Downloaded viaNANJNG UNIV on January 12, 2023 at 05:30:58 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

SH o

pubs.acs.org/est

Interannual Variability of Air—Sea Exchange of Mercury in the
Global Ocean: The “Seesaw Effect” in the Equatorial Pacific and
Contributions to the Atmosphere

Shaojian Huang and Yanxu Zhang*

Cite This: Environ. Sci. Technol. 2021, 55, 7145-7156 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

Walker Circulatior

ABSTRACT: Air—sea exchange of gaseous elemental mercury (Hg(0)) is
influenced by different meteorological factors and the availability of Hg in seawater.
Here, we use the MITgecm ocean model to explore the interannual variability of this
flux and the influence of oceanographic and atmospheric dynamics. We apply the
GEOS-Chem model to further simulate the potential impact of the evasion variability
on the atmospheric Hg levels. We find a latitudinal pattern in Hg(0) evasion with a
relatively small variability in mid-latitudes (3.1—6.7%) and a large one in the high
latitudes and Equator (>10%). Different factors dominate the patterns in the
equatorial (wind speed), mid- (oceanic flow and temperature), and high-latitudinal
(sea-ice, temperature, and dynamic processes) oceans. A seesaw pattern of Hg(0)
evasion anomaly (+5—20%) in the equatorial Pacific is found from November to
next January between El Nino and La Nina years, owing to the anomalies in wind
speed, temperature, and vertical mixing. Higher atmospheric Hg level (2%—5%) are
simulated for Hg(0) evasion fluxes with three-month lag, associated with the
suppression of upwelling in the beginning of the EI Nifio event. Despite of the uncertainties, this study elucidates the spatial patterns
of the interannual variability of the ocean Hg(0) evasion flux and its potential impact on atmospheric Hg levels.
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B KEY POINTS shorter atmospheric lifetime (~1 week) and is deposited near
source regions.” Other atmospheric Hg species include Hg(I)
and Hg(0) bound to aerosols but with small amounts.”
Before being buried in deep-sea sediment at the millennium
time scale, Hg can be transported and recycled among the
global atmosphere, land, and oceans.! Here, we focus on the
air—sea exchange of Hg(0), which is the largest exchange term
between different environmental compartments in the global
Hg cycle.”

The direction of exchange is mainly upward (ie. evasion
from the ocean to the atmosphere) as the Hg(0) in the surface
ocean is often supersaturated.” '’ The air—sea exchange of
Hg(0) is driven by the concentraltlion gradients across the
1. INTRODUCTION atmosPherlc and seawater interface, ‘ which are influenced by

a variety of physical and chemical processes such as
Mercury (Hg) is a toxic element that is ubiquitous in the atmospheric deposition of Hg(II) and photochemical and

. 1
environment.. It comes from natural sources (e.g, hydro- dark reduction/oxidation of Hg(II)/Hg(0) in the sea-
thermal venting, volcanic eruption, and degassing), anthro-

pogenic sources (e.g., fossil fuel combustion, metal mining, and
smelting), and the re-mobilization of past-dezposited sources
(e.g., from terrestrial surface and ocean). 2 Two major
chemical forms of Hg exist in the atmosphere: the elemental
form (Hg(0)) that has an atmospheric lifetime of 0.5—1 year
and undergoes long-range transport; and divalent form
(Hg(1I)) that contains a myriad of chemical forms with a

e The modeled global total Hg(0) evasion flux is 19 +
0.19 Mmol/a.

e Latitudinal pattern is found with a smaller variability in
the mid-latitudes (3.1%—6.7%) and a large one in the
high latitudes and Equator (>10%).

e A seesaw pattern in the Equatorial Pacific is found for
the evasion flux anomaly (+5%—20%) between El Nifo
and La Nina years.

e Higher atmospheric Hg level (2%—5%) are simulated
driven by Hg(0) evasion fluxes with three-month lag
after ENSO years.

Received: January 31, 2021
Revised:  April 14, 2021
Accepted: April 15, 2021
Published: April 30, 2021

© 2021 American Chemical Society https://doi.org/10.1021/acs.est.1c00691

W ACS Publications 7145 Environ. Sci. Technol. 2021, 55, 71457156


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaojian+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanxu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.1c00691&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00691?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00691?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00691?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00691?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00691?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/55/10?ref=pdf
https://pubs.acs.org/toc/esthag/55/10?ref=pdf
https://pubs.acs.org/toc/esthag/55/10?ref=pdf
https://pubs.acs.org/toc/esthag/55/10?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.1c00691?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

water.'” " Soerensen et al. found a 2—4 folds greater Hg(0)
fluxes in the Intertropical Convergence Zone (ITCZ) region
due to the high wind speed and atmospheric Hg(II) inputted
through precipitation.'® Studies also claimed that strong
convective systems reaching higher altitudes led to higher Hg
concentration in precipitation comparing with weaker
convective as well as strati-form systems.l’ In addition,
dynamic factors (e.g, wind speed, ocean circulation, and
diffusion) are also important for the availability of seawater Hg
and the subsequent Hg(0) exchange flux.'""" Mason et al.
discussed the possibility of upwelling to act as a source of
Hg(1I) driving evasion in the equatorial Pacific.'”

