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8 Key Points:

9 e We spot a latitudinal pattern with a smaller variability in the mid-latitudes
10 (6.4%-8.5%) and a large one in the Arctic and Equator (15%).

11 e A seesaw pattern in equatorial Pacific is found for evasion flux anomaly
12 (x10%-20%) between El Nifio and La Nifia events.

13 e A higher atmospheric Hg (1-2%) in northern hemisphere is simulated due to
14 higher ocean evasion, consistent with the observations (1-11%).
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Abstract

Air-sea exchange of mercury (Hg) is influenced by meteorological factors that have
substantial interannual variability. Here we investigate its interannual variability and
influcing factors by using the MITgcm ocean model. We elucidate a latitudinal pattern
with a relatively small variability in the mid-latitudes (6.4%-8.5%) and a large one in
the Arctic and Equator (15%). Wind speed, salinity, and sea ice dominate the patterns in
equatorial, mid-, and high-Ilatitudinal oceans, respectively. A seesaw pattern in
equatorial Pacific is found between El Nifio and La Nifia events, owing to wind speed
anomaly caused by the variation of Walker circulation. A higher atmospheric Hg
concentration (1-2%) in northern hemisphere is found by the GEOS-Chem simulation
due to higher ocean evasion fluxes, consistent with the CAMNet and EMEP (1-11%)
observations. Besides, a slight fluctuation in the upper tropospheric (£0.5%) reveals a
potential contribution from the ocean evasion for interannual variability of
tropospheric Hg.

Plain Language Summary

Mercury is the only metal that is a liquid at room temperature. The strong volatility
makes mercury behave like a noble gas in the atmosphere. Like other gases such as
CO,, mercury has an active air-sea exchange, which has an important implication to
the biogeochemical cycle of this toxic element. While it is known that the air-sea
exchange is the largest term in the global biogeochemical cycle of mercury, the
interannual variability and controlling factors remain elusive. We employ a
state-of-the-art three-dimensional ocean model to investigate this issue in this study.
We find a latitudinal pattern with a relatively small variability in the mid-latitudes and a
large one in the Arctic and Equator. A “seesaw pattern” is found in equatorial Pacific
between EIl Nifio and La Nifia events, owing to the wind speed anomaly caused by the
oscillating warming and cooling pattern. Meanwhile, a variability of atmospheric
concentration in the northern hemisphere is associated with this pattern. Within the
context of climate change and anthropogenic emission controls proposed by the
Minamata Convention for Mercury, our work helps to distinguish the natural
variability and trend of mercury levels in the environment.

1 Introduction

Mercury (Hg) is a toxic element that is ubiquitous in the environment (Outridge et al.,
2018). It comes from both natural (e.g. volcanic eruption) and anthropogenic sources
(e.g. fossil fuel combustion, metal mining, and smelting) (Horowitz et al., 2014). Two
major chemical forms of Hg exist in the environment: elemental form (Hg®) that has
an atmospheric lifetime of 0.5-1 year and undergoes long-range transport; and
divalent form (Hg") that has a shorter atmospheric lifetime (~1 week) and is deposited
near source regions (Selin et al., 2007). 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 (Outridge et al., 2018). Here, we focus on the air-sea



ESSOAT | https://doi.org/10.1002/essoar.10503446.1 | CC_BY_NC_ND_4.0 | First posted online: Mon, 22 Jun 2020 06:37:28 | This content has not been peer reviewed.

65  exchange of HgP, which is the largest exchange term between different environmental
66  compartments in global Hg cycle (Horowitcz et al., 2017).

