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A Modelling Study of Atmospheric Cycle of Mercury and its
Exchange Processes at Environmental Interfaces

ABSTRACT

Since ancient times human activities have significantly altered the natural global
Mercury (Hg) cycle through emissions to the environment. Hg is a global pollu-
tant since its predominant atmospheric form, elemental Hg, reacts relatively slowly
with the more abundant atmospheric oxidants and is therefore transported long
distances from its emission source. Once oxidised however Hgis readily deposited,
an can then be converted to the toxic monomethylmercury (MeHg) in soils and
natural waters. MeHg is able to bioaccumulate and biomagnify, up to levels at
which it is harmful to human health. Mercury pollution is therefore a threat to
ecosystem health on a global scale, and is now being addressed by an international
agreement, the Minamata Convention. Comprehensive knowledge of the details
of the atmospheric Hg cycle is still lacking, and in particular there is some un-
certainty regarding the atmospherically relevant reduction-oxidation reactions of
mercury and its compounds. The exchange of Hg and its compounds between the
atmosphere and the oceans also plays an important role in the cycling of mercury
in the environment: understanding and quantifying mercury deposition patterns
and fluxes is critically important for the assessment of the present, and future, en-
vironmental impact of mercury contamination. ECHMERIT is a global on-line
chemical transport model, based on the ECHAM 35 global circulation model, with

a highly customisable chemistry mechanism designed to facilitate the investiga-
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tion of both aqueous and gas phase atmospheric mercury chemistry. Animproved
version of the model which includes a new set of emissions routines, both on-line
and off-line, has been developed and used for this thesis to investigate and assess
a number of the uncertainties related to the Hg atmospheric cycle. Outputs of
multi-year model simulations have been used to validate the model and to esti-
mate emissions from oceans. Various redox mechanisms have been included to
assess how chemical reactions influence the models ability to reproduce measured
Hg concentrations and deposition flux patterns. To characterize the Hg emissions
which result from Biomass Burning , three recent biomass burning inventories
(FINNv1.0, GFEDv3.1 and GFASv1.0) were included in the model and used to
investigate the annual variation of Hg. The differences in the geographical distri-
bution and magnitude of the resulting Hg deposition fluxes, hence the uncertainty
associated with this Hg source, were quantified. The roles of the Hg/CO enhance-
ment ratio, the emission plume injection height, the Hg‘(’g) oxidation mechanism
and lifetime, and the inventory chosen, as well as their uncertainty were consid-
ered. The greatest uncertainties in the total deposition of Hg due to fires were
found to be associated with the Hg/CO enhancement ratio and the emission in-
ventory employed. Deposition flux distributions proved to be more sensitive to
the emission inventory and the oxidation mechanism chosen, than all the other
model parameters. Over 75% of Hg emitted from biomass burning is deposited to
the world’s oceans, with the highest fluxes predicted in the North Atlantic and the
highest total deposition in the North Pacific. The net effect of biomass burning is

to liberate Hg from lower latitudes and disperse it towards higher latitudes where it
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is eventually deposited. Finally, the model was used to evaluate the fate of the Hg
released into the atmosphere by human activities. Anthropogenic emissions are
estimated to amount to roughly 2000Mg/y (1000-4000 Mg/y). Hg speciation (el-
emental, oxidised or associated with particulate matter) is subject to many uncer-
tainties: the extremely variable lifetimes among Hg species, as well as the Hg emis-
sion heights, in combination with the complex physical and chemical mechanisms
that drive its final fall-out lead to considerable uncertainties. To address this spe-
cific issue three anthropogenic Hg emission inventories, namely AMAP-UNEP,
EDGAR and Streets, were included in the Model. Different model parametrisa-
tions were adopted to trace the fate of Hg to its final receptors and to thoroughly
test the model performance against the measurements. Primary anthropogenic
Hg contributes up to 40% of the present day Hg deposition. The oxidation mech-
anism has a significant impact on the geographical distribution of the deposition
of Hg emitted from human activities globally, : 63% is deposited to the world’s
oceans. The results presented in this thesis provide a new and unique picture of
the global cycle of mercury, evaluating and assessing the uncertainties related to
many aspects with an on-line Global Circulation Model developed specifically to

investigate the global atmospheric Hg cycle.
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Sin dall’antichit, le attivitd umane hanno alterato il naturale ciclo del Mercurio
attraverso il suo rilascio incontrollato nell'ambiente. Il Mercurio ¢ un inquinante
a diffusione globale in quanto la sua forma atmosferica predominante, detta Mer-
curio elementare, interagisce molto lentamente con i principali ossidanti presenti
in atmosfera, e puo essere quindi trasportato molto lontano dalle sorgenti di emis-
sione. Comunque, il Mercurio, in seguito alla sua ossidazione, viene rapidamente
depositato e puo essere convertito in monometilmercurio (MeHg) sia nel suolo
che nelle acque. Il monometilmercurio ¢ in grado di accumularsi nei tessuti bi-
ologici, biomagnificandosi all'interno della catena alimentare fino a raggiungere
livelli pericolosi per la salute umana. L'inquinamento da Mercurio ¢ quindi una
minaccia alla salute degli ecosistemi su scala planetaria, e, per tal motivo, ¢ stato
di recente oggeto di un accordo internazionale, noto come Convenzione di Mina-
mata. La conoscenza dei dettagli riguardantile fasi del ciclo del mercurio in atmos-
fera ¢ molto lontana dall'essere completa. In particolare le incertezze riguardano
le reazioni di ossido-riduzione a cui vannno incontro in atmosfera il mercurio e i
suoi composti. Lo scambio del mercurio all'interfaccia atmofera-oceano ¢ un al-
tro elemento chiave nel ciclo del mercurio: la comprensione e la quantificazione
di questi processi di scambio sono critici per una corretta valutazione dell'impatto
sullambiente della contaminazione da mercurio.

ECHMERIT ¢ un modello globale numerico di tipo on-line per lo studio del
trasporto e della chimica, basato sul modello di circolazione globale ECHAMES.
Dispone di un meccanismo chimico altamente personalizzabile e progettato per

lo studio della chimica del mercurio in atmosfera sia nella fase gas che in quella

vi



Thesis advisor: V. Carbone, N. Pirrone, I. M. Hedgecock  Francesco De Simone

acquosa.

Per questo lavoro di tesi ¢ stata sviluppata una versione migliorata del modello,
che include un nuovo set di routine per la gestione delle emissioni, sia calcolate
dinamicamente nel modello, sia importate off-line da campi esterni. Il modello
cosi modificato ¢ stato utilizzato per lo studio e per la valutazione delle incertezze
relative alle diverse fasi del ciclo atmosferico del mercurio. I risultati ottenuti da
simulazioni di diversi anni sono stati usati preliminarmente per validare il mod-
ello e per stimare le emissioni di mercurio dagli oceani. E’ stato inoltre valutato
I'impatto di diversi meccanismi chimici sulla capacita del modello di riprodurre
i livelli di concentrazione e di deposizione di mercurio misurati. Per caratteriz-
zare le emissioni di mercurio dalla cosiddetta combustione di biomassa (Biomass
Burning), sono stati inclusi nel modello tre inventari recenti per questo tipo di
emissioni (FINNv1.0, GFEDv3.1 e GFASv1.0). Si & quindi studiata la variazione
annuale delle emissioni di mercurio dai fuochi, oltre alla distrubuzione geografica
delle deposizionirisultanti. E’ stato inoltre valutato il ruolo dei rapporti di arricchi-
mento Hg/Co, 'altezza del plume delle emissioni, i meccanismi di ossidazione e
i tempi di residenza in atmosfera del mercurio elementale, I'inventario utilizzato
e caratterizzata l'incertezza di ciascuno di questi elementi. La piu grossa fonte
di incertezza sull’entita delle deposizioni di mercurio emesso dai fuochi ¢ stata
trovata essere associata al raporto di arricchimento Hg/CO e all'inventario uti-
lizzato. La distribuzione dei flussi di deposizione ¢ stata provata essere pil sensi-
bile all'inventario e al meccanismo di ossido-riduzione adottato, che a tutte le altre

parametrizzazioni adottate. Pit del 75% del mercurio rilasciato dai fuochi viene
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depositato sugli oceani. Il piu alto flusso & stato simulato nell’Atlantico del nord,
mentre la deposizione totale piu alta nel Nord Pacifico. Leffeto netto della com-
bustione di biomassa ¢ risultato quello di liberare mercurio dalle basse latitudini e
di disperderlo nelle alte, dove eventualmente si deposita. Infine, il modello ¢ stato
utilizzato per valutare il destino del mercurio rilasciato in atmosfera dalle attiv-
ita antropogeniche. Le emissioni antropogeniche si stima ammontino grossolana-
mente a circa 2000 Mg/a (con un margine che va da 1000 a 4000 Mg/a). An-
che la speciazione delle emissioni, ovvero la forma in cui viene emesso (mercurio
elementare, ossidato o associato a particolato) & incerta: la grande differenza nei
tempi di residenza in atmosfera delle diverse specie di mercurio, cosi come l'altezza
del rilascio delle emissioni in combinazione con i complessi e misconosciuti pro-
cessi fisici e di trasformazione che guidano laricaduta finale del mercurio genera
un’incertezza ancora maggiore riguardo i recettori finali. Per valutare specificata-
mente queste problematiche, son stati inclusi nel modello tre inventari per le emis-
sioni antropogeniche di mercurio, AMAP-UNEP, EDGAR and Street. Sono state
quindi adottate diverse parametrizzazioni per seguire la destinazione finale del mer-
curio e per valutare le performance del modello in termni di confronto con le mis-
ure disponibili. Le emissioni antropogeniche primarie di mercurio contribuiscono
fino al 40% delle deposizioni locali and the 63% of mercury emitted is deposited
to oceans. I risultati presentati in questa tesi forniscono una vista unica sul ciclo
del mercurio in atmosfera, in quanto permettono di valutare le incertezze di molti
aspetti con un modello di Circolazione generale globale di tipo on-line sviluppato

appositamente per lo studio del ciclo atmosferico del Mercurio.
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I'm investigating things that begin with the letter M.
The Mad Hatter, from Alice in Wonderland (2010)

Introduction

The Earth’s atmosphere is a mixture a of a number of gases, each with its own pro-
prieties, that encircle our planet. It consists of about 78 percent nitrogen and about
21 percent oxygen. The remaining one-percent contains all the other gases in-
cluding carbon monoxide, carbon dioxide, ozone, methane, ammonia along with a
wide variety of trace chemical compounds. Air pollution occurs when one or more
of these elements or compounds reach harmful concentrations. That is, concen-
trations which could be harmful to the health or comfort of humans and animals
or which could cause damage to plants and materials. The substances that cause
air pollution are collectively called pollutants and are emitted at any moment by
such natural occurrences as volcanic eruptions, forest fires, decaying vegetation
as well as by human activities. Air pollution is nothing new. In medieval Eng-
land, where the burning of coal was the primary method people had for heating,
the black smoke from chimneys caused many problems. This pushed the King, in



1306, to regulate the use of coal. Although these efforts failed to solve the prob-
lem, historically, they represent the first set of air pollution ordinances in attempt
to clean the air [ 124]. While the problem of air pollution has existed for centuries,
the present day industrial boom and population explosion have made it critical and
only during the past few decades have we begun to understand that air is a resource

that has to be managed for health and environmental quality.