In the marine boundary layer, meteorological conditions
such as near-surface wind speed (Uj,) and temperature present
significantly interannual variability, which is often associated
with teleconnections and oscillations of the climate system.””*'
One example is the El Nifo-Southern Oscillation (ENSO),
characterized as the anomaly in sea surface temperature (SST)
through the eastern Equatorial Pacific.”” The shift of SST
would cause the anomalies in sea level pressure and
convection, which account for the seasonal and interannual
variability of surface wind and rainfall over this region.””**
During the ENSO event, there are significant interannual
variations in the concentrations of atmospheric trace gases
such as CO,, CO, and CH,, indicating the varying interactions
among the atmosphere, ocean, and land in the context of
climate change.”>™ It has been reported that changes of CO,
upwelling and supply driven by ENSO can greatly influence
CO, outgassing from central Pacific.”® Considering the
increasing trend in total Hg (THg) concentrations with
depth in most oceans, a similar pattern might also apply for
Hg(0) evasion.””*"

The variability of Hg(0) evasion might influence the
atmospheric level of Hg(0) as the ocean accounts for more
than one-third of the global total Hg emissions for the
atmosphere.'’ Mason et al. carried out a simple model
experiment and found an enhancement of the Hg(0) evasion
due to mixing in the far North Atlantic.’’ Soerensen et al.
attributed the atmospheric concentration differences to
changes of deeper water Hg supply caused by mixing.>
Elevated atmospheric Hg(0) concentrations were observed in
an inland site when a springtime northeaster carried the
outgassing from the ocean surface.®*>* Likewise, in coastal
stations such as the Mace Head, Ireland, and the Cape Point,
South Africa, signiﬁcant interannual variability of gaseous Hg
were observed.” > Slemr et al. also found an association
between the variabilities of Hg concentration and the ENSO
cycle.** We also examined the potential contribution of the
interannual variability of Hg(0) evasion to the tropospheric
Hg(0) levels.

18

2. METHODOLOGY

2.1. MITgcm Model. We use the global three-dimensional
model MITgem (Massachusetts Institute of Technology
General Circulation Model) to simulate the chemistry and
transport of Hg in the global ocean. Details of this model were
described in Zhang et al.*' Briefly, the model has a horizontal
resolution of 1° X 1° and 50 vertical levels. The resolution is
higher over the Arctic (40 km X 40 km) and the equator (0.5°
latitude X1° longitude) to better represent the ocean currents.
Advection and diffusion of Hg are calculated according to the
ocean state estimates from the Estimating the Circulation &
Climate of the Ocean (ECCO v4) project. The model

7146

considers diapycnal (vertical) diffusion, mixed-layer turbulence
closure, and simple convective adjustment.ﬁ'2 The present
ECCO v4 uses the third-order Direct Space Time scheme for
the horizontal advection and the implicit third order upwind
scheme in the vertical direction.”” The vertical diffusion was
parameterized with the GGL90 mixed layer parameterization
based on the diagnostic equation of turbulent kinetic energy
and closure assumptions for turbulent length scale.*’ For
convective cases, the kinetic scheme from Bougeault and
Lacarrere is considered as a counter-gradient term to the
parameterization of the vertical flux of tracers.** Both the flow
field and the corresponding convective mixing coeflicients are
used to prescribe the three-dimensional, time varying dynamic
system. We thus use three parameters, vertical velocity, vertical
diffusion coefficient, and convective mixing coefficient, to
represent the vertical advection, diapycnal diffusion, and
convective mixing processes, respectively. The meteorological
data that serve as the upper boundary layer of the ocean (e.g.,
Uy, air temperature (T), precipitation, and short-wave and
long-wave radiations) are from the ERA-Interim re-analysis, a
climate reanalysis dataset, spanning 1992—2017."

Three species of Hg in seawater including Hg(0), Hg(II),
and particulate-bound mercury (Hg(P)) are considered in the
model.*" The photo- and biological-mediated oxidation and
reduction reactions are considered between Hg(0) and Hg(II)
following Soerensen et al.** One drawback of this model is the
lack of temperature-dependent reaction rate coefficients. The
dissolved Hg(II) can be absorbed to suspended matters to
form Hg(P), and the absorbed fraction is calculated based on a
constant partition coefficient and local particulate organic
carbon (POC) concentrations. Hg(P) ends up in the deeper
ocean by POC scavenging. The marine biogeochemical and
ecological parameters (e.g., POC concentrations and sinking
fluxes) are from the Darwin model.*’

