model (3000 Mg/a). Since the Hg
processes in the surface ocean and the marine boundary layer
are so closely linked an increase in the Hg0 evasion flux
correspondingly increases the HgII deposition over the ocean
(Figure 2C,D). However, such changes are mainly limited to
marine boundary layer processes, and the impact on the
atmospheric and terrestrial Hg burden is not significant.
Besides the difference in modeling setup for atmosphere-ocean
coupling, the increase in the evasion flux is also associated with
model resolution: the online model is simulating the air−sea
exchange processes at a nominal resolution of 1° × 1°
(MITgcm), while the offline model uses 4° × 5° (GEOS-

Figure 1. Tracks for the cruises with data adopted in this study. Background color is the bathymetry (m).

Table 1. Summary of Model-Observation Comparisons across Different Cruise Studies in the Global Ocean

observationsa standard model model with enhanced CMF model with enhanced CMF/Br

cruises n Hg0atm
b Hg0aq

c n Hg0atm Hg0aq Hg0atm Hg0aq Hg0atm Hg0aq

Central Pacific
2011

548 1.2 ± 0.084 0.066 ± 0.029 548 1.2 ± 0.12 0.075 ± 0.021 1.2 ± 0.14 0.094 ± 0.045 1.2 ± 0.15 0.11 ± 0.055

Atlantic 2009 657 0.81 ± 0.20 0.039 ± 0.020 657 1.2 ± 0.29 0.053 ± 0.015 1.1 ± 0.30 0.054 ± 0.015 1.1 ± 0.30 0.058 ± 0.018

Atlantic 2008 405 0.86 ± 0.23 0.066 ± 0.051 405 1.2 ± 0.20 0.043 ± 0.016 1.1 ± 0.21 0.052 ± 0.032 1.2 ± 0.21 0.061 ± 0.042

Western
Pacific 2017

46 1.3 ± 0.20 0.22 ± 0.042 46 1.6 ± 0.58 0.069 ± 0.019 1.7 ± 0.60 0.093 ± 0.034 1.7 ± 0.60 0.11 ± 0.047

Southern
Ocean
2014−2015

44 0.94 ± 0.12 0.12 ± 0.067 44 1.0 ± 0.22 0.10 ± 0.020 0.90 ± 0.38 0.15 ± 0.028 0.90 ± 0.38 0.15 ± 0.028

aNumbers are arithmetic means and standard deviation. bUnits: nanograms per cubic meter. cUnits: picomolar.
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Chem). When regridding high-resolution wind fields to a lower
resolution, winds, which have opposite directions in the finer
grid, are canceled out in the coarser model grid. This decreases
the mean of the square of the wind speed (Figure S2). As the
exchange velocity of Hg0 (piston velocity) is a function of the
square of the wind speed, this decrease will subsequently lower
the calculated Hg0 exchange fluxes. This, in part, explains the
differences in calculated evasion fluxes for the two resolutions.
From this we hypothesize that the modeled evasion flux will
continue to increase as model resolution increases. We suggest
that a resolution of ∼0.2° × 0.2° will be optimal for the piston
velocity scheme we use, as it is based on averaged SF6
concentrations and wind speeds at approximately this scale.38

Model Evaluation. Figure 3 and Table 1 show the model-
observation comparison for Hg0 concentrations in the marine
boundary layer (Hg0atm) and the surface ocean (Hg0aq) along
the cruise tracks shown in Figure 1 (blue lines for the Standard
Model). In the two Atlantic (2008, 2009) and the Central
Pacific cruises (2011) Hg0aq concentration peaks were
observed in the Tropics. Peak concentrations are 0.1−0.2
pM, which are 2−3 times higher than the corresponding
cruise-average concentrations (Table 1). These enhancements
have been attributed to elevated Hg inputs through wet
deposition in the ITCZ.12,13 This is supported by observations
of total Hg concentrations in precipitation over tropical regions
of 10−55 and 14−75 pM in the Atlantic and the Pacific
Oceans, respectively,44−46 which are much higher than that in
seawater (∼1 pM). HgII deposited in precipitation can be
rapidly reduced to Hg0 through photochemical reduction in
the surface ocean.47 For the western Pacific 2017 cruise, a

similar but less obvious peak Hg0aq concentration is observed
at 2° S. The average observed Hg0aq concentration (0.22 ±
0.042) during this cruise is approximately a factor of 2 higher
than the other three tropical cruises.
Observed Hg0atm concentrations from the Pacific (2011) and