1.1 HGAIR POLLUTION

Mercury (Hg) and particularly methylmercury compounds (MeHg) are extremely
toxic and represents a threat to the environment and ecosystems, and also for hu-
man health. Mercury is a natural element and is found throughout the world. The
natural sources of Hg are many and background environmental levels have been
present since long before the human race appeared. Hg is contained in many min-
erals, including cinnabar (HgS), an ore mined to produce Hg, however much of
the present day demand for Hg is met by recovery Hg from industrial sources. Hg
is also present as an impurity in many other minerals, such as gold and non-ferrous
metal ores, and also fossil fuels, particularly coal. Human activities, mining and the
burning of coal have increased the release of Hg into the environment, raising its
burden in all environmnetal compartments: atmosphere, soils, fresh waters, and
oceans. The majority of these human Hg emissions have occurred since the in-
dustrial revolution in 1800 and are continuing with fossil-fuel-based energy gen-
eration powering industrial and economic growth in South and South-East Asia
[79, 110, 121] (See Figure 1.1.1).

Even now, Hg is commonplace in daily life. Electrical and electronic devices,
switches (including thermostats) and relays, measuring and control equipment,
energy-efficient fluorescent light bulbs, batteries, mascara, skin-lightening creams
and other cosmetics which contain Hg compounds, dental fillings and a host of
other consumables are used across the globe. Food products obtained from fish,

terrestrial mammals and other products such as rice can also contain Hg. It is still
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Figure 1.1.1: Ice core record of Hg deposition Upper Fremont Glacier. Image
from [122].



widely used in health care equipment, where it is used in measurement equipment
such as in sphygmomanometers (to measure blood pressure) and thermometers,

although their use is declining.

1.1.1 Hac EMISSIONS AND REMEDIES

Hg is emitted in the atmosphere from a variety of sources, as illustrated in Figure
1.1.2. Estimates of natural emissions are in the range of 4000 to 7000 Mg yr—1
[121]. Natural sources include crustal degassing, volcanoes, the re-emission of
previously deposited Hg from soils and aquatic surfaces, weathering processes of
the Earth’s crust and forest fires [78]. Contributions from natural sources and
processes vary geographically and temporally depending on a number of factors
including meteorological conditions, the presence of volcanic or geothermal ac-
tivity, the presence of Hg and also the occurrence of forest fires [37, 78]. The two
major source categories include those related to the geological presence of Hg in
various minerals and evasion of Hg from aquatic and terrestrial ecosystems. This
latter is related to the historical atmospheric deposition of Hg to these ecosystems,
that originally was emitted by both natural and anthropogenic sources. Therefore
itis not simple to distinguish between the emission of 'legacy’ Hg and Hg emitted
form natural sources.

Global emissions of Hg to the atmosphere in 2010 from human activities were
estimated at 1,960 tonnes and appear to have been relatively stable from 1990 to
2010 [122]. Globally more than half of the Hg from anthropogenic sources is emit-
ted as GEM, or Hg®, while only 10% of emissions occur as PBM, or Hg?. The rest
of the Hg is emitted as GOM, or Hg" [122]

The largest anthropogenic sources are associated with artisanal and small-scale
gold mining (ASGM) and coal burning, and together contribute about 61% of an-
nual anthropogenic emissions to the atmosphere. Other major contributors in-
clude ferrous and non-ferrous metal production and cement production, together

responsible for 27% (See Figure 1.1.3).
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Figure 1.1.2: Global Hg budget illustrating the natural and anthropogenic
emissions sources and the cycle between the main environmental compart-
ments. Image from UNEP [121].
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Figure 1.1.3: Global anthropogenic Hg emissions in 2010. Image from UNEP
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Hg residues from mining and industrial processing, as well as Hg in waste, have
resulted in a large number of contaminated sites all over the world. Most Hg con-
taminated sites are concentrated in the industrial areas of North America, Europe
and Asia; and in sub-Saharan Africa and South America.

Air pollution control technologies in industrial facilities remove Hg that would
otherwise be emitted to the air. Although there is little information about the ul-
timate fate of the Hg captured in this way, it is likely that these control technolo-
gies will reduce the amount of Hg that is transported globally by the atmosphere.
For many health care applications and for pharmaceuticals there are safe and cost-
effective replacements for Hg, and the goal to reduce demand for Hg-containing
fever thermometers and blood pressure devices by at least 70% by 2017 has been
set[121].

However while the atmosphere responds relatively quickly to changes in Hg

emissions, the large reservoirs of Hg in soils and oceans mean that there will be
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Figure 1.1.4: Long-range Hg transport. Image from [121].

a long time lag (on the order of years to decades [11]) before reductions in Hg
inputs are reflected in depleted concentrations in these media and in the wildlife
taking up Hg from them. Therefore it is necessary to act now to reduce ecosystem

exposure to Hg in next decades [121].

1.1.2 ErrECTS ON HUMAN HEALTH

Differently from other pollutants that are restricted in their range and in the size
and number of the populations they affect, wherever Hg is mined, used or dis-
carded, it is liable to finish up thousands of kilometres away because of its lifetime
in the atmosphere and oceans[ 11, 121] (See Figure 1.1.4).

Hg is bioaccumaulated as it rises up the food chain, reaching its highest level in



predator fish such as swordfish and shark that may be consumed by humans. There
can also be serious impacts on ecosystems, including reproductive effects on birds
and predatory mammals. High exposure to Hg is a serious risk to human health
and to the environment [121]. Atmospheric emissions of Hg are highly mobile
globally, while aquatic releases of Hg are more localised. Hg in water becomes
more biologically hazardous when it is methylated and enters the food chain, al-
though some is eventually reduced to Hg® and evades to the atmosphere. Equally
in soils and sediments, Hg can be methylated, largely through metabolism by bac-
teria or other microbes, and can enter the food chain and ultimately be of concern
to human health [121]. Hg can seriously harm human health, and is a particu-
lar threat to the development of foetuses and young children. It affects humans
in several ways. At very high air concentrations Hg vapour is rapidly absorbed
into the blood stream when inhaled. It damages the central nervous system, thy-
roid, kidneys, lungs, immune system, eyes, gums and skin. Neurological and be-
havioural disorders may be signs of Hg contamination, with symptoms including
tremors, insomnia, memory loss, neuromuscular effects, headaches, and cognitive
and motor dysfunction. In the young it can cause neurological damage resulting
in symptoms such as mental retardation, seizures, vision and hearingloss, delayed
development, language disorders and memory loss [121].

People may be at risk of inhaling Hg vapour from their work (in industry or
ASGM), or in spills, and may be at risk through extended direct contact of Hg
with the skin. The most common form of direct exposure for humans, however,
is through consuming fish and sea food contaminated with methylmercury. Once
ingested, 95 per cent of the chemical is absorbed in the body [121].

A continuous release of the toxic methylmercury in the industrial waste water
from the Chisso Corporation’s chemical factory from 1932 to 1968 was the cause
of the greatest local Hg poisoning event in the history. The so called Minamata
disease was first discovered in Minamata city in Kumamoto prefecture, Japan, in
1956. Symptoms included numbness in the hands and feet, general muscle weak-
ness, narrowing of the field of vision, and damage to hearing and speech (EINAP).

In extreme cases, insanity, paralysis, coma and death have been known to ensue
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Figure 1.1.5: Global cases of Hg poisoning incidents. Image from [121].

rapidly. As of March 2001, 2,265 victims had been officially recognised as having
Minamata disease (1,784 of whom had died) . Unfortunately, this is only one ex-
ample of the poisoning events which have occurred. Figure 1.1.5 summarizes the
global cases of Hg poisoning incidents [121].

Hg pollution is therefore a threat to ecosystem health on a global scale, and is
now being addressed as such following the negotiations to produce an interna-

tional agreement, known as the Minamata Convention [121].

"http://www.env.go.jp/en/chemi/hs/minamatazoo2/ch2.html


http://www.env.go.jp/en/chemi/hs/minamata2002/ch2.html

1.2 MODELLING ISSUES

Due to the ubiquitous presence of Hgin the atmosphere, numerical chemical trans-
port models represent a useful tool for investigate the Hg pollution in conjunction
with existing monitoring networks (CAMNet, Canada > MDN, USA °, AMNet,
USA [39], EMEP, Europe *, GMOS, global *). The application of chemical trans-
port models can supplement direct measurements providing information on the
sources, processes and fate of Hg and allowing the investigation of the uncertain-
ties regarding individual processes in the global Hg cycle.

Modelling the global spread and fate of Hg is a challenging task: it requires
extensive treatment of multiple species that exist in different phases in the atmo-
sphere with distinct physical and chemical properties. Moreover our current knowl-
edge is far from complete, and some peculiar Hg characteristics, like the so called
”prompt recycling” of deposited Hg [99], make the task even more complicated.
The uncertainties are rather numerous and arise from many sources, including but
not limited to: inaccuracies in existing chemical kinetic parameters, inadequate
representation of chemical processes and of Hg species, alack of detailed Hg chem-
ical speciation in field studies, inaccuracies in Hg transport and deposition mech-
anisms and emission inventories [62, 113], lack of field studies and incomplete
knowledge about exchange processes, and also the Enhancement Ratios used in
Fire Emissions Inventories [29]. The interactions between different Hg species
and the atmospheric media as well as the processes which are involved are also
challenging to model and to CONSTRAIN, since they can vary at different tem-
poral and spatial scales. Global models were designed and developed to study
the global Hg atmospheric cycle and generally are applied for long-term simula-
tions. Their coarse spatial resolution (on the order of hundreds of kilometers)
make them useful for monthly/seasonal analysis and for the assessment of uncer-

tainties related to Hg cycle at global scale. An indispensable application of global

*https://www.ec.gc.ca/natchem/default.asp?lang=en&n=4285446C-1
*http://nadp.sws.uiuc.edu/MDN/

*http://emep.int/index.html)

Shttp://wuw.gmos.eu/
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models is to provide the Boundary and the Initial Conditions (BC/IC) to regional
Hg models which perform simulations at higher spatial and temporal resolutions.
A regional CTM is a type of numerical model which typically simulates atmo-
spheric chemistry, atmospheric dispersion and trans-boundary transport within
a continent or a particular region, with spatial resolution ranging from 1 to 100
km. These models are usually applied for the simulations of Hg dispersion over
areas containing numerous emission sourceS, where IT is necessary to obtain a
very high level of detail. The primary strengths of these models are the detailed
treatment of Planetary Boundary Layer (PBL) processes and relatively high spa-
tial resolutions. Another important distinction exists between off-line and on-line
models. Off-line models are based on the assumption that chemical and physi-
cal processes in the atmosphere can be considered independent without loosing
accuracy. Such models use the output of meteorological models, generally avail-
able at different spatial and temporal resolutions, to drive the transport of chemi-
cal species. The methodology of off-line models has some computational advan-
tages, but leads to a potential loss of information about atmospheric processes due
to the interpolation of meteorological fields both in space and time. Moreover in
these model it is not possible to consider the two way feedback between chemistry
and physics. On-line models differ from their off-line counterparts in the way that
chemistry is calculated on-line during the simulation of physical processes. In this
way it is possible to reproduce the actual strong coupling between meteorological
and chemical processes in atmosphere. On-line models have disadvantages in their
higher computational demands, but the growing availability of powerful compu-
tational resources nowadays make their use more feasible in terms of computation

time.
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Much of the content of this chapter appeared in [28]

The Mercury Chemical Transport Model
ECHMERIT

ECHMERIT differs from almost all other global Hg models in that it is an on-
line model. The concentration of atmospheric chemical species at a given place
and time are determined both by chemical and transport phenomena. An on-line
model calculates the concentration of a chemical species in a model cell at each
time step considering its production and loss, as a result of chemical reactions,
(and if appropriate emission and deposition), but also due to transport in and out
of the cell. Off-line models, which use the output of meteorological models as in-
put, differ in that the meteorological variables required to calculate the changes
in concentration, which result from transport phenomena must be interpolated

in time, and often in space, potentially leading to inaccuracies. In many instances

12



the parametrisation of the physical processes in the numerical weather prediction
model and the chemical transport are different. This can give rise to inconsisten-
cies in the model. Both of these problems are avoided using on-line models. How-
ever on-line model simulations are significantly more computationally expensive
than off-line simulations. Recent advances in computing power have now made

on-line simulations much more feasible.