The MITgecm model takes atmospheric deposition flux and
atmospheric GEM concentrations as an upper boundary
condition for Hg(II) and Hg(0), respectively, and the monthly
climatologically mean (from 2009 to 2011) of these data is
from the GEOS-Chem model.” The air—sea exchange flux of
Hg(0) is calculated based on the gradient between the
seawater and atmosphere Hg(O) concentrations (refer to as
DGM and GEM, respectively). The initial conditions of ocean
Hg concentration in the MITgcm model are from Zhang et al.
with each form of Hg transporting laterally and vertically by
oceanic circulation and mixing. The air—sea exchange flux of
Hg(0) is calculated as follows: *7°°

F = K,(DGM — GEM/H(T)) 1)
where F represents the air—sea exchange flux, K, is the gas
exchange velocity (piston velocity), and H(T) is the
dimensionless Henry’s Law coefficient for Hg(0) between
the atmosphere and seawater. K, is calculated as follows:***’

Ky = 0'31U102(SCHg/SCCOZ)_0.5 (2)
where Scy, and Scco, are Schmidt numbers of Hg(0) and CO,,
respectively, which are calculated as a function of temper-
ature.’> H(T) is from Andersson et al.:**

H(T) = exp(—2403.3/SST + 6.92) 3)

The model is run for 1992—2016 with initial conditions
from a previous model output,*’ and the first two years are
discarded as spin-up time.

https://doi.org/10.1021/acs.est.1c00691
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Figure 1. Modeled multiple-year mean Hg(0) fluxes in the global ocean during 1994—2016. Observed values are shown as color-coded
circles.""'**°~% The black box represents the region of tropical Pacific, while the North Atlantic is marked in the red box.
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Figure 2. Interannual variability of Hg(0) evasion fluxes over different regions of the global ocean. The black shaded areas are for annual anomalies

(defined as the relative difference between the annual mean and the multiple

year mean from 1994—2016) (the left y-axis), while the gray lines are

for the actual monthly average of Hg(0) evasion (the right y-axis). The global ocean is divided into the Arctic (90°N-60°N), northern temperate
(60°N-30°N), north subtropics (30°N-5°N), equator (S°N-5°S), south subtropics (5°S-30°S), southern temperate (30°S-60°S), and the Southern
Ocean (60°S-90°S). The red line represents the Oceanic Nifio Index (ONI), NOAA’s primary indicator for monitoring El Nifio and La Nifa.
(https://origin.cpc.ncep.noaa.gov/) Please note the different scales used for the y-axes.

The model was extensively evaluated against observations in
the surface ocean and water columns, and the model results
agree with the observed spatial pattern and magnitudes of

seawater Hg concentrations reasonably well.*">* We further
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evaluate the modeled DGM against observations (shown in the
Supporting Information, Figure S1). Overall, our simulation
shows comparable DGM to the observation with a similar

magnitude and spatial pattern in both Pacific and Atlantic.

https://doi.org/10.1021/acs.est.1c00691
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Figure 3. Sensitivity analysis of Hg(0) evasion annual anomaly to (a) SST (+1 °C), (b) Uy, (+1 m/s), (c) vertical diffusion coefficent (+1 X 107
m?*/s), and (d) atmospheric deposition (+1 X 107" kg m™ s7").

Nevertheless, the model results are slightly lower than The monthly evasion fluxes of Hg(0) during different phases
measured DGM in the Arctic Ocean and Southern Ocean are input to the GEOS-Chem model with other sources
probably caused by the incomplete parameterization of the sea- unchanged. The model is run with the same meteorological
ice-related processes for Hg in the MITgcm model. data (2013—2017) for each ocean evasion scenario, and the
2.2, GEOS-Chem Model. We use the GEOS-Chem model results of the last three years are analyzed. The differences
(version 12.2.1) (www.geos-chem.org) to simulate the impact among scenarios are thus solely caused by the variability of
of Hg(0) evasion flux on the atmospheric levels of Hg. This ocean evasion flux of Hg(0) but not that of the meteorology or
model has been widely applied to simulate the global other emission sources.
atmospheric Hg cycle and evaluated against land-based station 2.3. Observation Datasets. The observed Hg(O) evasion
and cruise campaign data.””***° The detail of the model is fluxes and DGM data used for model evaluation are from
described by Horowitz et al” Briefly, this model is driven by previous studies as illustrated in Figure 1 and Figure SI.
assimilated meteorological data archived from the Goddard Atmospheric Hg(O) observation datasets used in this study are

Earth Observing System (GEOS) of the NASA Global from the Canadian Atmosphgric. Mercury Netu.zork (CAM-
Modeling and Data Assimilation Office (GMAO), with a Net), and the European Monitoring and Evaluation Program

horizontal resolution of 4° latitude by 5° longitude and 47 (EMEP) networks. These observatic?n dat.a are com}l)a.red
vertical levels. Three atmospheric Hg tracers including Hg(0), against the calculated trends of our simulations. In addition,
Hg(1I), and Hg(P) are simulated in this model. The model field data in other areas from recent studies are also discussed
. o 38,39,60

contains the oxidation of Hg(0) by Br atom and the in-cloud in this study.

