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English resumeé

The atmosphere is the primary pathway from emission to marine ecosy-
stems around the world. When atmospheric mercury deposits to marine
systems, it can be transformed to the neurotoxin methyl mercury, which
biomagnifies in the food web. Mercury is therefore found in harmful
concentrations in some top predators including humans. Knowledge
about mercury in the marine boundary layer (MBL) is important as the
MBL is the interface between the atmosphere and the marine systems.

This thesis combines analyses of observational data with biogeochemical
modeling to explore the environmental processes that control patterns
and levels of gaseous mercury concentrations in the MBL.

Measurements of gaseous elemental mercury (GEM) and gaseous oxi-
dized mercury (RGM) from the Galathea 3 circumnavigation (August
2006 to April 2007) are analyzed. GEM and RGM were measured con-
tinuously with a Tekran 2537A mercury vapor analyzer equipped with a
Tekran 1130 automated denuder unit and pump module. Measurements
were available for 114 days, which make the Galathea 3 data the largest
single data set on mercury in the MBL. In the 3-D global biogeochemical
model GEOS-Chem the slab-ocean module is updated with a representa-
tion of the surface ocean. It includes redox processes and coupling be-
tween mercury cycling and organic carbon dynamics. After evaluation
the model is used to explore spatial and temporal trends in the MBL dis-
covered in the Galathea 3 data.

It is found that midday peaks in RGM concentrations are common in the
MBL during cruise sections with mean midday insolation > 500 W m-2
and mean relative humidity < 85%. They indicate a photo-induced oxi-
dation of GEM and a rapid uptake of RGM to water droplets in the air.
GEM enhancements of 0.1-0.5 ng m- are found in episodic plumes but
RGM enhancements only in two cases. The low RGM in polluted air is
suggested not to be due to a lack of RGM emissions but rater due to a
rapid uptake into the water phase as a consequence of the high relative
humidity in the MBL. The possible implications are that RGM emitted in
coastal urban areas will deposit rapid and be a source for the coastal
ocean. The GEM variability in the MBL within each hemisphere is found
to be higher than has so far been implied by relevant studies. This could
be due to variable influence of continental outflow and ocean evasion
but also suggest that the lifetime of GEM in the MBL might be at the low
end of previous estimates. The model results suggest that 80% of mer-
cury deposited to the ocean will re-evade. The results show that ocean
evasion drives the seasonal variability of GEM in the MBL. The first es-
timate of seasonal variability in the MBL (Atlantic Ocean) based on
cruise data is presented. Many of these cruise data have concentrations
higher than at terrestrial sites. The model can explain these observations
as seasonally dependent GEM evasion from the ocean driven by legacy
mercury in subsurface waters. Also the Atlantic Ocean is found to cur-
rently be a net source of mercury to the atmosphere. This result com-
bined with the result from the Galathea 3 cruise implies that the concept
of background concentrations does not apply to the MBL.



Dansk Sammenfatning

Kvikselv transporteres gennem atmosfeeren, fra de kilder der udleder
det, til gkosystemer rundt om pa jorden. Nar kvikselv afseettes til marine
okosystemer kan det omdannes til methylkvikselv. Methylkviksglv
ophobes i fodekaeden og pavirker nervesystemet i levende organismer.
Det kan findes i skadelige koncentrationer i de gverste led af fodekaeden,
heriblandt mennesket. Det er vigtigt at forege vores viden om kviksglv i
det marine greenselag, fordi det repreesenterer overgangen fra
atmosfeeren til de marine gkosystemer.

I denne afhandling kombineres analyser af skibsobservationer med
biogeokemisk modellering for at undersgge de processer der kontrollerer
koncentrationerne af gasformigt kvikselv i det marine greenselag.

Der arbejdes med maélinger af gasformigt elementeert kvikseglv (GEM) og
gasformigt oxideret kviksglv (RGM) fra Galathea 3’s jordomsejling
(august 2006 til april 2007). GEM og RGM blev malt kontinuerligt med
en Tekran 2537A udstyret med en Tekran 1130 enhed. Der var malinger
fra i alt 114 dage, hvilket gor dataseettet til det hidtil mest omfattende
dataseet for kviksglv i det marine greenselag. I den 3-D globale
biogeokemiske model GEOS-Chem opdateres havmodulet med en ny
repreesentation af kviksglvsprocesserne i havet. Efter at modellen er
blevet evalueret, bruges den til at underspge rumlige og tidsmaessige
tendenser fundet under arbejdet med Galathea 3 dataene.

Malingerne viser, at daglige variationer for RGM er almindelige i det
marine greenselag. De opstdr i perioder, hvor den gennemsnitlige
instraling midt pa dagen overstiger 500 W m?2 og den gennemsnitlige
relative luftfugtighed er mindre end 85 %. Variationerne indikerer en
lysinduceret oxidering af GEM og et hurtigt optag af RGM i dréber i
luften. Det observeres, at GEM er 0,1-0,5 ng m- hgjere i rogfaner fra land
end i “ren” luft i det marine greenselag, men at RGM kun i to tilfeelde er
forhgjet. De lave RGM koncentrationer i regfanerne skyldes hgjst
sandsynligt, den hgje relative luftfugtighed i det marine greenselag, der
forer til et hurtigt RGM optag i draber og ikke mangel pa RGM
emissioner fra byomrader. Dette kan fore til hgj vdddeposition i
kystomrader. Variabiliteten af GEM i det marine greenselag i begge
hemisfaerer ser ud til at veere hojere end det i gjeblikket antages. Dette
kan dels skyldes pdvirkning fra land og hav, men kan skyldes at
levetiden af GEM i det marine greenselag er i den lave ende af hidtidige
antagelser. Modellen viser at 80 % af det kviksglv der afseettes til havet
igen vil afgasse og at emissioner fra havet driver sesonvariationen af
GEM i det marine greenselag. Et forste estimat for en seesonvariation af
GEM baseret pa skibsobservationer i det marine greenselag praesenteres.
Mange af disse observationer er hgjere end mélinger pa land. Modellen
kan forklare dette som grundet i seesonafhengige emissioner af GEM
drevet af historisk kvikselv ophobet i havet og det vises at Atlanterhavet
i ojeblikket er en kilde til kviksglv i atmosfaeren. Dette resultat
kombineret med resultaterne fra Galathea 3 indikerer, at det nuveerende
koncept med en sneever baggrundskoncentration af GEM ikke kan
bruges for det marine graenselag.



1 Introduction

1.1 Problem

Mercury is a toxic element. One third of the mercury emitted today is
thought to come from direct anthropogenic emissions, and humans cur-
rently increase both the atmospheric and marine mercury pools. The
mercury in the atmosphere is inorganic and not dangerous in itself.
However, the atmosphere is the primary transport pathway from emis-
sion sources to terrestrial and aquatic ecosystems around the world
(Figure 1). Inorganic mercury can be transformed into methyl mercury
that biomagnifies in the food web, especially when mercury deposits to
water bodies. Mercury can therefore be found in harmful concentrations
in some top predators of aquatic animals including humans. Despite the
importance of understanding the dynamics at the atmosphere-ocean in-
terface (i.e. MBL) in order to understand the entire biogeochemical circu-
lation of mercury, there is still a significant lack of knowledge about the
processes controlling mercury in the MBL.

Hg°

Long range transport

\4

Figure 1. Overview of the biogeochemical mercury circulation. Hg is gaseous elemental mercury, Hg" is
gaseous oxidized mercury, HgP is particular bound mercury and MeHg is methyl mercury (NERI illustration).
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1.2 The aim of this work

The aim of this PhD thesis is to present my research that focuses on mer-
cury concentrations, sources and dynamics in the marine boundary layer
(MBL). I have conducted substantial research outside of this focal area.
This research is included in the enclosed papers (Appendix B Enclosed
Abstracts from Peer-Reviewed Papers). Thus reading the three accompa-
nying papers in addition to the thesis provides a more complete impres-
sion of my PhD research. I have chosen the approach of presenting only
parts of my research in the thesis in order to bring together my results
for mercury in the MBL in a new, more coherent way than is presented
in the three separate papers. Reviewing my results with the MBL as the
main theme has helped me create a more complete picture of what has
been accomplished during my PhD and has also allowed me to see new
patterns in the data and provided insight into future research directions.
The work presented here combines original analyses of observational
data with biogeochemical modeling.

1.2.1 Research questions

The overarching research question for my dissertation is:

o What environmental processes control patterns and levels of gase-
ous mercury concentrations in the marine boundary layer?

To answer this question I have addressed five underlying research ques-
tions. These concentrate on factors governing the fate and dynamics of
mercury in the MBL.

1) Is there spatial variability of mercury in MBL? (latitudinal, longitudinal,
hemispheric)

2) Is there temporal variability of mercury in MBL (diurnal, seasonal, de-
cadal)?

3)  What is the role of outflow of different continental air masses into MBL?
(anthropogenic emissions, biomass burning reemissions)

4)  What is the role of ocean evasion to MBL?

5 What is the role of GEM oxidation, aqueous phase RGM uptake and
RGM deposition in MBL?

I used data from the Galathea 3 circumnavigation as the basis for investi-
gating the five research questions given above. To help interpret the Ga-
lathea 3 data, I applied and later enhanced the GEOS-Chem global bio-
geochemical mercury model. I improved the parameterization of mer-
cury in the surface ocean including redox processes and coupling be-
tween mercury cycling and organic carbon dynamics. I used this model
to further explore mechanisms responsible for spatial and temporal
trends I discovered in the Galathea 3 cruise data. My updated model has
already been incorporated into the standard code of the GEOS-Chem
that is presently used by 50 research groups worldwide. I am now using
the model to interpret new aquatic and MBL cruise data from the Atlan-



tic Ocean (work in progress included in the section on “Ocean evasion”
(4.2.6)).

The results, which are found in the enclosed papers (Appendix B) and
discussed in this thesis, include:

Material from Soerensen et al., (2010a) is used in: Choice of Instruments
(3.1.1), Galathea 3 cruise (3.2), Spatial distribution of GEM (4.1.1), Spatial
distribution of RGM (4.1.2), Diurnal variability of GEM and RGM (4.1.3),
Seasonal variability of GEM (4.1.4), Biomass burning emissions (4.2.4),
General Trends in RGM Dynamics in the MBL (4.3.1), RGM Dynamics at
Antarctica (4.3.2), Ocean evasion of Hg? in areas with sea ice (4.2.7).

Material from Soerensen et al., (2010b) is used in: Galathea 3 cruise (3.2),
Anthropogenic emissions in harbors (4.2.1), Anthropogenic plumes in
the MBL (4.2.2).

Material from Soerensen et al., (2010c) is used in: Development of the
slab-ocean model (3.5.2), Validation of the surface ocean module (3.5.3),
Seasonal variability of GEM (4.1.4), Ocean evasion of Hg? (4.2.6).

The results, which are found in the enclosed papers (Appendix B) but
not discussed in this thesis, include:

Results on harbor concentrations, Hg/CO ratios, emission estimates and
comparison to the AMAP mercury inventory for four cities and analysis
of harbor concentrations for two cities are presented in Soerensen et al.
(2010Db).

Results on the aquatic mercury processes, concentrations and dynamics
and their influence on the evasion flux from the ocean are found in Soer-
ensen et al. (2010c).

1.2.2 Layout of the thesis

A review chapter (page 13-34) presents sections on our current knowl-
edge regarding the general understanding of mercury in the troposphere
and surface ocean (Figure 2, thin arrows) and then continues with a sec-
tion focusing on the marine boundary layer and how concentrations,
chemistry and dynamics of mercury and associated compound differ
from what is found in the free troposphere (Figure 2, thick arrows).

A chapter on methodology (page 35-47) presents an evaluation of the
choice of instrumentation and the model used as well as the methods of
measurements, model development and data analysis.

A chapter on results (page 47-78) presents and discusses the main find-
ings with a focus on results on mercury in the MBL. Most of these find-
ings are published and can be found in “Appendix B Enclosed Abstracts
from Peer-Reviewed Papers” but this chapter also presents new results
that are not found in the enclosed papers. These unpublished results will
be treated in depth, while published results are more briefly discussed
and references of where to find in depth information on these results is
given in the text. The three papers found in Appendix B will in the text
be referred to Soerensen et al. (2010a, 2010b, 2010c).

11



12

Troposphere

Figure 2. Schematic illustration of the levels in which fluxes and processes are treated (own il-
lustration).

The last two chapters contain respectively the conclusions and an out-
look (79-83).




2 Review of our current knowledge

2.1 Motivation for studying atmospheric and aquatic
mercury

Mercury is toxic in all its forms. Compared to other heavy metals it also
has unique biogeochemical cycling. Where all other heavy metals are
found in the atmosphere only associated with particles, mercury is found
predominantly in the gas phase. The lifetime of gaseous atmospheric
mercury is thought to be around 1 year (Lamborg et al., 1999; Slemr and
Langer, 1992) and thus it is globally distributed in the atmosphere (e.g.
Sprovieri et al., 2010). The mercury in the atmosphere is inorganic and at
current atmospheric concentrations it is not dangerous in itself. How-
ever, the atmosphere is the primary distribution pathway from emission
sources to terrestrial and aquatic ecosystems around the world (Sprovieri
et al., 2010). When mercury deposits to water bodies, a small portion of
the inorganic mercury is transformed into highly toxic methylmercury
(MeHg) (Cossa et al., 2009) by microorganisms in the water (e.g. Kerin et
al., 2006). After the incorporation into the microorganisms MeHg can
bioaccumulate in organisms and biomagnify through the food web. In
this way it ends up in high concentrations in top predators of aquatic
animals, including humans. The biomagnification process results in
MeHg concentrations in predatory fish that can be elevated relative to
the water by a factor of 2106 (Engstrom, 2007).

As one third of the current mercury emissions are thought to originate
from direct anthropogenic sources, humans currently increase the glob-
ally circulated mercury pool.

Exposure to MeHg through food can result in reproductional problems,
damage to the nervous system, hormonal changes and changes in behav-
ioral patterns (Mergler et al., 2007; Scheulhammer et al., 2007). Mercury
therefore has serious effects on an animal’s ability to reproduce and sur-
vive. This can have severe consequences for the ecosystems in which
these animals live.

The severe human health problems related to mercury exposure have for
a long time not been fully recognized (Grandjean et al., 2010). Mercury
was previously considered a local problem in populations with a high in-
take of aquatic animals but with the increasing mercury contamination,
it is now being acknowledged as a global concern (Mergler et al., 2007).
In a recent study in the US it was found that 5% of all woman in the child
bearing age had blood level concentrations of MeHg higher than 5.8ug L-
1 (Mahaffey et al., 2009), which is the concentration the US-EPA has used
to calculate their reference level (the level below which no harm is as-
sumed)(U.S.EPA.-IRIS, 2001). To stay below harmful concentrations as
an adults EFSA (European Food Safety Authority) recommends a maxi-
mum intake of 1.6 ug kg' body weight per week and the US-National
Research Council recommends a maximum intake of 0.7 pg kg body
weight per week.

13
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One of the main concerns with mercury is that it can damage the human
nervous system at the fetal stage (e.g. Mergler et al., 2007). Mercury is
transferred from mother to fetus through the placenta and is found in
higher concentration in the blood of the fetus than in the blood of the
mother (Mergler et al., 2007). When this is considered in the study on
women in the US, more than 10% of women exceeded a level, which
could be of danger for the fetus (Mahaffey et al., 2009). Pregnant women
therefore need to be particularly aware of how much mercury they are
exposed to. Due to this concern both the EU and the US-EPA have spe-
cial guidelines for pregnant women, which recommend a maximum in-
take of fish. The Danish Ministry of Family and Consumer Affairs is ad-
vising pregnant women to eat less than 100 gr. of large predatory fish
per week (www.foedevarestyrelsen.dk [accessed January 2011]).

Avoiding mercury pollution has been shown to be far more efficient than
remediating polluted sites (Hylander and Goodsite, 2006). Mercury is
now listed as a priority element in a large number of international
agreements and conventions aimed at protecting the environment
(Ebinghaus et al., 2002). The European Union has had a strategy on mer-
cury since 2005 (http://ec.europa.eu/environment/chemicals/mercury
[accessed January 2011]). It contains 20 methods for reducing mercury
emissions, decreasing demands in the industry and protecting citizens
against exposure to MeHg in fish.

This makes it clear that mercury emitted to and transported through the
atmosphere is associated with global human health problems. As the
MBL is the interface between the mercury transported in the atmosphere
and the mercury in the water bodies, it is important to understand what
drives the processes there.

Despite the problems associated with mercury the species, sources, sinks
and chemistry for atmospheric mercury are still not well understood.
Here I present a review of the current knowledge.

2.2 Mercury dynamics in the atmosphere

This section will focus on the mercury cycle in the atmosphere. In Figure
3b (from Sunderland and Mason, 2007) a global budget for mercury in
the atmosphere is presented including estimates on current sources and
sinks.

2.2.1 Species

In the atmosphere mercury (Hg) is found as three inorganic species
(GEM, RGM and TPM), which are defined from the analytic method of
measurements (Steffen et al., 2008). It is believed that the three species
can be converted between each other (Lindberg et al., 2007 and references
therein) although the rates, with which this takes place, are very different.

TGM (total gaseous mercury) is the sum of the gaseous mercury species.
TGM is split into gaseous elemental mercury (GEM/Hg?% and gaseous
oxidized mercury (RGM/Hg).


http://www.foedevarestyrelsen.dk/
http://ec.europa.eu/environment/chemicals/mercury

GEM is found in the gas phase in the atmosphere and is measured in ng
m-3 or ppq (~112 ppq = 1 ng m?). GEM is not very reactive and with a
vapor pressure of 0.18 Pa at 20°C (Skov et al., 2008) it is not readily taken
up in the water-phase. The atmospheric lifetime in the free troposphere
is around 1 year (Hedgecock and Pirrone, 2004; Lamborg et al., 1999;
Slemr and Langer, 1992). GEM is the dominant mercury species in the
atmosphere (Steffen et al. 2007) and it makes up > 95% of the mercury
load (Fitzgerald et al., 1986; Gustin and Jaffe, 2010).

RGM is mercury in its oxidized form. It is measured in pg m=3 or ppq. It
is believed to be constituted of compounds like HgBr,, HgBrO, HgO,
HgClIBr, Hg(OH)> or HgCl» (Ebinghaus et al., 2009; Gustin and Jaffe,
2010; Hedgecock et al., 2005; references in Ariya et al., 2008) although the
exact composition is unknown and most likely depends on its origin.
RGM is either primary emitted or created as an oxidation-product of
GEM. RGM (in the form of HgCly) has a vapor pressure of 0.009 Pa at
20°C (Skov et al., 2008) and is more water soluble than GEM. RGM rap-
idly reacts with wet surfaces (Lindberg et al., 2007) and the lifetime of
RGM is shorter than for GEM, in some cases only a few hours (Holmes et
al., 2009). RGM is therefore only transported tens to hundreds of kilome-
ters before it is deposited (Schroeder and Munthe, 1998). In the tropo-
sphere a presence will be maintained as an equilibrium is established be-
tween input through GEM oxidation and output through deposition.
With the current measurement technique RGM taken up into water
droplets is detected as TPM, but in many cases modeling papers still
consider this product as RGM. It is therefore convenient to separate
RGM in the water droplet and TPM. I will therefore refer to RGM that is
taken up in water droplets as RGMu.

TPM is mercury associated with particles and is measured in pg m?3 or
ppq. Like RGM it is deposited on local to regional scales.

2.2.2 Sources

Mercury emissions have both a natural and anthropogenic component.
Mercury has always been present in the environment (Figure 3a) but
since industrialization the burden of anthropogenic emissions has in-
creased the atmospheric loading (Figure 3b). Important natural sources
include volcanoes, oceans and soils (Biswas et al., 2007). Important an-
thropogenic sources include coal burning power plants, waste incinera-
tion, and metal production (especially gold mining)(Pacyna et al., 2010;
Pirrone et al., 2010).

Global emission loads

Present emission estimates attribute 25 Mmol Hg y-! (1 Mmol ~ 200 Mg)
to natural emissions and reemissions and 12.5 Mmol Hg y-! to anthropo-
genic emissions (Mason and Sheu, 2002; Pirrone et al., 2010). Primary
natural emissions from weathering of soil and volcanic activity are only
a small part of the total emissions (0.3-2.5 Mmol Hg y!) (AMAP/UNEP.,
2008 and references therein). Emission inventories show that most anthro-
pogenic emissions take place in the northern hemisphere (NH) (Figure
4). There is a general lack of knowledge on emissions in especially the
southern hemisphere (SH) and some newer estimates for SH countries
(Dabrowski et al., 2008; Nelson, 2007) indicate that global emission in-
ventories for 2000 (Pacyna et al., 2006b) may have overestimated anthro-
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pogenic sources. This has been addressed in the 2005 inventory by Pa-
cyna et al. (2010). There are however still many unknowns for SH emis-
sions.

Anthropogenic emissions

There are several published global anthropogenic emission inventories,
the most recent being Pacyna et al. (2010) and Pirrone et al. (2010). An-
thropogenic mercury emission are generally estimated using emission
estimates collected by governments, and based on emission factors and
statistical data on the production of industrial goods and consumption of
raw materials (Pacyna et al., 2006b). An attractive alternative is to use a
GEM/CO relationship from plume measurements (Jaffe et al., 2005;
Radke et al., 2007; Slemr et al., 2006; Talbot et al., 2008; Weiss-Penzias et
al., 2006; Weiss-Penzias et al., 2007) since CO emissions are more accu-
rately known than mercury emissions. The ratio between the two species
can therefore be used to derive an estimate of mercury emissions for an
area, based on CO inventories.
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Figure 3. Global A) pre-industrial and B) present-day budgets of mercury in Mmol. The budget shows the increase in the mer-
cury pools that have been caused by humans in the last 200 years (illustration from Sunderland & Mason, 2007).
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The fraction of the different mercury species in the emissions depends on
the source. Some anthropogenic emissions have a large fraction of RGM,
e.g. coal combustion with 60%, while others consist of more than 80%
GEM, e.g. mining and cement production (Pacyna et al., 2008). TPM is
most often a smaller fraction of emissions contributing 10 % or less (Pa-
cyna et al., 2008).

Trends in anthropogenic emissions

Until the 1990s Western Europe and North America were the largest
emitters of mercury but due to legislation and changes in industrial prac-
tice emissions have now decreased in these areas (Pacyna et al., 2006a).
Asia (especially China) is becoming dominant with large emission in-
creases (Pacyna et al., 2010).
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Figure 4. Map showing a 2005 estimate of the spatial distribution of anthropogenic emis-
sions (illustration from AMAP/UNEP., 2008)

Natural emission and reemission

Most of the primary natural emissions are from volcanoes, geothermal
sources and enriched top soil. Volcanoes mostly emit GEM with only 1-
5% TPM (Bagnato et al., 2007; Witt et al., 2008) and a small amount (~1%)
of RGM (Witt et al., 2008).

RGM will not be reemitted after deposition due to its low vapor pres-
sure. But RGM can be reduced to form GEM, which can be reemitted due
to its higher vapor pressure. Reduction of RGM takes place in water bod-
ies and soil (e.g. Qureshi et al., 2010; Selin, 2009; Whalin et al., 2007; refer-
ences in Smith Downey et al. 2010). GEM can also be released when or-
ganic matter is burned during fires (Friedli et al., 2009; Selin, 2009; Smith-
Downey et al., 2010).

Reemissions of previously deposited mercury, which contains a compo-
nent of both natural and anthropogenic mercury, are dominated by
GEM. Emissions from the ocean are predominantly in the form of GEM
(e.g. Schroeder et al. 1998) while biomass burning besides GEM emits a
small amount of 0-15% TPM (Finley et al., 2009; Friedli et al., 2003a;
Friedli et al., 2003b).

Trends in reemissions

Due to the ability of GEM to reemit from terrestrial and aquatic surfaces
and during biomass burning it keeps circulating in the environment,
with burial into ocean sediments as the only long term sink (Horvat,
2005). As a consequence a large part of the 25 Mmol of yearly emissions
from natural sources is actually reemissions of previously deposited
mercury, much of which has an anthropogenic origin. In this way an-
thropogenic emissions influence the amount of mercury circulating in
the biogeochemical compartments and will keep doing this for a long
time into the future, even if all anthropogenic emissions were stopped
today. We will therefore unambiguously see the legacy of emissions to-
day as reemissions from e.g. forest fires (references in Friedli et al., 2009)
or evasion from the ocean (Lindberg et al., 2007; Sunderland and Mason,
2007) in centuries to come.
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2.2.3 Levels

Rural areas

The current consensus is that average global background concentrations
of GEM at sea level are 1.5-1.7 ng m?3 in the NH and 1.1-1.3 ng m?3 in the
SH (Lindberg et al., 2007). Concentrations are higher in the NH than the
SH because most anthropogenic sources are located in the NH and the
mixing time between hemispheres is around 1 year. Vertical profiles up
to a few kilometers indicate that GEM is well mixed within the tropo-
sphere and that GEM concentrations do not deviate much from the rural
surface concentrations (Banic et al.,, 2003) or decrease only slightly
(Holmes et al., 2010 figure 11 and references therein; Landis et al., 2005)
with height. At the upper troposphere observations and model simula-
tions indicate that GEM could be depleted (Dastoor and Larocque, 2004;
Swartzendruber et al., 2006).

RGM concentrations measured in rural areas are low (<10 pg m=3) at the
planetary boundary layer and highest in the upper troposphere (up to
600 pg m?3). The concentrations in the upper troposphere could be
caused by extensive GEM oxidation (Swartzendruber et al., 2006;
Swartzendruber et al., 2008), which would also cause GEM to deplete.

TPM is in the range from below detection limit (DL) to 40 pg m3 at Mt.
Bachelor for air in the planetary boundary layer and in the free tropo-
sphere (Swartzendruber et al., 2008).

Trends in rural areas

Most studies have shown no consistent trend in NH TGM/GEM concen-
trations since the 1990s based on rural sites and cruise measurements,
especially in Europe and the Atlantic Ocean (e.g. Temme et al., 2007 and
references therein; Wangberg et al., 2007). Where decreasing trends are ob-
served this could be due to local changes in emissions as well as a global
trend (Temme et al., 2007). However, a new study from Slemr et al.
(2011) for the first time presents very convincing evidence for a general
downward trend at the coast of the East Atlantic Ocean in both NH and
SH with a rate of 1-2% decrease per year since 1996 (Figure 5). Unfortu-
nately the cruise data used to back up this hypothesis do not agree with
other recent cruise observations (Witt et al., 2010; Xia et al., 2010)(see
Table 2).

As the increase in Asian emissions is most likely causing an overall
global increase in GEM emissions (Streets et al., 2009) we are still waiting
to see if the decrease in regional emissions in Europe and North America
will lead to regional decreases in GEM levels or if the decreases in Euro-
pean and North American emissions are counteracted by the increasing
emissions in Asia?