2.1  EXISTING MODELS AND APPLICATION

A number of off-line chemical transport models (CTMs) have been developed in
recent years, they include GEOS-Chem-Hg [98, 111], which is still undergoing
active development [9, 102], CTM-Hg (Global Chemical Transport Model for
Mercury) developed by AER/EPRI [ 66, 93, 94 ], GLEMOS (Global EMEP Multi-
media Modeling System) [118], and more recently CAM-Chem/Hg [59].

The GRAHM (Global/Regional Atmospheric Heavy Metals) model [27] is an
on-line model which has been used in particular to investigate Hg deposition fluxes
over North America [138], the sub-Arctic regions [88] and the Arctic itself [33,
42]. One feature of the GRAHM model (and also GLEMOS; above) is that they
both use prescribed concentration fields from other CTMs which have detailed
tropospheric chemistry routines, in the case of GRAHM output from MOZART
[35, 50]. ECHMERIT on the other hand uses a version of the CBM-Z chemi-
cal mechanism [137] to which gas and aqueous phase Hg chemistry, and mass
transfer between the gas and aqueous phase of soluble species, have been added,
as described in section 2.3.

An important application of global models is to provide the boundary and the
initial conditions (BC/IC) to regional Hg models which perform simulations at
higher spatial resolutions. Regional CTM simulations of atmospheric Hg chem-
istry and deposition have been shown to be particularly sensitive to the BC/IC
which are used [81]. Boundary conditions for regional simulations are generally
more important than initial conditions for regional Hg CTMs, and therefore re-

cently most regional models make use of time and space varying BCs from global
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model output. However there can be some variation in the regional modelling re-

sults depending on which global model output is used [ 19, 20, 47].

2.2 MODEL DESCRIPTION

ECHMERIT is an on-line model global Hg model [55] based on the fifth gener-
ation Atmospheric General Circulation Model ECHAM3 [84, 85], developed ad
maintained at the Max Planck Institute for Meteorology (MPI-M, Hamburg, Ger-
many), which provides the atmospheric component and the routines for the trans-
port of tracers. Different schemes for advection, convection and vertical diffusion
are already implemented in the model. In ECHMERIT the semi-Lagrangian ad-
vection scheme of [61] and the convective mass transport scheme of [117] and
[72] were adopted to ensure mass conservation and to preserve linear correlations.
A mass flux correction scheme was also included in ECHMERIT to avoid negative
mixing ratios in the case of a strong convective transport gradient [55].

In the full chemistry mode ECHMERIT transports 42 chemical species, includ-
ing four Hg species: elemental Hg®, reactive Hg&) and Hgg‘q) species, and the in-
ert, insoluble Hg". Hg” is assumed to be solid. It is emitted from anthropogenic ac-
tivities, is subject to transport and deposition processes and it is not involved in any
chemical reactions. Hg?a ;) is alumped species that includes all aqueous phase oxi-
dised Hg species present in the chemistry mechanism implemented in the model.
In grid cells with a liquid water content below a threshold value (< 10° ygm™3
[53]), it is assumed that the atmospheric aqueous phase (cloud or fog droplets,
rain) have evaporated, and in this case Hgl(iq) is considered to be solid and trans-
ported and deposited in the same way as atmospheric aerosol particles. When
a grid cell’s liquid water content increases above the threshold value, any Hgglq)
present is assumed to be in the aqueous phase.

The model uses a spectral grid. The horizontal resolution of the model is very
flexible ranging from T21 to T159, whereas in the vertical the model is discre-
tised with a hybrid-sigma pressure system with 19 or 31 non-equidistant levels up

to 10 hPa. A number of studies have focused on the sensitivity of ECHAM35 to
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the vertical and horizontal resolution employed. The results show that ECHAM35
tends to overestimate precipitation over the oceans at the highest vertical resolu-
tion [45]. Since the precipitations over oceans plays an important role in the global
cycle of the Hg, the simulations described here used 19 vertical levels. A T42 grid
(roughly 2.8° by 2.8°) has been used for these simulations, as with L1g vertical
resolution, no improvement in simulation results has been found increasing hori-
zontal resolutions to greater than T42 [85] .

To reproduce real meteorological conditions the nudging routine already im-
plemented in ECHAM35 using reanalysis data from the ERA-INTERIM project
(ECMWEF) has been used. Averaged values obtained from previous multi-year
long model simulations are used to initialise the concentrations of all species. A
further two year chemical spin-up was performed, before a three-month spin-up
to allow meteorological fields to converge using the nudging relaxation algorithms.

In this Chapter are presented model simulations results for two years(2008/2009).

2.2.1 OCEAN EMISSIONS

Hg emissions from the oceans represent a major source of Hg to the atmosphere
[68]. The difference in concentration between Dissolved Gaseous Mercury (DGM)
thatis Hg® dissolved in surface waters and Hg, generally results in Hg being emit-
ted from the seas, the surface layer is often supersaturated in DGM [ 15, 102]. The
rate of exchange is also determined by factors such as water temperature and wind
speed, [ 129]. However there remain some uncertainties regarding the parametri-
sation air-sea exchange [129]. In the model, the Hg® fluxes are calculated using the

two-layer gas exchange model introduced by Liss and Slater [64].

F =K, (C, — C,/H(T)) (2.1)

where Fis the Hg® flux, in ngm™>h ™', K,, is the water-side mass transfer coeffi-
cient,inm h™', H(T) is the Henry’s Law constant corrected for the temperature, T,
and C, and C,, both expressed in ngm™3, are the Hg® concentrations in seawater

and in air, respectively. The water-side mass transfer coeflicient K,, was calculated
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using the parametrisation of Wanninkhof [ 128]

K, = 0.31 X u,(Scpg/Scco,)* (2.2)

where u,, is the wind speed at 10 m and Scpg and Sccp, are the Schmidt numbers
of Hg and CO,, respectively.
The parametrization of Andersson et al. [13] was used to calculate the temper-

ature dependent Henry’s law constant:

H=exp (# + 6.92) (2.3)

A positive value of Findicates a net Hg flux from the ocean to atmosphere whereas
a negative flux would indicate deposition to the ocean. Due to the (generally) su-
persaturated DGM concentrations, the oceans represent a net source of Hg to the
atmosphere. In this study a uniform and constant DGM concentration of 0.1 pM
hasbeen assumed. This value is within the range of observations [ 14, 115]. Results
obtained by using in the model this parametrisation are presented in the Section

2.5

2.2.2  OTHER EMISSIONS

The anthropogenic Hg emission are calculated off-line and included in the model
at run-time. The off-line calculation permits to include any anthropogenic Hg
emission inventories available. These include the anthropogenic Hg emission in-
ventory from the Arctic Monitoring and Assessment Programme (AMAP/UNEP)!
for all years available and those included in EDGARv4 * [70]. The emissions pro-
vided by both inventories are annual, with no seasonal cycle considered. The three
height levels (less than so meters, between 50 and 150 meters, and more than
150 meters) are available in the emission inventory from AMAP/UNEDP, that are
mapped to the appropriate model level, whereas no info about height is present

in those from EDGAR. In this latter case is possible to include them in the first

'http://www.amap.no/mercury-emissions
*http://edgar. jrc.ec.europa.eu/edgar_vitoxi/
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model level or to use the industrial categorical EMEP model distribution to map
the emissions to the relative model levels.

Emissions for the other species included in the model are also derived off-line
from the EDGAR/POET emission inventory [43] .

Monthly Hg emissions from Biomass Burning are calculated off-line and in-
cluded in the model at run-time.The off-line calculation permits to include any
inventories, given that the final file format remains the same. Actually it is pos-
sible to include the three principal Biomass-Burning inventories available, GFAS,
GFED and FINN [1, 56, 125, 130].

The increase in atmospheric Hg concentration resulting from BB were estimated
as in Friedli et al. [37], using an Enhancement Ratio (ER), defined as,

ER = A[Hg]/A[CO]

where A[Hg] is the sum of all Hg species in excess of background, and A[CO]
is the difference between the plume and background CO concentration [37]. The
global average ER (ER,,), as reported by Friedli etal. [37] tobe 1.54 X107 7, canbe
used in all simulations including GFED, GFAS and FINN inventories. For GFED
inventory only is also possible to use other two different biome specific sets of ERs,
ERcoarse and ERgy, calculated as described in A. Emissions from soils and vegeta-
tion were calcualted off-line and derived from the EDGAR/POET emission in-
ventory [43, 77] that includes biogenic emissions from the GEIA inventories ?,
as described in Jung et al. [55]. Monthly Hg emissions from fires are mapped to
the biomass burning CO emissions in the EDGAR/POET inventory. So called
prompt recycling of deposited Hg [99] is used in the model, 20% of wet and dry
deposited Hg is re-emitted to the atmosphere as Hg® if the deposition occurs over
land. This percentage is increased to 60% for snow covered land, icesheets and ice

covered seas, (using the on-line snow cover from ECHAM3).

*http://wuw.geiacenter.org
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2.2.3 DEPOSITION

The dry deposition scheme, follows the approach of [ 57] as described in Jung et al.
[55]. For the Hg® dry deposition, due the uncertainties in quantifying the depo-
sition velocities of Hg® over different canopies [ 139], we further included a max-
imum allowed velocity of 0.03 cm/s, equal to the annual mean Hg® deposition
velocity from Selin et al. [99]. Wet deposition is applied only to the transported
chemical species with high solubility (i.e. with a Henry’s Law constant greater than
100 M atm™"), considering both below-cloud and in-cloud scavenging. The con-
centration and solubility of the species, total rainfall intensity, cloud water content,
radius and velocity of the rain droplets are taken into account, as in Seinfeld and

Pandis [95].

2.3 CHEMISTRY

Until recently most models assumed the hydroxyl radical (OH) and ozone (O,)
were the main oxidants of Hg® in the gaseous phase, although the exact kinetics
are still in debate [51].

Under atmospheric conditions it seems that the oxidation rate of Hg® by OH is
actually slower than reported by laboratory kinetic study due the rapid thermal dis-
sociation of HEOH [21, 40]. Moreover ozone as the only oxidant does not explain
some observed patterns in both Hg concentrations and deposition [48, 98, 107].

More recently Br atoms have been proposed as the dominant global oxidant of
the Hg® in the gas phase, explaining mercury depletion events (MDEs) in polar
areas [40, 133] as well as the pattern of Hg"" in the MBL [48]. Reactions with
Br have been included in a number of modelling studies[34, 49, 59] showing a
good agreement with observations. Reactions with Bromine is included in the
chemical mechanism since the first version of ECHMERIT, and the model re-
quires a Br/BrO climatology, or to import external fields from oher models, like
p-TOMCAT [134, 135], in order to activate the Bromine chemistry. The aqueous-

phase reduction of Hg" was observed by [76] although its atmospheric relevance
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is still uncertain [38, 81]. Whether Hg' in the gas phase can be reduced by CO or
SO, has also been discussed [65, 81] The nitrate radical, NO, is important atmo-
spheric oxidant during the night. There has been only a single study in the liter-
ature that have measured the kinetic of the reaction between NO, and Hg® stud-
ied by using a discharge flow technique [105]. This reaction has been included in
the chemical mechanism only for sensitivity purpose and to compare the results
with mechanisms which only include daytime oxidation, in fact the authors of this
study acknowledged that the obtained constant rate (4.0 X 10~ cm® molec ™" s
should be taken as an upper limit for the reaction, since at typical nitrate radical
atmospheric concentration the lifetime of Hg® would be in orders of days.

