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• Significantly elevated TGM during day-
time was discovered in the Southern
Hemisphere in the round-the-world cruise
measurement.

• The elevated TGM was driven by surface
oceanic HgII photoreduction.

• The diurnal amplitude of TGM might be
impacted by the microbial productivity
and the ratio of ultraviolet radiation.
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Understanding the spatial and temporal variations of atmospheric mercury (Hg) in the marine boundary layer could ad-
vance our knowledge on ocean evasion of Hg. Here, we conducted continuous measurements of total gaseous mercury
(TGM) in the marine boundary layer during a round-the-world cruise from August 2017 to May 2018. We observed the
highest and lowest TGM concentrations in Southern Indian Ocean (1.29 ± 0.22 ng m−3) and Southern Atlantic Ocean
(0.61± 0.28 ng m−3), respectively. During the daytime, enhanced TGMwas observed with the diurnal amplitude differ-
ence reaching itsmaximum in the range of 0.30–0.37 ngm−3 in Southern IndianOcean and SouthernOcean. The positive
correlation betweenTGM(R2=0.68–0.92) andhourly solar radiation in each ocean suggested that the daytime enhanced
TGM was likely driven by Hg photoreduction in seawater, after excluding the influence of other meteorological factors.
The diurnal amplitude of TGM in the marine boundary layer might be impacted by the microbial productivity and the
ratio of ultraviolet radiation. Our study highlights that ocean acts as a net TGM source during the daytime in the Southern
Hemisphere and aqueous photoreduction process may play an important role in the biogeochemical cycling of Hg.
1. Introduction

Mercury (Hg) is viewed as a toxic and global pollutant due to its
biotoxicity and neurotoxicity (Ariya et al., 2015). Hg has long atmospheric
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lifetime, allowing it to be transported globally. In addition to the primary
emission, Hg is re-emitted from terrestrial and oceanic surface to atmo-
sphere (Driscoll et al., 2013). A large portion of anthropogenic Hg emis-
sions would ultimately deposit into ocean (Amos et al., 2013; Gustin
on Control, School of Environment, Tsinghua University, Beijing 100084, China.
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et al., 2020). Thus, the re-emission from the surface ocean plays an impor-
tant role in the global biogeochemical cycling of Hg.

The diurnal pattern of atmospheric Hg in the boundary layer is con-
trolled by short-term balances between emission, re-emission, oxidation,
and deposition processes. For example, the TGM concentration reach its
maximum during the nighttime and minimum during the daytime in the
polar region, indicating rapid oxidation of TGM by bromine species and
subsequent atmospheric Hg deposition (Wang et al., 2019). Previous stud-
ies have shown that terrestrial observation sites exhibited pronounced diur-
nal variation, with a daytime peak in urban areas and a nighttime peak in
rural areas due to anthropogenic emissions and changes of boundary
layer height. However, studies on the marine boundary layer (MBL) have
shown no dominant diurnal variation (Fu et al., 2015; Lan et al., 2012;
Mao et al., 2016), with most studies conducted in the northern hemisphere
(Mao et al., 2016). In the southern hemisphere, atmospheric Hg measure-
ments only available at several observation stations such as Cape Point,
Amsterdam Island and some limited ocean area such as Southern Ocean
and south Pacific Ocean (Angot et al., 2014, 2016; Martin et al., 2017;
Soerensen et al., 2014;Wang et al., 2017). As a result, the diurnal character-
istic of atmospheric Hg in theMBL of southern hemisphere is especially un-
clear, and a global map of atmospheric Hg variation is necessary to
illustrate the role of the ocean on global Hg cycling.

To better understand the diurnal pattern of Hg in the MBL and the im-
pact of oceanic Hg emission, we conducted measurements of total gaseous
mercury (TGM) during a round-the-world cruise from August 2017 to May
2018. Then, we examined the diurnal pattern of TGM, its magnitude differ-
ence between daytime and nighttime. In addition, we investigate the driv-
ing processes of diurnal variation, and analyzed the factors that could
influence the photoreduction process, such as meteorological conditions
(including solar radiation, wind speed, and temperature) and net primary
production (NPP). By synergistic analyzing observational and remote sens-
ing data, we aim to identify the characteristics of TGM inMBL and discover
the driving factors of TGM variation.

