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ABSTRACT: Air−sea exchange of elemental mercury (Hg0) is a critical
component of the global biogeochemical Hg cycle. To better understand
variability in atmospheric and oceanic Hg0, we collected high-resolution
measurements across large gradients in seawater temperature, salinity, and
productivity in the Pacific Ocean (20°N-15°S). We modeled surface ocean
Hg inputs and losses using an ocean general circulation model (MITgcm)
and an atmospheric chemical transport model (GEOS-Chem). Observed
surface seawater Hg0 was much more variable than atmospheric
concentrations. Peak seawater Hg0 concentrations (∼130 fM) observed
in the Pacific intertropical convergence zone (ITCZ) were ∼3-fold greater
than surrounding areas (∼50 fM). This is similar to observations from the
Atlantic Ocean. Peak evasion in the northern Pacific ITCZ was four times
higher than surrounding regions and located at the intersection of high
wind speeds and elevated seawater Hg0. Modeling results show that high
Hg inputs from enhanced precipitation in the ITCZ combined with the shallow ocean mixed layer in this region drive elevated
seawater Hg0 concentrations. Modeled seawater Hg0 concentrations reproduce observed peaks in the ITCZ of both the Atlantic
and Pacific Oceans but underestimate its magnitude, likely due to insufficient deep convective scavenging of oxidized Hg from
the upper troposphere. Our results demonstrate the importance of scavenging of reactive mercury in the upper atmosphere
driving variability in seawater Hg0 and net Hg inputs to biologically productive regions of the tropical ocean.

■ INTRODUCTION

Air−sea exchange of elemental mercury (Hg0) plays a critical
role in the global mercury (Hg) cycle by extending the lifetime
of anthropogenic Hg actively cycling in the environment.1,2

Most human exposure to methylmercury, a neurotoxin, is from
pelagic species such as tuna harvested from the open ocean.3,4

Reduction of inorganic divalent mercury (HgII) in seawater to
form Hg0 and subsequent evasion to the atmosphere directly
reduces the reservoir available for conversion to methylmer-
cury.5 Limited observational data on atmospheric and aquatic
Hg0 have hampered our ability to model air−sea exchange on a
global scale and predict responses to changes in ocean
biogeochemistry.6,7 Here, we report new high-resolution data
from the Pacific Ocean on atmospheric and aquatic Hg0

concentrations measured across a wide range of seawater
temperature, salinity, and productivity. We use these data to
better understand environmental drivers of aqueous Hg0

formation and evasion and discuss improvements to modeling
capability motivated by these results and a previous study in the
Atlantic Ocean.

Regional variability in Hg0 evasion mainly reflects differences
in turbulent mixing of the surface ocean (wind, bubbles,
temperature) and Hg0 concentrations in seawater.8,9 Atmos-
pheric Hg0 concentrations in the marine boundary layer are less
variable than surface seawater.6 Atmospheric deposition is the
main source of Hg to the open ocean and plays a large role in
determining the pool of HgII available for reduction.8,10 An
additional ∼40% of global Hg inputs to the surface mixed layer
of the ocean is from subsurface ocean upwelling, seasonal
entrainment, and Ekman pumping.11,12

Data on variability in Hg0 concentrations in open ocean
regions across large gradients in seawater temperature, salinity,
productivity, precipitation, and winds are severely limited. Early
studies in the Equatorial Pacific suggested that the highest Hg0

concentrations and associated evasion occur in productive
upwelling regions of the ocean due to enhanced biological
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reduction, but spatial coverage of measurements was limited.5,13

More recent work suggests that photochemical oxidation and
reduction of aquatic Hg species occurs much faster than biotic
reduction. Elevated ocean productivity may decrease seawater
Hg0 concentrations through enhanced sorption and scavenging
of particle associated HgII that would otherwise be reduced and
evaded.6,14,15