Seasonal variation in rural areas

NH rural monitoring sites show slight seasonal variability with highest
concentrations in winter and spring (references in Temme et al., 2007).
This is true both for inland and coastal sites. This has been attributed to
the indirect influence of high anthropogenic emissions in winter and
spring (Kock et al.,, 2005; Sprovieri et al., 2010) or seasonal changes
driven by meteorological changes in circulation, boundary layer height,
clouds, rain and dry deposition (Dastoor and Larocque, 2004; Kock et al.,
2005).
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Figure 5. Trends of GEM concentrations in the NH and SH. The points and bars represent
the annual medians and the 95% confidence intervals of the medians, respectively. The
annual medians at Mace Head were calculated from baseline hourly mean concentra-
tions. The median confidence intervals for the continuous measurements are smaller than
the symbols (illustration from Slemr et al. (2011)).
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Figure 6. Seasonal variation of TGM at Cape Point and Mace Head (illustration redrawn
from Slemr et al. (2006)). Shown are relative (TGM) and absolute (CO) monthly averages
and their standard deviation. Only baseline data (not influenced from local sources) are

considered.

Only one site in the SH has long term monitoring of mercury; Cape Point
in South Africa (Brunke et al., 2010; Slemr et al., 2006). This location has a
seasonal variability correlating with the one seen in the NH (Figure 6).
The reason for this is not understood.
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The seasonal variability of GEM has not been measured in the MBL. Ru-
ral coastal stations like Mace Head and Cape Point are used as indicators
of MBL variability (Figure 6).

Urban areas

The concentration and speciation of mercury in urban areas have been
investigated during campaigns in different cities around the world. The
knowledge gained from combining the information from these publica-
tions is evaluated by Sprovieri et al. (2010). Most campaigns have taken
place inland in North America, Europe and Asia, while there is a lack of
information on urban areas in the SH. Thus the importance of anthropo-
genic emissions for local contamination and long range transport in the
SH is not well understood (Pacyna et al., 2008).

In larger urban areas in North America, 2-10 times higher TGM (or
GEM) concentrations are often observed in near-source areas compared
to 40-120 km from the emission sources (references in Ebinghaus et al.,
2009). In urban areas RGM levels are mainly above an average of 10 pg
m and often have peaks around several hundreds pg m3 (Engle et al.,
2010; Laurier and Mason, 2007; references in Ebinghaus et al., 2009), de-
pendent on the type of industry. TPM can also reach several hundreds
pg m? in peak areas (Engle et al., 2010) although the mean concentra-
tions are much lower (references in Ebinghaus et al., 2009).

2.2.4 Chemistry

Halogens have long been proposed to be of importance for GEM oxida-
tion in the MBL and atomic bromine (Br) is now emerging as the possi-
bly most important oxidant of GEM in the troposphere (Hynes et al.,
2009; Skov et al., 2008). The importance of Br was first discovered in the
Arctic during analysis of atmospheric mercury depletion events (AM-
DEs) (Schroeder et al., 1998; Skov et al., 2004). The depletion of GEM si-
multaneously with dramatic increases in Br and RGM in the Arctic
spring strongly emphasized the role of Br (Figure 7). The lifetime of
GEM during AMDEs can be as short as hours (Goodsite et al., 2004; Skov

et al., 2004).
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Figure 7. A) Hourly ozone mixing ratios and weekly concentration of filterable (gasphase) bromine (fBr) measured from 1999 to
2002 at Station Nord, Northeast Greenland (illustration from Skov et al., 2004). B) A 24 h time series of gaseous Hg species
measured at Barrow, Alaska, during a mercury depletion event, illustrating how GEM is rapidly converted to RGM during full
sunlight (lllustration from Lindberg et al., 2002).
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Br is produced from naturally and anthropogenically emitted bromocar-
bons (Yang et al., 2005), sea salt aerosols in the MBL (Vogt et al., 1996),
and by evaporation from leads during refreezing of seawater in Polar
Regions (Simpson et al., 2007). Bromocarbons are emitted from anthro-
pogenic sources, biomass burning and the ocean (Skov et al., 2008; Yang
et al., 2005) but are only converted to Br-atoms during photolysis in the
upper troposphere (Skov et al., 2008; Yang et al., 2005). Sea salt domi-
nates the Br supply in the MBL (see “Chemistry” (2.4.3)). The total bro-
mine pool in the atmosphere is made of non-radical reservoir species
dominant during the night and radical species (Br and BrO) dominant
during day when they are photochemically produced (Pszenny et al.,
2004; von Glasow et al., 2002).

During the last ten years the role in GEM oxidation by halogens in gen-
eral and Br in particular has been the focus of much research in the form
of laboratory experiments and theoretical calculations (see Ariya et al.
(2008) for a summary), and global scale (Dastoor et al., 2008; Holmes et
al.,, 2010; Seigneur and Lohman, 2008) and regional/box modeling
(Hedgecock et al., 2005; Hedgecock and Pirrone, 2004; Holmes et al.,
2009; von Glasow, 2010).

Experiments have shown that the reaction between GEM and Br is tem-
perature dependent (Table 1) with highest oxidation rate at cold tem-
peratures, as is found in the polar regions (Figure 8). However Br is also
an important oxidant outside the polar regions. In the MBL photo-
induced oxidation is supported by cruise measurements (Hedgecock et
al., 2005; Laurier and Mason, 2007; Laurier et al., 2003). Although GEM
depletion is seldom seen outside the polar regions (Cape Point in South
Africa being so far the only exception (Brunke et al., 2010)) diurnal varia-
tion of RGM indicates oxidation of GEM by photochemical compounds.
The amplitude of the diurnal RGM variability and lack of diurnal GEM
variation indicates that the strength of the oxidation is lower than in the
Arctic. Models of the MBL that simulate the temporal variations of mer-
cury species (Hedgecock et al., 2005; Hedgecock and Pirrone, 2004;
Holmes et al., 2009) show that oxidation by Br can reproduce the diurnal
variation of RGM better than other oxidation candidates. Br oxidation is
important also in the free troposphere (Holmes et al., 2006; Lindberg et
al., 2007) where the oxidation is favored by the temperature dependence
of the chemical reactions (Table 1 and Figure 8). Thus the importance of
Br oxidation is global.

The most important reaction pathways for the GEM oxidation are be-
lieved to be summarized by reaction 1-4 in Table 1. For a more thorough
treatment of possible compounds and reactions see Ariya et al. (2008).
Once GEM is oxidized to RGM, RGM can be taken up into the aqueous
phase creating RGM,,. As discussed in “Species” (2.2.1) the precise com-
position of RGM is not known. Even if the original oxidation product is
HgBr> or HgBrOH, it is thought that most RGM could end up as HgCl»
in water droplets (Ebinghaus et al., 2009; Hynes et al., 2009).

Aqueous phase GEM oxidation does not seem to be as important as
gaseous phase reactions most probably due to the low solubility of GEM.
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Figure 8. Contour plot of the lifetime in hours for GEM oxidation to HgBr,, plotted as a
function of [Br] in parts per trillion and temperature in Kelvin (illustration from Goodsite et
al., 2004).

There is not much support for the existence of comprehensive reductive
reactions of RGM in the atmosphere although it cannot be ruled out
(Skov et al., 2008). One of the reactions suggested (Balabanov et al., 2005)
and used in some mercury models (Holmes et al., 2009; Holmes et al.,
2010) is reaction 5 in Table 1.

Table 1. Temperature dependent expressions for reactions, which include Hg and Br.

# Reaction Reaction rate constant at 298 K Method Author

1 Hg’+Br+M— HgBr  1.46(+0.34)x10x(T/298)"**"*) ¢m® molecules”s™  Experi. Donohoue et al. 2006
Hg® + Br — HgBr 1.1x1074(T/298K)**" cm® molecules™ s Theoreti.  Goodsite et al. 2004

2 HgBr — Hg’ + Br 1.2x10" exp(-8357/T) s Theoreti.  Goodsite et al. 2004

3 HgBr + Br — HgBr2 2.5x10™"°(T/298K)**” cm® molecules™ s Theoreti. Goodsite et al. 2004

4  HgBr+ OH — HgBrOH  2.5x10™"°(T/298K)**" cm® molecules™ s™ Theoreti.  Goodsite et al. 2004

5 HgBr+Br— Hg’+Br2 3.9x10"" cm® molecules™ s™ Theoreti. Balabanov et al. 2005

Although Br is currently considered to be the globally most important
oxidant there are also other possible candidates (see Ariya et al. (2008)).
The two most discussed candidates are OH and Os;, which were earlier
believed to be the main GEM oxidants. Some other possible oxidants that
have been tested and 1) were found to be of none or minor importance
are Bry, BrO, and CIO, or 2) are still under consideration are I and IO. Re-
cently Cl, Cl; and BrCl have been proposed to play an important part in
the Arctic troposphere where chlorine concentrations are much higher
than elsewhere (Holmes et al., 2010).

The reaction between OH and GEM has been found to be either too slow
(Calvert and Lindberg, 2005; Goodsite et al., 2004) to play an important



role or not consistent with know thermochemistry (Hynes et al., 2009).
However, some newer studies still refer to this reaction as the most likely
driver in the MBL (Chand et al., 2008; Engle et al., 2010).

The direct reaction between GEM and Os is very unlikely to take place
since the reaction is endothermic (Calvert and Lindberg, 2005). A theory
that includes the creation of an intermediate (HgO3) that will deposit on
wet aerosols could however make an oxidative reaction possible (Calvert
and Lindberg, 2005). The reaction between GEM and O3 thus still needs
more investigation before any conclusion can be reached about its im-
portance (Ariya et al., 2008).

2.2.5 Sinks

Mercury is removed from the atmosphere by deposition. As the atmos-
pheric load does not change much on yearly basis depositions must ap-
proximately equal emissions. The global deposition (wet and dry) is es-
timated to be around 23 to 44 Mmol y! (Holmes et al., 2010; Sunderland
and Mason, 2007). Model simulations indicate that for North America
wet deposition accounts for one third of the total deposition (Miller et al.,
2005; Selin and Jacob, 2008). It is plausible to assume that something
similar applies for the rest of the world, although the type of deposition
is highly influenced by the amount of precipitation and the roughness of
the landscape (Miller et al., 2005). Model simulations with the GRAHM
model indicate that dry deposition has a more local impact than wet
deposition (Dastoor and Larocque, 2004).

The dominant form of mercury in wet deposition is RGM,, (Lindberg et
al., 2007; Selin and Jacob, 2008). It is scavenged into droplets in the at-
mosphere. In this way rain events can drain at least the lower tropo-
sphere of most RGM (Laurier and Mason, 2007; Mason and Sheu, 2002).
TPM in the precipitation accounts for the rest of the wet deposition (Selin
and Jacob, 2008). Selin and Jacob (2008) (GEOS-Chem model) and Das-
toor and Lerogeu (2004) (GRAHM model) find that half of the wet depo-
sition and a significant portion of the wet deposition, respectively, is
from scavenging above the boundary layer. Thus much of the wet depo-
sition is not from the local pool but from the global pool of long ranged
transported mercury.

Most dry depositions are in the form of GEM and RGM, while TPM is
found to account for a much smaller fraction (Lindberg et al., 2007;
Miller et al., 2005).

Trends

Deposition rates have increased from a preindustrial level of 5-20 nmol
m2y-1 (1-4 pg m2y1) (Givelet et al., 2003; Sunderland et al., 2008) to pre-
sent day (North American) levels of 20-125 nmol m2 y- (4-25 pg m2y1)
(Keeler et al., 2005; Miller et al., 2005; Selin et al., 2008 and references
therein). Deposition rates in North America and Europe have declined
again in recent years (Skov et al., 2008; Sunderland et al., 2008) often due
to large local reduction in emissions (e.g. Givelet et al., 2003; Sunderland
et al., 2008). The consequence is that the global pool now contributes
with a larger fraction of the total depositions than it used to do. This
trend is assumed to be consistent with the pattern in Europe, where
emissions have also decreased in the past decades, but for other locations
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in the world where local emissions are increasing, local depositions are
likely to do the same.

2.3 Mercury dynamics in the surface ocean mixed layer

Mercury concentrations in the surface ocean mixed layer equilibrate with
the atmospheric inputs on timescales of approximately one year (Strode
et al., 2007; Sunderland and Mason, 2007) and the marine mercury con-
centrations in the surface ocean therefore rapidly react to changes in at-
mospheric concentrations. Intermediate and deep ocean waters respond
much more slowly to changes in atmospheric inputs due to the decadal
or longer timescales required for ocean circulation and vertical transport
(Sunderland and Mason, 2007). Intermediate ocean waters receive mer-
cury from the atmosphere primarily through down-welling regions and
sinking of mercury bound to particulate organic material. As a conse-
quence the ocean is not in steady state with the anthropogenically en-
hanced atmospheric concentrations (Sunderland and Mason, 2007) re-
sulting in a global net flux of mercury from the atmosphere to the deep
oceans (Figure 3).

2.3.1 Species

The inorganic forms of mercury in the ocean are elemental mercury
(Hg?), divalent mercury (Hg) and particulate bound mercury (HgP). It
has been shown that Hg!l complexes with halides such as chloride in sa-
line waters. These Hg!' complexes are not as available for reduction and
methylation (Gardfeldt et al., 2003; Whalin et al., 2007) as the rest of the
Hg!! pool. Here Hgll.eq denotes the fraction of the Hg!! that is easily avail-
able for reduction. Dissolved gaseous mercury (DGM), which is a frac-
tion often measured, is the product of both Hg? and MeoHg (Lamborg et
al., 1999; Mason et al., 1995b) but Hg? is the dominant form in the upper
ocean (Gardfeldt et al., 2003; Laurier et al., 2003).

2.3.2 Sources

Mercury is transported mainly through the atmosphere from natural and
anthropogenic sources to the ocean (Sprovieri et al., 2010). Away from
river mouths and continental shelves only 7-10% of the mercury input to
the ocean originates from rivers (Mason and Sheu, 2002; Sunderland and
Mason, 2007). In local areas, like coastal regions and the Arctic Ocean,
rivers can however be the dominant source of mercury (Sunderland and
Mason, 2007). Exchange with the deep ocean through ocean circulation
contributes with redistribution of mercury (between the surface and sub-
surface ocean) that is already in the aquatic system (Strode et al., 2007;
Sunderland and Mason, 2007).

Atmospheric mercury mainly enters the surface ocean through wet
deposition of RGM and TPM (Holmes et al., 2010; Sunderland and Ma-
son, 2007) and the net flux from the atmosphere to the ocean is estimated
to be 10-29 Mmol y-! (Strode et al., 2007 and references therein; Holmes et
al., 2010; Sunderland and Mason, 2007)(Figure 3b). During specific cir-
cumstances the MBL can also be a net source of Hg? to the ocean (see
“Sinks” (2.4.4)).



2.3.3 Levels

The number of aquatic measurements of inorganic mercury species in
the open ocean regions is severely limited maybe even more so than at-
mospheric observations in the MBL. The observations of total inorganic
mercury (Hgt+Hgl'+HgP) in surface waters vary substantially (0.6-3.3
PM for average concentrations during cruises) (Gill and Bruland, 1987;
Gill and Fitzgerald, 1988; Kirk et al., 2008; Laurier et al., 2004; Mason et
al., 1998; Mason et al., 2001; Mason and Fitzgerald, 1990; Mason and
Fitzgerald, 1993; Mason and Sullivan, 1999; Sunderland et al., 2009).
DGM (i.e. HgY%) concentrations are also highly variable (0.08-0.4 pM for
average concentrations during cruises) (Andersson et al., 2008c; Kim and
Fitzgerald, 1988; Kim and Fitzgerald, 1986; Kirk et al., 2008; Mason et al.,
2001; Mason and Fitzgerald, 1990; Mason and Fitzgerald, 1993). It is seen
that these observations have been collected during several decades and
more observational data is strongly needed.

Interpreting spatial and seasonal patterns in mercury concentrations in
the surface ocean is challenging without additional observational data.
Modeling studies allow us to use existing information on mercury speci-
ation and dynamics in the ocean (particulate organic carbon dynamics,
solar radiation, winds, and temperature) to gain further insight into
temporal and spatial patterns. In one of the few global modeling studies
Strode et al. (2007) found the average concentrations in the surface ocean
to be 1.50 pM for total Hg (Hg?+Hg!+HgP) and 0.07 pM for Hg?. Knowl-
edge of aquatic mercury processes has expanded in recent years and up-
dated model parameterizations taking new results into account are
needed to understand spatial and temporal patterns.

Trends in aquatic concentrations

Using available observational data Sunderland and Mason (2007) esti-
mated the different concentrations in the world’s ocean basins and
looked at what processes could drive the difference in estimated concen-
trations (Figure 9). The authors found that compared to the atmosphere,
where concentrations have increased by 300-500% since industrializa-
tion, on a global scale concentrations in surface and intermediate ocean
waters (0-1500 m) and deep waters (1500 m - bottom) have increased by
25% and 10% respectively. Much greater enrichment is observed in spe-
cific ocean basins like the Atlantic Ocean and Mediterranean Sea where
anthropogenic enrichment of intermediate waters is greater than 50%
(Sunderland and Mason, 2007). The physical dynamics of different
oceans govern the temporal lag in response to changing atmospheric in-
puts. Generally intermediate waters require on the order of decades to
achieve steady state with atmospheric inputs while deep ocean waters in
some basins like the Pacific requires centuries (Sunderland and Mason,
2007). Another recent box model study by Strode et al. (2010) considered
vertical transport processes in greater detail but did not consider differ-
ences among ocean basins. On a global scale, Strode et al. (2010) esti-
mated that the increase in ocean mercury since industrialization is 280
Mmol (18%) and that the top 100 meters have increased by 150%.

Sunderland and Mason (2007) showed that concentrations in the Atlantic
Ocean are considerably higher than in the Pacific Ocean due to higher
historic anthropogenic enrichment of the Atlantic Ocean and the smaller
size of the Atlantic Ocean basin. Based on observations from a 2006
cruise in the North Pacific Ocean Sunderland et al. (2009) concluded that
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the concentrations in the North Pacific Ocean are currently increasing as
the result of enhanced near-field deposition from Asian sources that are
transported laterally in the ocean in intermediate water masses. This is
the first sign that the changed distribution of anthropogenic emissions
sources has an influence on the Pacific Ocean concentrations.

2.3.4 Chemistry

Conversion between the inorganic aqueous species is suggested to be a
dynamical process where both reduction and oxidation takes place. A
combination of biologically mediated (Mason et al., 1995b; Rolfhus and
Fitzgerald, 2004; Whalin et al, 2007) and photochemical processes
(Amyot et al., 1997; Mason et al., 2001) reduce Hg'eq in the water col-
umn to Hg?. Abiotic (dark) reduction mediated by bacteria is slower than
photoreduction. Whalin et al. (2007) found that abiotic reduction was 2-
20 times slower at the surface and Qureshi et al. (2009) found that abiotic
reduction had no real significance. However, as abiotic redction is not
light dependent it can be found throughout the water column and can
therefore be important in some scenarios (Qureshi et al., 2010). Studies
suggest that aqueous Hg? oxidation occurs (Mason et al., 2001) through
reaction with photochemically produced OH® (Gardfeldt et al., 2001;
Lalonde et al., 2004; Whalin et al., 2007).
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Figure 9. Overview of a 14 compartment model showing major ocean currents (block arrows) and steady state flows (smaller
arrows)(1 Sv = 10° m® s™"). Also shown are average present-day mercury concentrations (mean + standard deviation) for
each compartment and mercury fluxes from seawater flow (Mmol y™'). Note that sizes of model compartments are not to
scale (lllustration from Sunderland and Mason, 2007).

From experiments in saltwater Qureshi et al. (2009) recently suggested a
pseudo first order rate constant for photoreduction of Hg'eq in the range
of 4.0x105 - 25.8x10> s1 and a pseudo first order rate constant for
photooxidation of Hg? in the range of 11.1x10-% -52.7x10 s1. Abiotic re-
duction of Hgll.eq has previously been estimated to be 2.7x105 - 6.7x10-7
s1 (Amyot et al., 1997; Whalin et al., 2007).



Sorption of Hg!' to organic material, which produces HgP, is a reversible
process (Guentzel et al., 1996). The partitioning has been shown to vary
as a function of the particulate organic carbon content of the solids in the
water (e.g. (Hammerschmidt et al., 2008; Hammerschmidt and Fitzger-
ald, 2006) and observed partitioning coefficients are in the range between
105and 10¢ L kg! (Mason et al., 1998; Mason and Fitzgerald, 1993). Hg!l is
released when particulate organic material is remineralized in the water
column (Strode et al., 2010; Sunderland et al., 2009).

Inorganic mercury in the form of Hg!! is converted to organic mercury
through a methylation process that is biologically mediated (e.g. Eng-
strom, 2007; Kerin et al., 2006). Organic mercury can subsequently de-
methylate to Hg!' in the surface ocean in the presence of sunlight (Whalin
et al., 2007). However, the organic mercury processes are outside the
scope of this thesis and will not be treated further.

2.3.5 Sinks

Air-sea exchange

Mercury leaves the ocean by evasion of Hg0 when it is present at super-
saturated concentration in the surface waters. As most marine surface
waters are supersaturated in Hg? (Andersson et al., 2008c; Gardfeldt et
al., 2003; Kim and Fitzgerald, 1986, Mason et al., 2001; Rolfhus and Fitz-
gerald, 2004; Whalin et al., 2007) this induces a global net upward flux.
This is however not always the case and periodic net downward fluxes
have been observed (Andersson et al., 2008c).

Mean flux rates of Hg? are estimated to be 2.5-400 pmol m2 h-1 (0.5-80 ng
m-2h-1) with a mean flux below 25 pmol m=2 h-! (5 ng m2h-1) (references in
Sprovieri et al., 2010), and global yearly flux estimates based on a model-
ing approach suggest a net evasion from the ocean of 4-14 Mmol y-!
(Figure 3)(Strode et al., 2007; Sunderland and Mason, 2007; Strode et al.,
2007 and references therein).

Gas exchange of Hg? at the air-sea interface is calculated based on obser-
vations of Hg? in air and water as well as meteorological data. The esti-
mated flux rates are therefore very dependent on the choice of model.
For the calculation a two-layer thin film transfer model is most often
used (eq. 1). This type of model suggests that the exchange is moderated
by both a thin aqueous and a thin gaseous film at the air-sea interface.
Based on experiments several relationships for the transfer velocity (Kw)
of gasses have been suggested (e.g. Liss and Merlivat, 1986; Nightingale
et al., 2000; Wanninkhof, 1992)(Figure 10). Common for all relationships
is a strong dependence on wind speed. A gas transfer velocity for mer-
cury has not been measured but Wanninkhof (1992) derived an empirical
relationship relating the mass transfer coefficient of other gasses to the
mass transfer of CO> (eq. 2). For an example for the gas transfer velocity
proposed by Nightingale et al. (2000) A equal 0.25 in eq. 2. Figure 10
shows a range of proposed relationships for the gas transfer velocity and
indicate how they depend on the wind speed. The parameterizations are
different especially for wind speeds above 15 m s and will therefore
give highly varying predictions of the air-sea exchange.
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H" is the dimensionless Henry’s law coefficient, Ky is the gas transfer ve-
locity, Scrg is the Schmidt number of mercury, Sccox is the Schmidt
number for CO; and u1¢ is the wind speed at 10 m height, A is a constant.

Even though a broad range of transfer velocities for poorly soluble gas-
ses are found at a given wind speed (Woolf, 2005) the solely wind de-
pendent transfer velocity is still the most commonly used parameteriza-
tion. However, a range of new parameterizations try to capture the com-
plex structure of the transfer velocity by including the effect of breaking
waves by including e.g. wave height and wave age. These parameteriza-
tions are becoming more common for other gasses (e.g. Fangohr and
Woolf, 2007; Frew et al., 2007; Woolf, 2005; Zha and Xie, 2010) but have
so far not been used in the calculation of air-sea exchange of mercury.

0 5 10 15 20 25 30 35
wind speed (u,,) [m s]

k86 —e—k W92 —s— K W99 —a— k NOO —¢—k MO1

Figure 10. Comparison between different methods for calculation of the transfer velocity (k) used in flux cal-
culations. L86 corresponds to Lis and Merlivat (1986), W92 to Wanninkhof (1992), W99 to Wanninkhof and
McGillis (1999), NOO to Nightingale et al. (2000) and M01 to McGillis et al. (2001) (illustration from Andersson
et al. 2007).

Sinking and sedimentation

Mercury is removed from the surface ocean by sinking adsorbed to par-
ticulate organic carbon (HgP) or by diffusion across the interface be-
tween the surface ocean mixed layer and the intermediate waters (Strode
et al., 2010). HgP that has entered the subsurface ocean can be returned
to the Hg!! pool as the organic carbon remineralizes (Sunderland et al.,
2009). There is an optimum for remineralization in the subsurface ocean
(500 meters depth) just below the surface ocean mixed layer (Strode et
al., 2010). Some of the produced Hg!! can later re-enter the surface ocean
through transport by ocean currents, yearly changes in the mixed layer
depth and Ekman pumping. The mercury that reaches and gets buried in
the sea floor of the deep ocean is thought to have entered a long term
sink in the biogeochemical cycling (Horvat, 2005). The sedimentation has
been estimated to be 0.9-1.3 Mmol y! (Mason and Fitzgerald, 1996; Sun-
derland and Mason, 2007).



2.4 Mercury dynamics in the marine boundary layer

The MBL is the interface between the ocean and the troposphere. The
sources, sinks, and chemistry of mercury in the MBL are similar to those
in the rest of the troposphere. However, the relative importance of
sources and sinks as well as the drivers of the chemical processes are dif-
ferent.

The MBL is the lowest part of the troposphere in direct contact with the
ocean. The vertical mixing is strong and there are large fluctuations in
temperatures, wind directions and relative humidity (RH). The height of
the MBL in the mid-latitudes is typically about 300 meter but can be
50m/2000m during the right conditions in the Arctic/Tropics. Close to
the coast large variations in the MBL height can be expected due to the
rapid heating and cooling of the nearby land (Hedgecock et al., 2005).
This leads to sea-land breeze circulation in coastal areas (Malcolm et al.,
2003). The MBL differs from the terrestrial boundary layer in terms of
meteorology and chemical composition of the air, e.g. wind patterns
(Engle et al., 2008; Malcolm et al., 2003), RH (Sigler et al., 2009), sea salt
aerosol concentration (Gustafsson and Franzen, 2000) and GEM oxida-
tion potential (Sigler et al., 2009).

GEM oxidation by Br in the MBL indicates that the lifetime in the MBL is
shorter (10-100 days) (Donohoue et al., 2006; Hedgecock et al., 2005;
Hedgecock and Pirrone, 2004; Holmes et al., 2009) than the Y2-1 year pro-
posed for the general troposphere.

2.4.1 Sources

Plumes created by anthropogenic sources and biomass burning

One third of emitted mercury today is estimated to be primary anthro-
pogenic emissions (Pirrone et al., 2010). This results in emission hotspots
in urban and industrial areas many of which are located close to the
coast where a large part of the worlds” population lives (Figure 4).
Plumes from these areas as well as from biomass burning can extend into
the MBL. The further inland the emission sources are located, the more
RGM and TPM will have deposited before the plume reaches the MBL.
However, high concentrations of RGM and TPM could be present in
plumes in the MBL especially if these have an anthropogenic origin (see
“Sources” (2.2.2) for the fractionation in emissions). Several cruises have
recorded plumes in the MBL (e.g. Fu et al., 2010; Temme et al., 2003b; Xia
et al., 2010). These show that GEM concentrations are enhanced (only in
some cases significantly). Unfortunately RGM and TPM have not been
measured during these episodes and there is still a limited knowledge on
the influence from inland sources on the MBL.