As concluded by Subir et al. [113] our relatively poor understanding of these
reactions and the atmospheric Hg oxidation mechanisms, means that more work

is needed in this field to understand better the global cycle of the Hg in the atmo-
sphere.

2.3.1 CHEMISTRY MODULES

The Chemistry module is the core of ECHMERIT model and distinguish it from
ECHAME3;, that does notinclude any chemistry explicit module in the base version.
Some extended versions of ECHAM include chemistry, like ECHAM-HAMMOZ
[82], but the relative module it is not very easy to change. ECHMERIT instead
uses a flexible and higly customizable Hg chemistry module. The ECHMERIT
base chemistry module includes a gas phase photochemical mechanism, derived
from the CBM-Z mechanism [137], and a tropospheric aqueous phase mecha-
nism, which is based on the aqueous phase chemistry in the MECCA model [86].
Italso includes the exchange of soluble compounds between gas and aqueous phases
as aforward and backward reaction following the mass transfer approach of Schwartz
[92]. The chemistry module was prepared using the version 2.2 of the Kinetic
Pre-Processor (KPP) [26] and the SEULEX integration method [87] to solve the
stiff chemical ODE system. Since only tropospheric chemistry is included in the

model, the calculation of atmospheric chemistry is restricted to the model lay-
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ers within the troposphere.The O, mixing ratios in the stratospheric model layers
come directly from the climatology already implemented in ECHAM3 [55]. The
complete module included 121 species involved in almost 300 reactions, the Hg
chemistry has been described in full in Jung et al. [55].

To reduce the computational demands of the chemistry routine, a simplified
variant of the original ECHMERIT full chemistry is also available. In this simpli-
fied version the reactant concentration fields were imported off-line and only reac-
tions involving Hg species are included, reducing the computation-time required
by solving chemistry equations (See Section 3.1.3).

It is also possible to run ECHMERIT simulations with a simple fixed-lifetime
(against oxidation) tracer assumption for atmospheric Hg®. Since in this config-
uration the “oxidation” of Hg® to HgéI is temporally and spatially invariant it has
been labelled the pseudo-oxidation mode. In this mode, the model included only
the three emitted Hg species, Hg®, Hg" and Hg". At each time step of the model a

fraction of Hg® present in a given model cell is assumed to "decay”:

_tse
[Hgo]wrtmp = [Hg®]; X exp Ttp (2.4)

where [Hg°]; and [Hg°];;+,, are the concentrations at the beginning and at the
end of time step of Hg®, and £, and 7 are the time step length and the decay time of
Hg® respectively. Each decayed Hg® atom is assumed to be converted in Hgg. The
12-month lifetime runs were found to reproduce better the latitudinal profile of
Hg concentrations and gave more similar results to the full chemistry simulations
[28]. This simulation mode has also been used to investigate the Hg mass balance

in the Mediterranean Basin [136].

2.3.2 CHEMICAL MECHANISMS

To study the impact of different reactions and oxidants on the global atmospheric
cycle of the Hg, some variations on the original ECHMERIT chemistry mecha-
nism have been implemented and assessed. The base mechanism includes Hg®

oxidation by OH and O, in the gas and aqueous phases and reduction of Hggl by
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Table 2.3.1: Red-ox reactions included in the mechanisms.

Model Red-oxreactions

Base O, + OH + HO, (4
Base2  O;+OH+NO, + HO,(
Base3 O;+OH+NO,

Base4 O, +NO,

aq)

HO,(4q) in the aqueous phase. Further simulations were run in which NO, ox-
idation was added to the base mechanism (Base2 model). In a further simula-
tion aqueous phase reduction was removed (Base3 model), and in the remaining
simulation both the gas phase oxidation by OH and the aqueous phase HO,,)
reduction were also removed (Base4 model). Table 2.3.1 summarizes the red-ox

reactions included in the different models.

2.4 SURFACE HG DISTRIBUTION

The modelled surface layer TGM concentration, averaged over the two year simu-
lation period (2008-2009), is shown in figure 2.4.1. The figure shows the four vari-
ations of the chemical mechanism which were employed. The latitudinal variation
of surface TGM is shown in figure 2.4.2 which shows the results from the different
redox combinations and also includes the results from the 8 and 12-month lifetime
tracer experiments. The model reproduces the observed surface TGM concentra-
tion gradient (>20%) between the Northern and Southern Hemisphere, indepen-
dently of the chemical mechanism or the decay time adopted. This is an improve-
ment on the previous version of the model, and is due to the revised treatment of
oceanic emissions compared toJung et al. [55]. It is clear from figures 2.4.1 and
2.4.2 that only the Base mechanism reproduces the typical mean background con-
centration values of TGM of around 1.1 - 1.3 ngm™3 in the Southern and of 1.5

- 1.7ngm™? in the Northern hemisphere [63]. Of the tracer simulations the 12-
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Figure 2.4.1: Geographical distribution of Total Gaseous mercury (TGM)
surface concentration (ng/m? ) as resulted by using different full chemistry
mechanism: a) Base, b) Base2, c) Base4, d) Base3. Model values are annually
averaged for the simulation period (2008-2009).
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Figure 2.4.2: Hemispherical gradient of total gaseous mercury (TGM) as
resulted by using different full chemistry mechanism. Model data are averaged
longitudinally for the 2008-2009 simulated period.
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month lifetime simulation comes closest to reproducing the observed TGM val-
ues and variation. The addition of Hg oxidation by NO, lowers the TGM surface
concentrations significantly at all latitudes, and the values of around 0.7 ngm™3
in the Southern and of 1.1 ngm™ in the Northern hemisphere are not realistic.
These values are comparable with the concentrations obtained from the 8-month
lifetime tracer experiment.

The simulation Base4 with no gas phase OH oxidation and no aqueous phase
reduction, with oxidation by O, + NO, shows very similar surface concentrations
to the Base2 model. As the Base2 simulation includes the reactions with OH and
HO, inaddition to those with O, + NO,, itappears that the OH and HO, reactions
have roughly equal but opposite effects on the TGM concentration. However this
effect will vary with time and location as the distributions of OH and HO, differ
over space and time.

The form of the latitudinal variation (figure 2.4.2) obtained in the tracer exper-
iment simulations is quite different from those obtained using the model’s chem-
istry mechanisms due to the fact that the “decay” of Hg° to Hg' is assumed to be
both temporally and geographically uniform, which is not a true reflection of the
actual distribution of atmospheric oxidants. Figure 2.4.3 shows the average latitu-
dinal distribution of the Hg® surface concentrations, and the 1¥ to 99 percentile
range(shaded area) of modelled value at each latitude. The Base model annual
average was compared with the annual average Hg® surface observations from 35
global sites. Observation data include those published in [119] plus additional
data collected by sites belonging to EMEP programme. Where it was possible
averages for the same years as the simulations were used (circles in figure 2.4.3),
the other data shown (crosses) was collected over the period between 1995-2009.
Figure 2.4.4 (top panel) reports the geographical distribution of the same observa-
tions and model data. The model reproduces the spatial distribution of the Hg® ob-
servations,with the peak model variability in the Northern Hemisphere matched

by the peak in the range of the observations. The high variability of TGM con-
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Figure 2.4.3: Averaged latitudinal distribution of air concentrations of Hg°
as simulated by base Model. Red shadowed area represents the 1% to 99 per-
centile range of the longitudinal variation. Annually averaged measurements
are also reported: circles indicates measurements collected during the same
years of the simulation period. Observations include those used by [119] plus
additional sites in Europe belonging to EMEP programme
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Figure 2.4.4: Spatial distribution of annually averaged air concentrations of
Hg® and Hg'' . The background model simulated data and the measurements
for Hg® are the same of Figure 2.4.3. Hg'' observations include those used by
[119] plus additional sites in Europe belonging to EMEP programme
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Figure 2.4.5: Mean seasonal variations of TGM at northern mid-latitudes.
Observations are annual means averaged over 6 EMEP sites. Shadowed area
indicates the standard deviation for observations.

centration at around 30 degree south, and caused by the peak in the South Africa,
is due to an overestimation of Hg emissions in the region [18]. The global spatial
correlation (by mean of the Pearson’s r) is 0.7 with a slope of 0.8 5 and a normalised
mean bias of -7% , in line with other model studies [ 49]

Figure 2.4.5 shows the comparison between simulated and observed monthly
averages of TGM surface concentrations observed at Northern mid-latitudes sites
(40-60°). The Base run compared with the observations has a normalised mean
bias of 16%, and the correlation (Pearson’s r) between them is 0.8. Using oxidation
mechanism other than the Base gave poorer results. Interestingly the simulation
in which oxidation by OH was not included gave particularly poor results, and

correlation coeflicient of just o.1. In fact, observations show a minimum in the late
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summer period in measurements. This minimum, well reproduced by the model, is
attributed to oxidation of Hg by OH, and has been reported in previous modeling
studies [49, 98].

2.5 HG OCEAN EvASION

Recently anumber of papers focused on the estimation of Hg® evasion from oceans
[67,96,99, 102, 111, 115] have been published. Figure 2.5.1 (a) shows the global
distribution of the simulated annual Hg® ocean emissions. The largest fluxes oc-
cur in tropical regions where a combination of warm temperatures and relatively
strong winds cause higher evasion rates. The mean Hg® emission flux for the ocean
in tropical zones is between 0.7 and 1.5 ygm™>month ™" (Figure 2.5.1 (b)) and
displays the largest seasonal variability at =15 degrees, reflecting the seasonal mi-
gration of the Intertropical Convergence Zone (ITCZ)[83, 108]. Around the equa-
tor there is an evasion minimum, and also a reduced seasonal variability due to the
generally light winds in this area (the so-called Doldrums) [24]. Outside the trop-
ics region, emissions from the northern hemisphere oceans show little seasonal
variation, except for the Arctic Ocean where the seasonal formation and loss of
sea-ice play a role. The Southern hemisphere oceans, show generally greater an-
nual Hg® emissions with respect to those in the North. Emissions are strong dur-
ing the entire year with a moderate seasonal variation, emissions are particularly
high between 40 and 50° N, due to the strong westerly winds found here, known as
the roaring forties [ 108]. The pattern of the latitudinal distribution of Hg® ocean
flux is similar to that obtained by Strode et al. [ 111], whereas the absolute values
are somewhat greater since in Strode et al. [ 111] the mean global ocean concentra-
tions of DGM was 0.07 pM. In table 2.5.1 the simulated annual Hg® emissions from
the different ocean basins for the period 2008-2009 are shown, with previous es-
timates in parentheses (see Sunderland and Mason [115] and references therein).
The total simulated oceanic flux of Hg® to the atmosphere, 5500 Mgyr™, is at the
at the high end of the range of previous estimates (800-5300 Mg yr ") and is com-
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Figure 2.5.1: (a) Global distribution of Hg® fluxes from oceans surface.
Fluxes are annual mean values from the model simulation period. (b) Latitu-
dinal distribution of the oceanic Hg® Flux, in different seasons, and the annual

mean.
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Table 2.5.1: Simulated annual fluxes from the ocean to the atmosphere for
the various ocean regions. Ranges (90% confidence intervals) of previously
estimated fluxes are also reported.