Atlantic (2008, 2009) cruises show a different spatial variability
than Hg0aq. This is because Hg0atm has a lifetime of several
months that enables it to be relatively well-mixed at
hemispheric scales. The observed Hg0atm has an ∼0.2−0.4
ng/m3 concentration gradient across the two hemispheres,
reflecting the difference in anthropogenic Hg emissions.2 For
the Pacific 2017 cruise the Hg0atm concentration only changes
significantly north of ∼28° N, where it is influenced by the
outflow plume of East Asian emissions.48 Over the Southern
Ocean, observations show little zonal variability in either Hg0aq
(0.12 ± 0.067) or Hg0atm (0.94 ± 0.12) concentrations.
The model generally captures the spatial patterns of Hg0aq

and Hg0atm concentrations observed during the Atlantic (2008,
2009), Pacific (2011), and Southern Ocean (2015) cruise
studies, and the modeled Hg0aq concentrations are not
significantly different from observations (Table 1). For the
Pacific (2011) cruise, for example, the model results (Hg0aq:
0.075 ± 0.021 pM, Hg0atm: 1.2 ± 0.12 pM) are not significantly
different from the observations (Hg0aq: 0.066 ± 0.029 pM,
Hg0atm: 1.2 ± 0.084 pM) (t test on means, α = 0.05). The
modeled Hg0atm concentrations are significantly higher than
observations over the two Atlantic cruises, but they have
similar interhemisphere gradients (Table 1 and Figure 3).

Gas Exchange Parameterizations. There are different
parametrizations to calculate the gas exchange velocity of

Figure 2. Comparison of annual total Hg0 net evasion (A, B), HgII deposition (C, D), and net atmosphere to ocean transfer flux (≡ HgII deposition
− Hg0 net evasion, E, F) between offline (A, C, E) and online (B, D, F) models.
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Hg0.38,49−52 Each parametrization relates the exchange velocity
to wind speed based on different data sets (Table S1). Figure 4
shows the difference between annual mean Hg0 evasion fluxes
for each of the parametrizations and that calculated by
Nightingale et al.38 (i.e., the Standard Model, Figure 2B). The
latter is preferred and widely adopted, because it was
developed from in situ experiments with both volatile and
nonvolatile tracers.53 We find that these methods predict
similar global total Hg0 evasion fluxes in spite of larger regional
differences. Indeed, the calculated global total annual Hg0

fluxes range from 2840 to 3710 Mg a−1, which are −16% to

+10% different from the Standard Model. The Liss and
Merlivat 198649 method predicts lower fluxes almost every-
where (Figure 4A), while the Wanninkhof 199250 method
results in higher fluxes especially over the tropical regions
(Figure 4B). The Wanninkhof and McGillis 199951 method,
which adopts a third-order term for wind speed, results in a
global total flux similar to the Standard Model but has higher
evasion fluxes over high-wind-speed regions in the high
latitudes (+20−30%) and lower fluxes over calm low latitudes
(−10−25%, Figure 4C). The McGillis 200152 method is

Figure 3. Comparison of observed (black dots) and modeled (blue: standard model, red: with enhanced cloud mass flux in the tropical high
troposphere, green: with enhanced cloud mass flux and Br/BrO concentrations in the tropical high troposphere) Hg0 concentrations in the marine
boundary layer (left) and the surface ocean (right) in cruise studies shown in Figure 1.
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similar to the Wanninkhof and McGillis 1999 method (Figure
4D).

We use the Atlantic (2009) cruise as a case study to evaluate
the impact of different gas exchange parametrizations on

Figure 4. Difference of annual mean net Hg0 evasion flux calculated by different gas exchange parametrizations over the global ocean. Panels show
the difference with that calculated by Standard Model (Ninghtingale et al.,33 Figure 3B). (A) Liss and Merlivat;49 (B) Wanninkhof;50 (C)
Wanninkhof and McGillis;51 (D) McGillis et al.52 The details of gas exchange parametrizations are available in Table S1.