67  The air-sea exchange of Hg’ is a bidirectional diffusion process that is driven by the
68  concentration gradients across the atmospheric and seawater interface (Soerensen et
69 al., 2013). The direction of exchange is mainly upward (i.e. evasion from the ocean to
70  the atmosphere) as the Hg® in the surface ocean is often supersaturated (Andersson et
71 al., 2008; Mason et al., 2001). The magnitude of Hg° exchange flux is influenced by
72 temperature, wave condition, biological film, and turbulence in the atmosphere and

73 ocean surface microlayers, and is typically parameterized as a function of wind speed
74  (Estersetal., 2017). In the marine boundary layer, meteorological conditions such as
75  temperature and wind speed present significantly interannual variability, which is often
76  associated with teleconnections and oscillations of the climate system (Grimm &

77  Natori, 2006; Romero-Centeno et al., 2003). One example is the El Nifio-Southern

78  Oscillation (ENSO), characterized as the anomaly in sea surface temperature (SST)

79  through the eastern equatorial Pacific Ocean (Guilderson & Schrag, 1998). The shift of
80  SST would cause the anomalies in sea level pressure and convection, which account for
81  the seasonal and interannual variability of surface wind and rainfall over this region
82  (Janowiak & Arkin, 1991; Wang & Enfield, 2001). In this study, we will examine if the
83  variabilities in meteorological conditions would result in the interannual variability of
84  HgP air-sea exchange fluxes.

85  The variability in ocean evasion can influence the atmospheric level of Hg® as the ocean
86  accounts for more than one-third of the global total Hg sources for the atmosphere

87  (Soerensen et al., 2013). Elevated atmospheric Hg® concentrations in an inland site

88  were observed when a springtime noreaster carried the outgassing from the ocean

89  surface (Sigler et al., 2009). Likewise, in coastal stations such as the Mace Head,

90 Ireland and the Cape Point, South Africa, significant interannual variability of gaseous
91  Hg were observed (Ebinghaus et al., 2011; Fisher et al., 2013; Slemr et al., 2008).

92  Slemr et al. (2016) also found an association between the variabilities of Hg

93  concentration and ENSO. Another objective of this study is thus to examine the

94  potential contribution of Hg® evasion to the tropospheric Hg® levels.

95 2 Methodology

96 2.1 MITgcm model

97  We use the global three-dimensional model MITgcm to stimulate the chemistry and
98 transport of Hg in the global ocean. Details of this model were described in Zhang et
99  al (2019). The model has a horizontal resolution of 1°x1° and 50 vertical levels. The
100  resolution is higher over the Arctic (40 km x 40 km) and the equator (~0.5°x1°) to
101  better represent the ocean currents. Advection and diffusion of Hg are calculated
102  according to the ocean state estimates from the Estimating the Circulation & Climate
103  of the Ocean (ECCO v4) climatology (Forget et al., 2015). The meteorological data
104  that serve as the upper boundary layer of the ocean (e.g. wind speed, air temperature,
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105  precipitation, short-wave and long-wave radiation) are from the ERA-Interim

106  re-analysis fields spanning 1992-2017 (Dee et al., 2011). The air-sea exchange flux of
107 HgP is calculated as follow (Andersson et al., 2008; Fu et al., 2010; Wanninkhof,

108  1992):

109 F=K, (DGM — GEM/H(T)) (1)

110  where F represents the air-sea exchange flux (ng m? h™); Ky is the gas exchange

111  velocity (aka piston velocity, cm h™); GEM represents the gaseous elemental Hg® (ng
112 m™) in the atmosphere; and DGM is the dissolved gaseous Hg® in seawater. H(T) is
113 the dimensionless partitioning coefficient for Hg® between the atmosphere and

114  seawater. The parametrization of K, follows Soerensen et al (2010) and Nightingale et
115  al (2000):

116 Ky = 0.31u%y(Scg/Sccoz) @)

117 where Scng and Scco are Schmidt numbers of Hg® and CO,, respectively. Henry's law
118  coefficient for Hg® is from Andersson (2008):

119 H(T) = exp(—2403.3/T + 6.92) (3)
120  where T is the seawater temperature.

121  The atmospheric deposition flux of Hg" and Hg° concentrations in the marine

122 boundary layer are from the GEOS-Chem model (Zhang et al., 2019). The model is
123 run for 1992-2016 with initial conditions from previous model output (Zhang et al.,
124 2020) and the first two years are discarded as spin-up time.