reduction of Hg(II). The partitioning between Hg(II) and Decreasing trends are found for the original time series of
Hg(P) is modeled following Amos et al.*® The model also annual Hg concentration in different observation sites.”” We
includes wet deposition of Hg(II) and Hg(P) and dry have removed the decreasing trend both in the observations

and the model results before evaluating the interannual
variability. We first conduct a linear regression for the
atmospheric Hg(0) (or total gaseous Hg, TGM) concen-
trations with time as an independent variable. The calculated
slope is then tested by a parametric t test for significance (a =
0.05).°" 1If significant, the decreasing trends are removed from
the time series by adding the product of slope and time
increment to the original time series.

deposition of all three species. The model is driven by the
anthropogenic emission inventory of Hg developed by Zhang
et al.”” The model also considers natural emissions and re-
emissions from soil and snow.>®

The monthly evasion of Hg(0) from the ocean is specified as
a constant input for the GEOS-Chem model, which is from the
output of the MITgcm model. The ENSO phases are divided
into El Nino years and La Nifa years, characterized by the 5
month running means of SST anomalies departure exceeding
0.4 °C for 6 months over the east-central equatorial Pacific

3. RESULTS AND DISCUSSION

[between 5°N-5°S and 170°W-120°W].>” We average the 3.1. Variability of Hg(0) Evasions in the Global Ocean.
Hg(0) evasion of the MITgcm model in four El Nifio years The modeled global total Hg(0) evasion flux is 19 + 0.19
(1997, 2004, 2009, and 2015) and four La Nifa years (1996, Mmol/a (Figure 1), similar to the magnitude of anthropogenic
1999, 2007, and 2010). In addition, the non-ENSO vyears emissions (nearly 17 Mmol/a).”® The net oceanic Hg evasion
during 1994—2016 are also averaged to represent neutral years. has been estimated in previous model studies, and our
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Table 1. MLR Equation between Annual Hg(0) Evasion

Fluxes and Influencing Factors in Different Ocean Regions”

location MLR equation R? E P
Pacific Ocean (30°N- NS
60°N)
Pacific Ocean (5°N-  0.589*SST 0.32 11.13 <0.01
O
30°N) 0.548%SST-0.394*W 045 1000  <0.01
Pacific Ocean (5°S-  0.744*U,, 0.53 2604 <0.01
5°N)
Pacific Ocean (5°S-  0.647*Conv 039 1513  <0.01
30°S)
Pacific Ocean (30°S-  0.59*Conv 0.32 11.19 <0.01
(<]
60°S) 0.437*Conv-0.436*%U 0.47 10.58 <0.01
Indian Ocean (S°N- NS
20°N)
Indian Ocean (5°S-  0.545%U, 0.26 8.86  <0.01
o
§$°N) 0.691%U,, + 0.443%SST 042 892  <0.01
1.091%U,, + 056 1014  <0.01
0.479*SST-0.544*U
Indian Ocean (5°S-  —0.501*U 0.22 7.03  0.015
30°S)
Indian Ocean (30°S- —0.501*V 0.22 7.03 0.015
60°S)
Atlantic Ocean 0.804*Conv 0.63 38.41 <0.01
o (e}
(30°N-60°N) 0.76*Conv-0.278*T 069 2598 <001
Atlantic Ocean (5°N-  0.516*Conv 0.23 7.63  0.012
30°N)
Atlantic Ocean (5°S- NS
S°N)
Atlantic Ocean (5°S- NS
30°S)
Atlantic Ocean 0.424*U 0.14 4.60 <0.01
o o
(30°5-60°5) 0.683*U + 0.608*Conv 043 934  <0.01
0.887*U + 0.586*Conv-  0.57 10.80 <0.01
0.44*V
Arctic Ocean (60°N-  0.687*SST 0.45 18.82 <0.01
O
90°N) 0.555*SST-0.34*W 053 1328  <0.01
Southern Ocean 0.625*V 0.36 13.46 <0.01
o o
(60°5-90°5) 0.68*V + 0.441%T 054 1394 <001
0.534*V + 0.66*T- 0.65 14.66 <0.01

0.439%U,

“NS: non-significant. R* is the determination coefficient. F stands for
the Fisher ratio. P represents the significance probability level. U, V,
and W are short for oceanic zonal, meridional, and vertical velocity,
respectively. Conv represents the convective mixing coefficient. Uy, is
the wind speed, while T is short for air temperature.