Area Latitude Range  Fluxes (Estimates)
(Tons/y)

North Atlantic >55°N 49 (40-220)

Sur. Atlantic 35°S-55°N 731 (160 -1300)

Int. Atlantic 65°S-135°S 166 (20-160)

Mediterranean 30°S - 40°N 29 ( 8 -80)

North Pacific >30°N 407 (80-360)

Sur. Pacific & Indian 40 °S - 30°N 2925 (380 -2600)

Int. Pacific & Indian 65°S - 40°S 659 (60 -440)

Surf. Antarctic >65°S 26 (4-22)

Other Basins, rivers and lakes 546 (30-100)

Total 5537 (782 - 5282)

parable with the estimate of Selin et al. [99] of 5000 Mgyr™". This difference in
the magnitude of the ocean evasion, with respect to other modeling studies may
be due to differences between the re-analysis data used by ECHMERIT (ECMWF
era-interim) and that used in other models. Moreover it should be noted that these
are the first Hg® ocean emission estimates carried-out using a global scale on-line
model, that does not interpolate in any way the meteorological fields (in either

time and space) used in the parametrised calculation of oceanic Hg® fluxes.

2.6 HG DEPOSITION

Figure 2.6.1 shows the averaged annual Hg" wet deposition over the globe dur-
ing simulation period as simulated by the Base model. The deposition is greatest
over Asia, East Europe and over the eastern coast of North America, reflecting the

largest anthropogenic emissions in these area.
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Figure 2.6.1: Global distribution of wet deposition fluxes during the simula-
tion period

WET DEPOSITION OVER NORTH AMERICA  Stations making up the Mercury De-
position Network (MDN, [39]) over North America collected samples on a weekly
basis. In order to make an effective comparison between modelled and observed
data only the stations that successfully collected data covering at least 3/4 of each
year of the simulated period. Moreover any stations with no samples for a period
longer than a month were excluded from the analysis. Figure 2.6.2 compares the re-
sults of the Base model with data collected by the MDN network for the simulated
period, 2008-2009. Simulations reproduce well fluxes observed by MDN network
over the western US, where emission levels are the lowest. In the Eastern US where
the highest anthropogenic emissions occur and indeed the measurements at MDN
sites are also highest the model overestimates the observed deposition by almost a
factor of 2 during the year. However this overestimation shows a distinct regional
and seasonal variation. Figure 2.6.3 compares the simulated wet deposition with

the observations in each seasons. The largest discrepancies between the model
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Figure 2.6.2: Annual Hg wet deposition fluxes over North America during
2008-2009 as simulated by base model. Overlaid circles show wet deposition
observed during the same years by Mercury Deposition Network (MDN)
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Figure 2.6.3: Seasonal Hg wet deposition fluxes over North America aver-
aged over 2008-2009 period, as simulated by base model (background) and
observed by MDN sites (Circles).
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and observations occur in the Spring and Summer and in the more industrialised
north-eastern part of the US. Emissions of Hg from this area would mostly be de-
posited locally and rapidly in the wetter autumn and winter months, however in
Spring and Summer they are more likely to be transported further. However if the
emissions have too high a proportion of Hg" this could cause the model to over-
estimate the deposition nearby to sources. Zhang et al. [ 140] have considered this

possibility in a nested regional simulation within their global model.

WET DEPOSITION OVER EUROPE  Figure 2.6.4 compares the results obtained by
the Base model with annual wet deposition data collected by European Monitor-
ing and Evaluation Programme (EMEP) during 2008-2009. As above sites with
at least 75 % of data available for each year of simulation period were used for the
comparison. The highest wet deposition fluxes simulated by the model (the Base
redox mechanism) are over the central and oriental area of the Europe, where the
emissions from anthropogenic sources are the highest. The high wet deposition
fluxes over some areas of the Atlantic Coast of Europe are due, at least in part to the
frequent precipitation which occurs there. The model shows generally good geo-
graphical agreement with the observations, especially over the coastal regions of
Northern Europe, but tends to overestimate deposition fluxes in the more industri-
alised regions of Central/Eastern Europe. Again this may be due to the proportion
of oxidised Hg species in emissions, however due to the lack of monitoring stations
in less industrial regions, particularly in Southern Europe it is not really possible

to compare areas which are more and less directly impacted by local sources.

2.6.1 GroBAL HG BUDGET

Figure 2.6.5 shows the global budget of the Hg as simulated by our Base model
considering the updated emissions.
As described in sections 2.2.1 and 2.5 the anthropogenic and ocean emissions

account for 2300 and s500 Mgy " . Terrestrial primary emissions from biogenic

34



2 -l
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 g m’y

Figure 2.6.4: Annual Hg wet deposition fluxes over Europe during 2008-2009
as simulated by base model. Overlaid circles show wet deposition observed
during the same years by EMEP sites.
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Figure 2.6.5: The total annual global Hg budget as derived from the base
model. Emission and deposition rates are given in Mgy™'. Inventories are in
Mg.

activities, evapotranspiration and forest fires account for 2800 Mgy close to other
modelling estimates [99]. The prompt recycling of the previously deposited Hg
species account for 1400 Mgy, greater than previously reported [59, 99], re-
flecting the greater total deposition. The total source of Hg to the atmosphere is
11800 Mgy, at the upper end of the range (6200-11200 Mgy ") previously es-
timated by GEOS-Chem [98, 99] and slightly larger than the recent independent
estimate of 9700 Mgy using CAM-Chem [59]. Almost all atmospheric Hg is
removed as Hggg Jag)- Dry deposition in ECHMERIT is somewhat greater glob-
ally than wet deposition, ( 6500 vs 5300 Mgy *). The dry deposition of Hg® is
negligible (less than 10 Mgy ) due to the approach used for modelling the Hg°
deposition velocity (section 2.6). Other recent studies that suggest a much greater
Hg® dry deposition flux, also found an atmospheric lifetime of total Hg of 0.5 and
0.69 year [ 59, 99], much shorter than previously estimated (see for example Lind-
berg et al. [63]. Although a shorter lifetime was supported by a decreasing trend
in atmospheric Hg concentrations at many sites [ 101], “other regions show an in-
crease in the Hglevels”, suggesting possible not well-known regional reasons rather

than a global trend [122].
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The emitted inert and insoluble Hg", 190 Mgy, is almost all removed by dry
deposition (180 Mgy . It should be recalled that in ECHMERIT much of the

Hg associated with particulate matter is present as the soluble species Hg&q). The
total burden of Hg in atmosphere is 4650 Mg of which 4100 are Hg®, 550 Hg& Jaq)
and only a small fraction is Hg".
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Much of the content of this chapter appeared in [29]

A Model Study of Global Mercury

Deposition from Biomass Burning

AMONG ALL EMISSIONS SOURCE increased attention has also been given to Biomass
Burning (BB) emissions [23, 37, 131], in trying to constrain the global budget
of Hg as it cycles between environmental compartments. Friedli et al. [37] esti-
mated Hg emissions from BB by combining outputs from global carbon emission
models with Hg enhancement ratios and found that globally 675 (+240) Mgyr ™,
averaged over the period 1997-2006, is emitted from BB. As this figure is approx-
imately one third of the yearly anthropogenic emissions of Hg to the atmosphere,
itis clear that BB plays an important role in the Hg biogeochemical cycle. As con-

trols on anthropogenic Hg emissions become stricter, proportionally the role of

BB will increase, possibly substantially if the instances and extent of wildfires in-
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creases in a changing climate. It should also be noted that the location of Hg emis-
sions from BB is very different from the location of anthropogenic emissions, with
the exception of artisanal and small scale gold mining. Mercury from BB is almost
all emitted as Hg‘(’g) , with a small fraction associated with the soot from the fires
[73]. Elemental mercury has an estimated lifetime of between 8 months and 1
year [32, 49, 91] and therefore can be deposited to ecosystems very distant from
fire locations.

Atmospheric Hgp, ) can be oxidized to Hglé) , which is subsequently removed by
both wet and dry deposition. A part of the Hg' that is deposited may be methy-
lated within ecosystems and it is this form of Hg which can enter the food web
and is toxic to living organisms. The recent Minamata Convention’ is aimed at
reducing the anthropogenic impact on the global Hg biogeochemical cycle [97].
However, the natural Hg cycle is already significantly perturbed; it is estimated
that there is five times the Hg in the present day atmosphere than was present in
pre-industrial times [32, 110]. The legacy of past emissions will most likely con-
tinue to influence the global biogeochemical cycle of Hg for decades to come [10],
and fires will play an important role in the continued cycling of Hg between envi-
ronmental compartments. The primary objective of the study is to simulate the
magnitude and geographical location of the Hg deposition flux that result from
BB.

Three recent BB inventories, FINNv1.0 [ 130], GFEDv3.1 [125] and GFASv1.0
[56], referred to simply as FINN, GFED and GFAS hereafter, have been used to
simulate Hg emissions from fires over the period 2006-2010. Hg emissions have
been calculated as a function of CO emissions and the deposition flux distribution
of Hg from BB has been simulated, using the global on-line chemical transport Hg
model ECHMERIT [28, 55].

'http://www.mercuryconvention.org/
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3.1 METHODOLOGY

3.1.1 THE GLOBAL BioMASS BURNING INVENTORIES

The details of the three inventories used, FINN, GFAS, and GFED and how they
were compiled can be found in the literature [56, 125, 130]. All three inventories
are based on the imagery obtained from the MODIS instruments on-board the
NASA Terra and Aqua satellites; however they differ in the way in which the data
are filtered or processed. GFED makes use of the burned area retrieval, FINN uses
an active fire data product, while GFAS uses fire radiative power retrievals (the
algorithm for which is based on active fire detection). Further differences in the
inventories concern the land cover maps used, and the details concerning fuel load
and fuel consumption. A detailed comparison and description of the inventories
can be found in Andelaetal. [1].

Over the period 2003-2011 three inventories agree fairly well on the annual av-
erage CO emissions [ 1]. The inventories identify the same regional BB hot spots
caused by tropical deforestation in South America, fires in African savannas, forest
fires in South-East Asia and seasonal wildfires in Northern Hemisphere boreal re-
gions. However, the regional differences in CO emissions between FINN, GFAS
and GFED are substantial. GFAS has the highest values for areas with low burning
intensity such as dry savannas. Conversely for high burning intensity fires, GFED
has higher emissions. The different approaches in compiling the inventories is ap-
parent from the relatively high emission estimate of GFAS and FINN in some ar-
eas of the world (Africa, South-East Asia and northern Brazil), whereas GFED
is tuned particularly to capture large scale deforestation in central Brazil. GFED
thus has higher emissions in the Southern Hemisphere than FINN and GFAS. For
boreal forests GFAS and GFED emission estimates are considerably higher than
FINN, see Andela etal.[1].

The GFAS and GFED inventories were obtained from the Emissions of Atmo-
spheric Compounds and Compilation of Ancillary Data (ECCAD) Global Emis-
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sions InitiAtive (GEIA) portal %, while the FINN inventory was obtained from the
Atmospheric Chemistry Division of National Center for Atmospheric Research
(NCAR) °. For the purpose of model validation the most recent anthropogenic
Hg emission inventory from AMAP/UNEP (reference year 2010) was used [7].

