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Gaseous elemental mercury (GEM) and reactive gaseous
mercury (RGM) were measured during an eight month
circumnavigation to obtain knowledge of their worldwide
distributions in the marine boundary layer (MBL). Background
GEM concentrations were found to be 1.32 ( 0.2 ng/m3

(summer) and 2.62(0.4 ng/m3 (spring) in the northern hemisphere
and 1.27 ( 0.2 ng/m3 (spring and summer) in the southern
hemisphere. Radiation and relative humidity are shown to control
diurnal cycles of RGM. During the cruise the ship passed
areas of clean MBL air, air influenced by biomass burning (South
Atlantic) and air with high concentrations of GEM and RGM
of unknown origin (Antarctic). High GEM concentrations above
the Atlantic indicate that emission from the ocean can be an
important GEM source. Our data combined with data from earlier
cruises provides adequate information to establish a seasonal
cycle for the Atlantic. Results show a cycle similar to that
found at Mace Head, Ireland but with larger amplitude. We
have improved the basic knowledge of mean GEM and RGM
concentrations in the MBL worldwide and shown how natural
sources and reemissions can affect GEM concentrations in
the MBL.

Introduction
Mercury biomagnifies in the food web, and the consumption
of aquatic animals in particular is a human health issue (1).
Deposition from the atmosphere is the major source of
mercury to the ocean (2) and there is a fast equilibrium of
mercury between the marine boundary layer (MBL) and the
surface ocean through air-sea exchange (3). Despite this there
is a lack of knowledge of the dynamics of mercury in the
MBL (2). This knowledge is important if we want to
understand anthropogenic impact on the ocean and con-
strain modeling of air-sea interactions (4).

Here we present results from measurements of gaseous
elemental mercury (GEM) and reactive gaseous mercury
(RGM) from an eight month marine circumnavigation of the
globe. The results provide new insight into concentrations
and behavior of GEM and RGM in the MBL and provide
information on air-sea interactions.

Observations of mercury in the MBL are sparse compared
to those in the terrestrial boundary layer. In most cases only
GEM (or total gaseous mercury) has been measured (e.g.,
refs 5-9), whereas supplementary measurements of other
mercury species have been obtained on only a few occasions
in the major ocean basins (10-14).

A gradient of GEM concentrations in the MBL between
the NH (northern hemisphere) and SH (southern hemisphere)
has been established (6, 8) with a trend similar to the one
found at terrestrial sites (2). In the NH there is considerable
variation in concentrations measured on cruises while
concentrations in the SH seem to be more uniform (8).
Average results from cruise campaigns range from 1.5 ng/m3

(10) to 2.3 ng/m3 (6) in the northern Atlantic Ocean (>10°N)
and up to 2.5 ng/m3 in the northern Pacific Ocean (11). In
the NH MBL concentrations are therefore often well above
terrestrial background concentrations (1.5-1.7 ng/m3 (2)).

Sources are estimated to contribute 2700-7100 ton Hg/a
from natural emissions and reemissions and 1200-2900 ton
Hg/a from direct anthropogenic emissions (15). Emissions
from the ocean are not well constrained and estimates of net
evasion range from 800 ton/a (16) to 2800 ton/a (3). Both
anthropogenic and oceanic sources could be important
factors in controlling high MBL mercury concentrations.

While the lifetime of GEM is estimated to be from months
to 1.5 years in the troposphere (17) it could be as low as
weeks for the MBL (18) and hours in the Polar spring (19).
For the troposphere the lifetime of GEM is long enough to
support transport over synoptic scales and thus it is
ubiquitous.