Entrainment from the free troposphere

High concentrations of RGM and TPM have been found in the free tro-
posphere (Fain et al., 2009; Sillman et al., 2007; Swartzendruber et al.,
2006). If these air masses intrude and mix into the MBL they are a source
of RGM (Holmes et al., 2009). Holmes et al. (2009) used a box model to
investigate RGM in the MBL and found that 25-40% of RGM entered
through entrainment from the free troposphere. As a net flux this how-
ever only accounted for about half as much, as MBL RGM is also venti-
lated back into the free troposphere (Holmes et al., 2009). They also pro-
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posed that most of the GEM oxidized in the MBL originated in the global
tropospheric mercury pool and not in ocean evasions. This is not consis-
tent with the model results of Mason and Sheu (2002) (see below).

Ocean evasion of GEM

As described earlier the ocean is a strong source of GEM to the tropo-
sphere. Model results show that 62 % of the load deposited to the ocean
surface from the entire column of the troposphere is expected to re-enter
the MBL via evasion (Strode et al., 2007). The flux from the ocean to the
MBL varies both spatially and temporally and the global evasion pattern
does not necessarily follow the global deposition pattern (Strode et al.,
2007) due to redistribution of mercury in the ocean. Eventually GEM
emitted from the ocean is mixed into the tropospheric pool but it is rea-
sonable to assume that the influence of the ocean is stronger and more
immediate in the MBL especially during stable meteorological condi-
tions. To explain high evasion rates from the ocean observed during
campaigns Mason and Sheu (2002) developed a hypothesis of a fast recy-
cling at the air-sea interface, which they tested in a box model. In order
to explain the high evasion rates they suggested that more than 40% of
the evaded GEM was oxidized in the MBL and redeposited to the ocean
before eventually being ventilated into the free troposphere

2.4.2 Levels

Despite the many cruises that have measured GEM in the MBL (Table 2)
we have an incomplete picture of temporal and spatial variability. Fur-
thermore global models have been unable to simulate the full range of
observations (Selin et al., 2007).

A gradient in GEM concentrations between NH and SH is a recurrent
pattern in cruise observations (e.g. Slemr, 1996; Slemr et al., 2011). The
presence of a gradient corresponds with the hemispheric gradient at sea
level proposed by Lindberg et al. (2007) of a GEM concentration of 1.5-
1.7 ng m=3 for the NH and 1.1-1.3 ng m- for the SH. It is generally agreed
(Sprovieri et al. (2010), Table 2, Figure 21) that SH MBL GEM observa-
tions are fluctuating less than NH observations. Repeated observations
of GEM in the NH have shown higher concentrations in the MBL than
nearby rural land based observations (Table 2 show that mean cruise ob-
servations are often above 2 ng m=3 for the NH). Intercomparison of land
based sites shows higher concentrations at Mace Head (west coast of Ire-
land) than at rural European sites further from the Atlantic Ocean during
the period 1998 to 2004 (Kock et al., 2005; Munthe et al., 2003). Global
models have not been able to account for the high MBL concentrations in
the Atlantic and Pacific Ocean (Dastoor and Larocque, 2004; Holmes et
al., 2010; Seigneur and Lohman, 2008; Selin et al., 2007). It has been pro-
posed that there is a source in the MBL that is unaccounted for, and
which could be the ocean (Gardfeldt et al., 2003; Kock et al., 2005; Pirrone
et al., 2003).

GEM has been observed to show diurnal variation during parts of some
cruise campaigns (Laurier et al., 2003; Sommar et al., 2010; Witt et al.,
2010; Xia et al., 2010) but for most cruises this has not been reported. In a
box model study Holmes et al. (2009) showed that the levels of RGM ob-
served during cruises can for the most part be explained by oxidation of
such a small part of the GEM pool that it would not create visible diurnal
GEM variations. Another possibility is diurnal variations in ocean eva-



sion if evasion is present (Gardfeldt et al., 2001) could influence the GEM
concentration on a diurnal basis.

RGM has only been measured on a couple of recent cruise campaigns in
the open ocean (Aspmo et al., 2006; Laurier and Mason, 2007; Laurier et
al., 2003; Temme et al., 2003a) as well as the Mediterranean Sea (Sprov-
ieri et al., 2003). During these campaigns mean RGM concentrations were
between 2.4-10 pg m3. Although these limited measurements are not suf-
ficient to establish a general consensus on worldwide MBL concentra-
tions under changing meteorological conditions, a recurrent pattern
showing diurnal variations with midday peaks and nightly minimums
has been reported for most of the campaigns (Laurier and Mason, 2007;

Laurier et al., 2003; Sprovieri et al., 2003).

Table 2. Cruise observations of TGM (i.e. GEM) from open oceans (not including the Mediterra-

nean Sea).

Place Date TGM Reference
(ng m?)

Southern Hemisphere
South Atlantic Ocean Oct 77 1.19£0.25 Slemr et al. 1996
South Atlantic Ocean Nov-Dec 78 1.35+0.21 Slemr et al. 1996
South Atlantic Ocean Jan-Feb 79 1.26+0.22 Slemr et al. 1996
South Atlantic Ocean Oct-Nov 80 1.45+0.16 Slemr et al. 1996
South Atlantic Ocean Oct-Nov 90 1.50+0.30 Slemr et al. 1996
South Atlantic Ocean Oct-Nov 94 1.1820.17 Slemr et al. 1996
South Atlantic Ocean Oct-Nov 96 1.394£0.13 Temme et al. 2003b
South Atlantic Ocean Dec 99-Jan 00 1.27+0.09 Temme et al. 2003b
South Atlantic Ocean Feb-Mar 00 1.00+0.12 Temme et al. 2003b
South Atlantic Ocean Feb 01 1.07+0.10 Temme et al. 2003b
Antarctic — South America Dec01—-Feb 02 1.1£0.2 Temme et al 2003a
Indian Ocean Nov 07 1.2 (1.05-1.51) Witt et al. 2010
East Indian and Southern Ocean Dec 07 1.47+0.84 Xia et al. 2010
Atlantic Ocean 2008 ~0.76° Slemr et al. 2011
Atlantic Ocean 2009 ~0.748 Slemr et al. 2011
Northern Hemisphere
Eastern Atlantic Ocean Oct 77 1.76+0.36 Slemr et al. 1996
Eastern Atlantic Ocean Nov-Dec 78 1.85+0.31 Slemr et al. 1996
Eastern Atlantic Ocean Jan-Feb 79 2.17+0.38 Slemr et al. 1996
Eastern Atlantic Ocean Oct-Nov 80 2.09+0.35 Slemr et al. 1996
Eastern Atlantic Ocean Oct-Nov 90 2.25+0.41 Slemr et al. 1996
North Atlantic Ocean Aug 93 2.1+0.8 Mason et al. 1998
Atlantic Ocean Oct-Nov 94 1.79+0.4 Temme et al. 2003b
Eastern Atlantic Ocean Oct-Nov 96 2.12+1.0 Temme et al. 2003b
Western Atlantic Ocean Sep 99 2.00+0.4 Mason et al. 2001
Eastern Atlantic Ocean Dec 99-Jan 00 2.02+0.3 Temme et al. 2003b
Western Atlantic Ocean Aug-Sep 03 1.63+0.08 Laurier and Mason 2007
North Atlantic Ocean July 05 ~1.7% Sommar et al. 2010
North Pacific Ocean May 02 25 Laurier et al. 2003
South Chinese Sea August 07 2.62 Fu et al. 2010
Yellow Sea and West Pacific Ocean  Nov 07 1.75+0.50 Xia et al. 2010
Atlantic Ocean 2008 ~1.15° Slemr et al. 2011
Atlantic Ocean 2009 ~1.12° Slemr et al. 2011

A) Arctic data not included, B) approximate concentrations taken from figure 2 in Slemr et al. (2011)
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2.4.3 Chemistry

Some of the most important parameters thought to control the oxidation
of GEM and the removal of RGM from the gaseous phase are described
here. Many of these parameters are linked and will influence each other,
which should be kept in mind when reading the section.

Wind speed

Several cruises report that the highest RGM concentrations are found at
lowest wind speeds (Laurier and Mason, 2007; Laurier et al., 2003). Look-
ing at an ensemble of RGM measurements from four different datasets
(cruise and coastal data) Holmes et al. (2009) furthermore found that par-
ticular nighttime RGM observations tended to decrease as wind speed
increased. They suggested that this is due to a fast deposition sink rather
than chemical loss of RGM. RGM dry deposition and uptake in sea-salt
aerosols has been suggested to increase with increasing wind speeds
(Holmes et al., 2009; Laurier et al., 2003).

The wind speed also influences the amount of sea salt aerosols emitted
from the ocean surface (Monahan et al., 1986), which could have the op-
posite (a positive) effect on daytime RGM concentrations (see “Br pro-
duction” later).

Relative humidity

At high RH RGM is more likely to absorb into sea salt aerosols or aero-
sols with other origin present in the air. Mason and Sheu (2002) found
that lowest nighttime RGM concentrations were associated with high RH
and low daytime RGM concentrations were associated with fog. During
a cruise in the Arctic, Aspmo et al. (2006) observed low RGM concentra-
tions and no recurrent diurnal variations and attributed this to high RH
and fog patches as well as low insolation during the cruise.

Absorption into wet aerosols does not necessarily mean that RGM will
be lost by wet deposition. Mason and Sheu (2002) found that highest
RGM was observed on days with high insolation after nights with high
RH. Thus volatilization of RGM,, from the water phase as RH decrease
could also influence the daytime RGM concentration in the MBL.

On the other hand high, RH could also cause an increase in the release of
bromine from sea salt aerosols. High RH has through calculations been
shown to decrease sea salt aerosol pH (von Glasow and Sander, 2001) in-
creasing acid catalyzed displacement of bromine. Increased release of
bromine could lead to higher oxidation than at lower RH. Further it has
been proposed that low RH increases aqueous uptake of RGM (in the
form of HgCls%), due to increased Cl- concentration in the sea salt aero-
sols (Holmes et al., 2010). In this case RGM concentrations should be
higher at high RH. To support this hypothesis Laurier et al. (2003) ob-
served low RGM during low RH (66%) despite high insolation, and high
RGM when RH was high (80%) and insolation was high. A clear picture
of how RH influences GEM and RGM concentrations is still lacking.

Br production

In the MBL the bromine released from sea salt aerosols constitutes 70-
90% of Br in the air (Yang et al., 2005). Br- is found in trace amounts in
sea water. Br is volatilized from the aqueous phase as Br, or BrCl when
breaking waves create sea salt aerosols (see R1-R4). These aerosols are



suspended in the air for a period before most deposits back to the sea
surface. Br- deficits in sea salt aerosols compared to sea water have been
observed to be large, averaging 30% to 50% on an annual basis, but with
strong seasonality ranging from about 10% in some winter samples to
80% in some summer samples (Ayers et al., 1999). Acidity can enhance
volatilization of halogenated compounds from sea-spray and aerosols,
giving the MBL a higher reactivity (Sander et al., 2003; Vogt et al., 1996)
(R1-R4). The Br- deficits can be linked to acidity in the aerosol, which
suggest the importance of acid catalysis to the dehalogenation process
(Ayers et al., 1999).

Br-+ O3 — BrO-+ O, (R1)
H* + BrO- —» HOBr (R2)
HOBr + Br-+ H* 5 Brp T + H2O (R3)
HOCI + Br- + H* $ BrCl T + HO (R4)
Insolation

As described above Br, and BrCl are released from sea salt aerosols in
the MBL. During the night when no sunlight is present these species will
build up in the MBL. Sunlight will rapidly photolyse them to create
atomic bromine (Hedgecock et al., 2005). A photochemically induced
oxidation and a rapid deposition of RGM will result in diurnal variation
of RGM. In agreement with this, maximum diurnal RGM concentrations
have been found in the MBL during maximum insolation (Laurier and
Mason, 2007; Laurier et al., 2003; Mason and Sheu, 2002). By inducing the
creation of atomic bromine from Br; and BrCl, insolation controls an im-
portant part of the diurnal variability of RGM in the MBL.

Another possible influence of insolation is on the RH. The RH decreases
during the day as the air is heated. This can lead to a shift in the equilib-
rium of RGM between air and the aqueous phase resulting in release of
RGM into the gaseous phase.

Temperature

Due to the dependency of the bromine oxidation on temperature (Good-
site et al., 2004 and Figure 8), Lindberg et al. (2007) speculate that a more
rapid oxidation of GEM could take place at higher (colder) latitudes in
the MBL than at lower (warmer) latitudes. A trend that indicates this is a
controlling factor of RGM concentrations in the MBL has as far as I know
not been shown for the MBL.

2.4.4 Sinks

Wet and dry deposition

The removal rate of RGM is rapid enough that RGM concentrations de-
crease or even deplete during the night (Holmes et al., 2009) when RGM
production does not take place. Removal takes place both by uptake of
RGM into sea salt aerosols and other wet aerosols followed by wet depo-
sition, and by dry deposition (Figure 11). Deposition of RGM,, with sea
salt aerosols is through modeling estimated to be the most important
sink of RGM in the MBL (Holmes et al., 2009). Mason and Sheu (2002) es-
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timated dry deposition to account for around 35% of depositions using a
box model while the estimate of Holmes et al. (2009) is smaller (10-20%).

Diffusion flux across the air-sea interface

The direction of the net GEM diffusion flux across the air-sea interface is
driven by the supersaturation of Hg? in the water and the concentration
gradient between GEM in the air and Hg? in the water. The net flux
could thus periodically be negative as found by Andersson et al. (2008).
The extent of periods with a net downward flux of Hg? in the MBL is not
well investigated.

Ventilation

Based on box-model studies Mason and Sheu (2002) suggested that 60%
of the GEM flux out of the MBL would be through ventilation to the free
troposphere and Holmes et al. (2009) suggested that 10-20% of the RGM
flux out of the MBL would be through ventilation to the free tropo-
sphere.
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Figure 11. Model budgets of RGM sources and sinks in the marine boundary layer. Values
are 24 h averages at steady state (illustration from Holmes et al., 2009).



3 Methods

3.1 Experimental work

Most mercury measurements take place at sites in the terrestrial bound-
ary layer. These measurements sites are immobile and generate knowl-
edge about diurnal variation, seasonal variations and long term trends in
a single location. This is a relatively inexpensive type of measurements
and therefore often used. But the spatial resolution is poor in a global
perspective even if measurements from many sites are available.

Measurements collected on cruise and aircraft campaigns do not gener-
ate an impression of long term temporal changes but instead give insight
into the spatial resolution of the measured species. These measurements
mainly reveal concentrations gradients across distances for example be-
tween hemispheres or of the vertical profiles of the atmosphere.

To obtain a better understanding of the exchange of mercury between
the atmosphere and the ocean, measurements in the MBL are necessary.
At the moment there are no stationary sites where measurements are
conducted on the ocean and coastal sites like Mace Head, Ireland
(Ebinghaus et al., 2002), Cheeka Peak, Washington state, USA (Weiss-
Penzias et al., 2003), and Cape Point, South Africa (Brunke et al., 2010)
are therefore used to represent MBL conditions. As a supplement to
these coastal sites and to generate a more detailed picture of mercury in
the MBL cruise campaigns are vital. Cruise observations will be from dif-
ferent areas and source regions and thus giving a spatial understanding,
which coastal sites cannot provide.

3.1.1 Choice of Instruments

The choice of the Tekran instruments was influenced by the type of cam-
paign. For a cruise campaigns a manual system able to perform continu-
ous measurements is ideal. The Tekran 2537A is one of two systems that
measure GEM continuously and have a detection limit low enough (<0.1
ng m?3) to collect measurements in the MBL (Gustin and Jaffe, 2010). The
other system is the Gardis (Urba et al., 1995). The Tekran has been used
widely since it came on the market more than 10 years ago and it is a
common choice of instrument. An inter-comparison study including four
manual and two types of automated analysis for GEM showed that
automated and manual methods compared well (Ebinghaus et al., 1999)
and a study including six groups that measured GEM with Tekran
2537A’s showed that the precision between each group was consistently
good (within 5%)(Aspmo et al., 2005). The Tekran 2537A has further-
more been used on a number of cruise campaigns (e.g. Aspmo et al.,
2006; Fu et al., 2010; Laurier et al., 2003; Sommar et al., 2010; Temme et
al., 2003b; Temme et al., 2003a; Xia et al., 2010) and has proven to be able
to withstand the exposure to sea spray, temperature changes and move-
ments due to waves.
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RGM is a method defined parameter and thus the method has to be con-
sidered as a reference method, where the reproducibility of the method
gives the best estimate of the uncertainty. Although several manual
methods exist for measuring RGM only a Tekran 2537A equipped with a
Tekran 1130 sampling unit allows for continues measurements. In an in-
ter-calibration exercise carried out at Svalbard, Norway, in 2003 (Aspmo
et al., 2005) the uncertainty of RGM measurements was found to be very
large. Participating laboratories used a Tekran 2537A equipped with a
Tekran 1130 sampling unit; agreement was at best to within an order of
magnitude. Paralle] measurement of RGM were also carried out at Bar-
row, Alaska, where one group used a Tekran 2537A equipped with a
Tekran 1130/5 sampling unit and the other only a Tekran 2537A
equipped with 1130 (Henrik Skov, unpublished results). Because of the
use of sampling cycles of different duration, a direct comparison of
measurements was not possible but 3 day averages showed very good
agreement 1.7 % (one std. dev.). In Skov et al. (2006) a Tekran 2537A
equipped with a Tekran 1130 sampling unit was compared to one with
manual denuders (Landis et al., 2002). Manual and automated methods
were found to agree to within 25% (95% confidence interval). Due to the
uncertainty of the method, which does not seem to be consistent for dif-
ferent comparison studies, the RGM results needs to be treated with care
in the analyses.

The Tekran is the only choice for cruise campaigns if GEM and RGM are
to be measured continuously.

3.2 Galathea 3 cruise

3.2.1 Gaseous mercury measurements

GEM and RGM measurements were conducted onboard the ship Ved-
deren, during the cruise campaign Galathea 3, from August 2006 to April
2007. The campaign was a circumnavigation resulting in mercury obser-
vations from 114 days. The route can be seen in Figure 40. A more thor-
ough description of the Galathea 3 expedition can be found in “Appendix
C Background information on the Galathea 3 expedition” and in the book
“Galathea 3” (Joergensen, 2008)(in Danish).

GEM and RGM were measured with a Tekran 2537A mercury vapor
analyzer equipped with a Tekran 1130 automated denuder unit and
pump module. The Tekran was mounted on the starboard side of the
ship 6 meters above sea level next to the smokestack (Figure 12). Meas-
urements were collected by Britt Tang Serensen, Henrik Skov, Henrik
Madsen, Bjarne Jensen, and Christel Christoffersen.

On Figure 13 flow diagrams of the Tekran 2537A and the 1130 speciation
subunit are shown. The Tekran 2537A monitor sucks air samples
through a gold trap, which retains the mercury by forming an amalgam.
Two gold traps are placed in parallel and when the first trap has com-
pleted its sampling, the second trap starts sampling, while the first trap
is desorbed thermally at 500°C in a flow of argon. In this way GEM is
measured continuously. The quantity of sampled mercury is detected by
cold vapor atomic fluorescence spectrometry (CVAFES). The sample flow
rate is controlled and adjusted by a mass flow controller. The 1130 speci-



ation module is integrated into the Tekran 2537A so that continuous
measurements of both GEM and RGM are possible.

Figure 12. The location of the inlet for the Tekran (red circle) onboard the ship and the in-
side of the thermostated container where the instruments were located.

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 sam-
pled on an annular quartz denuder (Figure 13 B first state). An 80 min
collection time is needed since RGM is present at much lower concentra-
tions than GEM. After the 80 min a 40 min period followed in which
RGM sampled on the denuder was determined by thermal desorption
and analyzed with the Tekran 2537A (Figure 13 B second state).
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Figure 13. A setup of A) the Tekran 2537A and B) the Tekran 1130 system (illustrations taken from the Tekran homepage:
www.tekran.com [accessed January 2011]).

The detection limit of GEM was 0.1 ng m3 (Skov et al., 2004). The
method’s detection limit for RGM was calculated as 3 x std. dev. on
blank values obtained during the analysis of the annular quartz denuder
and was better than 2 pg m3. The response of the detector was checked
every 25 h by adding clean air and air with a known amount of GEM
from an internally thermostatted permeation tube. The stability of the in-
strument was checked by parallel measurements with two Tekran 2537A
instruments. Before and after the cruise the permeation rate was deter-
mined using manual injections of known quantities of mercury, and it
was found to be constant within the uncertainty of the instrument. The
reproducibility of GEM measurements is 20% at a 95% confidence inter-
val above 0.5 ng m3. For RGM there is not sufficient data from the litera-
ture or from experiments at NERI (Aarhus University) to calculate the
reproducibility of the measurements. Moreover the collected RGM pool
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is probably made up of different gaseous Hg!' species in different air
masses as the ship moves in time and space. Therefore 10% was added to
an uncertainty to make a conservative estimate. The expanded repro-
ducibility of RGM is thus 28%, using a factor of 2 to get a 95% confidence
interval.

During the cruise, problems with the Tekran were encountered several
times due to the exposure to conditions much harder than normally ex-
perienced at landbased site. One example is the extensive sea salt con-
centrations in the air. There are therefore periods during the cruise with-
out measurements. Along the coast of Africa the addition from the per-
meation source was missing for 22 days. Fortunately the detector signal
only drifted a few percent during this time and a linear interpolation
spanning the period was applied. The resulting contribution to the un-
certainty is therefore minimal.

3.2.2 Ancillary measurements

To help with the interpretation of the Hg data NO, NOx, CO and O3
were also measured during the cruise. NOx (NO and NO) is a tracer for
the influence of smoke from the smokestack on the ship and CO is a
tracer for combustion of fossil fuels or biomass burning. Unfortunately
these data were not always available, and CO and Os; measurements
were therefore not included in Soerensen et al. (2010a). For a thorough
description of the methods and uncertainties used for collection of these
data see Soerensen et al. (2010a; 2010b).

Black carbon (BC) was used in only one case (see Soerensen et al., 2010a)
as the entire dataset has not been quality controlled. BC data for the
cruise track along the African coast was made available by Matthias Ket-
zel (NERI, Aarhus University). A description on the collection method
can be found in Soerensen et al. (2010a).

The meteorological data from the Galathea 3 cruise is public available
from http:/ /galathea.oersted.dtu.dk/GE.html. The data was not quality
controlled before it was made available online and quality control was
made as part of this work to ensure confidence in the data.

3.2.3 Data analysis and other data sources

Data from the cruise were broken into 12 legs based on ocean basin and
origin of air mass (Table 3) in order to analyze the data in smaller sec-
tions.

RGM was measured with a temporal resolution of 2 h. In order to have a
uniform temporal resolution of the dataset all other parameters were av-
eraged to 2 h. Figures and statistical tests are made with the 2 h resolu-
tion, except when GEM is treated by itself, in which case the resolution is
5 min. If the resolution deviates from 2 h this is stated explicitly.

T-tests were used to determine if concentrations during different parts of
the cruise had significantly different GEM concentrations. T-tests were
also used to determine if concentrations in harbor were significantly dif-
ferent compared to the MBL for GEM concentrations or DL and 2xDL for
RGM. To investigate the presence of diurnal variations in RGM during
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the 12 legs RGM was divided into daytime (6-18) and nighttime (18-6, lo-
cal time) values and a t-test was used on the data. In the t-tests the null
hypotheses is that the mean of the two samples are the same. Spearman’s
rank correlation and Pearson’s rank correlation was used in different
cases to determine if correlation were present in periods of the data.

GEM/CO and RGM/CO relationships were used to give an estimate of
yearly GEM and RGM emissions in the areas of origin of anthropogenic
pollution plumes that were intercepted at the ship. To do this a correla-
tion between CO and the gaseous mercury species were needed. The
emission estimates were computed by use of the EDGAR 2000 CO emis-
sion estimates (GEIA/ACCENT 2000 emissions, see
http:/ /accent.aero.jussieu.fr/ EDGAR32.php, [accessed December 2010])
combined with the ratio of mercury and CO in the plumes (see Soeren-
sen et al., 2010b). GEM/CO ratios have previously been used to estimate
mercury emissions for large areas like Europe, North America and Asia
(Jaffe et al., 2005;Radke et al., 2007;Slemr et al., 2006) but also for smaller
areas and single cities (Talbot et al., 2008) like it is done with the Galathea
3 data. GEM/CO ratios with values of 0.0005-0.002 ng m- ppb! have
been observed for biomass burning (references in Friedli et al., 2009) while
the ratios for anthropogenic sources are most often higher and ratios
with values of 0.0013-0.006 ng m ppb! have been observed (Friedli et
al., 2004;]Jaffe et al., 2005;Mao et al., 2008;Obrist et al., 2008;Radke et al.,
2007;Slemr et al., 2006;Weiss-Penzias et al., 2006;Weiss-Penzias et al.,
2007).

Table 3. Legs, latitudes and dates for the Galathea 3 cruise.

Leg Abbreviations Dates Latitudes of the given leg  Origin®
used in the text (°)

Global 16"™ Aug — 24™ Apr -65: 67

NH summer 16™ Aug — 1% Sep 58 : 67

NH spring 30" Mar — 24" Apr 23:59

SH 8" Oct — 8" Feb 65:-3

North Atlantic NA 16" Aug — 1% Sep 58 : 67 Ocean
Atlantic Ocean AT 15" Apr — 24" Apr 43:59 Ocean
Sargasso Sea SS 30" Mar — 11" Apr 23:45 Mixed
South African coast SA 8" Oct — 21 Oct -39:-3 Mixed
Indian Ocean 10 22" Oct — 29" Oct -39:-33 Ocean
West Australia WA 3" Nov — 6" Nov 22017 Ocean
East Australian coast EA 23" Nov — 15" Dec 44 : -26 Mixed
Coral Sea CS 16" Dec — 3" Jan 27 :-7 Mixed
New Zealand NZ 3 Jan — 14" Jan -56:-26 Mixed
Antarctic Ocean AO 14" Jan — 24" Jan -65:-55 Ocean
Antarctic Coast AC 25" Jan — 28" Jan -65 : -63 Mixed
Coast of Chile cc 31% Jan — 8" Feb -58:-33 Mixed

A Ocean = no important influence from terrestrial sources, Mixed = influence from terrestrial sources during the entire or

smaller but significant portions of the leg.