simulation is comparable with most of the results (8.6—16.7
Mmol/a).'”**5>%*=% Higher Hg(0) evasion (~16 ug-m >
a™!) is modeled at the tropical oceans (30°N-30°S) and
decreases with latitude increases. The modeled flux is the
lowest over the polar oceans due to high sea-ice coverage.
Observed Hg(0) evasion fluxes remain sparse due to the
requirement of simultaneous measurements of DGM, GEM,
and meteorological conditions (Figure 1 and Table S1). Kuss
et al. found a distinct increasing trend from S0°N to 50°S in
the Atlantic Ocean, which is well captured by our simulation.*®
In a tropical Pacific cruise study, Soerensen et al. found
elevated evasion fluxes over the ITCZ in the subtropical ocean
but lower fluxes over the equatorial region, consistent with our
model.'® Mason et al. summarized the US GEOTRACES
GP16 and GAO3 data and found an increasing trend of evasion
flux from east to west in both the Southeastern tropical Pacific
Ocean (2.6 to 12.8 ug'm >a~') and North Atlantic (8.0 to
18.0 ﬂg-m_z-a_l).lo (data not shown in Figure 1) Our
simulations have similar westward increasing trends in the
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tropical Pacific (12.8 to 13.3 ug'm *a™') and North Atlantic
(10.0 to 19.2 pug-m™>a™"). Our model is lower over the polar
regions (0—11.8 vs 10.5—24.6 ug-m >-a™"), probably caused by
the incomplete representation of sea-ice Hg related processes
in the model.””*® Coastal observations are generally high due
to riverine discharge of Hg“, which is not considered in our
model.

The model bears significant uncertainties regarding the
parameterization of many biogeochemical processes.’' There
are various parameterization schemes for gas exchange
velocity.”*"’%”" Zhang et al. found similar spatial patterns
for Hg(0) evasion flux for different parametrizations, and the
calculated global total annual Hg(0) fluxes range from —16%
to +10% compared to the Nightingale et al. scheme.”>> We find
that different parameterizations result in a similar pattern in
interannual variabilities (Figure S2). We also evaluate the
influence of the atmospheric Hg level bgr using the output of
different versions of GEOS-Chem.”'®** The interannual
variabilities are also consistent despite the magnitude varies
for 20—-30% (Figure S2b). Similar results are found for the
vertical mixing coeflicient. We thus conclude that the model
uncertainty might have relatively small influence on the
interannual variability of Hg(0) evasion and choose the
current settings as a representative case. In addition, previous
studies found a large difference between the two-film model
and dynamic flux chamber results, which implies the
uncertainties in measurement.”>”? However, the general
agreement between the model and observations suggests the
robustness of our understandings of the spatiotemporal
variability of this flux.

The global Hg(0) evasion flux varies between 18.7—19.4
Mmol/a during 1994—2016 with a distinct latitudinal pattern
for its interannual variabilities (Figure 2). The model indicates
that the interannual variability is relatively small in the mid-
latitudes (5—60°), with the relative ranges [defined as
(maximum—minimum)/mean] of annual evasion flux ranging
from 3.1 to 6.7%. Slightly higher relative ranges (12.6%) are
modeled in the Southern Ocean and the Arctic Ocean
(+£10%), consistent with Fisher et al.*® However, a more
pronounced fluctuation (13.4%) is simulated for the equatorial
regions (Figure 2d, Figure S3) with higher variability for the
Equatorial Pacific (19%) and Atlantic (20%) Oceans than the
Equatorial Indian Ocean (9.6%). The interannual variability of
Hg(0) evasion fluxes varies inversely with the Oceanic Nifio
Index (ONI) in equatorial regions, especially for the Equatorial
Pacific. (Figure S3) This might indicate the potential impact of
climate change on the Hg(0) evasion fluxes in the equator.

Substantial seasonal variability exists for Hg(0) evasion
fluxes as noted by previous studies.*>”*~”” The highest Hg(0)
evasion is simulated in fall and the lowest in spring in the mid-
latitude oceans (Figure S4), consistent with the “mirror image-
like” pattern identified by Kuss et al. for the both hemi-
spheres.”® Such pattern is about two months ahead in the
Southern Ocean, which is attributed to the convective eddies
that enhances the air—sea transfer efficiency by increasing
turbulent mixing in the seawater.””? In addition, the sea-ice
can act as a barrier to prevent the Hg(0) from evasion, which
might also contribute to the lowest Hg(0) evasion in austral
winter. The seasonal variability is consistent with a recent
observation of atmospheric Hg(0) concentration near
Amsterdam Island, a small island in the center of the southern
Indian Ocean, which might indicate the great influence from
ocean evasion.”® Nevertheless, the seasonal amplitude of the
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Table 2. Correlation between Annual Hg(0) Evasion Fluxes and Meteorological Parameters in Different Ocean Regions”