125 2.2 GEOS-Chem model

126 We use the GEOS-Chem model (version v 12.2.1) (www.geos-chem.org) to simulate
127  the impact of Hg evasion flux on the atmospheric levels of Hg. The detail of the

128  model is described by Horowitz et al (2017). This model is driven by assimilated

129  meteorological data archived from the Goddard Earth Observing System (GEOS) of
130 the NASA Global Modeling and Data Assimilation Office (GMAO), with a horizontal
131  resolution of 4° latitude by 5° longitude and 47 vertical eta levels. Three atmospheric
132 Hg tracers including elemental mercury (Hg®), divalent mercury (Hg"), and

133 particulate mercury (Hg") are simulated in this model. The model contains the

134 oxidation of Hg® by Br atom and the in-cloud reduction of Hg". The partitioning

135  between Hg" and Hg" is modeled following Amos et al. (2012). The model also

136 includes wet deposition of Hg'" and Hg" and dry deposition of all three species. The
137  model is driven by the anthropogenic emission inventory of Hg developed by Zhang
138 etal. (2016). The model also considers natural emissions and re-emissions from soil
139  and snow (Selin et al., 2008). The re-emissions of Hg® from the ocean are specified as
140  aconstant model input, which is from the output of the MITgcm model. We use the
141  ocean evasion fluxes during different phases of the ENSO cycle, and the differences
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142  of the resulted atmospheric Hg® concentrations are calculated. The model is run for
143  five years for each ocean evasion scenario, and the results of the last three years are
144  analyzed.

145 2.3 Observation datasets

146 Atmospheric Hg concentration data used in this study are from Canadian Atmospheric
147 Mercury Network (CAMNet), and European Monitoring and Evaluation Program

148  (EMEP) networks. These observation data are used for verifying the calculated trends
149  of our simulations.

150  Decreasing trends are spotted for the original time series of annual Hg concentration
151 in different observation sites (Zhang et al., 2016). We conduct a linear regression for
152  the atmospheric Hg® (or total gaseous Hg, TGM) concentrations with time as an

153  independent variable. The calculated slope is tested by a parametric t-test for

154  significance (o= 0.05) (Xu et al., 2006). If significant, the decreasing trends are

155  removed from the time series by adding the product of slope and time increment.

156 3 Result and Discussion

157 3.1 Variability of Hg® evasions

158  Globally, the Hg® evasion flux varies between 18.7-19.4 Mmol/y during 1994-2016. A
159 distinct latitudinal pattern emerges for the interannual variability of Hg® evasion flux in
160  the global oceans (Eig. 1, S1-4). The model indicates that the interannual variability of
161  Hg® evasion is relatively small in the mid-latitudes. The relative ranges [defined as
162  (maximum-minimum)/mean] of annual evasion flux are 6.4% and 7.0% in the

163  northern and southern mid-latitude oceans, respectively, and 8.5% for the Southern
164  Ocean. The interannual variability is high over the Arctic Ocean (£10%), which has
165 been mentioned by Fisher et al. (2013). However, a more pronounced fluctuation is
166  simulated for the equatorial regions with a relative range of 15%, with higher

167  variability for the equatorial Pacific (20%) and Atlantic (22%) Oceans than the

168  equatorial Indian Ocean (9.6%) (Fig. S3).

169  Substantial seasonal variability exists for Hg® evasion fluxes as noted by previous

170  studies (Soerensen et al., 2010; Song et al., 2015; Strode et al., 2007). The highest Hg"
171  evasions are simulated in fall and the lowest in spring in the mid- and high-latitude
172  oceans in both hemispheres (Fig.1 f-g, i-j), reflecting the seasonal cycle of the

173 precipitation, which influences the amount of atmospheric Hg deposition and

174 subsequently the size of the available pool for Hg® evasion from the surface ocean.
175  The seasonal cycle of ocean mixed layer depth also reinforces this pattern.