For the quality control and data analysis several databases and informa-
tion found on relevant web-pages as well as unpublished data were
used:

« Hysplit back trajectory model (from now on referred to as HYSPLIT)
(http:/ /ready.arl.noaa.gov/HYSPLIT.php [accessed January 2011])

« FIRMS Web Fire Mapper (from now on referred to as FIRMS data)
(http:/ /maps.geog.umd.edu/firms/ [accessed January 2011])
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« MOPITT CO data (Emmons et al. 2009), Ice Charts (from now on re-
ferred to as NATICE) (www.natice.noaa.gov [accessed December
2009])

« Global Volcanism Program (www.volcano.si.edu/ [accessed April
2010])

» Australian Mercury Programme: NSW government, department of
Environment, Climate Change and Water
(www.environment.nsw.gov.au [accessed July 2010])

« AMAP Hg 2000 emission inventory
(www.amap.no/Resources/HgEmissions/ [accessed 3 December
2010])

« GEIA/ACCENT 2000 CO emissions inventory
(http:/ /accent.aero.jussieu.fr/ EDGAR32.php [accessed December
2010])

« Sciamachy satellite data, Instit. of Environmental Physics, University
of Bremen (http:/ /www.iup.uni-
bremen.de/doas/scia_data_browser.htm [accessed February 2011])

o Mace Head data (Hans H. Kock, GKSS, 2010: personal communica-
tion)

« GEM data from the Nuuk research station (Henrik Skov, Aarhus
University, 2010: personal communication)

3.2.4 Hg observations that would have improved the interpretation

The interpretation of the cruise data would have benefited substantially
if measurements had included TPM and aqueous Hg?. It was planned to
measure TPM with a Tekran 1135 subunit but for technical reasons this
instrument was not included in the campaign. DGM (i.e. Hg?%) can be
measured at high resolution by a method presented in Andersson et al.
(2008a). Combining this method with GEM measurements in the air
makes it possible to estimate fluxes across the air-sea interface. The sys-
tem is described in “West Atlantic Ocean cruises” (3.3). Hg? concentra-
tions in the ocean were not collected due to a lack of instrumentation.

3.3 West Atlantic Ocean cruises

High resolution data of DGM and TGM were measured in August 2008
on the New England shelf and in September 2008, June 2009 and Sep-
tember 2009 on cruises near Bermuda. The experimental work was per-
formed by Maria Andersson, Robert P Mason, and others at the Univer-
sity of Connecticut. The method for collection of the data is described in
Mason et al., 2009 (see “Appendix E Poster (Mason et al., 2009)”) and
shortly summarized below:

TGM (treated as GEM in this data analyses) was measured using a Tek-
ran 2537A mercury analyzer (resolution 5 min) (as described above for
the Galathea 3 measurements). The DGM (i.e. Hg?) was determined with
a purging system, where the equilibrium distribution between air and
water for Hg? was used to calculate the Hg? concentration in the incom-
ing surface waters (resolution 5 min)(Figure 14). Seawater was constantly
pumped through the jacketed Plexiglas cylinder. The opposite flow prin-
ciple was used in order to achieve higher contact time. The Hg? in the
water phase achieves equilibrium with the gas phase passing through
the cylinder and by calculation the DGM concentration can be deter-
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mined from the gas phase concentration. Using this method the DGM
concentration was measured with high resolution (5 min) using a Tekran
2537A. Another Tekran 2537A was used to quantify the atmospheric
Hg?.
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Figure 14. Purging system used in combination with a Tekran 2537A to
measure DGM in the surface water (from Andersson et al., 2008a).

To calculate the mercury flux the two layer thin film model with the
Nightingale et al. (2000) transfer velocity parameterization for instanta-
neous winds were used.

The data presented in the section on “Ocean evasion” is preliminary re-
sults from work in preparation with these data and only mean values for
the West Atlantic cruises are discussed.

3.4 Modeling

The application of models is necessary to understand the dynamics of
something as complex as the biogeochemical cycling of mercury. Models
are mathematical realizations of the physical system under study based
on current knowledge. Models employ assumptions and simplifications
to fill the knowledge gaps and achieve efficiency in performing simula-
tions.

Models serve different purposes and aim at exploring different subsets
of the world. Models can reveal system properties, the weakness in our
knowledge and where to focus our efforts in data collection. Models are
furthermore very useful in testing scientific hypothesis. Depending on
what the goal is with the model a certain complexity that can fulfill this
goal has to be chosen. A complex model contains more parameters and
increases the level of uncertainty because each parameter has to be esti-
mated and thus is connected with an uncertainty (Joergensen and Ben-
doricchio, 2001). A complex model is also more computational heavy,
which is a consideration in 3-D atmospheric modeling. In the cases
where our knowledge is limited or the underlying scenario does not
warrant a complex model the aim should be to simplify the parameteri-
zations in the model as much as possible.
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3.4.1 Choice of model

The criterion for the initial choice of model was a global 3-D atmospheric
mercury model that covered the period of the Galathea 3 cruise. Although
there were several global 3-D atmospheric mercury models to choose be-
tween (Skov et al., 2008 Appendix B), the GEOS-Chem model was the
only model that included a slab-surface ocean representation of the
mixed layer (Strode et al., 2007), which is essential when working with
measurements in the MBL. Other models operate with the ocean surface
as a boundary condition or with simple reevasion parameterizations
(Dastoor et al., 2008, Jesper H. Christensen (personal communication,
NERI)). None of the possible models included a bromine scheme at the
planning state of my PhD (summer 2007) although a few were about to
publish bromine versions (Dastoor et al., 2008; Seigneur and Lohman,
2008). Work to include a bromine scheme in the GEOS-Chem model was
under preparation (published in Holmes et al., 2010). The GEOS-Chem
model also has an extensive user community and with continuous up-
dates it is a state of the art model among the global 3-D chemical trans-
port models. The GEOS-Chem model was chosen for the data interpreta-
tion.

3.5 The GEOS-Chem model

The GEOS-Chem 3-D global atmospheric chemistry transport model
(Bey et al., 2001) uses assimilated meteorological observations from the
Goddard Earth Observing System (GEOS) of the NASA Global Modeling
and Data Assimilation Office (GMAO). It provides a mechanistic repre-
sentation of the global biogeochemical cycling of mercury including dy-
namic coupling of the atmosphere to the surface reservoirs (Selin et al.,
2007; Strode et al., 2007). For all the simulations in this project GEOS-5
meteorological fields were used. The model has a horizontal resolution
of 4°x5° (45x72 grids) with the possibility to run with 2.5°x2.5°, and 48 or
72 vertical layers. The time step is 30 or 60 minutes.

An emission inventory for anthropogenic mercury emissions based on
the AMAP inventory for the year 2000 (Pacyna et al., 2006b) but adjusted
for the year 2006 based on projections by Streets et al. (2009) is used
(Table 4). To simulate the effect of biomass burning GFED2 CO emis-
sions are used. They are converted to GEM emissions by the use of an
Hg/CO factor of 1.05%10”7 molHg molCO! (see Soerensen et al., 2010b
for an explanation of the Hg/CO factor). Mean monthly emission esti-
mates are used for biomass burning.

The model has a large atmospheric chemistry scheme, but the mercury
model is run with a reduced scheme including only mecury species
(GEM, RGM and TPM) (Selin et al., 2007). For a good overview of possi-
ble chemistry schemes see the GEOS-Chem wiki
(http:/ /wiki.seas.harvard.edu/geos-chem/). The mercury simulation
has an associated slab-ocean model representing Hg?, Hg!l and HgP in
the surface ocean (Strode et al., 2007) and in the new GEOS-Chem ver-
sion v8-03-02 there is also a representation of terrestrial exchange with
the atmosphere (Table 4). The slab-ocean model of the mixed layer was
introduced by Strode et al. (2007). The slab-ocean model has the same
horizontal resolution as the atmospheric model and a vertical depth that
varies depending on the monthly mixed layer depth (MLD) of the ocean
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(Kara et al., 2003; Montegut et al., 2004). The model recently went from
using O3 and OH as GEM oxidants (Selin et al., 2007) to using Br as the
GEM oxidant (Holmes et al., 2010).

3.5.1 Work with the GEOS-Chem model

Simulations with the GEOS-Chem version v8-01-01 (Table 4) were com-
pared to the Galathea 3 GEM and RGM observations. This comparison
led to a hypothesis about the oceanic origin of elevated GEM concentra-
tions in the MBL and consequently to improvements to the slab-ocean
model parameterization. The work with the slab-ocean model was done
in close collaboration Elsie Sunderland at Harvard University.

As the GEOS-Chem model was being updated with bromine-mercury
chemistry parallel with my work (Holmes et al., 2010 and Table 4) it was
possible to include a version with bromine chemistry in the final version
of the updated model. Different versions of the GEOS-Chem model have
however been used during the PhD due to continuous update to the v8-
01-01 version available at the start of my work. The different versions are
presented in Table 4. The original version of the Hg model was devel-
oped by Noelle Selin (Selin et al., 2007) and included the ocean parame-
terization developed by Sarah Strode (Strode et al., 2007). In this thesis
only results from the Soerensen version of the model are discussed (this
is the version presented in Soerensen et al. 2010c). The v8-03-02 is pub-
licly available at: http:/ /acmg.seas.harvard.edu/geos/index.html.

Table 4. The different versions of the GEOS-Chem mercury model that | have worked with during the PhD. Results in
the Summery and Discussion chapter are all from the Soerensen et al. (2010c) version unless otherwise stated.

Version Atmospheric scheme Oxidants Ocean scheme Inventory

v8-01-01 Selin et al., 2007 OH+ O3  Strode et al., 2007 GEIA 2000

Holmes Holmes et al., 2010 Br Strode et al., 2007 GEIA 2000 scaled to Streets et al., 2009
Soerensen Holmes et al., 2010* Br Soerensen et al., 2010c  GEIA 2000 scaled to Streets et al., 2009
v8-03-02 Holmes et al., 2010 Br Soerensen et al., 2010c  GEIA 2000 scaled to Streets et al., 2009

*This version of the atmospheric mercury module differs slightly from the final version published by Holmes et al. (2010) due to overlapping devel-
opment. The v8-03-02 version is the integrated publicly available version.

3.5.2 Development of the slab-ocean model

The improvements to the slab-ocean model were based on new results
from the experimental and modeling community. Thus it was possible to
enhance the complexity of the model parameterization compared to
Strode et al. (2007).

Exchange with the atmosphere and subsurface waters

Air-sea fluxes of Hg? were modeled using the parameterization of Night-
ingale et al. (2000), the Henry’s law coefficient for Hg? (Andersson et al.,
2008b), a temperature-corrected Schmidt number for CO2 (Poissant et al.,
2000), and the Wilke-Chang method for estimating a temperature and sa-
linity-corrected Hg? diffusivity in different ocean regions (Wilke and
Chang, 1955) (see Soerensen et al. 2010c Supporting Information (SI) Ta-
ble S4). The vertical exchanges between the surface ocean and intermedi-
ate waters were retained through entrainment/detrainment of the mixed
layer (Appendix D Maps of input data to the GEOS-Chem slab-ocean
model: Mixed Layer Depth) and Ekman (wind-driven) pumping in-
cluded in the original GEOS-Chem slab ocean model (Strode et al., 2007).
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Deepening of the surface ocean mixed layer (Montegut et al., 2004) re-
sults in entrainment of Hg from intermediate waters and seasonal sur-
face stratification resulting in detrainment. The original GEOS-Chem
slab ocean model (Strode et al., 2007) assumed a globally uniform sub-
surface ocean Hg concentration. This was updated (Figure 15) using ob-
servations compiled by Sunderland and Mason (2007), and new data for
the North Pacific Ocean (Sunderland et al., 2009) and Arctic Ocean (Kirk
et al., 2008).
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Figure 15. Subsurface ocean concentrations of inorganic total Hg based on observations
compiled by Sunderland and Mason (2007), with recent measurement updates (Kirk et
al., 2008; Sunderland et al., 2009).

Surface ocean redox reactions

The model incorporates separate terms for photolytic and biotic reduc-
tion, and photochemical and dark oxidation. The reducible fraction of
the dissolved Hg!' pool was based on estimates from freshwater systems
(O'Driscoll et al., 2006) and data indicating that stable chloride com-
plexes abundant at high salinities are more resistant to reduction proc-
esses (Stumm and Morgan, 1996; Whalin et al., 2007). Reported ranges
for the reducible pool (Hg!eq) from the above studies vary between ap-
proximately 40% and 60% of total Hg!l. A value of 40% was implemented
to best match the observational constraints provided by speciated sur-
face ocean and atmospheric Hg concentrations. Re-equilibration of all re-
active and nonreactive pools and Hg speciation occurs at each time step
(60 min) in the model simulation. Measured biotic Hg reduction rate co-
efficients in dark seawater incubation experiments range from 3.5 x 107
s1 (Mason et al., 1995a) to 8.3 x 105 s (Amyot et al., 1997). These ex-
periments assume instantaneous equilibration of any added Hg to mimic
Hg speciation under natural conditions (i.e., the rate coefficients apply
only to Hglleq). Many studies report relationships between biotic reduc-
tion rate coefficients in natural waters and factors such as productivity,
particulate matter and bacterial activity (Mason et al., 1995a; Poulain et
al., 2007; Whalin et al., 2007). A variety of rate coefficient data for Hgl,q
photoreduction are also available (Amyot et al., 2000; Lalonde et al.,
2001; Lalonde et al., 2004; Qureshi et al., 2010; Rolfhus and Fitzgerald,
2004). While these data provide guidance, most cannot be implemented
directly in the model because they reflect net Hg!! reduction rate coeffi-
cients, are for unfiltered waters (do not isolate photoreduction and biotic
reduction), and/or do not report radiation intensities. Dual isotope addi-
tion data from Whalin et al. (2008), who measured simultaneous photo-
oxidation (kox1), photoreduction (krep1), and biotic reduction (krep2) rate



coefficients (s1) in Chesapeake Bay seawater were therefore used. By
least squares fit to the Whalin et al. (2008) data, linear relationships be-
tween total shortwave solar radiation (R, W m-2), net primary productiv-
ity (NPP, gC m2 d-1) and koxi, krep1, and krep2 were derived. NPP values
for this derivation were for the outer and shelf region of Chesapeake Bay
characteristic of the measurement period (Cerco, 2000). The rate coeffi-
cients were further adjusted within observational confidence limits to be
consistent with the ratio between photo-oxidation and photoreduction
measured by Qureshi et al. (2010), resulting in the following relation-
ships being implemented in the model: kox1 = 6.6 X 10¢ x R; krgp1 = 1.7 %
106 x R; krepz = 4.5 x 106 x NPP. A term for dark oxidation (kox2 = 1.0 x
107 s1) based on Lalonde et al. (2001) is also included. Spatial and sea-
sonal variability in redox rates was modelled based on light attenuation
in the surface mixed layer, the surface local shortwave radiation flux
from GEOS-5, and global NPP distributions from MODIS satellite data
(Behrenfeld and Falkowski, 1997). Light attenuation with depth is esti-
mated from empirically determined effective light absorption coefficients
for seawater, dissolved organic carbon (DOC) and pigments, and their
respective concentrations (Wozniak and Dera, 2007) (Soerensen et al.
2010c SI Table S3). Pigment concentrations are derived from MODIS sat-
ellite data, while DOC is based on a global mean of 1.5 mg L in the sur-
face mixed layer, scaled by the distribution of global NPP to account for
productivity related concentration differences (Chester, 2003).

Sorption of Hg!! to particles and export fluxes

HgP removal from the surface ocean is modelled by linking Hg!l sorption
to particulate matter and settling to organic carbon export fluxes (the
ocean’s biological pump). The affinity of aqueous Hg!! for the solid phase
is described using an empirically measured partition coefficient (KD, L

kg1):

Ky =—
D C,

Where Cs is the suspended particulate matter (SPM) concentration of
Hg!l on a dry weight (mass/mass) basis (pg kg?) and Cp is the filtered
concentration (mass/volume) of Hg!' in seawater (pg L-1). The model re-
equilibrates the Hg!! pool between the dissolved and solid phases at each
time step, prior to calculating the reducible and non-reducible dissolved
Hg!! pools.

A log Kp value based on North Pacific and North Atlantic measurements
(5.5+0.5) were used (Mason et al., 1998; Mason and Fitzgerald, 1993).
Since no global data sets for SPM concentrations in ocean surface waters
are available, integrated water column algal biomass derived from
MODIS chlorophyll a data and statistical relationships from (Uitz et al.,
2006) for subsurface algal productivity were used (see Soerensen et al.
2010c SI Section II). Settling fluxes of HgP are calculated using the pa-
rameterization described in Sunderland and Mason (2007) for export of
particulate organic carbon with depth and HgP to carbon (Hg:C) ratios.
Spatially and temporally variable Hg:C ratios are calculated at each time
step in the model (global mean of 0.16 ng Hg per mg C) from the reser-
voir of HgP (derived from Kp) and the standing stock of organic carbon
in the surface ocean (Soerensen et al. 2010c SI Table S2).
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3.5.3 Validation of the surface ocean module

After introducing the new parameterization into the slab-ocean module
the GEOS-Chem model was validated against available marine and at-
mospheric observations. An example of seawater Hg is seen in Figure 16
and for GEM in Figure 19. Correlation between simulations and meas-
urements of aquatic and atmospheric mercury were used to evaluate the
models performance (for details see Soerensen et al., 2010c).

Although a very detailed sensitivity analysis is hard to conduct on a
global model a sensitivity analysis for the most important parameters
and most uncertain variables was performed (see Soerensen et al. 2010c
SI Section I).
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Figure 16. Comparison of monthly modeled (2008) and observed (various years) seawater
Hg0 concentrations. Pacific Ocean: (Kim and Fitzgerald, 1988; Kim and Fitzgerald, 1986;
Mason and Fitzgerald, 1990; Mason and Fitzgerald, 1993); Atlantic Ocean (Gardfeldt et
al., 2003; Mason et al., 2001); Arctic Ocean: (Kirk et al., 2008). (illustration from Soeren-
sen et al., 2010c Supporting Information).

After the validation the model was used to investigate patterns of mer-
cury levels and fluxes in the global MBL. Thus it is possible to supple-
ment the cruise observations with model estimates of mercury concen-
trations improving the spatial and temporal knowledge of mercury lev-
els in the MBL and the different source contributions. The present-day
simulation was conducted for 5 years (2004-2008) to equilibrate the sur-
face ocean and the stratosphere. Monthly output from 2008 was used for
the global analyses while daily output from the exact time of the cruises
in 2008 and 2009 were used in the comparison to the West Atlantic
cruises.

3.6 Integrating approaches

Model development and experimental work should be planned together
in an integrated monitoring approach (Hertel et al., 2009). When model-
ers use the experimental results for development of parameterizations
and model validation, they are able to determine where the largest un-
certainties lies and which new measurements are most urgent in order to
improve the model parameterization and our understanding in the big-
ger perspective. If this information is given back to the experimentalists
they will be able to better direct their campaigns at the right questions
and experimentalist can thus identify new areas of research and uncer-
tainties in models which need to be addressed.



4  Summary and discussion of results

The chapter presents results that have not previously been addressed in
peer reviewed publications as well as results from the three enclosed pa-
pers (Appendix B Enclosed Abstracts from Peer-Reviewed Papers). The
reader is referred to the actual papers for in depth information on some
analyses and results that fall outside the main focal area discussed in this
summary.

4.1 Mercury concentrations in the MBL
Due to the combination of the extensive cruise data and the GEOS-Chem

model simulations, information on both the temporal and spatial resolu-
tions of gaseous mercury concentrations have been obtained.
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Figure 17. 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 (see Table 7) (illustration from Soerensen et al., 2010a).

4.1.1 Spatial distribution of GEM

Large scale

Average NH GEM concentrations from Galathea 3 are significantly dif-
ferent (P<0.05) from the SH average (1.27+0.2 ng m, n=848). NH spring
concentrations are 2.62+0.4 ng m3 (n=241) and late summer concentra-
tions are 1.32+0.2 ng m3 (n=190)(Table 7 and Figure 17). This confirms
the presence of a hemispheric gradient in concentrations as observed by
others (Fitzgerald et al., 1986; Lamborg et al., 1999; Slemr, 1996; Slemr et
al., 2011; Temme et al., 2003a) (Figure 21). The GEM gradients between
the two hemispheres in the Atlantic Ocean has ranged between 1.35-1.70
(NH/SH) the last decades (Slemr et al., 2011) (Figure 5). The data from
the Galathea 3 cruise have a gradient of 1.72 (NH median: 2.17 ng m-3, SH
median: 1.26 ng m3). This is in the higher end of reported gradient from
the Atlantic Ocean and is the result of the high springtime GEM concen-
trations observed during the cruise. With the median that is observed in
the SH, the NH median could potentially be as low as 1.70 ng m= and
still be within the 1.35-1.70 gradient range. This suggests that there is
much variability hidden in the range of NH/SH gradients reported the
last decades.
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The hemispheric gradient is reproduced by the GEOS-Chem model.
There is a gradient in GEM concentrations around 5°N-5°S for all seasons
(Figure 18). The model results indicate that the gradient is not constant
throughout the year but that it will be most pronounced in spring
(NH/SH=1.49) and least pronounced during summer (NH/SH=1.05).
The yearly mean gradient in the model is 1.27. This seasonal variability
could possibly explain why the observed gradients are also variable. The
summer gradient predicted by the model is smaller compared to cruise
observations in the Atlantic Ocean and this indicates that the model
might be overestimating summer concentrations in the SH. At the mo-
ment there are not enough cruise observations to either confirm or reject
the seasonal variability in the hemispheric gradient predicted by the
model.

The Galathea 3 cruise was broken down into 12 individual legs (Table 5).
This reveals that variations in GEM concentrations are also seen within
each hemisphere. For the NH large differences between spring and late
summer are seen in the Atlantic Ocean. This will be discussed in
“Seasonal variability of GEM” (4.1.4). For the SH differences in average
concentrations are less pronounced between legs but still present. Mini-
mum average on a leg in the SH is 1.03+£0.19 ng m? and maximum aver-
age is 1.55+0.38 ng m=3. The ship covers a large spatial and temporal
range during this part of the cruise as well as the source region of the air
masses changes between marine and terrestrial. This makes it difficult to
infer when the variability is caused by seasonal dependent changes and
when it is caused by spatial dependent changes.
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Figure 18. GEOS-Chem model output of the mean GEM concentration in the MBL for the four seasons. Overlaid are cruise
and terrestrial observations from Selin et al. (2007) and Soerensen et al. (2010a) and references therein (illustration from
Soerensen et al., 2010c).

Slemr et al. (2011) propose that atmospheric mercury concentrations

have decreased by 20-38% since 1996 and that this has led to 2008-2009
MBL levels ~1.1 ng m- in the NH and ~0.75 ng m-3 in the SH. This is not

48



confirmed by the Galathea 3 measurements. On the contrary, data from
the Galathea 3 (2006-2007) (Table 7) and data from the West Atlantic
Ocean (2008-2009) (Table 8, see “Ocean evasion” (4.2.6)) suggest that
MBL concentrations have not decreased substantially in either the NH or
SH since the 90ties, where mean cruise concentrations between 1.18 ng
m3 and 1.50 ng m? were reported (Table 2)(Slemr, 1996;Temme et al.,
2003b). This is supported by other recent SH observations from Witt et
al. (2010) who finds 1.2 ng m?3 (range: 1.05-1.51 and no reported plume
events) in the Indian Ocean in 2007 and Xia et al (2010) who finds a me-
dian of 1.28 ng m3 (average was 1.47+0.84 ng m= but many episodic
events were observed so the median might give a better estimate) in the
East Indian and Southern Ocean in 2007 (see Table 2). The difference be-
tween the cruises presented in Slemr et al. (2011) and other cruise data
suggest that there is variability in concentrations within each hemisphere
that is not understood. Furthermore, a decreasing trend within the MBL
is not consistent with most of the recent cruise observations despite the
clear decreasing trend observed at Mace Head and Cape Point since 1996
(Figure 5). I have no suggestions as to why the data from the two cruise
campaigns presented in Slemr et al. (2011) is so much lower than other
MBL observations from the same period.

Local scale

During Galathea 3, episodic changes significantly deviated from the run-
ning mean of GEM concentrations in the SH were observed (Table 6) and
GEM almost always showed enhanced concentrations in urban harbor
areas. The magnitude of the enhancements in harbor areas can be seen in
Figure 23 and in Soerensen et al. (2010b Table 1). These local scale events
will be discussed further in “Sources of Mercury to the MBL” (4.2).

The GEOS-Chem model is not a good tool for simulating small scale epi-
sodic transport events or in harbor concentrations although it has previ-
ously been used to simulate large scale Asian transports (Strode et al.,
2008). This is due to the spatial resolution of the model (4°%5°), where
small point source emissions will be diluted into the grid-box and not
create a point source or plume pattern. Especially in coastal areas sea-
breezes and other wind patterns are not well captured with the spatial
resolution of the model. Only in one case has the model been used in the
understanding of a plume event with GEM enhancement (see “Biomass
burning emissions” (4.2.4)).

4.1.2 Spatial distribution of RGM

During the cruise RGM concentrations were mostly < 10 pg m-3 and the
global mean concentration was 3+11 pg m=3 (Figure 17).

RGM concentrations were enhanced above 10 pg m3 during only two
episodes lasting longer than a day. The first episode was between the
24t and 28th of January 2007 near the coast of Antarctica where mean
concentrations reached 43+39 ng/m?3 (n = 47). For a thorough discussion
see “RGM Dynamics at Antarctica” (4.3.2). The second episode was dur-
ing the 6th to 8th of February 2007 when the ship passed along the coast of
Chile. Here the mean concentration was 43+31 pg m?3 (n = 21) (for a thor-
ough description see “Anthropogenic plumes in the MBL” (4.2.2) and
(Soerensen et al., 2010b)).
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During the periods where the ship was in harbor areas RGM was almost
always below 2xDT (detection limit = 2 pg m?3). The exceptions were
Perth, Australia (19.9+10.3 pg m=3, n=11) and Valparaiso, Chile (69.0£64.0
pg m3, n=25) (see Soerensen et al., 2010b).

The low concentrations of RGM in harbor areas and during periods in
the MBL where GEM concentrations indicate plumes from anthropo-
genic sources or biomass burning are unexpected. Possible reasons for
these observations will be discussed in “Mercury Chemistry in the MBL”
(4.3).

4.1.3 Diurnal variability of GEM and RGM

The presence of diurnal variations in GEM and RGM was investigated
individually for each of the 12 cruise legs of the Galathea 3 (see Figure 17
and Table 3). The procedure is described in Soerensen et al. (2010a).

Previous cruises have reported both an absence and a presence of diur-
nal GEM variations, some have even observed both within the same
campaign (Laurier et al., 2003; Sommar et al., 2010; Witt et al., 2010; Xia
et al., 2010). GEM variations have been proposed to be driven by ocean
evasion through diurnal variations in the evasion flux. Diurnal varia-
tions in the evasion flux have been observed in coastal areas using flux
chamber measurements (see for example Gardfeldt et al., 2001) although
not yet in the open ocean (Andersson et al., 2007). No recurrent diurnal
GEM variations were found during any of the 12 legs during the Galathea
3 cruise. This suggests that it is not a common feature for the MBL and
might rely on specific and as yet unidentified conditions.

Diurnal variations of RGM have been reported in all the limited number
of cruise measurements in temperate latitudes that I am aware of
(Hedgecock et al., 2003; Laurier and Mason, 2007; Laurier et al., 2003;
Mason and Sheu, 2002) while observations in the Arctic report lack of
diurnal variations (Aspmo et al., 2006; Sommar et al., 2010). RGM obser-
vations from Galathea 3 revealed significant (P < 0.1) diurnal variation
with midday peaks in 5 of the 12 legs (Table 7). This will be discussed
further in “General Trends in RGM Dynamics in the MBL” (4.3.1).

4.1.4 Seasonal variability of GEM

Significantly different (P<0.001) concentrations of GEM were found in
the NH Atlantic Ocean MBL in late summer 2006 and spring 2007 using
a t-test (Table 7 and filled triangles on Figure 19). To ensure that the ob-
servations did not have systematic errors they were validated against
data from the Mace Head research station. Mace Head is located at the
western tip of Ireland and receives air primarily from the Atlantic Ocean.
This validation is presented in Soerensen et al. (2010a) and the results
support confidence in the large differences in concentrations between
spring and summer.