factors
salinity SST U A% w Conv Ui T sea-ice
correlation r r r r r r r r r

Pacific Ocean

30°N-60°N —0.59%%* -0.03 0.12 —-0.03 0.10 0.28 -0.19 0.03

5°N-30°N —-0.29 0.59%%* —0.44% 0.27 —0.45% —0.45% 0.04 —-0.11

5°S-5°N 0.22 —0.53%%* 0.07 —-0.21 —0.06 —-0.21 0.74%% —0.46*

5°S-30°S 0.43* —0.085 0.07 0.15 0.34 0.65%* —-0.05 0.14

30°S-60°S —0.55%* —0.57%% —0.59%%* 0.37 0.23 0.59%%* 0.33 —0.41
Indian Ocean

S5°N-20°N —0.48% —-0.09 0.04 —0.22 —0.05 —0.13 0.07 0.08

5°S-5°N -0.13 0.22 0.15 0.31 0.18 0.04 0.55%% 0.38

5°S-30°S 0.015 —-0.13 —0.50* —-0.26 0.11 0.02 —0.11 —-0.23

30°S-60°S —0.69%* 0.27 0.50* 0.003 0.35 0.17 -0.19 -0.32
Atlantic Ocean

30°N-60°N 0.94%% 0.54%% 0.04 —0.04 0.57%% 0.80%%* —0.04 —-0.40 0.21

S5°N-30°N 0.20 -0.22 —0.41 —0.44* 0.34 0.52% —-0.27 —-0.21

5°S-5°N 0.14 —-0.10 —0.10 —0.35 0.40 0.23 0.21 —0.06

5°S-30°S —0.38 0.19 —0.06 0.17 —0.10 0.37 —0.08 0.11

30°S-60°S —0.57%% -0.03 0.42%* —0.15 0.02 0.32 0.01 —0.06 0.12
Southern Ocean (60°S-90°S) 0.53%%* 0.04 0.09 0.63%%* —-0.38 -0.13 -0.29 0.36 —-0.22
Arctic Ocean (60°N-90°N) —0.79%%* 0.69%* 0.56%* 0.25 —0.56%%* -0.16 0.49* 0.14 —0.63%*

“#% represents the significant correlation at the level of 0.01 (bilateral); * represents the significant correlation at the level of 0.05 (bilateral).
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Figure 4. Hg(0) evasion anomaly compared with the average from
1994 to 2016 in November—January (NDJ) of tropical Pacific during
El Nifio and La Nifia years. (a) Average anomaly of all El Nifio events
and (b) La Nifia events. Black boxess represent the equatorial Pacific
(5°S-5°N, 90°W-170°W). Red boxes are for the northwest Pacific
(5°-30°N, 120°E-160°E). Blue boxes stand for the north subtropical
Pacific (5°-20°N, 90°W-180°W)). Green boxes mark the Peruvian
upwelling region (5°S-15°S, 80°W-90°W).

atmospheric Hg(0) concentration in Cape Point is smaller,
with a slight decrease in austral winter. This might be
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associated with a weaker fluctuation from anthropogenic
influence than the ocean evasion.

3.2. Influencing Factors. Large spatial variability exists for
the sensitivity of Hg(0) evasion flux to different parameters
(Figure 3). As we focus on the spatial variability of the
influence of each variable, the increments among different
variables are not consistent and should not be compared
quantitatively. Details of the sensitivity simulation are provided
in the Supporting Information (Page S2). Raising SST
uniformly by 1 °C increases the Hg(0) evasion globally
especially in the high latitude regions (1—8%) (Figure 3a),
where the relatively low SST limits the evasion of Hg(0).
However, increasing U;, (1 m/s) mainly promotes evasion
fluxes in the equatorial and polar regions (Figure 3b), where
the wind speed is lower than the middle-latitude ocean.®
Doubling the vertical diffusion coefficient (Figure 3c) also
significantly increases the Hg supply in upwelling regions and
subsequently Hg(0) evasions (e.g., equatorial and high-latitude
oceans). The impact over the downwelling regions (e.g,
centers of gyres in mid-latitudes) is much smaller. This
difference reflects the different vertical distributions of Hg
concentrations. A general increasing trend with depth is found
for Hg concentrations in the North Atlantic, central Pacific,
and South Atlantic regions, but a decreasing trend is found in
the subtropical North Pacific (5°N-30°N) (Table S2), the
Southern, and the Arctic Ocean.””*”*” Increasing atmospheric
deposition promotes the Hg(0) evasion the least over the mid-
latitude oceans (Figure 3d), where the downwelling buries the
deposited Hg that is otherwise evaded to the atmosphere.

The interannual variabilities of Hg(0) evasion reflect the
simultaneous influence of multiple factors. A combination of
stepwise multiple linear regression (MLR, Table 1) and
correlation analysis (Table 2) is carried out to identify and
quantify the relationships between Hg(0) fluxes and factors
including Uy, T, sea-ice fraction, SST, oceanic velocity (U, V,
W), and convective mixing coefficient (Conv). In addition,
Table 1 also presents the contribution of each parameter to the
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Figure 5. Concept schematic of Hg(0) evasion anomaly in the tropical Pacific during NDJ of El Nifio years. Warm colors represent a positive
anomaly for Hg(0) evasion flux while cold colors are for a negative anomaly. The reference vector stands for a 2 m/s velocity and wind direction.

The diagram for La Nifia years is in Figure S10.

Hg(0) variation by giving the MLR results with multiple
variables. We find that U, is the dominant factor in the
equatorial oceans (except for equatorial Atlantic), consistent
with the sensitivity analysis (Figure 3b). Table 1 shows that
wind can explain nearly 53 and 26% of the variation in Hg(0)
fluxes in equatorial Pacific and equatorial Indian Oceans,
respectively. 56% of the variation is associated with U}y, SST,
and U in equatorial Indian Ocean. The correlation coeflicients
with wind speed are 0.74 and 0.55 in the equatorial Pacific and
Indian Oceans, respectively (Table 2), indicating the important
role of Uy, in determining the Hg(0) fluxes.