2. Methodology

2.1. Sampling sites

The Measurements were conducted at a cruise vessel known as “R/V
Xiangyanghong 01” by the First Institute of Oceanography, Ministry of Nat-
ural Resources of China. The instruments were installed above the bridge at
the starboard railing at the R/V deck of the ship to avoid the direct contam-
ination from the ship exhaust (about 20 m above the sea level) (Fig. S1).
The voyage started from Qingdao, China, crossed the Southern Indian
Fig. 1. Cruise Routine and hourly TGM conc

2

Ocean and Southern Atlantic Ocean via the Cape Town, South Africa and
then PuntaArenas, Chile. After completing the Antarctic scientific research,
the ship crossed the Pacific Ocean via Papeete Port, France and finally re-
turned to Qingdao, China. The detailed cruise route and period were
shown in Fig. 1. To reduce the interference of terrestrial processes, we
only selected the cruise data 150 km away from the continent and divided
the cruise tracks into 4 parts: SouthernOcean (55°S–62°S, 37°W–65°W), Pa-
cific Ocean (53°S–10°N, 70°W–180°W), south Atlantic Ocean (26°S–52°S,
60°W–20°E) and south Indian Ocean (24°S–27°S, 33°E–56°E).

2.2. Atmospheric hg measurements

The TGM were measured by a Tekran 2537× mercury vapor analyzer
(Tekran Inc., Toronto, Canada), which was calibrated in every 25 h with
an internal calibration source. The sampling interval was 5min, with a sam-
pling flow rate of 1.0 L min−1. The detection limit was 0.1 ng m−3 and sys-
tematic uncertainty was 10 % (Slemr et al., 2015). A Teflon filter holder
was installed prior to air inlet to filter sea salt and other particles and min-
imize the influence of wind speed and wind direction. The soda lime was
replaced once a week to remove the water vapor of humid air. According
to previous studies, we assume that the gaseous oxidized mercury (GOM)
in humid air of MBL would be filtered out together with PM at PTFE filter
and inlet tubing (Lyman et al., 2020). Thus, our observed data is compara-
ble with the gaseous elemental mercury (GEM) or TGM of other studies in
MBL (Slemr et al., 2015). To avoid the impact of ship emissions on the sam-
pling inlet, the TGM data were removed when the TGM exceeded the 90th
percentile, and wind speeds were <2 m/s or wind direction deviated by
<30° from the vessel's heading.

2.3. Ancillary data & data process

2.3.1. Meteorological data
Meteorological data including temperature (T), wind speed (WS), pres-

sure andwind directionwere provided bymeteorological station during the
cruise. The time resolution of meteorological station was 1 min. The data
were averaged on an hourly basis for analysis.

2.3.2. Satellite data
Hourly shortwave radiation was extracted from the NASA's Clouds and

Earth's Radiant Energy System (CERES) project (https://ceres.larc.nasa.
gov/, last access: June 2023), which provides hourly all-sky surface spectral
shortwave down flux with 1° × 1° resolution (Su et al., 2005). The ultravi-
olet dose data was obtained from Tropospheric Emission Monitoring Inter-
net Service (TEMIS) (https://www.temis.nl/ last access: June 2023).
entration during the sampling campaign.

https://ceres.larc.nasa.gov/
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Fig. 2. The (a) latitudinal and (b) longitudinal difference of TGM during the cruise.
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The NPP was calculated using Chlorophyll a (Chla) and temperature
(Behrenfeld and Falkowski, 1997). The Chla datawere estimated through sat-
ellite sensing data of ocean surface color using MODIS and AQUA. The de-
tailed calculation method could be obtained by Hu et al., 2012. The Chla
product was provided by NASA freely (https://neo.sci.gsfc.nasa.gov/, last ac-
cess: June 2023). The specific Chla concentration was extracted from the
0.25° × 0.25° grid results based on the location and time of the cruise.

2.3.3. Trajectory data
To identify the potential source regions and understand the impact of

air mass on TGM, we conducted backward trajectories during the cruise ac-
cording to the previous studies (Kalinchuk et al., 2018a; Weiss-Penzias
et al., 2013; Yue et al., 2022). The air mass trajectories was calculated by
the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
model, with 1.0° × 1.0° gridded meteorological data from the Global
Data Assimilation System (GDAS) (Polissar et al., 2001). The uncertainties
of trajectories increased with time along the path (Fleming et al., 2012).
Here, the total run time of backward trajectories was set to 72 h after con-
sidering precise potential source area and acceptable trajectories uncer-
tainties (Stein et al., 2015). Considering that the ending point constantly
changed during cruise, the calculation starting time was set 12:00 in local
time zone every day to represent the backward trajectory that day and
avoid confusion due to excessive trajectories. The ending point was set at
100 m above the sea level of the cruise location. All the backward trajecto-
ries were calculated by using MeteoInfo 10.2 (Tang et al., 2018).