To confirm that the difference in concentrations in NH between August
2006 and April 2007 was part of a recurrent pattern all available informa-
tion on former cruises in the NH Atlantic Ocean were collected. With the
use of this ensemble of data a rough estimate of the seasonal variability
of GEM in the Atlantic Ocean was made (Figure 19) (see Soerensen et al.,



2010a). A seasonal GEM variability in the Atlantic MBL was found, with
minimum concentrations during summer and maximum concentrations
during fall to spring (Figure 19). The seasonal variability corresponds to
the one observed at Mace Head (R?=0.7) (Ebinghaus et al., 2002) but its
amplitude is larger.

The new version of the GEOS-Chem model is able to simulate the sea-
sonal variation above the Atlantic Ocean (R? of 0.82 when comparing
monthly means in the model with the observed seasonal variation in the
Atlantic Ocean from cruises (Figure 19)). This is a clear improvement
compared to previous versions of the model that have not been able to
capture the seasonal variability of the Atlantic Ocean. For a discussion
on what drives the seasonal variability of mercury in the Atlantic Ocean
see “Ocean evasion” (4.2.6).
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Figure 19. Season variability in GEM concentrations in the Atlantic Ocean (NH) and at
coastal stations in model results and measurements. Filled triangles are Galathea 3
cruise data, unfilled triangles are from Mason et al. 1998; 2001, Lamborg et al. 1999,
Temme et al. 2003, Aspmo et al. 2006, Laurier and Mason 2007, the black line is the run-
ning mean of cruise observations (see text), the blue line is the mean concentrations at
Mace Head (1995-2001)(Ebinghaus et al 2002), the red line is GEOS-Chem model data
and hatched area represent highest and lowest simulated concentrations in ocean grids in
the North Atlantic at the given month. lllustration modified from illustrations in Soerensen
et al., 2010a and Soerensen et al., 2010c.

The model also predicts distinct seasonal variations in other ocean basins
(Figure 20), which the limited number of cruise observations cannot yet
confirm. The model predicts a seasonal variation in the North Pacific
Ocean equal to the one in the North Atlantic Ocean (R?=0.96, n=12) al-
though the variation between summer and winter is less pronounced
(Table 5). According to the model the South Atlantic and South Pacific
Oceans have a seasonal variability anti-correlated to the one in NH (R2=-
0.86 between North Atlantic and South Atlantic) with peak concentra-
tions in July to September. The mean GEM concentrations are also lower
in SH and the seasonal variability less pronounced (Table 5 and Figure
20) as also suggested by measurements (Figure 21). In the Southern
Ocean no distinct periods with minimum or maximum concentrations
are found. Unfortunately this version of the model still has problems
with the polar air-sea-ice interactions and data for the Arctic Ocean and
coastal Antarctica has therefore not been derived.

The anti-correlation in the seasonal variation between the mid-latitudes
of the SH and NH predicted by the model is not supported by data from
the two east Atlantic coastal sites; Mace Head, Ireland in the NH and
Cape Point, South Africa in the SH (Slemr et al., 2008). Measurements
suggest that the two sites have similar seasonal variability (Figure 6) and
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the authors propose that the seasonal variation at Cape Point is driven
by emission sources (ocean evasion, biomass burning, anthropogenic
emissions and inflow from the NH). It could be that the influence from
one of these emission sources is misrepresented in the model. Another
possibility is that the seasonal variation at Cape Point is not representing
conditions throughout the hemisphere. Although Slemr et al. (2009) sug-
gests that the seasonal variation at Cape Point is source driven new in-
formation (Brunke et al., 2010) also indicate that rapid removal of gase-
ous mercury take place at Cape Point in some cases. More long term
monitoring of mercury at coastal sites and on cruises in the SH is clearly
needed to clarify if the seasonal variation seen at Cape Point is the gen-
eral hemispheric pattern for the MBL, if the model is misrepresenting the
seasonal variability or if seasonal variations are different at different
places in the SH.

Table 5. Output from the GEOS-Chem for the five ocean basins shown in Figure 20.

Ocean basin Yearly mean#stdv. *

ng m?
North Atlantic Ocean 1.711£0.19
North Pacific Ocean 1.64+0.13
South Atlantic Ocean 1.24+0.08
South Pacific Ocean 1.26+0.06
Southern Ocean 1.35+0.06
AThe output is in monthly means, which have been used to derive the stdv.
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Figure 20. GEM monthly variation from the GEOS-Chem model for North Atlantic Ocean (-35:0°N, 30:66°S), North Pacific
Ocean [150:-140 °N, 18-62°S], South Atlantic Ocean (-30:10°N, -30:-2°S), South Pacific Ocean (160:-90°N, -38:-10°S]) and the

Southern Ocean (-58:-42°S).
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Table 6. Information on observed plume events during the cruise (see Table 7 for mean concentrations during each leg).

Location Leg Period GEM GEM GEM t-test® RGM GEM,RGM coO NOx 03 GEM/CO*
prior/after event p no. obs (R?P

W. coast of Africa SA 8"-9" Oct 06 1.70+0.06  1.25+0.14 0.001 2+3 13, 11 NA NA 35.6+2.8 NA

S. coast of Africa SA-I0  18™19" Oct 06  1.73+0.15  NA NA 3+3 19 70.6+20.0 NA 30.9+3.8 not sign

S. coast of Australia 1% EA 5"-5"Dec06  1.70+0.14° ~1.4 NA 0.5 258, 2 71 4 22 NA

S. coast of Australia 2"°A  EA 5".6" Dec 06 1.50¢0.06  1.2320.16 0.001 0 17 65.7 53+128 18.7#6.8 not sign

S. coast of Australia 2"B 8"-9" Dec 06 1.63£0.06  1.23+0.16 0.001 0 21 68.0 9+20 15.842.4  not sign

Coast of Antarctica AC1 25"27" Jan 07  1.80+0.26  1.30+0.16 0.001 56+39 29,29 71.5¢56.3 3.5¢6.4 10.0+2.2 -0.74"%

Coast of Chile CC 6"-7" Feb 07 1.17+¢0.17  1.07+0.07 0.01 43+31 21,21 150436 81+180 3.9+8.5  0.18"%

" GEM is tested to see if it is significantly enhanced compared to measurement just prior and/or after the episodic event. © 5 min values used. ~ Spearman’s rank correlation used.

Table 7. Global, Hemispheric and Sectional Data from the Galathea 3 cruise (table from Soerensen et al., 2010a).

GEM RGM d d
leg Ab® dates lat? {deg) origin® (ng/m?) (pg/m?) Gélp'j'lfnh[;sm dHGM t t.es:n RGE&EM RGE::'EH
mean(-=tstd) mean(-=Lstd) ay vs g

Global 16th August to 24th April —B5: 67 1.53(£0.58) 3.1{£11) 1279/1174
NH summer 16th August to 1st September b8: 67 1.32(x0.16) 0.4(£3) 190/172
MH spring 30th March to 24th April 23: 59 2.61(+0.386) 0.8{+£2) 241/218
SH 8th October to 8th February —65: —3 1.27{£0.25) 4.3(£14) 848/784
MNorth Atlantic NA 16th August to 1st September 58: 67 ocean 1.32{£0.16) 0.4{£3) 190/172 0.3
Atlantic O. AT 15th April to 24th April 43: 59 ocean 2.26(x0.26) 0.1{£1) 100/92 0.89" —0.837
Sargasso Sea 55 30th March to 11th April 23: 45 mixed 2.86(+0.17) 1.2{+2) 141/126 —0.49 0.31
South Africa SA 8th October to 21st October —39: -3 mixed 1.36(+0.24) 3.4{+4) 113101 —0.60 0.43
Indian Ocean 10 22nd October to 29th October —39: -33 ocean 1.11{%0.19) 4.6{+5}) 88/79 e 0.83" —0.6610-18)
West Australia WA 3rd November to 6th November —22: 17 ocean 1.03(+0.186) 5.0{+6) 32/26 g 0.77¢ —0.949
East Australia EA 23rd November to 15th December —44: —-26 mixed 1.33(£0.24) 1.9(+3) 185/175 € 0.949 —-0.77¢
Coral Sea Ccs 16th December to 3rd January =27 -7 mixed 1.21({£0.18) 0.3(£1) 130124 g 0.7191 —0.89"
New Zealand NZ 3rd January to 14th January —E6: —26 mixed 1.19(+0.17) 0.1(+0) 108/104 g 0.89" —0.837
Antarctic O. AD 14th January to 24th January —65: —55 ocean 1.30(+0.186) 0.0({+0) 105/92 0.09 —0.09
Antarctic Coast AC 25th January to 28th January —B65: —63 mixed 1.55(+0.38) 43.0(+39) 49/47 —0.2 —0.03
Coast of Chile CC 31st January to 8th February —E8: —-33 mixed 1.11{£0.11) 28.6(+30) 37/36 —0.49 0.54

2 Abbreviations used in the text. ® The latitude that the given leg includes. © Ocean = no influence from terrestrial sources, Mixed = influence from terrestrial sources during the
entire or smaller but significant portions of the leg. “PCC (r} = Pearson’s correlation coefficient (with significance level given in footnotes e—h. € P < 0.1. TP < 0.05. ¢ P < 0.01.)
between mean diurnal RGM and radiation and relative humidity during the given leg.
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4.1.5 Do GEM MBL background concentrations exist?

In the last decade there has been a consensus that a so called “back-
ground concentration” for the NH and SH exist in the MBL and at rural
terrestrial sites due to the long atmospheric lifetime of mercury. This has
most clearly been expressed in Lindberg et al. (2007). This is a paper syn-
thesizing knowledge from the Panel on Source Attribution of Atmos-
pheric Mercury, which was convened during the 8th International Con-
ference on Mercury as a Global Pollutant. In Lindberg et al. (2007) it is
stated that the term “Global background concentration refers to the average
sea-level atmospheric concentration of Hg at remote sites and is currently taken
as 1.5-1.7 ng m3 in the Northern Hemisphere, 1.1-1.3 ng m= in the Southern
Hemisphere”. That this is still considered to be valid is seen by the refer-
ence to this statement in a newly published review by Sprovieri et al.
(2010). They state “Based on the existing data, there is a scientific consensus
about the current global background concentration of airborne Hg which is con-
sidered to be in the range of 1.5 to 1.7 ng m=3 in the Northern Hemisphere and
1.1 to 1.3 ng m=3 in the Southern Hemisphere (Lindberg et al., 2007) “.
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Figure 21. Compilation of cruise measurements from 1977 and until today. Black dots and lines show data from previous
cruises (Andersson et al., 2008c; Aspmo et al., 2006; Fitzgerald et al., 1984; Fitzgerald et al., 1986; Kim and Fitzgerald,
1986; Lamborg et al., 1999; Laurier and Mason, 2007; Laurier et al., 2003; Mason et al., 1998; Mason et al., 2009; Slemr,
1996; Slemr et al., 2011; Slemr and Langer, 1992; Temme et al., 2003b). The black lines indicate mean concentrations
given for a certain range of latitudes; black dots indicate individual measurements or a mean of measurements at the
given latitudes depending on the form of the data available. Red dots indicate 2 h mean concentrations during the Galat-
hea 3 cruise, with all data where influence from anthropogenic sources or biomass burning is suspected has been re-
moved. Green lines indicate the upper and lower limits of the background concentrations in the two hemispheres as sug-
gested by Lindberg et al. (2007).

In the NH (North America and Europe) average mercury concentrations
at rural terrestrial sites are mostly within the limit of the background
concentrations given by Lindberg et al. (2007) and, although present the
amplitude of the seasonal variation is small (Sprovieri et al. 2010 and ref-
erences therein). However, the NH MBL GEM concentrations measured
during Galathea 3 supports measurements from previous cruise cam-
paigns: reported mercury concentrations are inconsistent with the sug-
gested average background concentrations (Figure 21). Furthermore it
has already been shown that the seasonal variability in the NH MBL is
considerable. The lower end of average cruise concentrations have sev-



eral times been observed to be well below 1.5 ng m= (Slemr et al., 2011;
the Galathea 3 data and data from West Atlantic Ocean (see Table 8)) but
it is the tendency for MBL observations to be above 1.7 ng m? that is
most striking. Observations are often > 2 ng m3 (Table 2) and have been
observed to be more than twice as high as the proposed background
level. It is also seen that NH cruise data have a bell shape across lati-
tudes. Highest concentrations as well as the largest variability in the con-
centrations are seen around 20-50°N (Figure 21). It is not possible to cal-
culate an accurate yearly mean for the NH MBL but using the running
mean from the ensample of Atlantic cruise data described in “Seasonal
variability of GEM” (4.1.4) a yearly average concentration of 1.93+0.17 ng
m- can be approximated. This is well above the “background concentra-
tion”.

Previous cruise campaigns in the SH Atlantic (Lamborg et al., 1999;
Slemr, 1996; Temme et al., 2003b; Temme et al., 2003a; Witt et al., 2010)
have measured more uniform concentrations across all latitudes than in
the NH MBL (Figure 21)(Slemr et al. 2011). Average cruise concentra-
tions mostly fall within the range of 1.1-1.5 ng m?3 (Table 2), the new
cruise data from Slemr et al. (2011) being the exception. The average con-
centration of GEM in the SH during Galathea 3 was 1.27+0.25 ng m?3 (n =
848 five min obs). At first sight this supports the proposed average back-
ground concentrations, however if the average leg concentrations or the
2 h average concentrations are considered it is seen that this average is
masking a large variability in the data with periods well below and
above the “background concentration”. This implies that so far there is
not enough information to disregard that some locations in the SH pris-
tine MBL could have yearly averages either well above or below the sug-
gested background concentrations. The enhancements above 1.3 ng m-3
could for older publications be due to episodic plumes from biomass
burning or anthropogenic sources but the known episodes have been
removed from the 2 h average Galathea 3 data presented in Figure 21. The
variability in the 2 h average data could indicate that the lifetime of GEM
in the MBL is too short to create a uniform hemispheric average. At the
only long term monitoring site in the SH (Cape Point, South Africa) an
average yearly concentration below 1 ng m= has been observed the last
couple of years (Slemr et al., 2011). At this site frequent GEM depletion
events are also reported (Brunke et al., 2010) indicating that a fast re-
moval of mercury is occurring at least at some locations in the SH. What
drives this variability at Cape Point and to a lesser extent in the MBL
during the Galathea 3 cruise is still not understood.

It seems that the concentrations in the MBL are much more variable than
the defined “background concentrations” for remote sites suggest as well
as the yearly average most likely is much higher in the NH MBL than it
should be by the definition. The high variability suggests a lifetime of
mercury in the MBL much shorter than one year as also suggested by
others (Donohoue et al., 2006; Hedgecock et al., 2005; Hedgecock and
Pirrone, 2004; Holmes et al., 2009). The bell shape of GEM observations
present across the latitudes in the NH but not in the SH could be caused
by a higher anthropogenic influence on the MBL in the 20-50°N region.
This could either be through directly emitted mercury transported out
above the ocean or through re-evasions from the ocean (see “Ocean eva-
sion” (4.2.6) for a description of the influence ocean evasion can have on
MBL concentrations). The variability and the levels of GEM in the MBL
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leads to the questions of weather the MBL can be considered a “remote”
site with “background concentrations”? I therefore propose that the term
“background concentrations” as defined by Lindberg et al. (2007) should
not be used for the MBL.

4.2 Sources of Mercury to the MBL

Figure 22 shows the locations where episodic plume events were re-
corded as well as the harbor areas where GEM and RGM were meas-
ured.
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Figure 22. The figure shows A) the towns where measurements were taken and B) the areas where it is believed that plumes
from biomass burning (red circles), anthropogenic plumes (blue circle) and unidentified sources (grey circle) were encountered.
The ocean surface is furthermore an emission source. lllustration modified from Soerensen et al. (2010b).
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4.2.1 Anthropogenic emissions in harbors

During the Galathea 3 cruise anthropogenic influences were encountered
many times. The most pronounced impact on concentrations was en-
countered close to urban areas (see Soerensen et al., 2010b for a thorough
discussion on the harbor observations). In the 15 harbors where GEM
was measured the concentrations were significantly elevated (P<0.001) in
all but three harbors where no statistically significant enhancement was
found (Figure 23, harbors marked with * and Table 1 in Soerensen et al.,
2010b). The average harbor concentrations of GEM ranged from 0.05 ng
m-3 below to 1.18 ng m above the concentrations in the MBL in the vi-
cinity of the harbors. The three cities where no enhancements were
found all had less than 30,000 inhabitants, while the range of inhabitants
in all cities recorded was between 2,000 and 4.5 million (Figure 23).

Interestingly, there were only two harbor areas with significantly in-
creased RGM concentrations (compared to 2xdetection limit); Perth,
Australia and Valparaiso, Chile. This is not consistent with inland obser-
vations of urban areas where RGM is mostly found above 10 pg m?3
(Sprovieri et al., 2010 and references therein). The lack of elevated RGM
concentrations could be caused by low primary emissions of RGM or a
rapid removal of the emitted RGM from the gaseous phase converting it
to RGMy. Based on inland observations it seem unlikely that RGM is not
emitted in the urban areas where enhancements in GEM indicate that
GEM is emitted. Unfortunately TPM was not measured. TPM could have
helped create a more nuanced picture of the possible near coast en-
hancements of RGM,, (which is detected as TPM with the Tekran in-
strument).

See Soerensen et al., 2010b for a thorough discussion on harbor observa-
tions.
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Figure 23. GEM enhancements (ng m™) in harbor areas (blue bars), during interception of anthropogenic plume events (dark
blue bars), during interception of biomass burning events (red bars) and during possible evasion from breaking sea-ice (gray
bar). Enhancements are calculated based on comparison to MBL concentrations in the vicinity of harbor areas or before/after
the enhancement episodes. Measurements in harbor areas are shown with increasing number of inhabitants. The red line indi-
cate the change from smaller cities (<30.000 inhabitants) to larger cities (> 200.000 inhabitants). A * indicates the only three
harbor areas where no statistically significant (P< 0.05) enhancements were found using a t-test on measurements from the
harbor and the nearby MBL (own illustration).

4.2.2 Anthropogenic plumes in the MBL

A few times air masses with an anthropogenic origin were intercepted at
the ship in the MBL. This happened in South-Southwest of South Africa,
in the waters between the Australian mainland and Tasmania and as the
ship passed along the coast of Chile. Enhancements include episodes
where one gaseous mercury species was enhanced while the other was
not. When sources or source regions are explored in connection with en-
hancements in mercury concentrations intercepted at the ship, it is im-
perative to take into account the chemistry and dilution that take place
between the source and the place of interception.

African anthropogenic plume

On October 18th 2007 at 21:00 Vadderen left Cape Town. During the next
36 hours (until 21st 9:00) GEM slowly decreased from 1.9 ng m3 to 1.3 ng
m-3 (2 h means). The average concentration was 1.73+0.15 ng m-3 (n=19).
Thereafter GEM continued to decrease until it reached 0.8 ng m3 on the
22nd, RGM was not increased above average MBL concentrations and the
average concentration was 2.84+2.84 pg m- during the first 36 hours. CO
decreased rapidly from 150 ppb to below 100 ppb within the first 6 hours
after the ship left Cape Town and then more slowly continued to de-
crease until it reached 50 ppb on the 22nd. O; increased from a concentra-
tion of 15 ppb when the ship left Cape Town to a maximum of 35 ppb on
the 21st, which was then followed by a slow decrease. The behavior of
GEM, CO and Os suggest that the ship moved in a plume at least the first
36 hours after the departure from Cape Town. The most likely origin of
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the plume is the South African mainland. For the first 12 hours wind di-
rection observed at the ship agrees with back trajectories from HYSPLIT
(Draxler and Rolph, 2003). They show that the air masses arrive from
land. This most probably implies that the source is anthropogenic as no
extensive fires were found with FIRMS fire mapping system (FIRMS
data). However, during the next 24 hours when the ship sailed east to-
wards the Indian Ocean the back trajectories and the wind direction ob-
served at the ship were not consistent. The observations on the ship indi-
cate that air masses arrive from north-northwest (Figure 25 case 4) con-
sistent with continued influence from the continent. Back trajectories
(Figure 24 A-C) show an origin of the air masses from northeast suggest-
ing that the influence from the continent should slowly decrease and no
longer be present on the 19th at 19:00. At this time GEM was still en-
hanced above 1.5 ng m?3.
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Figure 24. A-C) Waters south of Africa. HYSPLIT ensemble back trajectories from the ship at 500 m,
which show the most likely wind directions (Draxler and Rolph, 2003) for the local times 19" October
at A) 01:00 and B) 13:00 and C) 20" October 01:00. D) Waters southeast of Australia. HYSPLIT en-
semble back trajectories at 500 m showing the origin of the air mass arriving at the ship on the 5" of
December 10:00 (local time) within the 5 hour GEM peak. The black lines are single back trajectories
at 100 m and 150 m and indicate the most likely trajectory close to the surface indicating Melbourne
as a possible source. The location of Melbourne can be found on Figure 27. All times are local times.
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Despite the discrepancies in the determination of the source area based
on origin of air masses the observations of GEM, CO and O3 concentra-
tions all indicate that the plume intercepted at the ship was polluted. As
the enhanced GEM levels were observed while the ship crossed a dis-
tance of 500 km, the outflow was not coming from a specific city but
from a larger catchment area in the southern South Africa. This is not an
area with large coal fired power plants. These are located further North
in South Africa (Dabrowski et al., 2008). But other industries and domes-
tic cooking at open fires as well as small scale gold mining could lead to
high mercury emissions.

Melbourne anthropogenic plume

On December 5th 2006 between 6:30 and 11:30 in the waters linking the
Australian mainland with Tasmania (EA leg) a five hour enhancement of
GEM concentrations were recorded (1.70£0.14 ng m3, n=25, 5 min val-
ues) with peaks above 1.9 ng m-3 (Figure 26). Although not all species
were enhanced during the entire period half hour measurements showed
CO up to 100 ppb, Os above 25 ppb and NO; above 2.3 ppt as well as
NO:> contributed 80% to the total NOx. RGM was not enhanced com-
pared to the general level in the MBL during the cruise. Back trajectories
point to an origin of the air mass in the southeastern Australian
mainland (Figure 24D). A large forest fire was burning east of Melbourne
on the 5t (see “Biomass burning emissions” (4.2.4)) but it seems unlikely
(although not impossible) that the GEM concentrations in the plume
were higher at this point than seen later. Also the ancillary data point to
two different air masses signatures during this event and the one de-
scribed in “Biomass burning emissions” (4.2.4). More likely the inter-
cepted plume was from the largest city in the area with 4 million inhabi-
tants, the city of Melbourne on the Australian mainland 180-240 km
away (for the location of Melbourne see Figure 27).

Chile Anthropogenic Plume

During a 700 km voyage south of Valparaiso (CC leg) at a distance of 5-
50 km from the coast of Chile (6th - 7th of February) RGM was observed at
a mean concentration of 43(£31) pg m?3 (n=21). During this period RGM
did not show diurnal variations. The mean GEM concentration was
1.17(£0.17) ng m3 (n=21). This is significantly higher (P = 0.01) than a
mean GEM concentration of 1.07(+0.07) ng m3 (n=25) measured at more
southerly locations along the Chilean coast (2nd - 4th of February). During
this segment CO increased relative to background (~50 ppb) to a mean
concentration of 150(x36) ppb (n=21). Back trajectories and the wind di-
rections observed at the ship did not indicate an explicit area of origin
for the polluted air, other than from the south along the coastline. Maxi-
mum incoming insolation reached 1000 W m=2 and RH was on average
65% (37-85%). The RH was very low compared to the cruise’s mean con-
centration of 79(x13%). Highest RHs were observed just before the ship
reached Valparaiso. During these two days there was a correlation be-
tween GEM and CO (R?=0.18, P=0.07, n=18); and the slope of the linear
regression was 0.0018 ng m? ppbl. RGM and CO were correlated
(R?=0.16, P=0.11, n=18) with a linear regression slope of 0.00036 ng m-3
ppb . Although the low GEM/CO ratio could indicate plumes from for-
est fires (Friedli et al., 2009), no extensive fires were observed along the
coastline during this period (Davies et al., 2009; FIRMS data), although
domestic use of wood cannot be ruled out as a source. The GEM en-
hancement compared to concentrations on the 2nd-4th combined with the
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high RGM concentrations points to an influence from primary sources.
The high RGM levels could be caused by a high fraction of RGM in the
emissions as in e.g. power plant emissions from plants without purifica-
tion systems (Pacyna et al.,, 2008). In addition the low RH may have
slowed down the removal of RGM from the gas phase. Several larger cit-
ies are located in the area south of the ship (e.g. Puerto Montt, Osorno,
Temuco and Concepcion) as well as smaller coastal towns. Based on the
correlation of both gaseous mercury species with CO it seem reasonable
to assume that GEM and RGM enhancements results from direct anthro-
pogenic emission.

By use of the GEM/CO ratio a GEM emission of 0.05 Mmol y! was esti-
mated to be emitted from the southern Chilean coastal area. This emis-
sion estimate represents only 25% of the AMAP 2000 estimate (Pacyna et
al., 2005). By use of the RGM/CO ratio a RGM emission of 0.001 Mmol y-
1 was also estimated for the area. The AMAP 2000 estimate for RGM
emissions is 0.005 Mmol y-! for the same area. Due to the rapid conver-
sion of RGM to RGMy, and loss due to dry deposition combined with the
distance from emission sources to the ship, a large part of the RGM emit-
ted should be expected to be lost from the air mass before it is inter-
cepted at the ship. The AMAP 2000 emission estimate is therefore not
unreasonable for RGM, although GEM is lower than expected from the
results in the AMAP inventory.

The high RGM concentrations in the air masses intercepted at the ship as
well as the possible loss of around 0.004 Mmol y-!, primarily to the
coastal areas (land and MBL), indicate that both soil and aquatic systems
are exposed to enhanced mercury deposition at the Chilean coast.

4.2.3 Influence of anthropogenic emissions on the MBL and ocean

Only a couple of clear anthropogenic pollution plumes extending into
the MBL were encountered during the Galathea 3 cruise. Some pollution
plumes might however not have been identified due to inconsistent data.
High GEM concentrations in the Sargasso Sea are an example where the
information is insufficient to conclude anything (see Soerensen et al.
2010a). In other cases the signal from pollution plumes are diluted to an
extent where it is hard to determine if they should be categorized as part
of the global mixed pool or independent plumes.

In most cases urban point source enhancements of GEM (and in rare
cases RGM) seem to dilute rapidly in the atmosphere once they are emit-
ted (as e.g. experienced in observations when the ship entered or left
harbor areas). Plumes could therefore be of greater concern as sources to
the global atmospheric mercury pool than as sources to the nearby MBL.
However, the low concentrations of RGM observed during most inter-
ceptions of anthropogenically polluted air masses are disturbing espe-
cially in the harbor measurements. These observations could imply that
special conditions are present in the MBL (like high RH), which could in-
fluence the speed with which RGM is removed from the air. If this is the
case it is not possible to determine the importance of RGM emissions and
the following deposition in coastal areas without simultaneous TPM
measurements. The RGM dynamics will be discussed further in
“Mercury Chemistry in the MBL” (4.3).