Table 2. Summary of Model-Observation Comparisons for Hg0aq Peak Magnitudes and Locations across Different Cruise
Studies in the Tropical Ocean

observations standard model model with enhanced CMF model with enhanced CMF/Br

cruises magnitude latitude magnitude latitude magnitude latitude magnitude latitude

Central Pacific 2011 0.14 7° N 0.11 8° N 0.18 7° N 0.21 7° N
Atlantic 2009 0.13 2° S 0.085 2° S 0.091 1° S 0.11 1° S
Atlantic 2008 0.22 7° N 0.090 7° N 0.16 6° N 0.19 6° N
Western Pacific 2017 0.34 3° S 0.11 5° S 0.15 5° S 0.18 5° S

Figure 5. Case analysis of peak Hg0aq concentration observed on May 4, 2009, by Kuss et al. (2011). (A) Cruise track on top of precipitation depth
(at 18:00 UTC; red and orange colors indicate heavy precipitation, and blue means no rain) from GEOS-5 meteorological data. The red spot on
the cruise track indicates the research vessel location. (B) 6 h precipitation depth along the cruise track when the research vessel is present. (C)
Relationship between the precipitation data in (B) and observed Hg0aq concentrations at the same location.
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modeled Hg0aq and Hg0air concentrations (Figure S3). We find
that the different parametrizations result in similar spatial
patterns. The difference among gas exchange parametrizations
ranges from −13% to +9.5% for Hg0air and from −11% to
+36% for Hg0aq, which are within the uncertainty range of Hg0

observations and the model-observation differences. It
indicates that it is not possible to use the current model
framework in combination with available Hg0 observations to
determine which parametrization is more accurately calculating
the gas exchange velocities. Direct measurements of Hg0 fluxes
combined with simultaneous measurements of parameters
other than wind speed (e.g., temperature, salinity, wave,
bubble, and biological film conditions) are required.
Precipitation. The model captures the latitude of the

observed tropical Hg0aq peaks well (Table 2). The peaks are
observed at ∼7° N, ∼2° S, and ∼7° N in the Pacific (2011),
Atlantic (2009), and Atlantic (2008) cruises, respectively,
while the model locates them at ∼8° N, ∼2° S, and ∼7° N.
This is a significant improvement compared with the offline
model used by Soerensen et al.,13 which simulated a peak for
Hg0aq in the Atlantic (2009) cruise at ∼9° N (∼2° S in the
observation). This improvement is achieved by a better
representation of the precipitation in the online model (Figure
5). Indeed, the peak Hg0aq concentration is observed exactly
when the precipitation along the cruise track is at its maximum.
Figure 5A shows that the research vessel was crossing a heavy
rainfall belt at the time peak Hg0aq concentrations were
observed. There is furthermore a linear relationship between
Hg0aq concentrations and precipitation for this cruise:

P rHg 0.040 0.035, 0.470
aq

2[ ] = × + = (1)

where [Hg0aq] is the observed Hg0aq concentrations in
picomolar, and P is the 6 h precipitation from the GEOS-5
reanalysis product (mm) at the same location and time as the
observations are conducted. The offline model, using monthly
averaged deposition, cannot follow the position of the rain belt
during the seasonal north−south shift of the ITCZ.
While the model has no significant low bias over

midlatitudes and polar regions (Figure 3) and improves the
ability to capture the location of the Hg0aq concentration peaks,
it still significantly underestimates the magnitude of the peaks
except for the Pacific (2011) cruise. In the Atlantic (2008) and
(2009) cruises the observed peaks are 0.22 and 0.13 pM,
respectively, while the modeled values are only 0.090 pM
(−60% low bias) and 0.085 pM (−35% low bias). The largest
underestimate occurs for the Pacific (2017) cruise (0.11 pM vs
0.34 pM, ca. −70% low bias). The underestimation of the peak
Hg0aq concentrations is likely caused by insufficient Hg
deposition in the ITCZ as suggested by Soerensen et al.13