Along a latitudinal transect of the Atlantic Ocean, Kuss et
al.16 reported a strong tropical maximum in Hg0 concentrations
associated with the intertropical convergence zone (ITCZ) and
significantly lower values in the equatorial upwelling zone,
subtropics, and midlatitudes. The authors attributed this spatial
variability to a combination of high precipitation, rapid HgII

photoreduction due to intense solar radiation, and low wind
speeds. Recent modeling efforts have not captured this gradient
in Hg0 concentrations between the ITCZ and adjacent areas11

and some suggest elevated concentrations in upwelling
regions.12

Here, we report new high-resolution simultaneous measure-
ments of atmospheric and aquatic Hg0 concentrations along a
latitudinal transect (∼20°N to ∼15°S) of the Pacific Ocean that
captures a large gradient in salinity, temperature, meteorology,
productivity, and oceanographic circulation. We combine these
data with previously published observations from the Atlantic
Ocean to better understand latitudinal patterns in seawater Hg0

concentrations. We use these observations to evaluate a
modeling analysis of Hg inputs and losses to the surface
ocean and discuss implications for improving global air−sea
exchange estimates.

■ MATERIALS AND METHODS
Field Measurements. We collected high-resolution (5 min

temporal resolution) simultaneous measurements of atmos-
pheric and aquatic gaseous Hg0 along the METZYME cruise
track in the Pacific Ocean between 1 and 24 October 2011
from 20°N to 15°S (Figure 1). Simultaneous aquatic and
atmospheric measurements allow for more accurate estimates
of air−sea exchange and the high-resolution of measurements
collected here allows for a thorough analysis of spatial and
temporal variability in concentrations and fluxes.
Atmospheric Hg0 was measured using a Tekran 2537A

mercury vapor analyzer placed 10 m above the water in front of
the ship’s bridge. The instrument was calibrated daily using the
internal calibration source and had a detection limit of <0.2 ng
m−3. For aqueous Hg0, we collected seawater from the ship’s
intake placed at 7 m depth at the front of the ship. We
measured seawater Hg0 concentrations using the automatic

continuous equilibrium system described in detail in Andersson
et al.17 Briefly, aqueous Hg0 is sparged into the headspace of the
sampler allowing concentrations to be calculated from the
atmospheric measurement and Henry’s law constant. The
Tekran 2537B used during water sampling was calibrated daily
using the internal calibration source and the detection limit was
<2 fM for seawater Hg0. Prior studies compared aqueous Hg0

concentrations measured using the continuous sampler to those
with manual methods and verified consistency over a range of
seawater temperatures.6,9,17 Performance of the continuous
sampler has also been verified in the laboratory prior to cruises
on multiple occasions by injection and recovery of external
standards.6,9

We aggregated all measurements including standard under-
way measurements of wind speed, salinity, water temperature,
and in situ fluorescence (a proxy for algal productivity) into 1 h
averages for statistical analyses.18 Averaging over an hour is
reasonable as the short-term variability in the measurements
was small (typical variability is 3% and 10% for 1 h observations
of Hg0 in air and water, respectively; n = 12 5-min samples per
hour). Dissolved gaseous Hg in surface seawater is assumed to
be mainly Hg0 because many studies have shown that surface
seawater (<50 m depth) generally contains <5% dimethylmer-
cury.19−21

Modeling. Measured aquatic and atmospheric Hg0

concentrations were used to estimate air−sea fluxes. We used
the Nightingale et al.22 parameterization for instantaneous wind
speeds, the Henry’s law coefficient for Hg0,23 a temperature-
corrected Schmidt number for CO2,

24 and the Wilke−Chang
method for estimating temperature- and salinity-corrected Hg0

diffusivity.25 Several values have been proposed for the
diffusivity of Hg0, as discussed by Kuss et al.,26 and variability
in this parameter is included in Supporting Information Table
S1.27 We selected the Nightingale et al.22 parameterization
because it provides a midrange estimate of air−sea
exchange.28,29

We compare observed seawater Hg0 concentrations to
modeling simulations for Hg species in the ocean from the
MIT General Circulation Model (MITgcm) forced by the
atmospheric simulation in the GEOS-Chem chemical transport
model (CTM).30 The MITgcm includes both lateral and
vertical transport of Hg species due to ocean circulation and
settling of suspended particles.30,35 The ocean simulation is
driven by Hg deposition inputs from the GEOS-Chem
atmospheric model (version v9-01-02) using 2006−2009
meteorological data (GEOS-5), as described in Zhang et al.31