2.3.4. Correlation analysis
Considering the geographical differences of TGM could interfere with the

identification of the drivers on diurnal variation. We used the real-time diur-
nal normalized parameters to identify the effects of different factors on the di-
urnal variation of TGM. The detailed calculation method was as follows.

Knormal ¼ Kt � Kave � 24 h

where Knormal, Kt, and Kave-24h were the diurnal normalized variable, variable
at current hour and 24-h sliding average of this variable, respectively.

3. Results and discussion

3.1. Spatial variations of atmospheric hg

During the cruise campaign, hourly TGMconcentrations in theMBLvar-
ied from0.41 to 1.98 ngm−3 (N=3381). The regional-averagedTGMcon-
centrations were 1.29 ± 0.22 ng m−3 (South Indian Ocean), 0.80 ±
3

0.26 ng m−3 (Southern Ocean), 1.02 ± 0.24 ng m−3 (Pacific Ocean) and
0.61 ± 0.28 ng m−3 (South Atlantic Ocean), respectively (Fig. 2). Limited
by the cruise conditions, there were only a few atmospheric Hg observa-
tions in MBL of southern hemisphere. The TGM measurement in this
study expanded the global TGM observation dataset for these regions.

The TGM concentrations observed in this study were comparable with
limited observational stations in the southern hemisphere from the Global
Mercury Observation Systems and some cruise measurements, such as
Cape point (1.10 ng m−3), Andean Patagonia (0.86 ± 0.16 ng m−3),
Amsterdam (1.03 ± 0.08 ng m−3), southern Pacific (0.78–0.86 ng m−3)
and southern Pacific (0.75 ± 0.13 ng m−3) (Angot et al., 2014; Diéguez
et al., 2019; Kuss et al., 2011; Yue et al., 2021, 2022), but lower than the
polluted regions such as Chacaltaya (1.34±0.01 ngm−3) and background
stations in the northern hemisphere (1.3–1.5 ng m−3) (Koenig et al., 2021;
Sprovieri et al., 2016). The longitudinal distribution showed the TGM
reached lowest at 0° longitude (at South Atlantic Ocean), which is far
away from the continents in southern hemisphere (Fig. 2b). The latitudinal
distribution of TGM displayed a gradual increase from southern hemi-
sphere to northern hemisphere (Fig. 2a). The latitudinal difference during
the cruise indicates that less impact of anthropogenic emissions on the at-
mospheric Hg in the MBL of the southern hemisphere.

3.2. Temporal variations of atmospheric Hg

During the entire cruise, we find that TGM at 12:00 am local time was
higher than that at 00:00 am in 118 out of the 133 complete daily data
(Fig. S2). The averaged diurnal amplitude (the amplitude is defined as
the concentration difference between TGM at 12:00 am and TGM at
00:00 am) was 0.12 ± 0.20 ng m−3 with the maximum daily diurnal am-
plitude of 0.58 ng m−3 occurred on Jan 16, 2018 in the Southern Ocean
(Fig. S3). The diurnal pattern of TGM concentrations was similar across
all ocean regions, characterized by a daytime increase starting from 5:00
to 6:00 am and reaching its maximum at approximately 12:00 pm
(Fig. 3). Then, TGM concentrations began to decrease in the afternoon, re-
maining stable during the nighttime until sunrise the following day.

Although almost all measurements of this cruise exhibited pronounced
diurnal variations (Fig. S4, Table S1) (Weiss-Penzias et al., 2013), the am-
plitude of diurnal variations varied significantly (t-test, p < 0.01) across dif-
ferent oceans. The highest amplitude was observed at the Indian Ocean
(0.37 ± 0.14 ng m−3) and the Southern Ocean (0.30 ± 0.33 ng m−3),
whereas the Southern Atlantic and the Southern Pacific had lower ampli-
tudes of 0.09 ± 0.17 ng m−3 and 0.09 ± 0.08 ng m−3, respectively. The
cruise measurement in the South China Sea showed pronounced diurnal
variation of TGM in spring, summer and autumn with the amplitude in