3.1.2 MODEL SET-UP

The global Hg chemical transport model ECHMERIT [238, 55 ] is based on the fifth
generation General Circulation Model ECHAMj  [84, 85]. ECHMERIT was run
using T42 horizontal resolution (roughly 2.8° by 2.8° at the equator) and 19 ver-
tical levels up to 10 hPa. The increase in atmospheric Hg concentration resulting
from BB were estimated as in Chapter 2.2.2 The GFAS and GFED emissions were
mapped on the ECHMERIT T42 grid using the mass conserving remapping tool
included in the Climate Data Operators (CDO) [5]. The NCAR ACD Fortran
pre-processor program, Fire Emis, was used to interpolate the FINN inventory
on to the ECHMERIT grid [3]. The monthly average emissions were calculated
for the FINN and GFAS inventories to be compatible with the GFED inventory.
With the exception of the simulations performed for model validation purposes,

all simulations were performed using Hg emissions from BB only.

3.1.3 OXIDATION MECHANISMS

To study the impact of different oxidation schemes on the global deposition of
Hg from BB some simplified variants of the original ECHMERIT full chemistry
mechanism were needed, to reduce the computational demands of the chemistry
routine. With this aim we implemented a chemical mechanism where the reactant

concentration fields were imported off-line.

*http://bai.acd.ucar.edu/Data/fire/
*http://eccad.sedoo.fr/eccad_extract_interface/JSF/page_products_
em. jsfdatabase
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BASE CASE OXIDATION MECHANISM

The base mechanism includes the Hgp, ) oxidation ofin Hg?g /aq) OXidation by OH
and O, in the gas and aqueous phases. OH and O, concentration fields were im-
ported from MOZART (Model for Ozone and Related chemical Tracers). The
6-hourly output from MOZART was interpolated in time to give hourly values us-
ing the ratio between solar radiation and daily maximum solar radiation for OH.

A simple linear interpolation was chosen for the O,.

BR-BASED OXIDATION MECHANISM

To analyse the effect of Hg oxidation by Br on the Hg deposition fields a two-step
gas phase oxidation mechanism, similar to the approach used by Holmesetal. [49],

was implemented: Br initiates Hgf ) oxidation, forming unstable HgBrx [31]; this

I
g)

Goodsite et al. [41]. Bromine concentrations were imported off-line from the

can decompose or react with OH and Br to form ng at a rate as described in
three-dimensional tropospheric chemical transport model p-TOMCAT, now mod-
ified to include a detailed bromine chemistry scheme, also in the MBL [ 134, 135],
makingitnolonger necessary to include the MBL sea-salt aerosol bromide parametriza-
tion used in Holmes et al. [49] (based on Platt and Janssen [80]). The 2 hourly
output of Br from p-TOMCAT model was interpolated to provide hourly input for
ECHMERIT. The reactions used for the two mechanisms included in the model

are summarized in table 3.1.1.
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Table 3.1.1: Reactions used in the model.

Reaction Rate constant Reference
cm?® molecule™ s7*

(1)Hg° + O, — Hg&) 3.0-10 *° Hall [46]

(2) Hg° + OH — Hggg) 8.7-10 ™ Sommar et al. [106]
(3) Hg‘(’aq) + 0,9 — Hggq) 4.7 - 107 * * Munthe [71]

(4) Hg® + Br — HgBr 3.7-10 2 (T/298) > Goodsite etal. [41]
(s) HgBr + Br — Hg?g) 2.5-10 " (T/298) ¥ Goodsite et al. [40]
(6) HgBr + OH — Hg&) 2.5-10 " (T/298) ¥ Goodsite et al. [40]
(4) HgBr — Hg® + Br 4.0-10° exp(-7292/T)  Goodsite et al. [41]

3.1.4 THE SIMULATIONS PERFORMED

Base case simulations used the O,/OH oxidation mechanism, however there is
some uncertainty over the atmospheric Hg oxidation pathway [ 51, 113, 114], there-
fore simulations were performed using a Br based oxidation mechanism to assess
how the oxidation mechanism influences the deposition flux fields. Further simu-
lations were performed introducing the BB emissions into different model levels,
and combinations of levels. Five year simulations (2006-2010) were performed to
investigate long-term differences between the inventories, while single year simu-
lations were performed to investigate how deposition patterns varied from year to
year. In the case of the single year simulations, since these were aimed at assessing
the direct deposition of Hg, the mechanism by which a fraction of deposited Hg is
rapidly re-emitted from terrestrial, snow/ice and water surfaces [99] was switched
off, in all other simulations re-emission was included. Single year simulations were
continued beyond 12 months without further emissions until at least 95% of the
emitted Hg had been deposited. This took a further 9 to 12 months. Finally, simu-
lations to investigate the differences in emission and deposition fields when using
biome/land-cover based ERs were performed. A summary of the simulations per-

formed can be found in Table 3.1.2.
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Table 3.1.2: Simulations performed with ECHMERIT

Family Short description Simulation Period*  Inventory(ies) Scope of analysis
Model Validation BASE + All emissions 2010 GFAS-GFED-FINN  Measur. comp.
Br-based + All emissions 2010 GFED Measur. comp.
12 month fixed lifetime 2010 GFED Measur. comp.
LongRun (LR)  BASE (2006 to 2010) GFAS-GFED-FINN  Inventories comp.
Short Run (SR)  BASE 2006 GFAS-GFED-FINN  Inventories comp.
BASE 2007 GFAS-GFED-FINN  Inventories comp.
BASE 2008 GFAS-GFED-FINN  Inventories comp.
BASE 2009 GFAS-GFED-FINN  Inventories comp.
BASE 2010 GFAS-GFED-FINN  Inventories comp.
Sensitivity Runs ~ Br-based Ox. mech. 2010 GFAS-GFED-FINN  Ox. mech.
12 month fixed lifetime 2010 GFAS-GFED-FINN  Lifetime of Hg(o)
6 month fixed lifetime 2010 GFAS-GFED-FINN  Lifetime of Hg(o)
emiss. level 1 2010 GFED Injection height impact
emiss. level 2 2010 GFED Injection height impact
emiss. level 4 2010 GFED Injection height impact
emiss. level 6 2010 GFED Injection height impact
emiss. uniform in PBL 2010 GFED Injection height impact
emiss. lat dependent profile 2010 GFED Inj. height impact
Specific ER o7 2010 GFED ER impact
Specific ERyy, 2010 GFED ER impact

*Single year simulations were continued beyond 12 months until 95% of the emitted Hg had been removed from the atmosphere

3.2 RESULTS

Although the primary aim of this study is to identify the areas most impacted by
Hg emissions from BB, and to see how greatly these differ from one BB inven-
tory to another, the first simulations were performed using Hg emissions from
all sources. The full version of the model, including all the mercury emissions
sources as described in [28] (but implementing the most recent AMAP/UNEP
emission inventory, *) was run for the year 2010 (with 4 years of spin-up), using
both the oxidation mechanisms detailed in this section. The Base model was run
with all three inventories, whereas the Br-based simulation was performed using
just GFED. GFED was also used for simulations using a fixed lifetime against oxi-
dation (“pseudo” oxidation mechanism). The results from these simulations were
compared to available measurement data, and a statistical summary of the com-

parison for gas phase Hg and for Hg wet deposition can be found in table 3.2.1,
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Table 3.2.1: Comparison of the Base, Br and fixed lifetime simulations with
global observations for 2010

FINN GFAS GFED GFED GFED
Base Base Base Br-Oxdn 12-m fixed

TGM Intercept 0.34 0.31 0.34 0.18 0.34
Slope 0.68 0.69 0.67 0.72 0.70

Pearson’s r 0.77 0.78 0.77 0.75 0.76
NRMSE(%) 14.6 14.4 14.3 16.7 15.5

Wet Dep Intercept 9.26 9.05 9.11 10.4 7.15
Slope 0.32 0.31 0.31 0.22 0.19

Pearson’s r 0.21 0.21 0.21 0.14 0.17
NRMSE(%) 19.1 18.6 18.8 19.6 13.9

whereas figures 3.2.1 to 3.2.3 shows the map of such comparison. The compari-
son between the different model versions and observations all yield similar results,
which are reasonable for Total Gaseous Mercury (TGM, the sum of gas phase el-
emental and oxidized Hg species), and less good for Hg wet deposition. Inter-
estingly simply assuming a fixed atmospheric lifetime for Hg does not give results
that are significantly worse than when a more detailed chemical mechanism is em-
ployed. However it should be pointed out that for the year 2010 almost all the ob-
servations are from the northern hemisphere, and this may not be the case when
southern hemisphere sites are taken into account. (Currently the Global Mercury
Observation System project is performing Hg monitoring at a number of sites in

the southern hemisphere °).

3.2.1 (GEOGRAPHICAL DISTRIBUTION AND SEASONALITY OF EMISSIONS

The temporal and spatial distribution of the Hg emissions is dictated by the distri-
bution of CO emissions because of the way they have been calculated. The differ-

*http://www.amap.no/mercury-emissions
Swww . gmos . eu
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Figure 3.2.1: Validation of the Base Model. Note that the deposition scatter
plot has a log scale (both for x and y) to better visualize the outliers.
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Figure 3.2.4: Annual trends and averaged latitudinal profiles of mercury
emissions ((a) and (c)) and deposition ((b) and (d)). Figure (b) excludes
2006 due to low re-emissions, see section 3.2.2

ences between the inventories, in terms of CO emissions, are described elsewhere
[1,56,112,125,130].

Although the annual average Hg emitted between 2006-2010 is similar: 678,
603 and 600 Mg for FINN, GFAS and GFED respectively, there are significant in-
terannual differences and noticeable variations in the latitudinal distribution (see
Figure 3.2.4). The highest year to year variability is seen in the GFED inventory.
While the FINN and GFED inventories have similar temporal profiles and are rea-
sonably correlated (r = 0.9). The GFAS inventory shows a markedly different tem-
poral profile, Figure 3.2.4(a) (r = 0.2 and 0.5, with FINN and GFED respectively).
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The decreasing trend in emissions over time seen in the GFAS inventory is also at
odds with the other two inventories.

The latitudinal profiles of the emissions, for the period 2006-2010, while sim-
ilar, do have noticeable differences (Figure 3.2.4(c)). The GFED inventory has
significantly higher emissions at around 10°S (6.4 gkm >y "), whereas the FINN
inventory shows a much higher peak at around 20°N (4.2 gkm >y ). The FINN
inventory also lacks the peaks at 7°N and at 65°N which are evident in the GFAS
and GFED inventories. In terms of the latitudinal profile the GFAS and GFED
inventories show the highest correlation (r = 0.9). The global Hg emission spatial
and seasonal distributions are shown in Figure 3.2.5, as is the distribution of the

emissions between source regions.

3.2.2 HG DEPOSITION
FIVE YEAR SIMULATIONS

Figure 3.2.6 shows the geographical distribution of the annual total deposition
(wet plus dry) due to BB averaged over the last four years of the 5 year simulation
period, (to avoid the first year where re-emission is lower). Not surprisingly, high
emissions combined with high precipitation downwind of emission source regions
givesrise to high deposition fluxes. Figure 3.2.6 also shows that while BB emissions
are terrestrial, most of the Hg deposition occurs over the oceans. The yearly Hg
deposition totals using each inventory follow the emission totals (but also include
deposition of re-remitted Hg), (see figures 3.2.4(a) and 3.2.4(b)). The emissions
latitudinal profile have well defined peaks and a distinct cut-off at the southern and
northern limits of vegetation (Fig. 3.2.4(c)). The deposition profile, due to the
lifetime of Hg in the atmosphere, shows far less pronounced peaks, a broader pro-
file, and never reaches zero, at any latitude, Fig. 3.2.4(d). Looking at the southern
hemisphere, almost all emissions are between the equator and 30°S, even at 50°S
the Hg deposition is still 40% of that seen in the high Hg deposition regions. This

latitudinal distribution of the Hg is almost independent of the BB emissions in-
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ventory used, indicating that atmospheric transport determines to a great extent
the Hg deposition flux distribution.