RGM consists of one or more unidentified HgII com-
pounds, which may differ in concentration in time and space.
RGM is adsorbed much faster on surfaces than GEM (2) and
has a shorter lifetime in the atmosphere. Anthropogenic RGM
therefore mainly affects areas close to the source, while the
oxidation of GEM continuously resupplies RGM to the MBL,
where RGM concentrations are kept low by uptake on sea
spray or dry deposition (11, 20). Mean RGM concentrations
for recent cruise campaigns are between 2.4-10 pg/m3

(10-12, 14). In agreement with this general understanding
of the RGM dynamics, diurnal cycles with peaks at midday/
afternoon have been found at sites in the MBL (11, 12, 20).
This indicates that the oxidation is photochemically medi-
ated, and its removal is fast enough to decrease concentra-
tions during the night (21), when RGM production does not
take place. A correlation with wind speed and relative
humidity (RH) has been reported for RGM (11, 20) due to
increased dry deposition and uptake on sea spray under
conditions of high wind speed, and increased uptake on water
droplets with increased RH. Although it is unclear which
oxidant dominates on a global scale, analysis of atmospheric
depletion events in the Arctic have shown that Br atoms are
the dominant oxidant in polar regions (22) resulting in a
lifetime of GEM of hours (19, 23). Br atoms could also be the
primary oxidant in the MBL (21) where it is released from sea
salt aerosols (24).

The main object of this work is to investigate the spatial
distribution of GEM and RGM in the MBL around the world.
The focus is on the mechanisms driving concentrations,
as the effects of regional sources and photochemistry within
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the MBL changes. The results will help constrain models and
further improve understanding of the processes that control
the dynamics of mercury in the troposphere.

Materials and Methods
Measurements of GEM and RGM were carried out continu-
ously through an eight month circumnavigation with
Galathea 3. The cruise started August 10th 2006 and ended
on April 25th 2007 in Copenhagen, Denmark. Details of the
cruise legs are shown in Figure 1 and Table 1.

GEM and RGM were measured using a TEKRAN 2537A
mercury vapor analyzer equipped with a TEKRAN 1130
automated denuder unit and pump module. The TEKRAN
system was programmed so that GEM was measured at 5
min intervals for a period of 80 min. During this period RGM
was sampled on an annular quartz denuder. This was followed
by a 40 min period in which RGM sampled on the denuder
was determined by thermal desorption and analyzed with
the TEKRAN 2537A.

The detection limit of GEM is 0.1 ng/m3 (19). The method
detection limit for RGM was calculated as 3 × std. dev. on
blank values obtained during the analysis of the annular
quartz denuder and was always better than 2 pg/m3. The
stability of the instrument was checked by parallel measure-
ments with two TEKRAN 2537A instruments. The response
of the detector was checked every 25 h by adding clean air
and air with a known amount of Hg0 from an internally
thermostatted permeation tube. Before and after the cruise
the permeation rate was determined using manual injections
of known quantities of mercury, and it was found to be
constant. The reproducibility of GEM measurements is 20%
at a 95% confidence interval above 0.5 ng/m3, and of RGM
measurements, 28% (Supporting Information SI T2). Along
the coast of Africa the addition from the permeation source
was missing for 22 days. Fortunately the detector signal only
drifted a few percent during this time and we applied a linear
interpolation spanning the period. The resulting uncertainty
is minimal.

Supplementary measurements of NOx, soot and standard
meteorological variables were available for parts of the cruise
(SI T3, Ta1). NOx was used to indicate local contamination
from the ship. In agreement with the results of Sommar et
al. (9) smoke from the ship was not found to contaminate
mercury measurements.

Results and Discussion
Average Global and Hemispheric Concentrations. GEM and
RGM data are presented in Figure 1, Table 1 and SI S1. Our
GEM data supplement previously published cruise data
during some parts of the cruise but also present data from
areas that have so far not been investigated, such as parts

of the South Pacific Ocean (Coral Sea, Tasman Sea, coast of
Chile) and part of the Southern Ocean. Our data overlap
with existing measurements (SI Ta2) above the eastern
Atlantic (5, 6, 8), the North Atlantic and coast of Greenland
(9), above the Sargasso Sea (12, 13), the Indian Ocean (25),
and during the Antarctic to South American leg (14). For
RGM overlap only occurs in the Sargasso Sea (12, 13) and
during the Antarctic to South America leg (14).