176  Entrainment starting in spring brings up Hg-rich waters from the subsurface ocean,
177  and detrainment in fall decreases the amount of Hg in the mixed layer (Soerensen et al.
178  2010). In polar regions, the evasion fluxes are the highest in the summertime due to
179  the highest temperature and least ice coverage. The seasonal variation of evasion in
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the tropical oceans are more complex with the highest evasion in boreal winter
resulting from the strongest wind speed and elevated flux in boreal summer due to
larger precipitation in the intertropical convergence zone (Zhang et al., 2019).
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Figure 1. Monthly and annual anomaly (a-e) and monthly mean (f-j) of Hg® evasion
fluxes in the Arctic, northern temperate, equator, southern temperate, and the
Southern Ocean.

3.2 Influencing Factors

Table 1 shows the influence of meteorological parameters (including wind speed,
precipitation, air temperature, sea ice fraction, seawater temperature, and salinity) on
the annual mean Hg® evasion fluxes during 1994-2016. Wind speed is the dominant
factor in controlling the interannual variability of Hg® evasion in equatorial oceans,
except for equatorial Atlantic. For example, Hg® evasion has a positive anomaly in
2010 (+8.8%) and 2011 (+5.4%), consistent with the positive anomaly of wind speed
(+8.9% and +5.6%, respectively). Inversely, a negative anomaly of Hg’ evasion
(-3.6%) is found in 2015, while the anomaly of wind speed in that year is -6.2% (Fig.
S5). The correlation coefficients with wind speed are 0.76, 0.55, and 0.21 in the
equatorial Pacific, Indian, and Atlantic Oceans, respectively. The correlation between
annual Hg® evasion and precipitation amount is rather weak, even though a significant
correlation relationship was found on a daily time scale (Zhang et al., 2019). The air
temperature also has a limited impact on evasion due to the relatively high values as
well as little relative variability in the equatorial regions.

Table 1. Correlation between annual Hg® evasion fluxes and meteorological

parameters in different ocean regions.
Factors T Prec. Wind SST S Sea lce
N 0.02 033  -029 052**  -0.44*
Pacific ~Eg. -0.63** -0.26 0.76** -0.65** 021
S -0.15 0.10 0.02  -0.21 -0.07
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N 0.03 -0.04 0.17 017  -0.36*
Indian Eq. 043*  -012  059%* 0.4 -0.18
S 041 -002 -017 -043** 023
N -057** 002 -0.26 026  0.85**
Atlantic Eq  -003 -042* 021 -0.03 0.06
S -0.17 0.09 -0.09  -0.30 -0.75**
Southern Ocean  0.34 0.11 0.17 -0.19 -0.04
Arctic 0.10 0.04 0.01 0.44* 024  -0.61**

**represents the significant correlation at the level of 0.01 (bilateral); *represents the significant correlation
at the level of 0.05 (bilateral).

We find significant correlations between salinity and Hg® evasion flux in the
mid-latitudes except for the southern Pacific and the Indian Ocean, reflecting similar
influencing factors for water evaporation and Hg® evasion. Factors such as higher
temperatures and stronger wind speed can accelerate the air-sea exchange of both
water and Hg®. This suggests that ocean salinity could serve as an indicator of the
interannual variability of Hg® evasion flux.

In the Arctic Ocean, sea ice is the leading driving factor for the interannual variability
of Hg® evasion (Fig. S6). An evident positive anomaly of Hg® evasion is spotted in
2016 (+6.91%) with a negative sea ice anomaly (-3.2%). Indeed, the air-sea exchange
can be blocked by sea ice thus lower sea ice increases Hg evasion fluxes. Lower sea ice
also increases the amount of atmospheric Hg' deposition entering the seawater, which
would otherwise stay on top of sea ice. Another controlling factor is the SST, which is
anti-correlated with sea ice cover. The SST peaks in 2016 with a positive anomaly of
3.2%, which increases the Henry’s Law constant for Hg® and promotes Hg® evasion