Another way to illustrate the importance of atmospheric transport on the sim-
ulated deposition fields is to compare the spatial correlation (R) of the emission
and the deposition fields, Table 3.2.2. The values reported were calculated using
the horizontal pattern correlation method [89, 9o]. The highest correlation for the
emission inventories is found between GFAS and GFED (R = 0.68), the lowest be-
tween FINN and GFED (R =0.38). The value of R varies from year to year (Table
3.2.2), reflecting differences in the approaches used to compile the inventories,
which are discussed by Andela et al. [1]. Higher spatial correlations (R very close
to 1) are found for the simulated Hg deposition fields, due to the effect of the Hg,)
atmospheric lifetime, and hence transport, which smooths the variations seen in
the emissions.

Table 3.2.2: Spatial correlations (R) between the emissions inventories and
the simulated deposition fields

Emissions Deposition

Year FINN-GFAS FINN-GFED GFAS-GFED FINN-GFAS FINN-GFED GFAS-GFED

2006 0.47 0.33 0.82 1.00 0.97 0.98

2007 0.42 0.35§ 0.66 1.00 0.98 0.99

2008 0.30 0.31 0.56 0.99 0.99 0.99

2009 0.29 0.24 0.47 0.99 0.99 0.99

2010 0.31 0.37 0.46 0.99 0.99 0.99
2006-10 0.42 0.38 0.68 0.99 0.98 0.99

The net effect of BB in tropical regions is essentially to cycle Hg from the tropics
to mid-latitudes and to alesser extent to high latitudes (see Figure 3.2.7). Northern
boreal BB directly impacts mid- and high latitudes.

3.2.3 OVERALL AND YEARLY DEPOSITION COMPARISON

To compare the deposition fields simulated using the three inventories, maps of

agreement which highlight similarities and differences in geographically resolved
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- Emission), averaged over the period 2007-2010.
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datasets can be used. Model cells in which the Hg deposition was greater than the
average plus one standard deviation (¢ + o) were identified for each BB inventory
simulation. These cells were mapped to see how consistent the extremes of the de-
position distribution is between the simulations. Figure 3.2.8 shows all of the areas
where the deposition is greater than y + o, for the § year (Base) simulations. The
color of the cells denotes the level of agreement between the inventories. The high
Hg deposition regions on which all the inventories agree represents roughly 15%
of the Earth’s surface, and as the map makes quite clear, most of these regions are
over the tropical and northern oceans. The map (Figure 3.2.8) shows the agree-
ment between the FINN and GFAS simulations (gray plus orange cells), and there
are relatively few cells where these inventories are the only ones to predict high Hg
deposition (red and yellow cells). In contrast the simulations performed using the
GFED inventory show a difference in the prediction of regions of high Hg deposi-
tion, and particularly in the southern hemisphere, and to the southern edge of the
region where all three inventories agree.

All of the inventories have an emission peak at roughly 10°S but while that of
FINN and GFAS is ~ 4.5-5 gkm >y}, that in GFED is & 7 gkm ™y . This ac-
counts for the large number of cells in the southern hemisphere where the simu-
lation performed with GFED predicts high Hg deposition values. Interestingly, at
around 20°N there is a peak in the FINN inventory that is more than twice as high
as the corresponding values in GFED and GFAS. Given the relatively few areas
where only the simulations with the FINN inventory predict high Hg deposition,
this peak in emissions seems to affect the results relatively little, suggesting that at
certain latitudes, differences (in magnitude and precise location) in the invento-
ries have a negligible influence on the simulation results. (See Figure 3.2.4(c)).
However in the case with the simulation performed using GFED, the magnitude
and location of the emissions are much more important. Anthropogenic emis-
sions in the southern hemisphere are low compared to the northern hemisphere,
therefore the contribution to atmospheric Hg from BB is relatively more impor-

tant in this region. From these results it appears that precision in the magnitude
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and location of BB emissions in the southern hemisphere is particularly necessary.

ECHMERIT has also been run for individual years (2006-2010) using each of
the emission inventories. As above for the 5 year simulation, agreement maps for
deposition greater than y + ¢ for each inventory have been prepared to compare
the results from each inventory for each year. The simulations predict the same
total global area of high deposition (R214-16%) each year, and also that these ar-
eas are consistent from year to year. While the FINN and GFAS inventories give
similar results, the GFED inventory consistently predicts higher deposition in the
Southern hemisphere. This is true for each of the single year simulations as it was
for the 5 year simulation. Since the major BB source in south of the Equator is the
Amazon, this may well reflects the fact that GFED is “tuned” to capture large scale
deforestation in this region [ 1] (Figure 3.2.9).

3.2.4 SENSITIVITY STUDIES

The emission inventories used for these studies have their own intrinsic uncertain-
ties [56, 125, 127, 130]. Biome specific emission factors, assumptions concerning
the oxidation mechanism and the atmospheric lifetime of Hg, and also the height
(model layer) at which the BB emissions are introduced into the atmosphere are
all potential sources of uncertainty. Some of these uncertainties are common to
all BB studies, such as plume modeling, injection height, diurnal variation of fire
intensity, fire areas and enhancement ratios [37, 52]. To investigate the impact
of the parameterizations on the Hg deposition fields a number of sensitivity runs

were performed (see Table 3.1.2).

ENHANCEMENT RATIO

The most critical of all the assumptions made concerning Hg emissions from BB
is the Enhancement Ratio (ER). Using ER,, makes the modeling studies them-
selves more simple, and also avoids making a series of interconnected assump-

tions concerning ERs, vegetation types and their distribution, each of which could
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potentially introduce further errors into the model. The two major uncertainties
when attempting to use a biome dependent approach to Hg emissions from BB
are knowledge of the distribution of vegetation types, and the ER associated with
a given type of vegetation, which may vary with location. There have been rel-
atively few determinations of Hg concentrations in BB plumes for specific vege-
tation types [37]. The ERs reported vary significantly for most vegetation types
and can differ by more than an order of magnitude for a given biome. This is most
likely due to a combination of factors including soil Hg content, fire intensity and
fire location. Two biome specific ER simulations were performed using the GFED
inventory. The first, ER 4, was calculated using the vegetation type characteri-
zation published in Friedli et al. [37], whereas the second set, ERg;,, was obtained
following a more detailed characterization methodology as described in the An-
nex A. Using ER,, (leads to Hg emissions from BB of 599.4+104.6 Mg, whereas
ERcourse and ERgy,, give 447.91-81.2 Mg and 301.91114.0 Mg respectively, see Ta-

ble 3.2.3. Not only does the emission total change with ER calculation method,

Table 3.2.3: Annual mercury emissions and spatial correlation (R) using the
global ER (ER,, = 1.54x1077) and biome specific ERs (ER.a and ERgy), all
simulations used the GFED inventory. Average over the 2006-2010 period.

Year ERav ERtoarse ERfine
Mg Mg R Mg R
2006 710 502 0.80 481 0.82
2007 624 473 0.97 279 0.58
2008 5§10 379 0.90 205  0.49
2009 473 348 0.92 208 0.51
2010 683 538 0.97 336 0.66

Average 600 448 302

Sigma 105 81 114

but so does interannual variability (from 17% to 38%) and the spatial correlation
pattern (see R in Table 3.2.3). Nearly all of the difference is due to the distinction

between savanna and tropical forest in Africa. The ER for savanna, at 0.28 X 107”7

59



is less than 20% of ER,, (1.54X 107 7), and even though the tropical forest ER is
higher than the global average (2.05 X 107 7) this does not compensate for the de-
crease in Hg emissions from the vast savanna regions of Africa. In comparison the
higher ratio of forest to savanna in South America means that overall there is little
change in the total Hg emissions for this region. The simulations using the more
detailed ER estimates show a decreased spatial correlation for Hg deposition with
respect to the simulations using an average ER, see Tables 3.2.2, 3.2.5 and 3.2.3. Al-
though the magnitude of Hg emission, and therefore also the magnitude of the Hg
deposition flux, is different using the specific ERs, the impact on the geographical

distribution of the deposition is limited.

INJECTION HEIGHT

The height at which emissions from BB are introduced into the model can have
a significant impact on pollutant transport. Some recent studies have shown that
boreal fire emissions can be lofted above the boundarylayer [ 58, 123 ]. Along term
study of the CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) pro-
files over South-Western Russia and Eastern Europe for 2006—2008 showed that
as much as 50% of the BB plumes were above the boundary layer [8]. A detailed
review of injection heights and plume rise models can be found in Ichoku et al.
[52]. Simulations were performed in which the emissions were added to different
model levels up to approximately 2000 m. Further simulations, one in which the
emissions were distributed uniformly throughout the lower levels of the model,
and a second with a prescribed latitudinally dependent vertical distribution, were
performed [30, 132]. Comparing the Hg deposition patterns obtained in these
experiments to the base case reveals a very high correlation, R ~1, see table 3.2.5.
The atmospheric lifetime of Hg(,) is the main reason for this lack of influence of
the emission height on the simulated deposition fields. Similar results have been
obtained in studies of CO plumes, where the impact of emission height on atmo-
spheric composition is significant locally, and only has a minor influence on re-

gions distant from the plume source [44, 54, 60].
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SENSITIVITY TO OXIDATION MECHANISM

As mentioned in Section 3.1.2 the precise mechanism by which Hg? , is oxidized
in the atmosphere is not yet certain [51, 113, 114]. Most models opt for a com-
bination of O3 /OH, or alternatively a Br based oxidation mechanism. In either
case Hg( ) has an atmospheric lifetime of approximately 8 to 12 months, which is
consistent with the observed difference in the hemispherical background concen-
trations of Hg, (roughly 1.7 ngm ™ in the Northern Hemisphere and 1.2 in the
southern). For 2010 simulations were performed utilizing each oxidation pathway
with each BB emission inventory. Further simulations, using fixed atmospheric
lifetimes against oxidation of 12 and 6 months were also performed. The agree-
ment maps for the simulations are presented in figure 3.2.10.

Although the number of cells where all the inventories agree that Hg deposi-
tion is high does not differ greatly between the different simulations, the distri-
bution of the ‘agreement’ does. This is particularly true of the tropical Atlantic;
using the Br mechanism there is no ’high’ deposition area to the west of Africa,
however the "high’ deposition region in the North Atlantic reaches Iceland, which
it does not in the O3 /OH simulation. Again, in the Br simulation the "high’ depo-
sition area reaches into the Gulf of Alaska, whereas in the O, /OH simulation the
"high’ deposition regions are more closely confined to a relatively narrow latitude
band between the tropics, reflecting the distribution of O, in the troposphere. The
Br simulation does show noticeably more areas where only the GFED inventory
predicts high deposition, particularly in the Southern Ocean. This is in part due
to the higher southern hemisphere emissions in GFED, but also because the pe-
riod of the year when biomass burning is most prevalent in South America, July to
September, coincides with low tropospheric Br concentrations, so that the emis-
sions are transported much further in this simulation than in the O3 /OH simula-
tion.

The simulations using a fixed atmospheric lifetime for Hg give results that are
more similar to the Br mechanism, particularly in the case of the 12 month lifetime.