GEM measurements are significantly different between
spring (2.62 ( 0.4 ng/m3, n ) 241) and late summer (1.32 (
0.2 ng/m3, n ) 190) in the NH (P < 0.001). In the SH the
average concentration was 1.27( 0.2 ng/m3 (n) 848), which
is significantly lower than both averages from the NH (P <
0.05). Thus our measurements confirm the hemispheric
gradient observed by others (6-8, 26).

Some of our observations in the NH falls outside of the
range of earlier observed MBL concentrations in the NH.
This will be discussed thoroughly later.

Earlier studies of GEM in the SH Atlantic (6, 8, 25) show
uniform concentrations despite changes in latitude. Our data
confirm that the uniformity of concentration (>10°S) includes
all SH ocean basins and is within the values expected based
on background concentrations from terrestrial sites (1.1-1.3
ng/m3 (2)).

The global mean of RGM in the free MBL was 3.1 ( 11
pg/m3 (n ) 1174). This is in agreement with published
measurements of RGM in the MBL, except for one study
with high values (50-700 pg/m3) (13). Mean concentrations
of 2.5-10 pg/m3 have previously been found between
Antarctica and South America (14), and in the North Atlantic
(10) and the Atlantic (12) and Pacific Oceans (11). Our
measurements complement earlier measurements to give a
picture of uniformly low RGM in the MBL worldwide.

Diurnal Cycles of Gaseous Mercury Species. Data were
broken into 12 legs based on ocean basin and origin of air
mass (Table 1). Dividing RGM in these legs into daytime
(6-18) and nightime (18-6, local time) values revealed a
significant (P < 0.1) diurnal variation with midday peaks in
5 of the 12 legs (Figure 2, Table 1). Legs with a diurnal variation
in RGM as well as the AT (Atlantic Ocean) leg showed a
positive correlation with radiation and negative correlation
with RH (Table 1). This was apparent for each leg, when
splitting days into six four-hour intervals, which were then
averaged for each leg, giving a mean diurnal cycle of six
intervals as seen in Figure 2. Diurnal cycles in the MBL have
earlier been found in the Pacific Ocean (11) and the Sargasso
Sea (12) and indicate photochemical RGM formation.

A common feature for the NA (North Atlantic), AO
(Antarctic Ocean) and AT legs, which all lack diurnal variation,
is a mean RH above 90% and low insolation. Mean incoming
insolation at midday (11-13, local time) during the AO was

FIGURE 1. The navigation route of the Galathea 3 expedition. Shown are daily mean concentrations of (A) GEM and (B) RGM. The
gray line indicates the route during periods without measurements and the names are the abbreviations of the 12 cruise legs. A list
of abbreviations is found in Table 1. The cruise covered 39 000 nautical miles.
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low with 235 W/m2 (we do not have observations of radiation
from the NA leg) (SI Ta1). The AT leg did not show a significant
difference between RGM concentrations during daytime and
nighttime but did show significant correlation with radiation
and anticorrelation with RH (P > 0.01). A closer look at the
leg showed that RGM cycles were present when insolation
was >500 W/m2 and RH <90% but not when it was below
<350 W/m2. The lowest mean for a leg with a diurnal RGM
cycle occurred on the NZ (New Zealand) leg with mean
incoming solar radiation of 493 W/m2. A lack of diurnal
variation has previously been observed in the Arctic (9, 10)
and was suggested to be a consequence of high RH, fog, and
insolation below 200 W/m2 (10). Our data support the
importance of these variables.

We did not observe any diurnal variability during the SA
(South Africa), CC (Coast of Chile), SS (Sargasso Sea), and AC
(Arctic coast) legs (Figure 2). For the SA and CC legs ancillary
data and back trajectories showed the influence of biomass
burning and anthropogenic emissions explaining the cycle’s
absence. For the SS leg we do no have an explanation for the
lack of diurnal variation, which has previously been observed
in the Sargasso Sea (12). The AC (Antarctic coast) leg is a
special case and will be discussed separately later.

Radiation seems to control the diurnal cycle of RGM in
the MBL by controlling the GEM oxidation potential and
possibly by influencing RH, shifting the equilibrium of RGM
between air and the aqueous phase. Under low-radiation
conditions when RH > 90% the diurnal cycle disappears due
to damped photochemistry combined with an increased
potential for sorption of RGM in to the aqueous phase of
aerosols.