It has a horizontal resolution of 1° × 1° and 23 vertical levels32

Figure 1. Sampling regions and measured seawater Hg0 concentrations on the METZYME cruise between October 1 and 24, 2011.
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and includes an ecological simulation of carbon and plankton
dynamics (the Darwin model). Organic carbon dynamics are
important for parameterizing vertical Hg transport and the
available pool of HgII for reduction.33 Physical advection and
diffusion of tracers are driven by ocean circulation data from
ECCO-GODAE state estimates.34 Differences attributable to
variability in meteorological years of the observations are
expected to be small. For example, interannual variability in wet
deposition between 2006 and 2011 was <5% for the Pacific
(160°N transect) and the Atlantic (25°W transect). Rate
coefficients for photochemical and biologically driven redox
reactions between Hg0 and HgII, sorption to suspended
particles, and parameterization of air−sea exchange estimates
are from published and previously evaluated models of Hg fate
in the ocean.11,35 The ocean model was run with repeated
circulation and external forcing from current day rivers and

deposition for 10 years.36 We use this analysis to gain insights
into Hg inputs and losses in the surface ocean mixed layer.

■ RESULTS AND DISCUSSION
We grouped observations across the METZYME cruise track
into four regions representing: (1) the North Pacific (14−
20°N), (2) the ITCZ (5−14°N), (3) the Equatorial Pacific
(5°N−1°S), and (4) the South Pacific (1−15°S) (Figure 1 and
Supporting Information Figure S1). These are specified based
on differences in ocean circulation and atmospheric processes
that vary seasonally and result in measurable differences in
seawater temperature, salinity, and fluorescence37 (Figure 2 and
Table 1). In the North Pacific, seawater is cold with
characteristically low productivity. Approaching the ITCZ,
seawater temperature increases and salinity declines as the
result of high precipitation rates. Surface waters in the ITCZ are
subject to substantial wind driven Ekman pumping and are

Figure 2. Latitudinal variability in measured atmospheric and seawater Hg0 concentrations, associated evasion, and environmental properties on the
METZYME cruise. Shaded areas denote statistically different regions for Hg0 concentrations within the region reflecting the ITCZ.

Table 1. Summary of Observations Across Oceanographic Regimes of the Pacific Oceana

North Pacific 14−20°N ITCZ 5−14°N Equator 1°S−5°N South Pacific 1−15°S

Hg0atm (ng m−3) 1.32 ± 0.05 1.27 ± 0.10 1.18 ± 0.05 1.15 ± 0.05
Hg0aq (fm) 51.3 ± 4.1 104.7 ± 19.9 53.0 ± 10.3 47.0 ± 13.3
Hg0 flux (ng m2 h−1) 1.4 ± 0.2 3.2 ± 2.2 0.7 ± 0.4 0.8 ± 0.4
wind speed (m s−1) 9.8 ± 2.5 6.6 ± 2.9 5.1 ± 1.2 5.6 ± 1.7
sea surface temperature (°C) 26.1 ± 0.35 28.2 ± 0.39 26.9 ± 0.70 28.3 ± 0.51
salinity (psu) 35.0 ± 0.02 34.3 ± 0.15 35.1 ± 0.11 35.7 ± 0.17
fluorescence (unitless)b 99.7 ± 2.6 116.3 ± 23.6 209.3 ± 50.7 139.3 ± 42.3
Chla (mg m−3) 0.03−0.06 0.06−0.09 0.12−0.27 0.06−0.15
mixed layer depth (m) 50 30 100 150

aAll regions are significantly different from each other using a Tukey−Kramer test for multiple comparisons except: North Pacific−ITCZ (Hg0atm);
North Pacific-Equator (Hg0aq); North Pacific−South Pacific (Hg0aq); Equator−South Pacific (Hg0 flux and wind speed); ITCZ−South Pacific (sea
surface temperature). bFluorescence was measured with a baseline ∼95 and provides a relative indicator of variability in productivity across the cruise
track but cannot be compared between cruises because the baseline value is cruise specific.
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stratified. The equatorial region is dominated by the low
temperatures of the South Equatorial Current and high
productivity due to upwelling nutrients, whereas the South
Pacific has warmer high salinity water with intermediate
productivity.38,39