(eq. 3).
3.3 Seesaw effect of Hg® evasion in Equatorial Pacific

We find the equatorial Pacific Ocean has the largest interannual variability for Hg’
evasion fluxes in the global ocean (20%). This could be attributed 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 precipitation
(Vimont et al., 2003; Wallace et al., 1989). Variability of the hydrodynamics between
eastern and western equatorial pacific is the essential element in developing the ENSO
cycle, which could trigger the anomalies of zonal wind stress along the equator
(Guilderson & Schrag, 1998; Vimont et al., 2003). The expansion and contraction of
warm water in the warm pool of the Pacific Ocean could also largely affect the
atmospheric convention (Wang & Enfield, 2001) and contribute to the fluctuation of
Hg® evasion. With an average periodicity of 3.8 years (Quinn et al., 1987), ENSO is
highly likely to influence the interannual variability of Hg® evasion in the tropical
Pacific Ocean.

Given that the EI-Nifio and La Nifia events often peak in November, December and
January (NDJ) (An & Wang, 2001), we contrast the average evasion flux during these
three months during EI Nifio (1997, 2004, 2009, and 2015) and La Nifia (1996, 1999,
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2007, and 2010) years (Eig. 2). The distributions of Hg® evasion fluxes for individual
years are shown in Fig. S7-8). We find a prominent “seesaw pattern” for the spatial
distribution of evasion anomaly between El Nifio and La Nifia years. During El Nifio
years, the evasion flux is 15-20% lower over Equatorial Pacific (5°S-5°N,
90°W-170°W) and 5-10% higher over western equatorial Pacific (west of 170°W). The
evasion flux is also 15-20% higher over 5-15°N (Eig. 2a). The spatial pattern in La
Nifia years is exactly opposite to that in El Nifio years with a similar magnitude of
anomalies (Eig. 2b). The detailed pattern varies slightly among individual years (Fig.
S7 and S8), but the overall patterns hold.

(a)

Latitude

Latitude

120°E 150°E 180°W 150°W 120°w 20°W
Longitude

Figure 2. Hg® 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)
The average anomaly of all EI Nifio events and (b) La Nifia events. (Black box
represents the area within 5°S-5°N, 90°W-170°W)

It is known that the “seesaw pattern” marked the interannual variability of SST anomaly
in eastern and western equatorial Pacific related to ENSO (Fig. S9). Pronounced
“seesaw patterns” are also spotted for the wind speed anomaly during the El Nifio and
La Nifia event (Fig. S10). During EI Nifio years, the wind speed is about 15%-20%
lower over Equatorial Pacific (120°W to 150°E), while an exactly opposite spatial
pattern is spotted in La Nifa years (Fig. S10a, b).

Eig. 3 illustrates the connection between the anomaly of Walker circulation and Hg°
evasion fluxes during El Nifio and La Nifia events. During the El Nifio event, the

increase of SST in the central-eastern Pacific Ocean decreases the zonal sea surface
temperature gradient, which causes a collapse of the Walker circulation (Cess et al.,
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2001). The southeast trades are thus weakened or even reserved, contributing to slower
air-sea exchange velocity of Hg® (K.,). Meanwhile, the upward atmospheric motion
enhances precipitation over the central or eastern Pacific Ocean, which provides more
Hg" wet deposition to seawater for evasion (Eig. 3a). During the La Nifia event, the
below-average SST across the east-central Equatorial Pacific Ocean enhances the
Walker circulation, resulting in a strong southeast trade wind and Hg° evasion velocity.
The precipitation is also moved to the western Pacific, causing a positive anomaly of
Hg® evasion flux there (Fig. 3b).
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Figure 3. The anomaly of SST and 10 m wind speed in the tropical Pacific Ocean
during EI Nifio (a) and La Nifia (b) events and its impact on Hg® evasion. (Warm color
represents for a positive anomaly of SST while cold color is for a negative anomaly.
Arrows present the wind vector).