However, such a hypothesis could not be quantitatively tested
by the offline model framework used by Soerensen et al., and
the observed high peak concentrations could not be fully
explained. We therefore use our online coupled model to test
their hypothesis on driving factors of the surface ocean Hg0aq
concentrations in this region with two sensitivity simulations
presented below.
Convective Cloud Mass Flux. Even though the GEOS-5

total precipitation data reproduce the satellite observations
over the tropical oceans (Tropical Rainfall Measuring Mission,
https://pmm.nasa.gov/data-access/downloads/TRMM) (Fig-
ure S4), the coarse resolution of the GEOS-Chem model (4° ×
5°) cannot resolve individual convective cells and thus

underestimates the frequency of precipitation events originat-
ing in the upper troposphere.13 This may cause a significant
low bias in the Hg deposition, as HgII concentrations are ∼2
orders of magnitude higher in the upper troposphere than at
the surface due to lower temperatures and higher Br
concentrations that favor its formation.2,54 In a previous
study, Zhang et al.14 found that a higher horizontal resolution
(0.5° × 0.666°) helped resolve the model underestimation of
Hg wet deposition over the southeast United States. Indeed,
we find that large subgrid variability in cloud top temperature
(which is inversely related to cloud height) is observed by
satellite in tropical regions (GridSat-B1 product from NCEI,
0.07° resolution, http://www.ncdc.noaa.gov/gridsat). For
example, during the observed Hg0aq peak of the Atlantic
(2009) cruise (23° W 2.4° S, May 4, 2009 18:00 coordinated
universal time (UTC), as shown in Figure 5A), the cloud top
temperature was 253 K, which is derived from the GEOS
archived outgoing longwave radiation and is calculated based
on the Stefan−Boltzmann law. On the one hand, this means
the cloud top height is at ∼8 km height based on the archived
GEOS-5 temperature profile. On the other hand, there are
∼4000 Gridsat-B1 grid cells in this 4° × 5° gridbox of GEOS-5
data. Even though the mean value of these boxes is close to
GEOS-5 (260 K), approximately one-third of the cells are
lower than 240 K with a minimum of 196 K (Figure S5). This
indicates the existence of cloud mass up to an altitude of ∼14
km. The fact that GEOS-Chem is not able to correctly predict
the cloud mass and subsequent precipitation and wet
deposition between the 8−14 km height range is a likely
cause of the underestimation of Hg0aq concentrations in the
ITCZ regions by our simulation.
In a sensitivity run, we adjust the cloud mass flux (CMF) of

the GEOS-5 and GEOS-FP meteorological data, which is used
by the GEOS-Chem model to calculate convection and the
associated wet deposition. As no observed field of CMF is
available, we use the difference between two data versions
(GEOS-4 and GEOS-5) to test how sensitive the Hg model
simulation is to this meteorological factor and refer to this
sensitivity run as “Modified CMF” (compared with the
“Standard Model”). The GEOS-4 data has higher CMF over
the tropical regions than the GEOS-5 (Steven Pawson, GMAO
activities and partnership with GEOS-Chem, The fourth
GEOS-Chem Scientific and Users’ Meeting, Harvard Uni-
versity, April 7−10, 2009). We scale up the flux over the
tropics based on the ratio of GEOS-4 and GEOS-5 data, which
varies both horizontally and vertically. This results in scaling
factors ranging from 2 to 12 at a latitude band of 15° S−15° N
and altitudes higher than 600 hPa. Figure 3 and Table 1 show
the results of the Modified CMF simulation. We find that the
adjustment to the CMF increases the peak Hg0aq concen-
trations for the four tropical cruises to 0.091, 0.16, 0.18, and
0.15 pM for Atlantic (2009), (2008), Pacific (2011), and
(2017), respectively. This is 44 to 129% of the observed values,
and the average bias is reduced from −46% in the Standard
Model to −21%. This shows that the Hg0aq concentrations
along the ITCZ are sensitive to the deep convection strength
above 600 hpa and strengthen the hypothesis that the active
deep convection makes a significant contribution to the
elevated seawater Hg concentrations in this region.