A nightly decline in RGM with increasing wind speed for
individual legs as proposed by Holmes et al. (21) was not
observed, although some legs (NZ, EA (East Australia), CS
(Coral Sea), AC) show an overall anticorrelation with wind
speed.

Earlier cruises have reported both the absence and the
presence of diurnal GEM cycles even within the same
campaign (9, 11). In contrast we did not observe diurnal
cycles of GEM.

GEM above the Atlantic Ocean (NH). For the Atlantic
Ocean measurements are available from both August 2006
and April 2007. Measurements from August (NA leg) were
low (1.32( 0.2 ng/m3, n) 190) compared to previous August
cruises (Figure 3) (5, 9, 12). The air that arrived at the ship
came from a non ice-covered Arctic Ocean (determined by
back trajectories (27)). During June 2004 and July 2007 cruises
in the same area found GEM concentrations around 1.5 ng/
m3 (10) and 1.7 ng/m3 (9), respectively. Thus our observations
are at the low end of earlier summertime observations in the
area.

The SS leg during April 2007 had the highest GEM
concentrations of the campaign. The mean concentration
during the 13 days spent 1000-1500 km from the coast was
2.86 ( 0.17 ng/m3 (n ) 141). RGM did not increase above
background concentrations. Back trajectory analyses show
that air came from a broad range of North American locations,
with 1-3 days in the MBL before reaching the ship. The
location seems too remote and the source area too large for
anthropogenic plumes to be the sole explanation. During a
spring cruise in the Pacific Ocean a mean concentration of
2.5 ng/m3 was found (11) indicating that spring could be a
period of high MBL concentrations. A combination of high
evasion from the ocean during spring (4) and anthropogenic
influence might explain the high concentrations observed,
but we do not fully understand the observations.

During the AT leg in April 2007 GEM concentrations (2.26
( 0.26 ng/m3, n ) 100) were lower than during the SS leg,
but still elevated compared to the rest of the cruise. No other
cruises that we know of have taken place in the Atlantic OceanTA
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during this season. After leaving the Boston harbor winds
were northerly, temperature low and a single atmospheric
depletion event with GEM below the detection limit was
observed. The highest GEM concentrations were seen in the
middle of the Atlantic basin when back trajectories, wind
direction and temperature indicated southerly origin of the
air from the Atlantic MBL between 30-50° N for at least 5
days. Thus the high concentrations must have an oceanic
source. Back trajectories for the three legs are shown in SI
S2.

The Research station Mace Head at the western tip of
Ireland receives air primarily from the Atlantic Ocean. Evasion
from the Atlantic Ocean has been proposed to lead to higher
concentrations at Mace Head than observed at remote
Scandinavian continental sites (28) and a coastal site where
the nearby ocean flux is lower than observed at Mace Head
(29). This trend is however not observed at continental
European sites influenced by anthropogenic emissions (28).

On August 18th the ship passed 1000 km North of Mace
Head and back trajectories indicate that the same northerly
air masses received at the ship were transported to Mace
Head with a delay of about 2 days (SI S3). Mean GEM at the
ship was 1.32 ng/m3 (n ) 3) and two days later at Mace Head
1.33 ng/m3 (n ) 3) (Hans H. Kock, GKSS, 2010: personal
communication). Although this is not an exact comparison
it shows good agreement between the independent mea-
surements. Mace Head data thus support the below average
summer concentrations found during the NA leg.

During April 21-23 when the ship was 450-850 km from
Mace Head, ship and station received air that had been
transported at least two days through the MBL, although the
origins of the air masses were not identical (SI S3). GEM at
the ship was 2.22 ( 0.10 ng/m3 (n ) 22) and at Mace Head
1.93 ( 0.04 ng/m3 (n ) 22) (Hans H. Kock, GKSS, 2010:
personal communication), a difference of 13%. Overall, air
arriving at Mace Head spent less time in the MBL than air
arriving at the ship. The observed concentrations could be
explained if evasion is the main driver of elevated GEM during
this season.