https://neo.sci.gsfc.nasa.gov/


Fig. 3. The diurnal variation of TGM and shortwave radiation density in different oceanic areas during the sampling campaign (a) Pacific Ocean (55°S–62°S, 37°W–65°W);
(b) South Atlantic Ocean (53°S–10°N, 70°W–180°W); (c) Southern Indian Ocean (26°S–52°S, 60°W–20°E); and (d) Southern Ocean (24°S–27°S, 33°E–56°E). The bold lines
represent averaged value and the shaded areas were the 25th to 75th percentiles. The dot line were the hourly mean TGM concentration extracted from GEOS-Chem
model used in Zhang et al. (2019).
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the range of 0.80–1.00 ngm−3, whichwas attributed to the potential ocean
evasion (Tseng et al., 2012). In the remote oceanic areas, most diurnal pat-
tern of TGM varied in the range of 0.00–0.14 ng m−3 (Kalinchuk et al.,
2018b, 2019; Nerentorp Mastromonaco et al., 2016), similar with our re-
sults in the South Atlantic Ocean and the South Pacific Ocean. The diurnal
amplitude of the Southern Ocean and the Southern Indian Ocean observed
in this study were much higher than other observations in remote MBL,
which is unexpected according to the latest global chemical transport
model (Zhang et al., 2019), suggesting a primary or secondary source of
Hg in these cruise parts.

3.3. Daytime enhancement of TGM induced by photoreduction

Generally, the increase in TGM can be attributed to a variety of factors
including anthropogenic and natural emissions, meteorological events,
and physics/chemical processes. During the cruise observations, there
were no direct anthropogenic Hg emission sources or natural emissions
(such as volcanic eruptions and wild fire), because the air mass in most of
our observation sites were originated from the ocean based on backward
trajectories (Fig. S5). Earlier studies have shown that in coastal areas of
the Antarctic plateau, sunlight-induced melting of sea ice can rapidly re-
lease Hg from snow into the atmosphere (Angot et al., 2016; Dommergue
et al., 2003). Our cruise in the Southern Ocean did not encounter the Ant-
arctic ice sheet, which was located 100 km away from the ship. Moreover,
the temperature, relative humidity, and wind direction have not exhibited
significant diurnal variation, indicating that the airmass remains stable dur-
ing both day and night. Therefore, the sea icemelting was not the dominant
4

factor for TGM. Based on the meteorological data, there were no pro-
nounced diurnal meteorological events (such as convection and cyclone)
during the cruise (Fig. S2). Thus, the physics/chemical induced oceanic
emission was the main potential driver of TGM during the daytime.

The wind speed and temperature could enhance oceanic TGM emission
due to pressure difference of Hg between water and atmosphere based on
Henry's Law (Andersson et al., 2008). However, the correlation analysis be-
tween the normalized diurnal TGM and meteorological parameters in each
ocean indicates a low relationship between TGMandwind speed, as well as
temperature (Fig. 4), which suggested that the elevated TGM levels ob-
served during the daytime were not primarily driven by the air-sea ex-
change induced by meteorological parameters.

As reported by many lab experiments and field observation studies, the
aqueous oxidized mercury (HgII) could be reduced to Hg0 and released to
atmosphere through diffusion processes (O'Driscoll et al., 2006; Qureshi
et al., 2010). Given that solar radiation (including UV-A and UV-B) is the
most important driver of HgII photoreduction in aqueous environment
(Rose et al., 2015), we analyzed the correlation analysis between TGM
and meteorological parameters. The diurnal normalized TGM only had rel-
atively significant correlation (r = 0.21– 0.78, p < 0.01) with solar radia-
tion (Fig. 4). Such positive correlation demonstrated that the
photoreduction induced by solar radiation is probably an important factor
for diurnal variation of TGM.

To differentiate the dominating driving forcing of TGM, we compared
hourly average TGM with the shortwave radiation in each ocean regions
(Fig. S6). We found that significant correlation (R2 = 0.68–0.92,
p < 0.01) between diurnal mean TGM and solar radiation at these four



Fig. 4. Correlation analysis matrix for the real-time diurnal normalized variables and TGM concentrations in the MBL for the whole observational period (a) Pacific Ocean;
(b) South Atlantic Ocean; (c) South Indian Ocean; (d) Southern Ocean.
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oceanic parts. The correlation between TGM and shortwave radiation were
strongest at the South Atlantic Ocean (R2= 0.92) and weakest (R2= 0.68)
in the Southern Ocean. We noticed that the correlation coefficient based on
hourly average data was much higher than the real-time hourly normalized
data in a day (r = 0.21–0.78), indicating that diurnal variation of individ-
ual day was affected by the complex marine environment, including sea
waves and variations in the boundary layer height. The analysis of average
hourly data could reduce the effects of individual errors of TGM. The strong
correlations between TGM and shortwave radiation demonstrate that the
photoreduction of HgII can quickly occur in the ambient environment and
dominant the diurnal variation of TGM.