4.2.4 Biomass burning emissions

Elevated GEM west of Angolan Coast, Africa

One incident that with great certainty could be attributed to biomass
burning from African forest fires was encountered during the first part
of the South African leg (SA leg Figure 17, Figure 25 case 1) north of 8°S
(see Soerensen et al., 2010a). During the episode GEM concentrations
were elevated with a mean of 1.70£0.06 ng m3 (n=13) and the wind di-
rection was from the southeast (Figure 25 and Table 6). Black carbon data
from the ship show elevated spectral absorption (median absorption co-
efficient: 1.6(x1.0) x 10-¢ m-, n=13) compared to remote ocean sites (0.1 x
106 - 0.5 x 10% m™). An origin of enhancements of black carbon and
GEM from biomass burning is supported by observations off extensive
fires at the Angolan coast (Davies et al. 2009), and by MOPITT (V3) CO
satellite data (Emmons et al., 2009). MOPITT data show high CO column
concentrations off the coast in the cruise track between 5°S and 13°S (See
Soerensen et al., 2010a SI S6). Unfortunately CO measurements from the
Galathea 3 cruise are not available during this period. Biomass burning is
likely to be the most important source of mercury to the atmosphere
from Africa (Streets et al., 2009) and previous measurements during Af-
rican biomass burning episodes have shown a GEM enhancement of 45%
close to the source (Brunke et al., 2001). This is in good agreement with
the 35% increase observed at Vadderen 1000 km from the source in An-
gola. GEM decreased as the wind direction changed to a southerly direc-
tion. Between 13°S and 27°S when the ship was no longer intercepting air
from the continent GEM had decreased to 1.25+0.14 ng m- (1=37) which
is within the expected level for pristine air in the SH (Figure 25 case 2).

RGM levels were not increased relative to the rest of the cruise but did
not show distinct diurnal variability either. From previous studies it is
known that forest fires primarily emit GEM and TPM (Finley et al., 2009;
Friedli et al., 2003a; Friedli et al., 2003b), so high levels of RGM are not
expected. On the other hand neither maximum insolation (884 W m2)
nor RH (74%, n = 12) should be at levels that would interrupt the ex-
pected diurnal variations (see “General Trends in RGM Dynamics in the
MBL” (4.3.1)). But as is the case with the rest of the dataset, diurnal
variations are not present during all days, even in the cases where the leg
as a mean had diurnal variation.

Elevated GEM southeast of Australia

During the last part of the trip from Perth to Hobart (5t-6th December
2006) and the trip from Hobart to Sydney (8t-9th December 2006) (both
EA leg) average GEM concentrations were 1.50+0.06 ng m- (n=17) and
1.63+£0.06 ng m3 (n=21), respectively (Figure 27). These periods were sig-
nificantly enhanced (p<0.001) compared to the period before (1-4 Dec)
and after (15-17 Dec)(1.23+0.16 ng m-3, n=87). The enhancements did not
coincide with enhancements of CO, which was 65.7 ppb and 68.0 ppb,
respectively during the periods. No significant correlation between GEM
and CO was found and CO observations were very variable (in the range
of 0-116 ppb). RGM was not elevated compared to other places in the
MBL (Figure 26). RGM enhancements would however not be expected if
the source of the plume was biomass burning (Finley et al., 2009; Friedli
et al., 2003a; Friedli et al., 2003b). Neither Oz nor NOx were enhanced.
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Figure 25. Four cases during the cruise close to the African continent showing GEM con-
centrations and wind directions during biomass burning (Case 1), free MBL (case 2) and
possible anthropogenic influence (case 3 and 4).

From fire count data for December (FIRMS data) and a 2006 mercury
emission inventory from Australia (Cope et al., 2009) it is known that
there was a biomass burning hot spot east of Melbourne in 2006. This is
not a yearly recurrent phenomenon (FIRMS data) but an exceptional
large biomass burning event in 2006 (Cope et al., 2009). From fire counts
and satellite photos it was found that the biomass burning coincided
with the period that GEM was enhanced (Figure 27). Active fires initiate
on the 2nd and have increased in strength on the 5t when the ship en-
tered the range of the plume (based on satellite photos) and the first en-
hancements were observed. The fires continued until after the ship left
the area of influence and reached the Sydney harbor. During this period
there were also small fires close to Hobart (Tasmania) that could influ-
ence the air masses when the ship was close to Hobart on the 6th (Figure
27).



Max 11 ng m?
v 12

4.0
35 4 Melbourne Hobart Sydney oy ® GEM
; plume ) - + 10
Biomass Biomass ¢ RGM
3.0 ~ burning burning
— - 8
LB 3
& =
£ r6 3
o 3
[©] 4 =&
2
0

10 Dec 15 Dec

Figure 26. GEM 5 min measurements and RGM 2 h measurements from the 1% to 17" December 2006 (local time). Blue line
shows baseline measurements during the period (1-4 and 15-17 December), hatched grey areas indicate influence from differ-

ent anthropogenic sources and hatched green areas indicate periods of possible influence from biomass burning plumes.
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Figure 27. Fire counts and CO column data from MOPITT from the southeast of Australia. The “Web Fire mapper” fire counts
indicate a large source of biomass burning east of Melbourne in southern Australia. CO column data from the MOPITT satellite
indicates high CO southeast of Australia during the time the ship is in these waters (unfortunately there is no useable satellite

data for all days e.g. not the 8").
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Figure 28. MODIS satellite images (FIRMS data) of the south eastern part of Australia
from the 5™, 6" and 9" of December overlaid with the ship route as well as the local times
and wind directions measured onboard the ship. MODIS satellite images are snapshots of
the plume but can be used to get a general idea of the prevailing wind systems.



Due to the mountain range that runs along the southeastern coast of
Australia and which makes forward trajectories from the biomass burn-
ing area unreliable, HYSPLIT cannot be used convincingly in this case.
Instead satellite pictures are used to identify the spatial coverage of the
plume. This is combined with measurements of wind directions at the
ship (Figure 28). The satellite pictures show a large plume that crosses
the ship’s path on both the 5t and the 9th, while the overlap is less clear
on the 6th.

In spite of the lack of elevated CO concentrations in ship measurements,
the CO columns show elevated concentrations in the ship’s path on the
5th and the 9t of December (no data is available for the 6th). This does not
mean that concentrations are high in the MBL but only that enhance-
ments are present somewhere in the atmospheric column. It is also seen
that the enhancements are not as pronounced as for the CO column ob-
served west of the Angolan coast during the interception of a biomass
plume (see Soerensen et al., 2010a SI S6). A plume that extends out above
the ocean could do so at an altitude that would not allow for mixing with
the MBL. This would explain the high CO column data despite the lack
of enhancement in the CO concentrations measured at the ship. If this
scenario is true for the biomass burning plume the plume is not inter-
cepted at the ship, and the reason for the GEM enhancements should be
found elsewhere. One possibility could be that what was observed be-
tween the 1st and 17th December 2006 was air masses from different re-
gions, e.g. terrestrial and marine, resulting in periods with measure-
ments of different GEM levels at the ship.

Results from GEOS-Chem model simulation showing GEM in the MBL
in December 2006 are presented in Figure 29. The emission hotspot due
to the biomass burning is clearly seen. The model result indicates that
the intensive biomass burning has the possibility to influence a very
large area of southern Australia and the MBL southeast of Australia. Un-
fortunately the model resolution (4°x5°) and the proximity of the ship to
the emission source does not allow for a closer comparison of model
simulation to cruise observations.
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Figure 29. GEOS-Chem results for December 2006 in the MBL southeast of Australia, 2-h
mean GEM concentrations from the Galathea 3 cruise are overlaid on the map (own illus-
tration).
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Although the Galathea 3 data is not unambiguously pointing in one direc-
tion I speculate that the enhancement of GEM in the MBL southeast of
the Australian continent during December 2006 could be caused by bio-
mass burning. If this is true, biomass burning enhances the GEM concen-
trations 450-550 km from the source area by 30% compared to measure-
ments along the coast further north.

4.2.5 Influence of biomass burning emissions

Measurements from the African and Australian coast support the con-
clusion by others that biomass burning is an emission source of GEM
(Finley et al., 2009; Friedli et al., 2009) and it is found that fires can lead
to enhanced GEM concentrations in the MBL. As expected in biomass
burning elevated RGM is not found.

4.2.6 Ocean evasion of Hg

Large Scale Evasion

The ocean is a strong source of mercury to the atmosphere. With the im-
proved version of the GEOS-Chem model I find that the net GEM eva-
sion flux from the ocean to the MBL is 14.7 Mmol y-! (Figure 30). The es-
timate falls within 90% confidence limits of previous estimates that
ranged between 9.7 and 20.7 Mmol y! (Sunderland and Mason, 2007)
and is in the same range as the estimate found with the previous ocean
module in GEOS-Chem (14.1 Mmol y1). Ocean evasion is thus approxi-
mately equal to estimated anthropogenic emissions (Mason and Sheu,
2002; Pirrone and Mason, 2009).
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Figure 30. GEOS-Chem global budget of Hg in the surface ocean. Units are Mmol y™' unless noted. Fi,; denotes net fluxes
from intermediate waters through entrainment/detrainment of the mixed layer and Ekman pumping. MLD denotes mixing
layer depth (illustration from Soerensen et al., 2010c).

The surface ocean is a temporary reservoir on shorter timescales. The
lifetime of mercury in the surface ocean is according to the model half a
year. About half of the exchange is with the atmosphere and the other
half with the intermediate waters. This implies a fast response to deposi-



tions. 20% (3.8Mmol y1) of the Hg deposited to the surface ocean on a
global scale will enrich the subsurface waters mainly through particle-
associated scavenging of HgP from the surface ocean. Thus in a global
perspective subsurface Hg concentrations are increasing.

The ocean evasion is not uniformly distributed but varies both spatially
and temporally (Figure 31). Figure 20 divides the atmospheric GEM con-
centrations for five ocean basins in the MBL into emission contributions
from the ocean and from other sources. It is seen that the ocean evasion
controls the seasonal variability in the MBL. This is due to a complex set
of interactions. The Atlantic Ocean (NH) is treated as a case here but for
a more general discussion of drivers see Soerensen et al. (2010c). Previ-
ous efforts to model Hg air-sea exchange (Strode et al., 2007) and atmos-
pheric transport (Dastoor and Larocque, 2004; Seigneur et al., 2004; Sei-
gneur and Lohman, 2008; Selin et al., 2007) have been unable to repro-
duce high atmospheric concentrations observed in the NH MBL during
previous ocean cruises (Laurier et al., 2003; Slemr et al., 2003; Temme et
al., 2003b) as well as during the Galathea 3. Furthermore as far as I know
no previous models have been validating against cruise measurements
distributed into month of measurement. With the new version of the
model both these trends have been reproduced for the first time (Figure
18 and Figure 19). The winter and spring peak in the North Atlantic
Ocean is caused by a combination of elevated entrainment of aqueous
Hg!l into the surface mixed layer, enhanced Ekman pumping, and high
winds increasing air-sea exchange rates and subsurface Hg entrainment
compared to other regions. In the Atlantic Ocean the wind driven winter
mixing increases the mixed layer depth from <50m the summer to more
than 600m, which create high entrainment. Furthermore intermediate
waters are relatively enriched in Hg compared to other oceans due to
legacy Hg. Conversely, in the summer and early fall mixed layer depth
decreases (detrainment) and the reservoirs of Hg? and reducible Hg!" are
more limited, lowering seawater Hg? saturation values relative to the
atmosphere. In addition, enhanced productivity in the ocean during
summer months increases scavenging of HgP and can lower evasion by
depleting the reducible Hg'! pool. I hypothesize that the observations of
high concentrations in the MBL in certain months is a result of the influ-
ence from subsurface seawater Hg enrichment, reflecting the legacy of
past anthropogenic inputs and that the ocean evasion controls MBL
GEM concentrations through seasonally dependent evasion. The conse-
quence of the subsurface enrichment in the Atlantic Ocean is that al-
though globally the ocean is a net Hg sink (the ocean is enriched with 3.8
Mmol y1), much of the Atlantic Ocean is a net source to the atmosphere
(see Figure 19 and Soerensen et al, 2010c Figure 3F).

The same factors that control the Atlantic Ocean air-sea exchange also
control the North Pacific air-sea exchange. However, the annual variabil-
ity of the MLD is less pronounced in the North Pacific Ocean (Appendix
D Maps of input data to the GEOS-Chem slab-ocean model), and the
subsurface concentrations are less influenced by legacy anthropogenic
depositions (Figure 15). This results in a less pronounced influence from
ocean evasion in winter and a lower total contribution from ocean eva-
sion to MBL GEM.

My results do not agree with Slemr et al. (2011) who propose that the
main factor controlling the trend of decreasing atmospheric Hg at coastal
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sites and in the MBL is changes in the long term soil reservoir, while they
reject the ocean as a long term reservoir with any influence on the at-
mosphere Hg concentrations. They base this argument on results from
surface ocean modeling that show a short lifetime of Hg in the surface
ocean. My findings indicate that despite the short lifetime of mercury in
the surface ocean historic enhancements of subsurface waters are very
likely to influence concentrations in the atmosphere today and in the fu-
ture.

The ocean is contributing around one third of the yearly emissions to the
atmosphere. The fluctuating strength of the evasion controls much of the
seasonal variability in the MBL in most ocean basins (Figure 20 and
Figure 31). It is therefore not possible to consider the MBL as a remote
location far from potential sources and the term “background concentra-
tions” as defined by Lindberg et al. (2007) does not apply to the MBL.
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Figure 31. Seasonal variability in modeled oceanic Hg® evasion for 2008 (illustration from Soerensen et al., 2010c

Supporting Information).

Local Scale Evasion - Box Model Approximation

It is possible to consider a gridbox from the surface ocean and a gridbox
from the lowest level in the atmosphere as a semi-closed system. By ne-
glecting the influence of transport this two-cell system can be seen as an
approximation of a box model. This exercise is done in order to investi-
gate the drivers of the air-sea exchange of Hg? on shorter timescales. For
the surface ocean this is a fair approximation due to the lack of vertical
flows. For the lowest atmospheric gridbox I assume that the large grid
size and the uniform concentrations in the MBL on short timescales will
justify this assumption.
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Figure 32. Example of the relationship between the ocean evasion flux and A) wind speed, B) GEM and C) aque-
ous Hg® taken from a GEOS-Chem simulation. Simulation outputs are from 6 ocean basin 14 days in January
2006. The temporal resolution is one hour. Data on temperature and insolation are not shown (own illustration).

14 days of data with 1 h resolution from 6 locations in different ocean ba-
sins and during 4 seasons (Jan, Apr, Jul, Oct) were extracted from the
model (Figure 32, only January shown and Figure 33). The extracted
variables were Hg? flux, wind speed, GEM, seawater Hg?, temperature
and insolation. The Hg? flux was correlated with the other variables
within sites and seasons in order to determine which variables that con-
trol the flux. The correlation within sites showed that the Hg? flux and
the wind speed always had an R? > 0.85 while the correlation with the
other variables always had an R? < 0.52. On the short timescale the eva-
sion flux in the model is thus primarily controlled by the wind speed (as
a proxy for turbulence at the air-sea interface). This implies that in the
model the seawater Hg? is quickly replenished in the surface ocean and
that a constant loss of GEM in the MBL keeps the GEM variability at a
minimum despite fluctuating evasion fluxes. Although the wind speed is
driving evasion on the short timescales in the model different parameters
controls the flux on larger spatial scales (Figure 32) and longer timescale
of months (Figure 33) for instance as the equilibrium relationship be-
tween GEM and seawater Hg? changes. To explore the various factors
driving the evasion flux at the air-sea interface in the model, additional
model parameters like subsurface inflow and reduction and oxidation
flows need to be extracted and included in the analysis. This will be ex-
plored in a future study.

Local Scale Evasion - West Atlantic Ocean

Results from the four cruises in the West Atlantic Ocean carried out by
Maria Andersson, Rob Mason and others at University of Connecticut
(see “Appendix E Poster (Mason et al., 2009)”) show average Hg? fluxes
in the range of 10-24 pmol m2 h-l. In Table 8 both cruise averages and
GEOS-Chem model output are listed. When extracting data from the
model the location and the exact cruise period were considered. Extract-
ing the specific periods is important since the flux relies on meteorologi-

69



cal variables that differ on short timescale as well as annually. In the
comparison it is however important to remember that observations are
snapshots of the concentrations in a very limited region, while the do-
main of each grid represents a much larger area.
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Figure 33. Example of the relationship between the Hg’ evasion flux and A) wind speed, B) GEM and C) seawtare
Hg? taken from a GEOS-Chem simulation. Data is from 14 days in January, April, July and October in the West At-
lantic Ocean. Model output has a temporal resolution of one hour (own illustration).

In Table 8 it is seen that the model fluxes are all lower than observations
but still within 35% difference for the September 2008 (BERsep(08) and
September 2009 (BERsep09) cruises. To understand what drives the flux
difference between observations and model the other variables given in
Table 8 are examined. Average wind speeds and temperatures are com-
parable (¥25%) for observations and model, except for the August 2008
(NEau08) cruise (41%). The NEaug08 cruise took place close to the coast
where the variability of the wind can be hard to describe with the 4°x5°
grid size resolution of the model. Modelled estimates of the atmospheric
GEM concentrations are within +5% of cruise observations while sea-
water Hg? always is underestimated by at least 20% and up to 98%. Con-
sidering the variables given in Table 8 it is reasonable to conclude that
the deviations between calculated and modelled fluxes should be ex-
plained by the difference in seawater Hgf. For the BERsep08 and BER-
sep09 the underestimation of seawater Hg® is around 20% and thus
within a level of uncertainty that can be expected for a comparison of
point specific measurements to 4°x5° grid sizes model simulations. For
these two cruises the model does a good job reproducing observations.
For the BERjun09 cruise the difference is 63% and for the NEaug08 the
model predicts net deposition of Hg? and not net evasion as seen in ob-
servations. By exploring the model parameterization and how it relates
to specific circumstances during the cruises the drivers of the discrepan-
cies can be found.



Table 8. Average values for four cruises in the West Atlantic Ocean.

GEM Hg"aq Flux Wind speed  Saturation MLD Temperature
(ng/m®) (M) (pmol/m?/h) (m/s) (%) (m) (%)

New England Aug 2008 1.4+0.2 0.140+0.060 15120 6.4 NA NA NA
GEOS-Chem 1.47 0.003 -1.1 3.8 12 9.5 (E) 19.7
% difference -5% 98 % NA 41 %
Bermuda Sep 2008 (primo) 1.46 0.123 16 5.1 610 NA 27.4+1.4
GEOS-Chem 1.43 0.098 141 6.3 516 43.5(E) 26.9
% difference 2% 20 % 12 % -24 % 15 % 2%
Bermuda June 2009 1.43 0.120 24 74 530 NA 24.4+0.6
GEOS-Chem 1.41 0.044 6.8 8.3 235 15.4 (D) 26.2
% difference 1% 63 % 72 % -12 % 56 % -T%
Bermuda Sep 2009 (ultimo) 0.111 10 5.2 470 NA 28.7+0.7
GEOS-Chem 1.41 0.088 6.7 5 473 271 (E) 27.5
% difference 21 % 33% 4% 1% 4%

NA = data is not available, E = entrainment is taking place during the period due to changes in the MLD, D = detrainment is taken place during the

period due to changes in the MLD.

As stated above the difference in the fluxes between cruise observations
and model is found in the concentrations of seawater Hg? and thus in the
supply of Hg to the aqueous Hg? pool. During the BERjun09 cruise in
June 2009 the MLD should be at a minimum at the West Atlantic Ocean
(Appendix D Maps of input data to the GEOS-Chem slab-ocean model:
Mixed Layer Depth). The Hg supply to the Hg? pool in the surface wa-
ters therefore primarily relies on Hg entering the ocean through RGM
and TPM depositions. However, just prior to the BERjun09 cruise a
storm passed the area around Bermuda (Appendix E Poster (Mason et
al., 2009)). The effects of this are expressed in a mean wind speed of 7.5
m s during the cruise, which is the highest of the four cruises. Accord-
ing to the climatologic monthly mean MLD used in the model (Montegut
et al., 2004) the depth should be around 15 m during the cruise (see
Strode et al. (2007) for an explanation of the parameterization of changes
of MLD in the model). A strong storm might create enough turbulence in
the water to account for the high concentrations observed during the
cruise through mixing of the depleted surface water (as is observed in
the model simulation) with intermediate waters of higher total Hg con-
centrations. Although the model use meteorological wind speeds these
do not influence the climatologic MLD used and a storm will therefore
not induce a change in the entrainment of Hg from the intermediate wa-
ters in the model. A passing summer storm could therefore explain the
high evasion rates during the period of the cruise and why the enhanced
evasion was not simulated by the model.

The 98% difference between seawater Hg? concentrations during the
NEau08 cruise and in the corresponding model simulation is an example
that exposes a general problem with the current version of the model. It
underestimates Hg? in coastal areas. A reason for this is that the main Hg
source to coastal and shelf regions is fluvial inputs, which are presently
not included in the model but is expected to be included in the next ver-
sion. My result emphasise the importance of river outputs as a source to
the oceans as proposed for example by Sunderland and Mason (2007).

The model is able to present a spatial pattern that is not obtained
through observations. As the ship during the cruise campaigns moves
between grid boxes it is important for the understanding of average val-
ues to understand the spatial distribution predicted by the model. Figure
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A BERjun09

34 shows GEM and seawater Hg? concentrations as well as the Hg? flux.
From right to left the figure represents a timeline with a seasonal de-
pendent order from June to September. Here a seasonal recurrent pattern
for the Hg? flux is seen as well as its dependency on the aqueous Hg?
concentration on this monthly timescale. For an impression on how the
flux will change during the four different seasons in the West Atlantic
Ocean see Figure 33. On Figure 34 is also seen that where the atmos-
pheric GEM concentrations are quite constant the seawater Hg? concen-
trations vary considerably both temporally as well as spatially. Due to
the large spatial changes in the modelled concentrations, concentrations
can be very abrupt between adjacent grid boxes. These steep spatial dif-
ferences in the model simulation imply that a high uncertainty on the
flux estimate should be expected.
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Figure 34. Model output for A) GEM, B) Hg® flux and C) seawater Hg® during the four cruise periods. Overlaid is a circle repre-
senting the mean observed concentration in the area of sampling (but not covering the entire sampling area). The maps repre-
sent the spatial and temporal changes in the model from June, August, primo September and ultimo September.
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Even though the model captures the BERsep08 and BERsep09 fluxes bet-
ter than the NEau08 and BERjun(9 fluxes, the model has a lower Hg?
flux than observations for all four cruises due to lower seawater Hg? con-
centrations. This supports findings during the model validation (See So-
erensen et al., 2010c, Supporting Information section 1). Modeling the
Hg? concentrations in the surface waters so they match observations
leads to a global flux estimate much higher than previously suggested
estimates. Furthermore, such a high flux is not supported by model
simulations when considering the consequences this would have on the
global deposition. This suggests that parameterization currently used to
calculate the air-sea exchange from observations (see “Sinks” (2.3.5))
overestimate the flux.

The comparison between cruise observations and the GEOS-Chem
model thus indicates that more studies need to be carried out on alterna-
tive parameterizations of the air-sea exchange, and that the validity of
the variables included in the current parameterizations needs to be
strengthened.

4.2.7 Ocean evasion of Hg® in areas with seaice

An episodic transport event between the 25t and 27t of January 2007
rapidly increased GEM concentrations from 1.3 ng m- to 2.2 ng m- and
RGM concentrations from below detection limit to >100 pg m-? (Table 6).
This event was encountered close to the coast of Antarctica in a non ice
covered area (Figure 38, AC1 leg). For a thorough description of the be-
havior of the gaseous mercury species and the ancillary data see Soeren-
sen et al. (2010a). RGM dynamics will be described in “Mercury Chemis-
try in the MBL” (4.3).

The wind direction measured at the ship as well as results from back tra-
jectories indicate that the air mass was arriving from along the coastline
and inland when GEM enhancements were highest (Figure 35). Periodi-
cally enhanced GEM concentrations have previously been observed in
the Arctic summer at terrestrial sites and in the MBL (Aspmo et al.,
2006;Lindberg et al., 2002;Sommar et al., 2010) and at Antarctica at terres-
trial sites (Sprovieri et al., 2002;Temme et al., 2003a). These observations
have been attributed to re-emissions from snow covered areas (Lindberg
et al., 2002) or ocean evasion from beneath breaking sea-ice (Andersson
et al., 2008a;Aspmo et al., 2006;Kirk et al., 2006). Lindberg et al. (2002)
found that after the end of AMDEs in the Arctic GEM peaked in the air
above the snow and remained elevated for several weeks, while snow
mercury decreased by 92%. Concentrations above the snow exceeded 3
ng m?3. Kirk et al. (2006) on the other hand observed that reemissions
were occurring continuously after each AMDE during spring. They
thought it more likely that the observed elevated terrestrial concentra-
tions after the end of the AMDE season observed by Lindberg et al.
(2002) was an effect of breaking sea-ice and not snow re-emissions. They
supported this with observations of enhanced sea water GEM concentra-
tions beneath the sea ice in the Hudson Bay area during the post AMDE
period. In the case of Antarctica, Temme et al. (2003a) dismissed that en-
hanced GEM concentrations measured at Neumayer could be attributed
to reemissions from snow or ocean surfaces. They based this interpreta-
tion on the fact that they found no correlation with UV-radiation and
temperature to the “infrequent and short lived” enhancement episodes
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they observed. Although the enhancement episodes found by Temme et
al. (2003a) does not seem to correspond well with slow continues release
from snow or water surfaces, it is seen in Figure 6 from Temme et al.
(2003a) that each enhancement episode (with GEM levels up to 2 ng m3)
lasts at least 24 hours. Thus observations from Temme et al. (2003a)
could support the theory of a Hg? buildup beneath sea-ice that is re-
leased in smaller or larger event when the sea-ice breaks (Andersson et
al., 2008¢; Kirk et al., 2006).

The back trajectories and the wind-roses based on the wind direction
measured onboard Veadderen during the interception of the plume with
enhanced GEM concentrations indicate that the primary wind trajectory
is from along the coastline passing partly ice-covered surfaces (Figure
35). This is supported by the change air mass from warmer air of marine
origin (not enriched in GEM) to colder air coming from the ice and snow
covered areas (enriched in GEM) (Figure 38). Thus it seems likely that
the enhancement observed was from GEM recently released through
volatilization from the ocean surface as sea-ice broke up.
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Figure 35. A) Back trajectory for the period of elevated GEM and RGM at the Antarctic coast (Draxler and Rolph, 2003). The
wind direction along the back trajectory was consistent for the period with elevated GEM. Hatched areas indicate partly ice-
covered sea (NATICE). B) Wind-roses show the origin of GEM and RGM during the campaign south of 60°.
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4.3 Mercury Chemistry in the MBL

4.3.1 General Trends in RGM Dynamics in the MBL

During the Galathea 3 cruise five legs (10, WA, EA, CS, NZ) showed a
statistically significant diurnal variation of RGM (P = 0.1) (Table 7 and
Figure 36). These legs as well as the Atlantic Ocean leg also showed a
positive correlation (P = 0.1) with radiation and negative correlation with
RH (Table 7).