Latitudinal Variability in Hg0. Table 1 and Figure 2 show
measured atmospheric and aquatic Hg0 concentrations along
the cruise track, associated evasion fluxes, and ancillary data.
Atmospheric Hg0 concentrations are significantly elevated in
the North Pacific (14−20°N) and ITCZ (5−14°N) compared
to the equatorial (1−5°N) and South Pacific (1−15°S)
(Tukey−Kramer test, p < 0.001). Mean concentrations ranged
from 1.15 ng m−3 in the South Pacific up to 1.32 ng m−3 in the
North Pacific (Table 1). This pattern is consistent with
enrichment of atmospheric mercury in the northern hemi-
sphere from anthropogenic sources.40,41

Early studies suggested enhanced seawater Hg0 concen-
trations in equatorial upwelling regions.13 Data with much
higher spatial and temporal resolution collected here show
relatively low concentrations of atmospheric Hg0 (mean 1.18
ng m−3) and aquatic Hg0 (mean 53 fM) in the equatorial region
(1−5°N) compared to more northern areas. HgII in seawater
has a strong affinity for organic particles and is rapidly removed
from the mixed layer during carbon export.11 Indicators of
ocean productivity and associated abundance of biological
particles include chlorophyll a (Chla) and fluorescence. High
Chla and fluorescence in the equatorial region (Table 1),
supports the premise that enhanced removal of HgII associated
with suspended particles is likely occurring, lowering the HgII

pool available for reduction and Hg0 concentrations in the
equatorial upwelling region.
Seawater Hg0 concentrations differ by almost a factor of 3

across regions compared to <20% variability in atmospheric
Hg0 concentrations. Seawater Hg0 concentrations were highest
in the warm, low salinity waters of the ITCZ (∼130 fM) and
remained low and fairly stable outside this region (∼47−53
fM). This variability is much higher than observed in our
previous work near Bermuda where the average concentration
varied by less than a factor of 2 across four cruises over two
years.6 We attribute high seawater Hg0 concentrations reported
here in the ITCZ region to rapid reduction of high Hg inputs
through wet deposition. The shallow mixed layer observed
during sampling makes the impact of these enhanced inputs
more pronounced (Table 1).
We did not measure total Hg concentrations in precipitation

on the cruise but previously reported total Hg concentrations in
wet deposition from across the Pacific (14−75 pM)41−43 are
∼50 times higher than seawater concentrations. Seawater Hg0

and salinity were strongly anticorrelated (R2 = 0.63, p < 0.01)
across the cruise. Precipitation rates in the ITCZ (2.5−3.0 m
yr−1) are much higher than adjacent areas (0.3−1.0 m yr−1)
(Supporting Information Figure S2).44 Deep convective
precipitation scavenges upper tropospheric air enriched in
HgII, resulting in high rainwater concentrations.45 A study from
the Western Pacific region with deep convection reports an
average summertime concentration of total Hg in wet
deposition of ∼58 pM.46