A rough estimate of the seasonal variability of GEM above
the Atlantic Ocean was made by taking mean concentrations
from cruises in the NH Atlantic since 1978 and dividing them
by month of measurement, creating a central moving average
(Figure 3 and SI T4). It is noted that the measurements arise
from campaigns with different methods, duration of sam-
pling, spatial coverage and analytical techniques, and that
this analysis overlooks the effect of changes in the source
region and meteorology on year to year variation. Nonetheless
a seasonal GEM cycle in the Atlantic MBL was found, with
minimum concentrations during summer and high con-
centrations during fall to spring (Figure 3). The seasonal cycle
corresponds to the one observed at Mace Head (r2 ) 0.7) (28)
but its amplitude is larger. This suggests a local season-
dependent source in the MBL that creates higher concentra-
tions above the ocean surface during some seasons than is
seen at coastal sites. This is supported by results from the
GEOS-Chem model (4).

Influence of Biomass Burning from African Fires. During
the first part of the SA leg north of 8°S GEM concentrations
were elevated (1.70 ( 0.06 ng/m3, n ) 13) and winds came
from the southeast (SI S4). Soot data from the ship show
elevated concentrations (median absorption coefficient:
1.6((1.0) × 10-6 m-1, n ) 13) compared to remote ocean
sites (0.1 × 10-6-0.5 × 10-6 m-1) indicating air masses
influenced by biomass burning. This is supported by
observations off extensive fires of the Angolan coast (30),
and by MOPITT (V3) satellite data (31) that show high CO
column concentrations off the coast in the cruise track
between 5°S and 13°S (SI S5, S6). Biomass burning is likely
to be the most important source of mercury from Africa (32)
and previous measurements during African biomass burning
episodes have shown an increase over background concen-
trations of 45% close to the source (33). This is in good
agreement with the 35% increase that we measured 1000 km
from the source. GEM was seen to decrease as the wind
direction changed to southerly. Between 13°S and 27°S the
ship was no longer intercepting air from the continent and
GEM concentrations decreased to SH background levels of
1.3 ng/m3 (n ) 37). RGM levels were not increased relative
to the rest of the cruise.

African biomass burning is seen to enhance GEM con-
centrations in the MBL, which most probably leads to
enhanced deposition at the ocean surface, although no
increase in RGM concentration 1000 km from the coast was
observed.

High Levels of GEM and RGM during the Antarctic
Summer. The ship intercepted marine air during the AO leg.
Close to the Antarctic continent (AC leg) the wind-pattern
changed and for two days (24-26 January) the wind came
along the coast, which was partly covered with sea ice (34),
before arriving at the ship (SI S7, S8). From the 26th to 29th
of January back trajectories showed a relatively unstable wind
direction with air arriving from the coast and the open ocean.
These different wind patterns caused a number of changes

FIGURE 2. Examples of diurnal cycles of RGM and radiation during (A) selected legs that show diurnal variation and, (B) selected
legs that do not show diurnal variation due to low radiation and RH > 90%, or anthropogenic/biomass burning influence. A list of
abbreviations is found in Table 1.

FIGURE 3. GEM seasonal cycle in the MBL (black line) (based
on the data from this (2) and previous studies (5-7, 10, 12, 13)
(∆)) and at Mace Head (1995-2001) (hatched line) (28).
Standard deviations for single studies are shown where the
information is available. Further explanation of the method of
calculation of the GEM cycle for the Atlantic MBL is found in
SI T2.

7428 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 44, NO. 19, 2010

http://pubs.acs.org/action/showImage?doi=10.1021/es903839n&iName=master.img-001.jpg&w=468&h=96
http://pubs.acs.org/action/showImage?doi=10.1021/es903839n&iName=master.img-002.png&w=226&h=95


in other meteorological parameters and in mercury con-
centrations (Figure 4).