3.4 Impact of Hg® Evasion on Atmospheric Levels

Fig. 4 shows the impact of the variability of Hg evasion on the atmospheric Hg levels
(their annual anomalies are available in Fig. S11 -S12). Compared to the spatial
pattern of Hg® evasion anomaly (Eig. 2), that of the atmospheric Hg level is generally
smoothed due to the relatively long atmospheric lifetime of Hg®. Globally, higher
concentration (1.5 ppq) and deposition (0.06 ug-m™-a™) of Hg levels are modeled
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during La Nifa events comparing to El Nifio events. The atmospheric Hg levels are
reduced in the northern hemisphere during El Nifio years as a result of lower evasion
fluxes (-0.41%), while the differences in the southern hemisphere are relatively small
(+0.23%). Nevertheless, distinct spatial patterns are modeled for these influences with
higher Hg levels (10 ppg and 14 ug-m-a™) in the equatorial Pacific during El Nifio
events but with higher THg concentration in the Arctic region during La Nifia events
(12 ppq). The average evasion flux in the western equatorial Pacific Ocean (5°S-5°N,
130°E-170°W) is 6.2 % higher in EI Nifio events than in La Nifia events, which has
caused the variability of atmospheric concentrations and deposition fluxes in this
region.
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Figure 4. The simulated difference of global a) atmospheric Hg concentrations and b)
THg deposition during El Nifio and La Nifia events by the GEOS-Chem model.
Observed differences in atmospheric Hg concentration in North America (CAMNet)
and Europe (EMEP) are compared with the simulation and shown as colored dots.
The modeled higher atmospheric Hg concentrations over the western equatorial
Pacific Ocean over EIl Nifio years are consistent with measurement data. A previous
study found short peaks of GEM concentration (1.2-2.5 ng/m®) on the Gunn Point
Peninsula (northern Australia) during November and December of 2015, a strong El
Nifio event (Howard et al., 2017). While the study attributed the short peaks to
biomass burnings, the wind directions during these observations indicated that the air
parcel was mainly from the sea surface (Fig. S10). Meanwhile, Fig. 4a also displays
some available surface measurement results from CAMNet and EMEP stations
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(Details are displayed in Table S1). Generally, there is a similar pattern between our
simulation and observation results in both North America and Europe. In Europe,
observation sites such as Mace Head and Zepplin reveal a decreasing trend (-1% to
-11%) in TGM concentration during EI Nifio years. Most stations in CAMNet also
show a lower TGM concentration in EI Nifio years (-1.8% to -3.1%) comparing to La
Nifia years. This agreement suggests a potential contribution from the variability of
ocean evasion in these regions, among other factors such as the atmospheric
circulation, biomass burning, and anthropogenic emissions.

The measurements at Alert site present an increasing pattern in El Nifio years (+2.2%).
Based on our simulation, the Hg® concentration has a negative anomaly (2 ppq) in the
Arctic in El Nifio events (Fig. S11b). It has been found that Arctic sea ice anomaly

can occur along with ENSO, with less sea ice following by a strong La Nifia event
(Han et al., 2016). The reduced sea ice fraction enhances evasion and subsequently
atmospheric TGM concentrations during La Nifia events in the Arctic (Table S1).

Besides, overall lower Hg deposition fluxes are modeled over north hemispheric
terrestrial environment during EI Nifio years, especially over East Asia (12.8
ug-m2-a™), South Asia (7.65 ug-m™-a™), West Europe (9.23 ug-m?-a™), and Central
America (9.97 ug-m?-a™), which indicates potential less ecological toxic effects in
these regions. Available measurement also shows lower deposition fluxes of Hg in the
southern Mexico coast in 2004 (an El Nifio event) than in 2003 and 2005 (Hansen &
Gay, 2013).

Slemr et al. (2016) have also found an interannual variability of tropospheric (10-12
km) Hg concentrations, with a time lag of 8+2 months after EI Nifio. They also
accounted for this variability to biomass burning because of the large uncertainties of
estimated Hg emissions from this source. Based on our study, Hg evasion anomaly
from sea surface during ENSO is also able to fluctuate the global upper tropospheric
Hg concentrations between EI Nifio and La Nifia years in the northern hemisphere,
although the trend is relatively weak (£0.5%, Fig. S13). Therefore, the Hg evasion
anomaly should be a potential contributor to the interannual variability of tropospheric
Hg.
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and EMEP (https://www.emep.int/) networks.
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