Figure 3. Comparison of modeled (red) and observed (blue) latitudinal gradients in Hg0 along cruise tracks in the Pacific and the Atlantic Oceans.
Model results are from an ocean general circulation model (MITgcm) based on the Hg simulation developed by Zhang et al.30 within ±2 degrees of
the cruise track with atmospheric inputs from the GEOS-Chem global Hg model.31 Data from the Atlantic Ocean are from Kuss et al.16
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Seawater Hg0 also varied significantly within the ITCZ (t
test, p < 0.001). Concentrations increased south of 8°N
(shaded area to the left in Figure 2) due to a combination of
higher inputs from precipitation and significantly lower wind
speeds (t test, p < 0.001). Satellite data show an average rainfall
of 1−3 mm h−1 during the cruise in the southern part of the
ITCZ and little precipitation in the northern part47 (Supporting
Information Figure S2). The presence of a vertical salinity
gradient in the mixed layer in the southern ITCZ but not the
northern part supports this premise (Supporting Information
Figure S3) and indicates that the ITCZ is moving south.
Precipitation of 2 mm h−1 with 50 pM Hg over just 1 day (48
mm d−1) would increase seawater Hg concentration within the
upper 10 m by ∼25%, assuming a background concentration of
∼1 pM.48 Sustained precipitation over several days could
therefore explain the observed increase in concentrations in the
southern ITCZ mixed layer (∼30 m) even if washout of
tropospheric HgII reduced concentrations in precipitation.
Atmospheric Hg0 is elevated in the northern part of the

ITCZ temporarily influenced by the Northeastern trade winds,
likely due to the highest evasion fluxes of the cruise observed in
this region (>8 ng m−2 h−1). Lower seawater Hg0 is also
apparent in the northern ITCZ compared to southern regions,
but the observed gradient in concentrations is likely attributable
to differences in inputs (wet deposition) rather than losses as
discussed above. The rapid equilibrium established between
HgII and Hg0 in surface waters14 means that changes in Hg0

concentrations reflect variability in the larger pool of inorganic
Hg species. The relative increase in evasion in the northern
ITCZ is, thus, not large enough to explain the observed north−
south ITCZ gradient in seawater Hg0.
Latitudinal Variability in Evasion. Net air−sea exchange

in the ITCZ (maximum: 8.7 ng m−2 h−1) was more than 4-fold
greater (mean: 3.2 ± 2.2 ng m2 h−1) than in the more southerly
regions (0.7−0.8 ng m−2 h−1) and more than 2-fold greater
than in the North Pacific (Table 1). These differences are due
to a combination of high seawater Hg0 and the North Eastern
trade winds temporarily overlapping with the northern part of
the ITCZ during our cruise (Figure 2). Wind speeds
throughout the cruise were lowest between 8 and 12°S (<3
m s−1), fairly stable between 8°S−4°N, dipped below 3 m s−1

again in the southern part of the ITCZ and then rapidly
increased to 12 m s−1 in the northern regions (Figure 2).
Although highest overall Hg0 concentrations occurred in the
southern part of the ITCZ, the highest evasion fluxes were
located in the northern region at the intersection of high wind
speeds (associated with movement of ITCZ south) and
elevated seawater Hg0 concentrations. Low seawater Hg0

concentrations in the North Pacific between 12 and 15°N
resulted in lower evasion despite high wind speeds. These
observations reinforce the importance of understanding
variability in seawater Hg0 as a control on the magnitude of
air−sea exchange, a factor that has been neglected in some
broad scale studies.49

Large Scale Drivers of Hg0 Across Ocean Basins.
Similar latitudinal variability in seawater Hg0 is seen when
comparing data from the Pacific Ocean reported here to data
from the Atlantic Ocean16 (Figure 3). Kuss et al.16 also
observed elevated Hg0 concentrations in the low salinity, warm
waters of the Equatorial Atlantic Ocean across two seasons.
Peak seawater Hg0 in the Atlantic Ocean tracked the movement
of the ITCZ between sampling periods in November and May
(Figure 3). High Hg0 concentrations in the ITCZ in the

Atlantic springtime (∼130 fM) were similar to those reported
here for the Pacific (∼130 fM), whereas concentrations
measured during the Atlantic fall were higher (∼220 fM).
Hg0 concentrations in the tropical Atlantic (15°S−15°N)
ranged between 35 and 60 fM and also matched our
observations in the Pacific (∼50 fM). Variability in evasion
fluxes was similar for the Atlantic and Pacific ranging ∼4 fold
across regions with highest fluxes where high wind speeds and
elevated Hg0 coincide in the tropical and subtropical oceans.
Figure 3 compares simulated Hg0 in surface seawater (0−10