We find that flow field (U, V, W) and convective mixing is
highly correlated with the Hg(0) fluxes in most of mid-low
latitude oceans (5°N-60°N and 5°S-60°S) as shown in Table
2. Convective mixing is also the leading factor in MLR in the
South Pacific and North Atlantic. Nearly 23—63% of the
variation can be explained by this parameter in these regions
(Table 1). Indeed, increasing vertical mixing (either by vertical
diffusion as illustrated in Figure 3c or convective mixing)
brings up Hg-rich seawater from subsurface ocean and
promotes Hg(0) evasion. Similar to our sensitivity analysis in
section 3.2, the correlation is also negative (—0.45) in regions
with reversed vertical gradient in Hg concentrations (e.g,
north subtropical Pacific Ocean). Interestingly, even though
salinity has negligible impact on Hg(0) evasion, we find
significant correlations between them in some basins (Table
2). Salinity reflects a combination effect of different dynamic
processes including rainfall, evasion, and ocean mixing,**™*
which also influence Hg(0) evasion.

Dynamic factors (V and Ujy) and temperature have major
contribution (about 65%) to the Hg(0) evasion variation in
the Southern Ocean. (Table 1) In the Arctic Ocean, Hg(0)
fluxes are mainly driven by SST (Table 1), as revealed by the
sensitivity analysis in section 3.2. The flux is also anti-
correlated with the sea-ice coverage (Table 2). On one hand,
sea-ice blocks air—sea exchange, therefore, lower sea-ice
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increases Hg(0) fluxes, especially considering the high DGM
under contiguous ice.***%" Lower sea-ice also increases the
amount of atmospheric Hg(II) deposition entering the
seawater, which would otherwise stay on top of sea-ice. On
the other hand, the photoreduction of Hg(II) to Hg(0) on the
ice/snow surface is suggested to be fast, %™ which could
reduce the amount of Hg entering the seawater and the
subsequent Hg(0) evasion flux. However, these effects cannot
be fully evaluated in this study due to the lack of detailed Hg
dynamic in sea-ice.

3.3. Seesaw Effect of Hg(0) Evasion in the Equatorial
Pacific. We find that the Equatorial Pacific has the largest
interannual variability for Hg(0) evasion fluxes (20%) in the
global ocean due to the close air—sea interactions in this
region. Indeed, tremendous heat exchange and SST anomaly
occur in this region, which can cause anomalies in wind,
temperature, and oceanic vertical mixing.”””" Variability of
hydrodynamics between the eastern and western Equatorial
Pacific is the essential element in developing the ENSO cycle
and triggers the anomalies of zonal wind stress as well as
oceanic convective mixing along the equator.””’ The
expansion and contraction of warm water in the warm pool
of the Pacific could also largely affect the atmospheric
convection.”* With an average periodicity of 3.8 years,92
ENSO is likely to influence the interannual variability of Hg(0)
evasion in the Equatorial Pacific.

Given that the El Nifio and La Nifa events often peak in
November, December, and January (NDJ),” we contrast the
average evasion flux in NDJ during El Nifio (1997, 2004, 2009,
and 2015) and La Nifa (1996, 1999, 2007, and 2010) years
(Figure 4). The distributions of Hg(0) evasion fluxes for
individual years are shown in Figures S5 and S6. We find a
prominent “seesaw pattern” for the spatial distribution of
evasion anomaly between El Nifio and La Nifa years. During
El Nifo years, the evasion fluxes are 15—20% lower over the
equatorial Pacific (as illustrated in the black box of Figure 4),
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Figure 6. Percentage anomaly of atmospheric Hg concentration during (a) El Nifio, (b) neutral, and (c) La Nifia years compared to a multiple-year
mean. Colored dots are observations in the coastal stations (Alert, Mace Head, Zeppelin, and Kejimkujik) from CAMNet (http://donnees.ec.gc.

ca/data/) and EMEP sites (https://www.emep.int/).

reflecting the 15% lower wind speed in this region. The fluxes
are S—10% lower over the northwest Pacific (red box in Figure
4) and 8% lower over the Peruvian upwelling region (green
box in Figure 4). On the contrary, the evasion anomalies are
10% higher over the north subtropical Pacific (blue box in
Figure 4), consistent with the 10% higher wind speed. The
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detailed pattern varies slightly among individual years (Figures
SS and S6), but the overall patterns hold. The differences of
both oceanic DGM availability and vertical velocity during the
same period display similar spatial patterns (Figure S7), which
indicates a potential impact of the oceanic processes on Hg(0)