Atmospheric Hg Redox Chemistry. Another cause of the
high Hg0aq concentrations in the ITCZ regions could be the
high atmospheric HgII concentrations in the tropical upper
troposphere. Limited observations in North America and
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Europe show increasing atmospheric HgII concentrations with
altitude in the troposphere until the tropopause.54 The GEOS-
Chem model, using Br as the main oxidant, generally captures
this trend but not the absolute magnitudes.13 Horowitz et al.3

updated the reaction mechanism of Holmes et al.2 and
incorporated new reaction rate constants for Br+Hg0 and
second-stage oxidation by NO2 and HO2 radicals. The latter
helps to increase HgII concentration and wet deposition over
low-latitude regions;3 however, we suggest that it may still be
biased low.
One reason for this low HgII bias is an underestimation of

the Br concentration in our atmospheric model. Indeed,
Schmidt et al.33 found the modeled BrO concentrations
(which is directly retrievable by optical instruments and is in
fast equilibrium with Br) were biased low in the tropical upper
troposphere when compared with observed vertical profiles
over the Pacific Ocean. This underestimation of Br leads to an
underestimation of HgII in our model simulation.33,55 We
conducted a sensitivity run, in which we increase the Br
concentrations to compensate for the low model bias in this
region. The Br concentration is doubled over the 7−13 km
altitude range (100−400 hPa) in the tropics (22° S−22° N)
according to the magnitude of model bias found by Schmidt et
al.33 (refer to Figure 5 and Figure S7). The cloud mass flux is
furthermore adjusted as described above for the Modified
CMF run. We refer to the result as “Modified CMF/Br”, and
the result is summarized in Figure 3 and Table 1. We find that
adjusting the Br concentrations further increases the peak
Hg0aq concentrations of the four tropical cruises to 0.19, 0.11,
0.21, and 0.18 pM for the Atlantic (2008 and 2009) and Pacific
(2011 and 2017) cruises, respectively. This results in a mean
bias of −6.5%, which is even closer to observations than the
results from the Modified CMF simulation (Figure 3 and
Table 2). Thus, with the two sensitivity simulations we show
that the model’s underestimation of the Hg0aq peak in the
ITCZ may be improved with more accurate representation of
convective cloud mass flux and assuming higher Br
concentrations at high altitude. We conclude that the high
Hg0aq concentrations in this region are indeed caused by the
enrichment of atmospheric HgII in the upper troposphere that
is scavenged down by deep convection and heavy precipitation.
Western Tropical Pacific Ocean. While the Modified

CMF/Br reproduces the observed Hg0aq concentrations in the
four tropical cruises well, there is still a relatively large
discrepancy between observations and model simulation in the
western tropical Pacific Ocean (Pacific 2017 cruise; modeled
peak is ca. −50% lower than observed; Figure 3 and Table 2).
We suggest two explanations for this. It could be a result of
large regional variability in subgrid scale convective activity and
that the simple unified scaling factor adopted in the Modified
CMF simulation is too low for this region. Further studies that
use models with cloud resolving resolution, such as the
Weather Research and Forecasting (WRF) model, are
therefore needed to better represent the convective mass flux
in this region. In addition, observed atmospheric BrO profiles
over this part of the ocean are also an urgent need that will
allow the Br concentration fields hypothesized in the Modified
CMF/Br simulation to be evaluated. The other possible driver
of the low bias in this region, which we deem less likely, is
associated with the assumptions on main Hg0 oxidants in the
atmosphere. Holmes et al.2 found that if OH radicals and O3
are the main oxidants for Hg0 this results in higher HgII

concentration in the tropical upper troposphere and

subsequently higher deposition fluxes in the tropical regions
than the Hg+Br mechanism. Indeed, the OH/O3 mechanism
predicts the highest deposition over the western tropical Pacific
and Atlantic Oceans (refer to Figure 13 of ref 2). Although it is
argued that gas-phase oxidation of Hg0 by OH and O3 is too
slow to be of atmospheric relevance on the global scale,2 a two-
step mechanism for OH oxidation is possible under
atmospheric conditions.56 The high Hg0aq concentrations in
the western tropical Pacific Ocean regions could support an
importance of OH for the atmospheric Hg chemistry, at least
in this region.
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