The chemical reduction of HgII in the ocean involves both photochemi-
cal transformation and dark production (Kuss et al., 2015), leading to differ-
ent diurnal variations across ocean regions. We found that the NPP has
strong correlation with the TGM amplitude in global cruise measurement
(Fig. 5). The strong correlation between NPP and the TGM amplitude
could be potentially attributed to the following parameters. Firstly, the cru-
cial factor that affect the diurnal variation was the photoreduction process.
Secondly, the elevated NPP means the enhancement of the marine biologi-
cal activities, whichmay contribute to the combination of dissolved organic
carbon and HgII and result in enhanced microbe-mediated photoreduction
(Siciliano et al., 2002). Meanwhile, other physical and chemical parame-
ters, such as DOC and THg, remain relatively stable in those areas
(Fig. S7). Despite we observed such high correlation coefficient between
NPP and diurnal variation, the chemical photoreduction process is largely
complicated and subject to various influencing factors apart from NPP.
Therefore, further robust observation data is required to support this hy-
pothesis.
5

Moreover, we noticed a relatively high diurnal amplitude of Hg in the
Southern Ocean despite the relatively low NPP and solar radiation (Fig. 3,
Fig. 5). The UV radiation reach up to 20 % of total solar radiation
(60 W m−2) in the Antarctica region (Zheng and Cheng, 2020) (Table S2),
which was higher than the middle and low latitudes region (9.5 %–15.5 %
during our cruise) (Williamson et al., 2014). Compared to the visible light,
the UV light contains more energy and can promote the HgII reduction. The
enhanced ratio of UV light ratio may accelerate the reaction rate of
photoreduction, contributing to increased reduction of HgII to Hg0 and
subsequent release into the atmosphere (Qureshi et al., 2010; Yang et al.,
2019).

4. Summary and implications

We carried out TGM measurements in a round-the-world cruise from
August 2017 to May 2018 mainly in the South Oceans and found pro-
nounced diurnal variations with peak values during the daytime in the
MBL. The amplitude of diurnal variation reached 0.30 ± 0.33 ng m−3 in
the SouthernOcean during summer, whichwas about 31%of TGMconcen-
tration in Southern Ocean and higher than most previous observations in
the MBL. By multiple factors correlations analysis, the diurnal amplitude
of atmospheric Hg in the MBL was mainly driven by the HgII photoreduc-
tion while NPP and UV radiation would impact diurnal amplitude. Cur-
rently, global chemical transport models do not consider the impact of
biological activity and solar radiation bands on reduction rates, resulting
in an inability to simulate diurnal differences among oceans. The pro-
nounced diurnal variation of TGM provided valuable data for the global at-
mosphere and ocean Hg model validation and revision in the future.



Fig. 5. Relationship between diurnal TGM amplitude and NPP. The data was extracted from our study and references (Angot et al., 2014; Ci et al., 2011, 2015; Kalinchuk
et al., 2019; Tseng et al., 2012; Weiss-Penzias et al., 2013), and the number in brackets was the sampling year.
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Based on our study, the major process that governs the cycle of atmo-
spheric Hg inmarine boundary layer is depicted in Fig. 6. During the night-
time, the mixing layer and atmospheric Hg remain stable, which indicated
the weak photochemical and physical process (Angot et al., 2016; Wang
et al., 2016). During the daytime, the aqueous HgII would be reduced to
TGM and released to the atmosphere, which means that the ocean acted
as a net TGM source during the daytime in the South Hemisphere. More ex-
periments on Hg photoreduction should be conducted to quantitatively un-
derstand the oceanic emission rate in the MBL and the role of ocean in
global Hg cycling. In addition, considering atmospheric Hg has decreased
in the recent years (Wang et al., 2023; Zhang et al., 2016), continuous
measurement of atmospheric Hg in ocean is needed to further
Fig. 6. A conceptual model showing the major processes that contributed to the
diurnal pattern of TGM in marine boundary layer.

6

quantitatively understand the role of oceanic emission on atmospheric Hg
variations.
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