The 5 legs that showed statistically significant diurnal variation had a
minimum mean midday peak in insolation of around 500 W m?2 and a
mean maximum RH of around 80% (Table 9). The North Atlantic, Ant-
arctic Ocean and Atlantic Ocean legs all lacked diurnal variations. They
all have mean RH above 90% and low insolation (Table 9). Mean incom-
ing insolation at midday (11-13, local time) during the AO leg was low



with 235 W m-2 (there is no observations of radiation from the North At-
lantic leg). The Atlantic Ocean 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 data for the AO leg (Figure 37) showed
that RGM variations were present when midday insolation was >500 W
m2 and midday RH <85% but not when average midday insolation of
350 W m2 and average RH below 92%. One instance with a small RGM
midday peak was present at insolation of 200 W m?2 and RH of 91% and
one instance without RGM peak when midday insolation of 500 W m-2
and RH just < 90% were found. This implies that the insolation and RH
levels are not representing an exact rule but general tendencies. The low-
est mean midday insolation for a leg with a diurnal RGM variations oc-
curred on the New Zealand leg with mean incoming solar radiation of
493 W m2.
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Figure 36. 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 in-
fluence. A list of abbreviations is found in Table 7.

A lack of diurnal variation has previously been observed in the Arctic
(Aspmo et al., 2006;Sommar et al., 2010) and was suggested to be a con-
sequence of high RH, fog, and insolation below 200 W m2 (Aspmo et al.,
2006). The Galathea 3 data indicate that lack of diurnal variation is not a
specific Arctic occurrence but is controlled by meteorological parameters
like insolation and RH. Periods without diurnal RGM variability can
thus be expected at all latitudes in the MBL during specific meteorologi-
cal circumstances. The Galathea 3 data thus support the theory that
photoinduced oxidation controls the production of RGM in the MBL but
also emphasize the importance of RH in controlling the removal of RGM
by uptake the aqueous phase at a rate that in some cases are equal to or
faster than production.

Table 9. Variables that could control the diurnal variability of RGM in the MBL

Diurnal variations Legs Mean RH Mean midday insolation
(%) (W m?)

Present 10, WA, EA, CS, NZ 71-83 493-907

Absent NA, AT, AO 90-93 235-339

Not considered due to uncertainty about anthropogenic influences SS, SA, CC, (AC)
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Figure 37. Atlantic Ocean leg showing the importance of insolation and relative humidity
for observed diurnal RGM variations. RH of 90% is shown by the punctuated line.

4.3.2 RGM Dynamics at Antarctica

Eight RGM peaks (30-140 pg m3) were observed during the AC leg
(Figure 38, punctuated lines). Six of these took place during cold condi-
tions between the 24th and 27t (AC1), and two after (AC2). While no sin-
gle common factor correlates with all of the general changes seen in the
meteorology, a pattern can still be discerned. In the AC leg RGM concen-
trations always had a midday peak indicating the importance of insola-
tion induced oxidation, but during AC1 4 nighttime peaks were also ob-
served. 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 m?3. This is high relative to typical MBL concentrations, 3+11
pg m?3. During AC1 each RGM peak is seen to correlate with a small
GEM peak (0.2-0.4ng m- above baseline for the period) and a tempera-
ture between 1.4 and 2 °C, which represent an increase relative to an
AC1 mean temperature of 0.9 °C. The wind speed decreased to below 3.0
m s1 during all RGM peaks, and wind speed and RGM are anti-
correlated (R? = -0.3, n = 29). This could be explained by a higher aero-
dynamic resistance at low wind speeds.

High concentrations of RGM have been observed in the Antarctic austral
summer at Neumayer (Temme et al., 2003a) and Terra Nova Bay (Sprov-
ieri et al, 2002). At Neumayer GEM and RGM are anti-correlated
(Temme et al., 2003a). I know of no previous observations of simultane-
ous peaks of GEM and RGM during a period where GEM in general is
enhanced. 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 of GEM
during transport above sea ice (Temme et al., 2003a) 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 (National Ice Center, www.natice.noaa.gov/ [accessed December
2009]). 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 (AC2 in Figure 38). This indicates that the factors control-
ling RGM are independent of the GEM source.
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Figure 38. Concentrations of GEM, RGM, temperature, radiation, wind speed and wind di-
rection close to the Antarctic continent. Punctuated lines indicate a recurrent pattern of
peaks in RGM and GEM observed when wind speed is low; wind direction is from 130-
250° and temperature shows small maxima around 2 °C.

Satellite observations do not indicate any extensive occurrence of BrO as
is seen in the polar spring during AMDEs (see Figure 39). Small scale en-
hancement in bromine concentrations would most likely not be visible
on the resolution of satellite images and one possibility could be local
bromine sources. Volcanic plumes are enriched in bromine (von Glasow
et al.,, 2009) and fumaroles are located 200 km northeast of the ship at
Deception Island (Global Volcanism Program: www.volcano.si.edu/ [ac-
cessed April 2010]). However the dominant wind direction from southeast
and the low wind speed during RGM events makes a scenario with en-
hanced bromine concentrations from volcanic emissions unlikely.
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Figure 39. BrO satellite data during A) the enhanced RGM observations and B) an exam-
ple of spring time concentrations in the area (data from Institute of Environmental Phys-
ics, University of Bremen: http://www.iup.uni-bremen.de/doas/scia_data_browser.htm
[accessed February 2011]).

A last possibility is that 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 despite a RH of 92.5£4.0 %, (1=49).
The insolation is quite high during the AC leg (451£176 W m2, n=5) and
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a normal rate of RGM formation would not affect GEM concentrations
(Holmes et al., 2009), 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. A final explanation of the ob-
served RGM concentrations close to the Antarctic coast cannot be given
at this point.



5 Conclusions

In this thesis the results from the Galathea 3 mercury data are presented
together with results from my updated version of the GEOS-Chem mer-
cury model.

The Galathea 3 data is the largest single data set on GEM and RGM in the
MBL and it is an essential collection on gaseous mercury. In addition to
the results gained from the Galathea 3 data during my work the data is an
important contribution to future data ensembles and model simulations
when spatial and temporal trends are to be investigated.

My update to the slab ocean module in GEOS-Chem is a unique repre-
sentation of the processes in the surface ocean and it has already been in-
corporated into the standard code of the GEOS-Chem model. The update
has helped answer long standing questions on the drivers behind mer-
cury observations in the MBL and the new version of GEOS-Chem will
be used in future biogeochemical studies on mercury dynamics.

Five underlying research questions were addressed in the thesis.
1. Is there spatial variability of mercury in MBL?

I found a gradient between the NH and the SH of 1.72 in the Galathea 3
GEM concentrations, supporting previous findings of different hemi-
spheric GEM levels. I also found that the GEM variability in the MBL
within each hemisphere is higher than most published studies imply.
This could be due to varying influence from continental outflow and
ocean evasion (see research question 3 and 4). But periods with concen-
trations well below the suggested mean concentrations also imply that
the lifetime of GEM in the MBL might be in the low end of previous es-
timates. The stable GEM concentrations within periods of days could be
maintained through fast re-cycling of deposited mercury at the air-sea
interface. My results imply that the term “background concentrations”
in its current form cannot be used for the MBL (see research question 4).

I found that RGM concentrations do not vary a lot in the MBL and are
mostly below 10 pg m3. As few measurements of RGM in the MBL are
available at this time this is an important result. I am for the first time
able to establish that there is little variability in RGM concentrations
when no outside sources influence the MBL. My results suggest that the
polar areas might be an exception to this rule, in agreement with previ-
ous observations.

2. Is there temporal variability of mercury in MBL?
In contrast to recent suggestions I found no strong evidence for a down-
ward trend in MBL GEM concentrations in the Galathea 3 and West At-

lantic Cruise data when compared to observations during the last dec-
ades.
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Combining Galathea 3 data on GEM concentrations from the NH Atlantic
Ocean with previous cruise observations I have been able to present the
first estimate for a seasonal variation of GEM in the MBL. The discovery
of the strong seasonal variability has helped with the interpretation of
the large variation in measured concentrations during previous cruises
(see research question 4). With my new version of the GEOS-Chem
model I am also able to simulate the seasonal variability in the Atlantic
Ocean. This is the first time that a model is validated not only against
seasonal data at terrestrial sites but also seasonal data in the MBL. I have
found that the amplitude of the temporal variability in the Atlantic MBL
is higher than at rural terrestrial sites and that the variability is driven by
different processes in the ocean. That seasonal variability for the Atlantic
Ocean is now assessable is an important contribution to future valida-
tions of global atmospheric models.

I found that diurnal variations of RGM are common in the MBL but that
their presence is very dependent on meteorological variables like insola-
tion strength and RH (see research question 5).

3. What is the role of outflow of different continental air masses into
MBL?

I found that GEM is significantly enhanced in almost all coastal urban
areas although GEM in most cases seems to rapidly dilute and mix into
the global atmospheric mercury pool. In a few instances plumes from an-
thropogenic sources or biomass burning were encountered and I found
GEM enhancements of 10-40% (0.1-0.5 ng m3) but only in one case RGM
enhancements. In inland urban areas RGM > 10 pg m?3 is commonly ob-
served. Based on the unexpected distribution of gaseous mercury species
measured in coastal urban areas I suggest that low RGM in air enriched
with anthropogenically emitted GEM is not due to a lack of RGM emis-
sions. Rather high RH at the coast causes rapid uptake of RGM into wa-
ter droplets and it will therefore not be detected in measurements. Thus
based on measurements it could look like plumes in the MBL contribute
mostly to the global GEM pool however measurements of TPM (RGMy)
are needed before it is possible to conclude anything on the importance
of RGM emissions.

4. What is the role of ocean evasion?

My results show that the surface ocean is very dynamic. I found that 80%
of mercury deposited to the ocean will re-evade and the lifetime of Hg in
the surface ocean is only half a year. Ocean evasion therefore is an im-
portant source of Hg? to the MBL and my results show that evasion
drives the seasonal variability of GEM in the MBL.

In the North Atlantic Ocean cruise observations have shown that GEM
concentrations in the MBL are often higher than at rural sites at the same
latitude and my results from an ensemble of cruise data have revealed
that there is a seasonal dependency on GEM in the MBL. I have with the
model for the first time been able to explain these observations as a cause
of seasonally dependent Hg? evasion from the ocean driven by historic
enrichment of subsurface waters. I have found that the Atlantic Ocean
currently is a net source of mercury to the atmosphere. This is an impor-
tant result as it implies that despite the fast equilibrium between the sur-



face ocean and the atmosphere the subsurface ocean can also influence
the atmospheric concentrations. This influence could be the reason why I
found no decreasing trend in MBL GEM during the Galathea 3 cruise.

From my model simulations I have found a strong influence of ocean
evasion on the MBL GEM concentrations in most ocean basins. I have
found that the ocean accounts for one third of current emissions to the
atmosphere but that evasions are very spatially and temporally variable.
I therefore suggest that no place in the MBL can be considered a location
remote from sources, even if the source is not a primary anthropogenic
one. This result combined with the result from the Galathea 3 cruise on
the variability of GEM concentrations in the MBL implies that the con-
cept of “background concentrations” does not apply to the MBL.

I compared the model to cruise observations in the West Atlantic Ocean
and found that current flux parameterizations might overestimate the
flux across the air-sea interface. This is an important result since it is cur-
rently not possible to measure the flux across the air-sea interface and
both experimentalists and modelers rely on parameterizations to calcu-
late flux estimates. The result emphasizes the need for a reevaluation of
current used flux parameterizations.

5. What is the role of GEM oxidation, aqueous phase RGM uptake and
RGM deposition in MBL?

My results suggest that the MBL in both hemispheres is more spatially
and temporally dynamic than is currently suggested. Results with the
model show that this variability is partly controlled by emission to the
MBL. However measurements also indicate that rapid removal of mer-
cury from the MBL could influence the concentrations considerably. The
diurnal variations of RGM, which I found in the MBL during high insola-
tion and average RH below 85%, indicate a photo-induced oxidation of
GEM and a rapid uptake of RGM to water droplets in the air. Low RGM
concentrations were observed in the harbor areas during the Galathea 3
cruise. These observations do not agree with inland urban observations
of RGM concentrations. High RH in the MBL could in most cases induce
a fast uptake of RGM to droplets. From this, it follows that although low
concentrations of RGM were found during the Galathea 3 cruise these ob-
servations could mask an actual higher production of RGM than cur-
rently believed. The Galathea 3 data is the first dataset presented on GEM
and RGM from a broad range of coastal urban areas and it is imperative
to follow up on these results. The possible implications are that RGM
emitted in coastal urban areas will deposit rapidly and therefore be a
mercury source to the coastal MBL. Furthermore GEM oxidation in the
MBL might be faster than currently inferred from observations of RGM
concentrations. Additional investigations into the role of RGM uptake in
the water phase during high RH regimes (through Tekran TPM meas-
urements) in both anthropogenic plumes and in the pristine MBL are
needed to answer these questions.
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6 Outlook

6.1 Experimental work

More laboratory experiments and analytic calculations on GEM oxida-
tion are necessary in order to understand which species that drive the
oxidation of GEM in the MBL as well as elsewhere.

One of the most important challenges in the understanding of the mer-
cury chemistry and dynamics in the atmosphere is to discover which
species constitute the “RGM” pool? What is measured with the Tekran
and how do fractions of the different RGM forms vary at different loca-
tions in the atmosphere? Knowing the specific chemical forms of RGM
will be one of the most important improvements to our understanding of
the atmospheric processes. It will also result in important improvements
to current mercury models, which at the moment attempt to simulate an
Hg!l compound, for which the chemical form is unknown.

In recent years there have been a number of papers published with GEM
data from cruise campaigns. However a much better spatial coverage of
the ocean basins is needed. Recent cruise campaigns all take place in
June to September while there were a few cruises in October to February
in the 90ties. Very few other cruises than the Galathea 3 have measured
mercury in the MBL in March to May. To understand the seasonal varia-
tions in the MBL in both hemispheres cruise campaigns need to be dis-
tributed across the seasons.

My findings suggest that RGM could be taken up rapidly in the aqueous
phase in the MBL. To understand the mercury dynamic and deposition
to the MBL it is imperative to get a better understanding of the role of
TPM and RGMy, in the MBL. Cruises that measure GEM, RGM and TPM
during conditions similar to the ones observed during the Galathea 3 will
reveal how large the mercury burden really is in plumes and during
pristine condition in the MBL. Many cruises still only measure GEM, and
TPM and RGM should be prioritized on upcoming cruises.

My findings indicate that evasion from the ocean is an important source
of mercury to the MBL and that 80% of mercury depositing to the ocean
will leave it again through evasion. This hypothesis needs to be con-
firmed through simultaneous measurements of GEM (in the MBL) and
Hg? (in the ocean) at different locations and times of year. With these ob-
servations it will be possible to determine spatial and temporal changes
in the net evasion flux. Especially in the North Atlantic Ocean this could
reveal how important evasion is for explaining the high GEM concentra-
tions observed in winter and spring. To explore this, improved parame-
terizations of the air-sea flux are also necessary as the current parame-
terizations might underestimate the complexity in the exchange proc-
esses. It is furthermore very important to get more accurate information
on the internal processes in the ocean.



6.2 Modeling

In order to provide guidance for policy makers to design effective regu-
lations aimed at abating mercury contamination at global and national
levels, and thereby reducing health impacts we need to take atmospheric
modeling a step further an develop them into fully integrated earth sys-
tem models. These should simulate mercury from emissions to its effect
on consumers. To create such models the experimental work described
above is essential as a good understanding of species and processes are
needed to make a realistic attempt at simulating the entire system.

Several improvements to the existing version of the GEOS-Chem model
will be able to provide new understanding about mercury processes as
well as move the model towards a full biogeochemical model. Lateral
flow of the water masses in the surface ocean will be an important im-
provement and will allow for fluvial inputs to the ocean from rivers to be
included in the model as well. The air-sea exchange parameterization
needs to be re-evaluated and a parameterization including build-up of
Hg? beneath ice covered areas as well as release when the ice is breaking
should be included. Methylmercury and dimethylmercury should also
be included as species in the model as a first step of linking deposition
inputs to uptake in the food web. A coupling between the current ver-
sion of the GEOS-Chem model with a 3-D ocean model will allow for
simulations of the long term build up of legacy mercury in the biogeo-
chemical pool and help understand the role of the subsurface ocean as a
reservoir for mercury.
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7 Glossary, Acronyms and Abbreviations

The terms, acronyms and abbreviations below appear in this thesis.

AMAP - The Arctic Monitoring and Assessment Programme. One of the
five Working Groups of the Arctic Council. The primary function of
AMAP is to advise the governments of the eight Arctic countries (Can-
ada, Denmark/Greenland, Finland, Iceland, Norway, Russia, Sweden
and the United States) on matters relating to threats to the Arctic region
from pollution, and associated issues.

AMAP 2000 Hg dataset - Global dataset of anthropogenic Hg emissions
for the year 2000 with a 1°x1° grid resolution made available through
cooperation between the Norwegian Institute for Air Research (NILU),
the Arctic Monitoring and Assessment Programme (AMAP), and the
Arctic Centre, University of Groningen (RuG). (Pacyna et al., 2005).

AMDE - Atmospheric Mercury Depletion Episode, name for mercury
depletion episodes first observed in the Arctic in 1995.

Atlantic Ocean - referring to the Atlantic the following terminology will
be used: 70-60°N is North Atlantic, 20-60°N is Atlantic and 20°N - 60°S is
South Atlantic.

Background concentrations - as described by Lindberg et al. (2007)
“Global background concentration refers to the average sea-level atmospheric
concentration of HgY at remote sites and is currently taken as 1.5-1.7 ng m3 in
the Northern Hemisphere, 1.1-1.3 ng m-3 in the Southern Hemisphere”

DGM - Dissolved Gaseous Mercury. A product of Hg? and Me Hg in
water. Hg? is the dominant form in the upper ocean.

DEHM - Danish Eulerian Hemispheric Model (hemispheric 3-D mer-
cury model developed at NERI by Jesper Christensen).

DT = Detection limit - With the Tekran instrument during Galathea 3:
RGM =2 pg m=? and GEM = 0.1 ng m?3

Dry deposition - process of species transport from the atmosphere to the
underlying surface at their direct (without precipitation) physical-
chemical interaction with elements of the underlying surface; dry deposi-
tion is of a continuous character independent of the occurrence or ab-
sence of atmospheric precipitation.

EDGAR - Emissions Database for Atmospheric Research
(http:/ /edgar.jrc.ec.europa.eu/index.php)

Edgar 2000 CO data - CO anthropogenic emissions estimate for the year
2000 made by EDGAR and available at the ACCENT/GEIA data portal
(http:/ /accent.aero.jussieu.fr/database table inventories.php).

EFSA - European Food Safety Authority


http://edgar.jrc.ec.europa.eu/index.php
http://accent.aero.jussieu.fr/database_table_inventories.php

FIRMS - Fire Information for Resource Management System
(http:/ /maps.geog.umd.edu/firms/). FIRMS have a web fire mapping
service and MODIS subset satellite photos available.

Flux - amount of mercury deposited over a defined area per a defined
time interval

GEM - gaseous elemental mercury in the atmosphere. A common term
for Hg? in the atmosphere.

GEOS - Goddard Earth Observing System (GEOS) of the NASA Global
Modeling and Assimilation Office (GMAO)
(http:/ / gmao.gsfc.nasa.gov/systems/ geos5/).

GEOS-Chem - Global 3D atmospheric chemistry model developed by
Bey et al. (2001).

Hg - mercury.
Hg? - gaseous elemental mercury
Hg!l - divalent oxidized mercury in atmosphere or ocean

HgP - particulate bound mercury. HgP can be found both in the atmos-
phere and the ocean.

HYSPLIT - Hybrid Single Particle Lagrangian Integrated Trajectory Model
made available by the National Oceanic and Atmospheric Administration
(NOAA), United States Department of Commerce. The Hysplit model is
used to make backward and forward trajectories.

MBL - marine boundary layer; the air right over the ocean surface,
where exchange of mercury between the two compartments takes place;

MeHg and Me;Hg - methylmercury; ChsHg*, (CHs).Hg
M - metric ton - 1000 kg;

MBL - Marine Boundary Layer. It is the lowest part of the troposphere
in direct contact with the ocean. The vertical mixing is strong and there
are large fluctuations in temperatures, wind directions and RH. The
height at typical mid-latitudes has a thickness of 300 meter but can be
50m/2000m during the right conditions in the Arctic/Tropics.

Mg - mega gram - 1000 kg

MLD - Mixed layer dept. The depth of the well mixed upper part of the
ocean in which active turbulence has homogenized the water masses.
The turbulence is generated by winds, cooling, or processes such as
evaporation or sea ice formation, which result in an increase in salinity.
Due to the changes in turbulence the MLD has seasonal variations.

Mmol - mega mol -1000 mol or 200.59 Mg

NA - not available
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Natural emission - mercury input to the atmosphere, which is not con-
nected with current or previous human activity;

NERI - National Environmental Research Institute (Aarhus University)
ng - nanogram (10-9 gram).
NH - Northern Hemisphere.

NPP - Net primary production is the part of the gross (total) primary
production of organic compounds from atmospheric or aqueous carbon
dioxide that is not used by the organisms for respiration production

pg - picogram (10-12 gram).
ppb - parts per billion.
ppm - parts per million.
PPq - parts per quadrillion.
ppt - part per trillion.

Pre-industrial state - a conventional term implying the state of the natu-
ral mercury cycle before the beginning of human industrial activity; in
Europe the beginning of a noticeable production and consumption of
mercury is related to medieval centuries;

Re-emission - secondary input of mercury to the atmosphere from geo-
chemical reservoirs (soil, sea water, fresh water bodies) where mercury
has been accumulating as a result of previous and current human activ-

ity;

RGM - Reactive Gaseous Mercury or Gaseous oxidized mercury; an op-
erationally defined term for gaseous divalent mercury compounds of the
type HgXY (e.g. HgCl2 or HgBr2). RGM is in newer publications called
GOM or Hgll.

RGM,, - RGM that is taken up in water droplets as RGM,,. With the cur-
rent methods of measurements RGM taken up into water droplets will
be detected as TPM, but in many cases modeling papers still refer to
RGM in water droplets as RGM. It is therefore convenient to have sepa-
rate terms for RGM in water droplets and TPM.

RH - Relative Humidity (measured in %)

SH - Southern Hemisphere

TGM - Total Gaseous Mercury. The sum of GEM and RGM species.

TPM - Total Particulate Mercury. Mercury bound to or absorbed into
particles in the atmosphere.

Wet deposition - flux of substance from the atmosphere onto the under-
lying surface with atmospheric precipitation
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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/m?
{(summer) and 262 - 0.4 ng/m? {spring) in the northern hemisphere *
and 1.27 & 0.2 ng/m? (spring and summer] in the southern
hemisphere. Radiation and relative humidity are shown to control
diurnal eycles of RGM. During the cruise the ship passed
areas of clean MBL air, air influgnced 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 estahlish 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.
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Figure S1. 2 hour average GEM and RGM concentrations during the cruise

Two hour mean values for GEM and RGM during the cruise. Only measurements in the MBL are presented, while measurements from harbor

areas are excluded and will be presented in another paper that is currently in review.
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Text T1. Placement of instruments
All measurements were carried out from a 10 shipping container located on the port
side of the ship next to the chimney and behind the bridge. The inlet was 8 meters

above sea-level. The place was chosen to minimize the effect of ship emissions and

Sea Spray.

Picture showing the location of the inlet for the Tekran (red circle) used and showing the inside of the

thermostated container where the instruments were located.

Text T2. Measurement of RGM

RGM is a method defined parameter and thus the method has to be considered as a
reference method, where the reproducibility of the method gives the best estimate of
the uncertainty. In an inter-calibration exercise carried out at Svalbard in 2003 (1) the
uncertainty of RGM measurements was found to be very large; agreement was at best
to within an order of magnitude. Participating laboratories used a Tekran 2537A
equipped with a Tekran 1130/5 sampling unit.

We carried out parallel measurement of RGM at Barrow, Alaska, where one group
used a Tekran 2537A equipped with a Tekran 1130/5 sampling unit and the other only
a Tekran 2537A equipped with 1130 (unpublished results). Because of the use of
different sampling cycles of different duration, a direct comparison of measurements
was not possible but 3 day averages showed very good agreement 1.7 % (one std.
dev.). In Skov et al. (2) we compared a Tekran 2537A equipped with the Tekran 1130
automated system with manual denuders (3). Manual and automated methods were
found to agree to within 25% (95% confidence interval). However we do not have

sufficient data from the literature or from our own experiments to calculate the
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reproducibility for RGM measurements on the Galathea 3 cruise. Moreover RGM is
probably not made of the same gaseous Hg'" species but may differ in time and space.
Therefore we added 10% to the uncertainty to make a conservative estimate. The
expanded reproducibility of RGM is thus 28 %, using a factor of 2 to get a 95%

confidence interval.

Text T3. Measurements of NOx and soot

NOx (NO + NO,) was measured with an API Teledyne NOx analyzer Model 200 A.
To ensure the quality of the NOx data zero-air was added frequently (n=124) and
samples (n = 10) from a pressurized flask with a known, certified NO concentration
were added every four weeks. NOx (NO and NO,) is used as a tracer for
contamination from the ship’s exhaust. The uncertainty of the method is 4% for NO
and 10 % for NO; (based on uncertainty budgets and using an expanding factor 2
following the guidelines in CEN EN 14211) for values above 1 ppbv. The detection
limits are 200 and 300 pptv for NO and NO, respectively for the experimental setup
applied. This relative high detection limit for the method is caused mainly by the

quality of zero air and not by the capability of the instrument.