m depth) using an ocean general circulation model for Hg
species (MITgcm) forced by the GEOS-Chem atmospheric
model to observations from all three cruises. The ocean model
reproduces much of the observed latitudinal variability in
aqueous Hg0 (Figure 3). The model reasonably matches most
concentrations outside the ITCZ (observations: 40 ± 18 fM,
model: 54 ± 14 fM) but only captures on average 60% of the
amplitude of the peak in the ITCZ (range 45−70% across
cruises; observations: 124 ± 41 fM, model: 74 ± 9 fM). Kuss et
al.16 suggested that a combination of a shallow mixed layer and
high solar radiation could cause the elevated Hg0 concen-
trations in the ITCZ, but these processes are accounted for in
our model simulation.11,30

Concentrations of Hg0 in the surface ocean reflect the overall
pool of inorganic Hg because there is a rapid equilibrium
established between Hg0 and HgII in seawater, as discussed
above.14 Figure 4 shows the relative importance of various
input and loss pathways for inorganic Hg in the surface ocean
of the cruise regions sampled. Net inputs from atmospheric
deposition are the predominant source in the ITCZ across the
Atlantic and Pacific regions. A sensitivity simulation shows that
modeled seawater Hg0 is almost proportionally affected by
changes in atmospheric HgII inputs in the ITCZ (20% change
in deposition resulted in 14−16% change in Hg0 in the ITCZ
and 6−16% elsewhere; Supporting Information Figure S4).
Thus, low bias in modeled seawater Hg0 in the ITCZ compared
to observations likely reflects insufficient Hg deposition in the
atmospheric simulation (GEOS-Chem) for this region.
The GEOS-Chem model reproduces precipitation in the

ITCZ fairly well compared to satellite observations,47

suggesting the model underestimation is related to limited
supply of HgII in precipitation. Deep convective cloud systems
and high precipitation loads distinguish the ITCZ from other
parts of the tropical ocean,44,50 and recent work has shown that
cumulonimbus clouds reaching altitudes of 10−14 km may
enhance HgII scavenging compared to stratiform clouds (∼4
km) for the same precipitation load.51 Insufficient deposition in
areas of deep convection has also been noted in comparisons of
GEOS-Chem simulated deposition to measured Hg wet
deposition from the MDN network data at mid latitudes.31,52

In both the midlatitudes and the tropics, this discrepancy could
be caused by high concentrations of HgII in the upper
troposphere suggested by recent observations53 that are not
captured in the GEOS-Chem model. Alternately, the GEOS-
Chem model may underestimate the frequency of precipitation
events in the upper troposphere54 negatively affecting the wet
scavenging of contaminants. As evidence for the latter, Wang et
al.54 found that GEOS-Chem greatly overestimates upper
tropospheric black carbon concentrations in the tropics. Our
work suggests the need for additional measurements of wet
deposition in tropical areas and improved understanding of
atmospheric Hg dynamics in regions with deep convection to
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better quantify mercury deposition and resulting seawater
concentrations in the tropics.55

Figure 4 illustrates the importance of lateral seawater flow in
the surface ocean for redistributing enhanced atmospheric
mercury deposited in the ITCZ region. Lateral transport of Hg
is clearly important for a variety of ocean regions30,35 and has
not been captured in earlier GEOS-Chem simulations of air−
sea exchange.11,56,57 Ekman pumping is particularly pronounced

in the ITCZ region, resulting in strong horizontal outflow of
Hg in the surface ocean to other regions of the tropical ocean.
Upwelling in the equatorial region and along the African coast
reintroduces Hg from the subsurface ocean into the surface
ocean.58,59 In highly productive regions such as the Patagonian
Shelf in the Atlantic, losses from particle settling can exceed
evasion, and will vary seasonally. These results clearly illustrate
the importance of adequately capturing both Hg redox
chemistry and physical transport processes, including season-
ality, in the atmosphere and ocean to resolve air−sea exchange
estimates. Results presented here suggest enhanced net
atmospheric Hg inputs in the ITCZ are redistributed through
lateral ocean transport of surface waters (Figure 4) to
biologically productive regions of the tropical ocean.
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