evasion.
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Figure S illustrates a concept diagram for the interannual
variability of Hg(0) evasion over the eastern tropical Pacific
Ocean. In El Nifio years, the increase of SST in the central-
eastern Pacific decreases the zonal SST gradient and Walker
circulation, which causes weakened or even reversed southeast
trades, contributing to slower air—sea exchange velocity of
Hg(0) (K,) in the equatorial Pacific (Figure S8a).”* On the
contrary, the higher SST would also promote the gas exchange
rate by increasing H(T). Thus, the eastern propagation of
warm pool (Figure S9a) can explain the positive evasion
anomaly of Hg(0) in the north subtropical Pacific (5°-20°N,
90°W-180°W) and South Pacific. In addition, the vertical
mixing also contributes to the evasion anomaly by affecting Hg
availability. In the northwest Pacific (5°-30°N, 120°E-160°E),
the wind divergence anomaly intensifies the vertical mixing,”
which might bring up the less Hg-contained cold water to the
surface and thus reduces the evasion (Figure S7c). The weaken
Peruvian upwelling in El Nifio years (Figure S7¢), however,
causes a negative Hg(0) evasion. A previous study found a
similar decreasing pattern for CO, in the tropical ocean during
the early stage of El Nifio due to reducing upwelling.”® While
the impact of atmospheric Hg(II) deposition on Hg(0)
evasion is excluded when running the model, there is no
doubt that it plays an important role in the actual
conditions.'®** Thus, we assume that the upward atmospheric
motion enhances precipitation over the central or eastern
Pacific, which provides more Hg(II) wet deposition to
seawater for evasion. The condition during La Nifa years is
exactly opposite to that in El Nifo years (Figure S10). The
precipitation is also moved to the western Pacific, which might
cause a positive anomaly of Hg(0) evasion flux there. Although
both the air—sea exchange rate and ocean upwelling have great
impact on the Hg(0) evasion anomaly, to quantify the exact
contribution of various parameters requires further sensitivity
simulations, which will be discussed in a future study.

3.4. Impact of Hg(0) Evasion on Atmospheric Levels.
Figure 6 illustrates the impact of the interannual variability of
Hg(0) evasion on atmospheric Hg concentration. Despite the
large regional and seasonal variability, the global annual Hg(0)
evasion fluxes are relatively stable with 18.9 + 0.1, 19.0 = 0.1,
and 18.9 + 0.2 Mmol-a™! during El Nino, La Nina, and neutral
years, respectively. The resulted atmospheric Hg concen-
trations are thus slightly lower (—0.5%) during El Nifio years
and neutral years (—1%) compared with a multiple-year mean
(Figure 6a,b), while higher (1%) Hg concentrations are
simulated in La Nina years (Figure 6¢). The spatial pattern of
atmospheric Hg(0) is smoother than that of evasion flux due to
the relatively long lifetime in the atmosphere.96 Similar
spatiotemporal variations are also modeled for Hg deposition
(Figure S11). Generally, the atmospheric differences of Hg are
statistically insignificant and other processes (i.e., volcanic
emissions) might also be able to account.”*

It has been reported that ENSO can also affect the
meteorological conditions far from the equatorial Pacific via
large-scale atmospheric teleconnections.”””” There is about
2—6 months lag for the ENSO-driven SST anomalies in the
extratropical Pacific after the peak of ENSO. Slemr et al. have
found an interannual variability of upper tropospheric (10—12
km) Hg concentrations, with a time lag of 8 & 2 months after
El Nifio.”” We find a higher simulated atmospheric Hg level
(2%—5%) driven by Hg(0) evasion fluxes with a three-month
lag (Figure S12). Details of the lagged simulation are provided
in the Supporting Information (Page S2). A large positive
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anomaly (~5%) is modeled in the equatorial Pacific Ocean for
El Nifo cases (Figure S12a). This phenomenon can be
attributed to the increase (nearly 7%) in the ocean Hg(0)
evasion for the first three months immediately after the El
Niflo years. (Figure S13) It indicates that the Hg(0) evasion
and atmospheric Hg concentrations decrease in the early stage
of El Nino (Figure 6a) and then increase after the peak of El
Nifio (Figure S12a), associated with the suppression of
upwelling in the beginning of the El Nino event. Such a
pattern is similar to that of the atmospheric CO, concentration
found in central Pacific during a strong El Nifo event.”®

Empirical studies of the association between the variability
of atmospheric Hg and the Hg(0) evasion fluxes remain sparse.
Our simulations are consistent to the observations in North
America and Europe, especially for those coastal stations
(MHD, ALT, and ZEP and KE]J station as illustrated in Table
S3) that could better represent the impact of the oceanic
source. The TGM concentrations in these stations during the
El Nifo/neutral years are lower (—0.5 to —14.9%) compared
to the multiple-year mean, while higher values (0.5 to 2.8%)
are spotted in La Nina years, except for Alert (Figure 6).
Recently, Bieser et al. also found a positive anomaly (nearly 25
pg'm ) of GEM concentration in a strong La Nifia year after
removing the influence of global gold mining and biomass
burning emissions.”” Considering the multiple influencing
factors (e.g., other emission sources, atmospheric transport,
and deposition), the agreement between our model and the
observations suggests a potential role of ocean evasion for the
interannual variability of atmospheric Hg levels.
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