Soot data were only used for the (SA) leg during the passage along the Africa coast.
Soot for this part of the cruise was made available by Matthias Ketzel (NERI, Aarhus
University). The measurements were performed using a Particle Soot Absorption
Photometer (PSAP). A description of the instrument can be found in Krecl et al. (4).
We used a median of 2 hour mean soot data (n=13) to be consistent with other data in
the paper. Quality control checks were made on the 5-minute-interval measurements.
The ship was moving against the wind for all the measurements along the African

coast and we did not see indications of contamination from the ship.
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Table Tal. Availability of supplementary measurements of NOx, soot and meteorological data

Leg Ab® Dates Lat® Origin® NO NO NO, NO, Soot® RH Radaition
Mean Median Mean Median  Mean Mean Mean midday

(ppb) (ppb) (ppb) (ppb) (m™) (%) (no. obs)®  (11-13, local time)
(W/m?) (no. obs)"

North Atlantic NA 16" Aug—1°Sep  58:67  Ocean 92.5+6.1 (185)
Atlantic O. AT 15" Apr—24"Apr  43:59  Ocean 13.9+34.8 0.2 18436 02 __— 90.4+56(113)  339+160 (9)
Sargasso Sea  SS 30" Mar—11"Apr 23:45 Mixed 11.8+24.8 3.0 42437 35 ___— 626+7.1(142) 813150 (12)

South Africa  SA  8"Oct-21%0Oct  -39:-3 Mixed __—— — _— _— 15*10° 86.3+6.7(120) 498+198 (10)

Indian Ocean I0  22™Oct-29"Oct -39:-33 Ocean __— _— — _— _— 808x123(91) 617217 (8)
West Australia WA 3“Nov-6"Nov ~ -22:-17 Ocean ///// 72.1+6.2 (32) 907 (2)

East Australia ~ EA  23“Nov-15"Dec -44:-26 Mixed 32.7+76.3 2.148.5 __— 71.6+10.2 (186) 782+205 (15)
Coral Sea CS 16" Dec-3"Jan 27:-7  Mixed 77.1+131.4 10 1 5.5+8.2 1.1 _— 76.1+5.8(129) 603+287 (11)
New Zealand ~ NZ 3" Jan-14" Jan -56:-26 Mixed 18.3+49.9 1.1 0.7#44 0.0 " 83.0+13.0(109) 493+258 (9)
Antarctic O. AO 14"Jan-24"Jan  -65:-55 Ocean 27.4+76.5 0.6 0.64+4.1 0.0 ___— 93.1#3.7(106)  235+133(9)
Antarctic Coast AC 25" Jan — 28" Jan -65:-63 Ocean 7.0+15.9 15 0+2.0 0.0 / 92.5+4.0 (49) 415+176 (4)

Coast of Chile CC 31 Jan—8" Feb -58:-33 Mixed 90.2+157.2 15.13 3.15+10.2 0.1 63.8+11.2 (37) 6381407 (4)

a) Abbreviations used in the text.

b) The latitude that the given leg includes.

c) Ocean = no influence from terrestrial sources, Mixed = influence from terrestrial sources during the entire or smaller but significant portions of the leg.
d) The two hour means are used to indicate the number of observations of each species or parameters.

e) Soot measurements were performed by an independent group and we therefore only have limited access to results.
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Table Ta2. Previous measurements in the MBL that overlap spatially with

measurements during the cruise presented in the paper

Place Date TGM Reference

ng/m?
Southern Hemisphere
South Atlantic Ocean Oct 77 1.19+0.25 Slemr et al. 1996
South Atlantic Ocean Nov-Dec 78 1.35+0.21 Slemr et al. 1996
South Atlantic Ocean Jan-Feb 79 1.26+0.22 Slemr et al. 1996
South Atlantic Ocean Oct-Nov 80 1.45+0.16 Slemr et al. 1996
South Atlantic Ocean Oct-Nov 90 1.50£0.30 Slemr et al. 1996
South Atlantic Ocean Oct-Nov 94 1.18+0.17 Slemr et al. 1996
South Atlantic Ocean Dec 99-Jan 00 1.27+0.09 Temme et al. 2003b
South Atlantic Ocean Feb-Mar 00 1.00+0.12 Temme et al. 2003b
South Atlantic Ocean Feb 01 1.07+0.10 Temme et al. 2003b
Antarctic — South America Dec 01 —Feb 02 1.1+0.2 Temme et al 2003a

Indian Ocean

Northern Hemisphere

Nov 07

1.2 (1.05-1.51)

Witt et al. 2010

Eastern Atlantic Ocean
Eastern Atlantic Ocean
Eastern Atlantic Ocean
Eastern Atlantic Ocean
Eastern Atlantic Ocean
North Atlantic Ocean
Atlantic Ocean

Eastern Atlantic Ocean
Western Atlantic Ocean
Eastern Atlantic Ocean
Western Atlantic Ocean
North Atlantic Ocean

Oct 77
Nov-Dec 78
Jan-Feb 79
Oct-Nov 80
Oct-Nov 90
Aug 93
Oct-Nov 94
Oct-Nov 96
Sep 99

Dec 99-Jan 00
Aug-Sep 03
July 05

1.76+0.36
1.85+0.31
2.17+0.38
2.09+0.35
2.25+0.41
2.1+0.8
1.79+0.4
2.12+1.0
2.00+0.4
2.02+0.3
1.63+0.08
~1.7%

Slemr et al. 1996
Slemr et al. 1996
Slemr et al. 1996
Slemr et al. 1996
Slemr et al. 1996
Mason et al. 1998
Temme et al. 2003b
Temme et al. 2003b
Mason et al. 2001
Temme et al. 2003b
Laurier and Mason 2007
Sommar et al. 2009

A. Arctic data not including

B. Slemr et al. 1996 (5), Mason et al. 1998 (6), Mason et al. 2001 (7), Temme et al. 2003a (8), Temme
et al. 2003b (9), Laurier and Mason 2007 (10), Sommar et al. 2009 (11), Witt et al. 2010 (12)
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Text T4. Seasonal cycle in the Atlantic Ocean

The seasonal cycle in the Northern Hemisphere Atlantic Ocean is found by converting
the available cruise data from the Northern Hemisphere Atlantic Ocean into monthly
mean values.

Mean values and standard deviations have been taken from earlier publications (6,7,9-
11,13,14). When cruises had a duration of more than one month the same mean value
was used to represent all months of the cruise except in the cases where information
was sufficient to calculate means for the different months. This approach causes all
cruises to have the same weight in the calculations despite their differences in
duration and spatial coverage. This is a rough approximation but necessary at this
point due to the sparse observations.

To create a smoothed line for the seasonal cycle the mean of the previous and
following month were used to make a central moving average. No observations are
available in May in the Atlantic Ocean and a value is estimated from the mean

concentration in April and June.

S7



Figure S2. Back trajectories in the Atlantic

The origin of a given air mass arriving to Galathea 3 was determined throughout the

campaign using back trajectory calculations. Below are shown three examples for the
Atlantic Ocean; A) Norway — Greenland in August 2006, B) US Virgin Islands —
Boston in March/April 2007, C) Boston — Copenhagen in April 2007.

HYSPLIT back trajectories were used from http://ready.arl.noaa.gov/HYSPLIT.php

(15). The heights of the trajectories were 6 meters above sea level, the duration 144

hours.
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Figures S3. Back trajectories at Mace Head during August 2006 and April 2007

HYSPLIT back trajectories were used from http://ready.arl.noaa.gov/HYSPLIT.php
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Figure S4. South Atlantic wind directions

While back trajectories for Africa are less clear, the wind direction measured at the

ship, together with soot data, satellite CO data and fire counts, gave a good indication

of potential mercury sources on the west coast of Africa. We think that this

discrepancy between back trajectories and other data might be due to a strong sea-

land breeze close to the African coast that is not caught by the HYSPLIT model.

The figure shows wind direction and GEM concentrations encountered along the

coast of Africa. Case A: biomass burning, Case B: free MBL air. The red area was

influenced by biomass burning (16) (see Figure S6) and the yellow area was

influenced by the plume from biomass burning identified by an elevated CO column
concentration on October 12™, 2006 (17) (see Figure S5).
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Figure S5. CO MOPIT data
Mean atmospheric CO columns (October 12", 2006). MOPITT (V3) satellite
observations obtained by the MOPIT Satellite (17).
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Figure S6. Fire counts in Africa during October 5™ to 12" (2006).
Screen print from http:/firefly.geog.umd.edu/firemap/ (web fire mapper, accessed
November 2009) (16).
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Figure S7. Back trajectories in the Antarctic

Back trajectories are from http://ready.arl.noaa.gov/HYSPLIT.php (15).
The heights of the trajectories are 6 meters above sea level, the duration is 96 hours.
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Figure S8. Ice extend (source: www.natice.noaa.gov, accessed December 2009)

Sea ice extend determined for the 14-20 January 2007.

Screen print of the ice extent at Bellingshausen West (included is a color scale that
indicates the fraction of sea covered with ice). The blue circle indicates the location of
the ship during the observations with high GEM and RGM concentrations.
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Environmental context. Mercury is a neurotoxin that bioaccumulates in the aquatic food web. Atmospheric
emissions from urban areas close to the coast could cause increased local mercury deposition to the ocean.
Our study adds important new data to the current limited knowledge on atmospheric mercury emissions and
dynamics in coastal urban areas.

Abstract. Approximately 50% of primary atmospheric mercury emissions are anthropogenic, resulting from e.g.
emission hotspots in urban areas. Emissions from urban areas close to the coast are of interest because they could increase
deposition loads to nearby coastal waters as well as contribute to long range transport of mercury. We present results from
measurements of gaseous elemental mercury (GEM) and reactive gaseous mercury (RGM) in 15 coastal cities and their
surrounding marine boundary layer (MBL). An increase of 15-90% in GEM concentration in coastal urban areas was
observed compared with the remote MBL. Strong RGM ehhancements were only found in two cities. In urban areas with
statistically significant GEM/CQO enhancement ratios, slopes between 0.0020 and 0.0087 ng m> ppb*1 were observed,
which is consistent with other observations of anthropogenic enhancement. The emission ratios were used to estimate
GEM emissions from the areas. A closer examination of data from Sydney (Australia), the coast of Chile, and Valparaiso
region (Chile) in the southem hemisphere, is presented.
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Section I: Model Sensitivity Analyses

We performed a variety of sensitivity analysis to help prioritize future experimental
data needs. The reducible Hg" pool is rarely measured in studies collecting data on gross
reaction kinetics (1) and should be a priority for future research because Hg” evasion
increases/decreases proportionally to this pool in our simulation. Other studies have
suggested that the diffusivity of Hg” in seawater (2) is overestimated by standard calculation
methods like Wilke-Chang (3), which could lead to low retention of Hg" in the surface
waters. However, implementing the experimentally based diffusivity term for Hg” proposed
by Kuss et al. (4) in our model simulation only increases aqueous Hg’ concentrations by 5%
and results in a decrease in global net evasion of 14%.

We analyzed the sensitivity of modeling results to several gas transfer models. Using
the gas transfer scheme developed by Liss and Merlivat (5), generally accepted as a low-end
estimate, results in a 30% reduction in modeled global evasion compared to our standard
simulation based on Nightingale et al. (6) but does not substantially change aqueous Hg’
concentrations. Several ecosystem-scale studies have shown Hg’ evasion flux estimates
typically also vary by approximately 30%, depending on the choice of gas transfer model (7-
9). Our results suggest that the Nightingale parameterization (6) that uses a quadratic
relationship between evasion and wind speed is most appropriate because the linear
dependence of evasion on wind speed in the Liss and Merlivat model (5) diminishes the
modeled seasonal cycle of MBL Hg concentrations that is observed in the Northern

Hemisphere (10).



Section II: Supplemental Results
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Figure S1. Comparison of monthly modeled (2008) and observed (various years) total

inorganic Hg concentrations. Data sources are as follows: Pacific (17-16); Atlantic Ocean
(16-19); Arctic Ocean (20).
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Figure S3. Modeled seasonal surface water Hg" saturation values for 2008. The degree of
saturation indicates the direction of the flux across the air-sea interface. Less than 100%
indicates net deposition and greater than 100% indicates net evasion of Hg’.
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Figure S4. Seasonal variability in modeled oceanic Hg’ evasion for 2008.
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Section III: Model Updates and Formulation

Table S1. Model differential equations

Change in Hg0 mass over time  dM o " Hg?
(dt) dr = MEk =+ Mem =+ Mev - kO-\‘MHg" + kl_(bFOtrMHg,,
Change in Hg" mass over am Hg" ol iy
time (d) dt( =M, + Mupg + Mmf - Mp + koxMHgO - kr(])FO!rMHg,,
M, (kg) Deposition of Hg to the ocean surface
M. (kg) Mass of mercury species introduced or removed due to deep

convection or shoaling of the mixed-layer
Mg (kg) Wind-driven mass transfer of mercury species due to Ekman

pumping
M., (kg) Mass of Hg’ evaded from the ocean to the atmosphere
M, (kg) Flux of Hg" lost from mixed layer with sinking particles
Mg (kg) Reservoir of Hg' in the surface mixed layer
Mg (kg) Reservoir of HgII in the surface mixed layer
kox (s) Hg" oxidation rate koxi + kox2
k(s Reduction rate of reducible pool of Hg" krear + krea
¢r (unitless)  Hg" fraction in the dissolved phase 1/(1+ K,SPM)
a. (unitless)  Reducible fraction of the filtered Hg" pool 0.40 (19, 24,

25)

Table S2. Particle associated mercury reservoirs and fluxes.

M e (kg) Hg" mass in the particulate phase

Kp (L kg™ Seawater partition coefficient for Hg"
Cspyr (kg L Concentration of suspended particles
Zyrp (M) Mixed layer depth

A,y (m%) Water surface area

Standing stock of organic carbon in
mixed layer

Integrated water column pigment
content

Carbon to chlorophyll a ratio
Conversion for wet weights of
planktonic biomass

Organic carbon flux out of the mixed
layer

Net primary productivity

Exponent describing relationship
between declines in organic carbon flux
due to mineralization in the water
column with depth

Hg" to organic carbon ratio in the mixed
layer

Mass of Hg" lost from the mixed layer
due to particle sinking

Coc (mg m‘z)
Cr.cn (mg m™)

rc:chia (Unitless)
M,,e (unitless)

Jorgc (mg C m d'l)

NPP (mg C m™ d™
n (unitless)

I'hg:c (unitless)

M, (kg)

(1 - ¢F)Mng

3.16 x 10° (14, 19)
103(CVOC ¢ Mwet ¢ Aw)/ZMLD
WOCE data assimilation (26)

Crocn ®* Ce:Ceyy,
See text for derivation

80:1 (27)
10 mg wet weight: mg carbon

0. ]NPP]'WZMLDn

2003 MODIS satellite data (28)
-0.74 (29)

M oy /(10°Cp * A,)

JorgC ¢ ng:C ¢ Aw(dt)



Method used for estimating suspended particulate matter concentrations

No global data sets on SPM concentrations in the ocean mixed layer are available. We
therefore estimate SPM concentrations in the surface mixed layer based on the standing
biomass in the water column derived from MODIS satellite chlorophyll a (Ccpie, mg m’3)
concentrations (http://oceancolor.gsfc.nasa.gov/ftp.html) for the year 2003. We calculate the
water column integrated pigment content within the euphotic layer (Cr.c, mg m™) based on
the statistical fits for subsurface algal productivity in the ocean developed by Morel and
Berthon (30) and updated by Uitz et al. (31).

These equations are as follows:

1. STRATIFIED WATERS

For stratified waters in low and mid latitude stations, where Ccp, < 1.0 mg m>
1) Cr.on=36.1 Cona ™

For stratified waters in low and mid latitude stations, where Ccp,> 1.0 mg m>

(2) Crcm=37.7 Ccna "

2. WELL-MIXED WATERS
For well-mixed waters at high latitudes:

3) Crcm=42.1 Cona **

Waters are defined as well-mixed if z.,/zyzp <1
Conversely, if z.,/zuzp >1 then the waters are considered stratified.

Where,

Zeu 18 the euphotic depth and is defined as the depth where the PAR irradiance is 1% of its
value at the surface.

zyrp (m) is the mixed layer depth derived from de Boyer Montegut et al. (26) from the
National Oceanographic Data Center (NODE), World Ocean Circulation Experiment
(WOCE) database, and the ARGO program (available: http://www.locean-
ipsl.upme.fr/~cdblod/mld.html)

Cr.cm and z,, are calculated iteratively in the model to determine whether waters are stratified

or well mixed and the appropriate equations for Cr.cy.

zqy 18 derived as a function of Cr.¢;, by Morel and Maritorena (32):

4)  Zew =912 Crow™®® when 10 m < ., <102 m and Cr.¢j; > 13.65 mg m™

(5)  zew=426.3 Cr.cp " when 102 m < z,, <180 m and Cr.cjy < 13.65 mg m™
g



We calculate the standing stock of organic carbon (Coc, mg m™) from the integrated water
column pigment content (Cr.ci, mg m™) by assuming a constant C:Chl a ratio (r¢.cpa) of 80:1
based on Wetzel et al. (27). This is a simplification of real biological processes in the ocean
where r¢.cni, 18 known to vary as a function of light limitation, depth, and phytoplankton
growth rates among other factors (33).

(6) Coc =Cr_cu ® Techa

We approximate the concentration of suspended particles in each model grid cell from wet
weights of planktonic biomass that are derived by assuming that organic carbon is 50% of the
dry weight and the dry weight is 20% of the weight for phytoplankton, resulting in an overall
conversion factor of 10 mg wet weight: mg carbon (34). This results in an overall conversion
factor of 10 mg wet weight: mg carbon.

(7 Cypy = 103(Coc ‘M, *A) 2y
Although the majority of particles in open ocean environments are living and dead planktonic

biomass, we allow for up to an additional 10% increase in SPM to account for allochtonous
abiotic particles such as mineral dust (35).



Table S3. Model representation of redox reactions.

kox] (S-l)

kon (S-l)
kred] (S-l)

kredZ (S- ! )

R (Wm?)

MLD

JR (Wm?)

R; (W m?)
x7(m)

x2 (m)

1 (m™)

Nw (ml)

Nena (M)
Ceona (mg L™

Npoc (Mg L_l)
Cpoc (mg L™

NPP (gC m™d™)
NPPx

Photo-oxidation rate constant

Dark oxidation rate constant
Photolytic reduction rate constant

Biotic reduction rate constant

Average shortwave radiation
intensity in the mixed layer

Total local shortwave radiation
penetration in the mixed layer

Total shortwave radiation intensity
Surface depth

Bottom depth

Extinction coefficient for radiation
Extinction coefficient for water
Extinction coefficient for pigments
Average concentration of Chl a in
mixed layer

Extinction coefficient for dissolved
organic carbon (DOC)
Concentration of DOC in water
column

NPP in model grid cell

Global average NPP

6.6x107°* R (25)
When R>0

min: 5.6x10° s™ (36)
max: 9.7x10™ s (25)
1.0x107 (36, 37)
1.7x10° * R (25)
When R>0

min: <1.0x107 s (25, 36)
max: 8.7x10™ s (25)
45%x107° * NPP (25)
min: 3.5x107 s”!
max: 8.3x10” s (38)

MLD
I
0
1
X =X
GEOS-5 meteorology

0m

ZMLD

M, + NewCon + MpocCpoc
450 nm (vis) = 0.0145
450 nm (vis) = 31
(Croen ®* A Zyp

° &[er]xl _e—‘r])CZ]

450 nm (vis) = 0.654

1.5 (NPP/NPP,) (39)

2003 MODIS satellite data (28)
global NPP/ocean surface area

10



Table S4. Gas exchange parameterization.

M., (kg s'l)

F,(ngm™h™)
C ,(ngm>)

wHg

C,pp (g )
H'(T)
K, (m hr)

A (unitless)

T’ (°C)
SCrg()
v(ecm®s™)
N (cP)

p (mg em”)
D (cm*s™)

M,, (g mol™)
T (K)
Vs (cm® mol™)

Pw

Air-sea exchange of Hg" for each model
time step (dr)

Hg' air-sea exchange flux
Concentration of Hg’ in seawater

Concentration of Hg' in air

Temperature dependent dimensionless
Henry’s law constant

Water-side mass transfer coefficient for
steady winds

Constant based on the Weibull
distribution of wind speeds over oceans
Wind speed normalized to 10 m above
sea surface

Schmidt number for CO,

Water temperature

Schmidt number for Hg(0)

Kinematic viscosity

Viscosity of water

Seawater density
Diffusivity (Wilke-Chang (3) method)

Molecular weight of water

Water temperature in Kelvin

Molal volume of mercury at its normal
boiling temperature

Solvent association factor introduced to
define the effective molecular weight of
the solvent with respect to the diffusion
process

Aqueous Viscosity

(1077 F, * A, )dt/3600

F, =K, (C,-C,/H(T))
See differential equations
GEOS-Chem atmospheric

simulation
I - (—2403.3

+6.92)(40)
Axuy(Sc /8¢ o, Y (41)

0.25 (6)
GEOS-5 data

0.117"° -6.16T" + 644.7 (42)
GEOS-5

vID ,
Np=0.017¢"""%") (42)

See text

74 x107°%(p, M, )'"*T
NV,

18.0
GEOS-5 data
12.74

2.26 (43)

Loux (44) provides the following relationship for estimating aqueous viscosity as a function
of aqueous temperature between 0-20°C:

(8) log(N) =

1301

-3.30233

For water temperatures 20-100°C:

(9) log(N, /N ) =

(998.333 + 8.1855(T" - 20) + 0.00585(T" - 20)*)

1.3272(20-T")-0.001053(T" - 20)*

T'+105

Where N,y = aqueous viscosity at 20°C.
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11 Appendix C Background information on
the Galathea 3 expedition

The Galathea 3 expedition was a 9 month long cruise campaign with the
vessel Vadderen starting in Copenhagen August 14th 2006 and ending the
same place April 25t 2007. During the cruise more than 39.000 nautical
miles were crossed (Figure 40). Onboard the ship or linked to the desti-
nations of it, 48 research projects took place. A more thorough descrip-
tion of the Galathea 3 expedition can be found in the book “Galathea 3”
edited by Lisbeth Nannested Jorgensen (in Danish) (available at:
http:/ /130.226.56.246 / dk/ Menu / Ekspeditionen+2006-

2007 /Publikationer/Galathea+3+2006-2007 [accessed Jan 2011]) and at the
internet portals from Virtuel Galathea (http://virtuelgalathea3.dk/ [ac-
cessed  Jan ~ 2011]) the news  paper Jyllands  Posten
(http:/ /viden.jp.dk/galathea/ekspeditionen/ [accessed Jan 2011]).

One of the projects was “Kviksglv i Troposfeeren” (Mercury in the Tro-
posphere). This project was one of the few that were onboard during the
entire duration of the cruise. The aim was to give a global insight into
mercury in the marine boundary layer. Measurements were carried out
by PhD student Britt Tang Serensen and her supervisor Henrik Skov as
well as technicians Bjarne Jensen, Henrik W.Madsen and Christel
Christoffersen. Britt decided not to continue her PhD after the cruise.
This left the data unexplored for almost a year until the opportunity to
incorporate them into my PhD project arose.

Térshanin

Kabanhawn

Boston Aznrorme

US Virgin Ists b
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Gl

Galapagos (f,_
(\ Erooms
Antofagasta Cape Town Penh(_ -
Valparalso L—J—\\-J ,J
/ Hobart M

Figure 40. The track of the Galathea 3 expedition.

-

The galathea 3 expedition is following in the footstep of earlier Danish
global circum navigations carried out in the name of science. The first
Galathea expedition took place in 1845-1847. The second Galathea expedi-
tion took place in 1950-1952. In addition to the scientific purpose an aim
of the second expedition was to deliver information to the Danish public
about the progress and findings of the expedition.

Information about science to the public has also been one of the main
aims of the Galathea 3 expedition. Focus was from the start not only on
the 48 scientific projects but also on an attempt to create public interest
for science. To create publicity during the cruise, journalist were invited
onboard the ship, but the aim of making science public continued to be
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followed after the cruise. Through educational material composed on the
basis of the findings during the cruise students can be exposed to science
from the cruise that they can relate to. The internet portal “Virtuel Galat-
hea” (http:/ /virtuelgalathea3.dk/) has a collection of educational mate-
rial for elemental and high school students, which also including mate-
rial and assignments on mercury in the project “Kviksglv i luften” (Mer-
cury in the air) written by A.L. Soerensen, H. Skov, J. Christensen, S.
Hogslund and M. Badger (2009).



http://virtuelgalathea3.dk/

12 Two hour average GEM and RGM con-
centrations during the Galathea 3 cruise
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13 Appendix D Maps of input data to the
GEOS-Chem slab-ocean model
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13.1 Mixed Layer Depth

From the National Oceanographic Data Center (NODE), World Ocean

database, and the ARGO program

fr/~cdblod/mld.html) (Montegut et al.,
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13.2 Chlorophyl A Concentrations

mg m-3) concentrations for the year
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13.3 Net Primary Production

Global NPP distributions from MODIS satellite data (Behrenfeld and

)
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14 Appendix E Poster (Mason et al., 2009)
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Measurements and Modelling of the Air-Sea Exchange of Mercury
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Mercury (Hg) is released io the environment both via natural : . . . " cruises in 508, GI09 & B105
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Modal {Soerenson et al, in prep), which is an update on Hoded
Strode et al. (2007). Most ocean surface waters ane o T TN T Raa - -
supersaturated with Hg®, resuling in net evason b the .
atmasphene globally, although model s mulations suggest

that not all walers are sup d and dep vof Hg?

may occur (e.g. Strode et al., 2007). Measurements have
Ibeen histoncally sparse but new ‘echniques (Andersson et
al., 2008a; 2008L) are improving the overall database. Such
data are discussed here and contrasted with the results of
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Results and Discussion

ﬁ l DGHg (Hg®) was measured during three cruises off Bermuda

(Fig. 3). The obsened DGHg concentrations and range were
similar for all cruises. There was no strong indication of a diurnal
vanation and flux differences are mostly driven by differences in
- wind speed during the cruises (Fig. 4). Fluxes were estimated
from measurad parameters (wind spaad, temp, air and water
Hg" concentrations). For example, winds were higher during the
n June 09 cruise due to a strong storm prior to the cruise,
resulting in higher fluxes. The model output iz shown in Fig. 2
for Hg® and Fig. 5 for flux, Comparison of the measurements
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. ‘.'- . ;‘:’:;‘Lm“]ﬁ“'l region (hox region in Fig. 2), while the flux estimates from the

maodel are slightly lower than those estimated from
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"'l - | used in the model compared to during the cruises. Howaver, it = 3

does appear that the model is providing a reasonable simulation nmol mrd mnthr! (1= 1.4 pmal mr? hr')

Figura 5: Model estimated fluxes of elemental mercury for two seasons,
From Soerensen et al. (in prep.)

Dec-Feb

my =1 B of the concentration, changes with ime and the overall flux. Jun-Aug
' =l .' |! The madel suggests a strong inter-annual variation but the data
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used to test this model result,

- Methog: Continuous measurements of DG Hg (Hg") were made using the continuous
!El sparging setup in Fig. & (Andersson et al,, 2008s), Seawaier flow was 10-18 Limin and
Hag-air fiow 1.5 Limin; L. a high water/air flow rao that enaured air equilibration with
the water, The air Hg" was fhen quantfied at high resolution (5 min) using a Tekran
2537A, and the water Hg? concentraton (Fig. 3) determined using Henry's Law
| (Andersson etal, 20080), The fux (Fig. 4) was estimaied using measured
temperatures and wind speed (u) and the model of Nightingale &t al. (2000}, which
refies on the Schmidt number (S6,.); k = 0.333U + 0. 2207 (56, 660125, As shown in
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Figure 8: Schematic of the and phot that are related io light inten sity and depth. e —
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GASEOUS MERCURY
IN THE MARINE BOUNDARY LAYER:
MEASUREMENTS AND MODELING

The thesis combines analyses of observational data with bio-
geophysical modeling in order to explore the environmental
processes that control patterns and levels of gaseous mercury
concentrations in the marine boundary layer. Measurements
of gaseous elemental mercury (GEM) and gaseous oxidi-
zed mercury (RGM) from the Galathea 3 circumnavigation
(August 2006 to April 2007) are analyzed. A new represen-
tation of the surface ocean within the 3-D global biogeoche-
mical model GEOS-Chem is presented. The model is used
to explore mechanisms responsible for spatial and temporal
trends discovered in the Galathea 3 data. The study contri-
butes to our understanding of mercury dynamics in the ma-
rine boundary layer on diurnal, seasonal and decadal time
scales. It emphasizes the importance of ocean evasion as a
controlling factor for seasonal and decadal GEM variability as
well as the importance of relative humidity as a controlling
factor of RGM concentrations in both the polluted and pristine
marine boundary layer.
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