Maximum insolation increased from 235 W/m2 for the
open ocean to 450-600 W/m2 close to the continent and
wind speed decreased from 15 m/s to a mean of 5 m/s.
Temperature decreased from a mean of 2.5 °C in the open
ocean to a mean of 0.9 °C between the 24th and the 26th and
then increased briefly to 6 °C on the 27th. The change in
temperature reflects the origin of the wind: ocean, ice covered
surfaces, and finally the ocean again.

On the 24th GEM concentrations increased rapidly from
∼1.3 ng/m3 to 2.2 ng/m3 as temperature decreased. GEM
remained above the background concentration independent
of wind direction until midday on the 27th, when temperature
again reached the mean temperature seen prior to the leg
(2.5 °C). A decreasing trend in GEM concentrations was
observed from the 24th to the 27th over a distance of 150 km.
This trend could be explained as dilution with increasing
distance from a source.

Eight RGM spikes (30-140 pg/m3) were observed during
the AC leg (Figure 4, punctuated lines). Six of these took
place during cold conditions between the 24th and 27th (AC1),
and two after (AC2). While no single common factor correlates
with all of the general changes seen in the meteorology, a
pattern can still be discerned. In the AC leg RGM concentra-
tions always had a midday peak indicating the importance
of solar-radiation induced oxidation, but during AC1 4
nightime peaks were also observed. During AC2 GEM had
decreased to background concentrations and the temperature
was 2-6 °C. However the oxidation potential still seemed to
be large (and wind speed low), giving midday RGM peaks
above 30 pg/m3. This is high relative to typical MBL
concentrations, 3 ( 11 pg/m3.

During AC1 each RGM peak is seen to correlate with a
small GEM peak (0.2-0.4 ng/m3 above baseline for the period)
and a temperature between 1.4 and 2 °C, which are small
increases relative to a AC1 mean of 0.9 °C. The wind speed
decreased to below 3.0 m/s during all RGM peaks, and wind
speed and RGM are anticorrelated (r2 ) 0.3, n ) 29). This
could be explained by a higher aerodynamic resistance at
low wind speeds. A common factor was the wind direction
(150-260°) along the coast. Thus it seems likely that the
source of GEM during AC1 is areas with partly ice-covered
surfaces. GEM could arise by reemission from snow covered
surfaces (35) or, more likely, evasion due to the release of
dissolved gaseous mercury found in a supersaturated en-
vironment beneath the ice that is released into the atmo-
sphere as the sea ice breaks up (10, 36). Small peaks of GEM

during episodes of low wind speed could be caused by an
inversion layer. This scenario is consistent with the observa-
tion of a downward trend in GEM between the 24th and 27th
of January as the ship moves further away from partly ice-
covered surfaces.

High concentrations of RGM in the Antarctic austral
summer have been observed at Neumayer (14) and Terra
Nova Bay (37). At Neumayer GEM and RGM are anticorrelated
(14). We know of no previous observations of simultaneous
peaks of GEM and RGM during a period of high GEM before.
The large fluctuations in RGM concentrations indicate that
specific circumstances are needed for high concentrations
of RGM to build up. One possibility is that RGM originates
from oxidation during transport above sea ice (14) or snow.
However the four RGM peaks, correlated with maximum
radiation, indicate that in these cases oxidation takes place
close to the ship, where no sea ice is found (34). Relatively
large diurnal variability in RGM is also seen after GEM returns
to its background level and the wind no longer arrives from
along the coast. This indicates that the factors controlling
RGM are independent of the GEM source. Volcanic plumes
are enriched in bromine (38) and fumaroles are located 200
km northeast of the ship at Deception Island (39). However
the dominant wind direction from southeast and the low
wind speed during RGM events makes a scenario with
enhanced bromine concentrations from volcanic emissions
unlikely. It could be that the normal rate of formation of
RGM in the MBL in combination with very low deposition
velocity at low wind speed is enough to explain the RGM
build up. A normal rate of RGM formation would not affect
GEM concentrations, while a low boundary layer height might
even slightly enhance concentrations. If this is true high RGM
should also be observed in stagnant air arriving at the ship
at night (as is the case), as the deposition would be at a
minimum.
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