In neither of the two simulations is the high deposition distribution as closely con-
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Figure 3.2.10: Agreement maps for Hg deposition exceeding y+o for sim-
ulations using the Base (O,4+OH) and the Br-based oxidation mechanisms,
and fixed Hg® lifetimes of 6 and 12 months. The map shows the areas where
deposition is > u+c. Primary colors (red, blue and yellow) represent non-
agreement between inventories, green, purple and brown indicate agreement
between two of the inventories and gray indicates agreement between all
three. The numbers refer to the number of cells in common between the sim-
ulations using the different inventories (The whole globe is represented by
8192 cells)
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fined to the area between the tropics as in the O3 /OH case. In all the simulations
most Hg deposition from BB emissions is deposited to the oceans. Clearly more
monitoring sites in the Tropics would help immensely to understand more fully
the importance of BB Hg emissions on oceanic Hg deposition. Table 3.2.4 sum-

marises the simulated Hg deposition to the world’s ocean basins. The table in-

Table 3.2.4: Annual mercury deposition (Mg) to the Oceans.

The Arctic has been defined as the region north of 66°N, and the Southern
Ocean as south of 60°S. The 2010 O3/OH and Br simulations included, an-
thropogenic, natural and BB emissions, hence the higher deposition totals.

Year FINN GFAS GFED FINN GFAS GFED FINN GFAS GFED FINN GFAS GFED

North Atlantic South Atlantic North Pacific South Pacific
2006 80 71 70 S1 45 50 158 137 137 139 123 135§
2007 74 68 63 47 45 48 144 131 124 131 124 131
2008 71 72 59 41 41 37 136 13§ 111 113 111 100
2009 74 64 52 42 38 34 146 125§ 102 118 106 94
2010 84 65 73 50 40 50 164 122 142 142 111 139
Base 1206 1181 1193 686 671 685 2380 2326 2353 1984 1940 1979
Br - - 1112 - - 733 - - 2242 - - 2022
Indian Ocean Mediterranean Arctic Ocean Southern Ocean
2006 91 81 89 2.1 1.9 1.8 10 9.9 8.8 6.1 5.4 5.9
2007 82 77 8o 2.0 1.8 1.6 10 9.5 8.0 5.6 5.2 5.6
2008 72 70 62 2.0 2.1 1.6 10 12 8.6 4.6 4.6 4.2
2009 76 67 59 2.1 1.8 1.4 11 10 7.3 4.9 4.4 4.0
2010 87 67 82 2.3 1.8 1.9 12 9.6 10 6.0 4.8 6.1
Base 1232 1208 1226 40 40 40 197 193 194 89 87 89
Br - - 1141 - - 42 - - 242 - - 184

cludes the simulated deposition totals calculated using full atmospheric emissions

(natural, anthropogenic and BB) for the two oxidation mechanisms for 2010.

UNCERTAINTY IN THE DEPOSITION FIELDS

The Hg deposition fields obtained in this study vary and it is not immediately clear
where and to what extent the results agree. In order to examine the ’ensemble’ of
results, rather than just averaging the full set of simulations, the model output has
been tested against the Base run (GFED, 0,/OH, global ER, year 2010) to as-
certain the probability that the deposition fields belong to the same distribution.
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This then permits those results which differ the most to be identified. This form of
‘inspected’ ensemble was recently described by Solazzo and Galmarini [ 104] for
a multi-model ensemble. The non-parametric Kolmogorov-Smirnov two-sample
testhasbeen used to examine the results of the sensitivity tests performed using the
GFED inventory. The test was repeated with the model output obtained using the
FINN and GFAS inventories with the O s /OH and Br oxidation mechanisms and
with the 12 month pseudo-oxidation approach. The results of the test are shown
in Table 3.2.5. A value of Probgs_;s <o.05 indicates that it is improbable that
the simulated Hg deposition fields belong to the same distribution. The height at

Table 3.2.5: Correlations and probabilities that the sensitivity run Hg de-
position fields belong to the same distribution as the GFED 2010 simulation
deposition field, and comparison with FINN and GFAS

‘ 12m ‘ 0,+OH ‘ Br

RUN Assessment ‘ R Pgs ‘ R Pys ‘ R Pxs
Emiss. Z dist. 1.00 1.00 1.00 1.00 1.00 1.00
Emiss. Z Inj. lev 1.00  1.00 1.00 1.00 1.00 1.00
Ox. mech. O,/OH 091 <0.05 | — - 0.81 <0.05
Ox. mech. Br 0.96 <0.05 | 0.81 <o0.05 | — -
Lifetime Hg(o) 12m - - 0.91 <0.05 | 0.96 <0.05
Lifetime Hg(o) 6m 0.99 0.41 0.97 <0.05 | 0.89 <0.05
ER ER purse 1.00 0.99 1.00 1.00 1.00 1.00
ER ERgye 0.99 0.52 1.00 0.17 1.00 0.10

FINN 2010 | 0.97 <o0.05 | 1.00 <0.0§ | 0.98 <0.05§

GFAS 2010 | 0.97 <o0.05§ | 1.00 0.08 0.99 0.09

which the emissions are introduced into the model, and the first Enhancement Ra-
tio variation (ER,,,,) make very little difference to the output results. The most
important factors influencing the output fields are the inventory and the oxidation
mechanism. The second variation of the Enhancement Ratio (ERg;,) described
in Section 3.2.4 also results in noticeably different deposition fields even if the hy-
pothesis that the model output belongs to the same distribution as the Base case

cannot be rejected, Probgs (s = 0.17 and o.10, with the O,/OH and Br oxida-
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Figure 3.2.11: Geographical distribution of the probability density function
of the total Hg deposition obtained from an inspected ensemble of simulations
for the year 2010. Total deposition is illustrated in terms of the average (u)
and standard deviation ¢ of the ensemble.

tion mechanisms respectively. This is also true for the GFAS inventory Probyg_ ¢
= 0.08 and 0.09, however these values indicate that the probability of belonging
to the same distribution is low. The results from the three inventories, and also
the ER2 sensitivity run, with both the O,/OH and Br oxidation mechanisms have
therefore been averaged to obtain an ‘ensemble’ deposition field, which is illus-
trated in figure 3.2.11. The figure makes it evident that however much the simu-
lated deposition fields differ, the regions most influenced by Hg deposition from
biomass burning are the tropical areas of the oceans, the North Atlantic and the
North Pacific.
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3.3 DiscussioON

Just over 75% of the Hg released by BB is deposited to the world’s oceans and seas.
Asis well known, human exposure to methylmercury (the most toxic form) occurs
predominantly through fish consumption. Hg" deposited to the ocean may be re-
duced and re-emitted from the sea surface, but a part can be methylated in surface
or subsurface waters, where it can enter the food web [ 17, 32, 116]. The maximum
deposition fluxes in the individual oceanic regions, are very similar for all the BB
inventories. From the results obtained from the five year runs it was found that the
North Atlantic has the highest peak deposition flux value at 21 gkm ™2, followed by
the North Pacificand Indian Oceans at =20 g km™*. The maximum Hg deposition
flux in the Arctic reaches 7 gkm ™, higher than the Mediterranean (6 gkm ) and
the Southern Ocean (3 gkm™2). The total calculated emissions of Hg from BB are
similar for all three inventories used in this study, although there are differences in
their geographical distribution. GFED has a higher proportion of emissions in the
southern hemisphere (Figure 3.2.4c) in comparison to the other two inventories
and this is also visible in the deposition fields ((Figure 3.2.4d). However the life-
time of Hg(,) is such that the differences in the spatial distribution of the emissions
is far less evident in the simulated deposition fields. GFED is a slight exception as
the distribution, relatively to the other two inventories has a higher proportion of
emissions in the southern hemisphere (Figure 3.2.4c) this is visible also in the de-
position fields (Figure 3.2.4d). One effect of BB is to emit Hg from lower latitudes
for eventual deposition at higher latitudes, in both hemispheres. The presence of
higher latitude boreal forests in the Northern Hemisphere does mean that the Arc-
tic is more impacted than the Antarctic by Hg deposition resulting from BB. The
highest Hg deposition fluxes are found in the North Atlantic, while the the greatest
total Hg deposition is to the North Pacific.

The oxidation mechanism and the choice of emission inventory have the great-
est influence on the spatial distribution of the Hg deposition fields. The factor
which most influences the total calculated Hg emission from BB is the enhance-

ment ratio. More biome specific Hg/CO enhancement ratios are needed to better
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constrain the magnitude of Hg emissions from BB. In order to build a bottom-
up inventory it would be necessary to perform measurements of Hg and CO re-
leased by BB and also ideally to distinguish between the same biomes on different
continents. As the number of Hg monitoring sites around the world increases,
intermittent information will become more abundant as stations will at times be
downwind of BB plumes, however a more targeted approach addressing, tropical,
savanna and boreal ecosystems would be far better. Biomass burning will con-
tinue to play a role in the cycling of Hg, and legacy Hg particularly, for a long time
to come. As the Minamata Convention comes into force and anthropogenic emis-
sions begin to be curbed, the role of BB in cycling Hg from the tropics to higher lat-
itudes, and particularly in transferring Hg from terrestrial reservoirs to the oceans
will become more important. Understanding the recycling of legacy Hg is particu-
larly important in the assessment of the response times of ecosystems to changes in
anthropogenic emissions, especially should the frequency and scale of BB increase

as the climate changes.
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Hg Deposition Flux from Anthrogenic
Activities

Much of the Hg present in the environment today is the result of past anthro-
pogenic activity [ 12], with coal combustion, metal refining and, periodically, bellic
industries all having made a significant impact. Current levels of Hg in the atmo-
sphere and oceans are significantly perturbed with respect to pre-colonial times:
the atmospheric burden is estimated to be 300 — 500% higher, and the concen-
trations in the upper ocean 200% higher [7, 69, 102]. Consequently the reduc-
tions in the use and emissions of Hg proposed in the Minamata Convention *
will take place within a context of the continuous recycling of previously emit-
ted Hg between environmental compartments. Most Hg input into ecosystems is

the result of atmospheric deposition, both dry and wet. Hence the atmosphere is

'http://www.mercuryconvention.org/
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fundamental in distributing Hg, and the lifetime of Hg; of 8—12 months ensures
that this occurs on a global scale. To assess the impact of future changes in an-
thropogenic emissions of Hg on the overall environmental burden, it is impor-
tant to constrain the uncertainties associated with Hg emissions to and deposition
from the atmosphere. In the previous Chapter 3 the impact of the uncertainties
in biomass burning inventories on Hg emission and subsequent deposition were
investigated. Adopting a similar approach, the influence of the choice of anthro-
pogenic Hg emission inventory used in the model has been investigated. Three
global Hg emission inventories are currently freely available, AMAP/UNEP [7],
EDGARv4.tox1 [70] and a version of the AMAP/UNEP 2005 inventory [6, 75 ]
which has been adapted for use in the GEOS-Chem model * as described in Cor-
bitt et al. [25], based on Streets et al. [109].Due to the differences between the
AMAP/UNEP 2005 and 2010 inventories [ 7], in particular with respect to the rel-
ative importance of coal combustion for power generation and artisanal and small
scale gold mining (ASGM) this inventory has also been included in the study. The
distribution of Hg emissions between Hgg , HgiI;I and Hg", and also emission height
differ between the inventories, and as these characteristics influence Hg deposi-
tion patterns their impact has also been investigated. Most human exposure to Hg
is through the consumption of fish and therefore the differences in the calculated
deposition fluxes to the oceans is assessed. It goes without saying that a wider
monitoring network for Hg in precipitation would be beneficial to constrain un-
certainties in Hg fluxes, and thus also in emissions. Ultimately better constrained
models will lead to better estimates of the time scales of environmental response

times to future reductions in anthropogenic Hg emissions.

*http://geos-chem.org/
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4.1  METHODOLOGY

4.1.1 ANTHROPOGENIC EMISSION INVENTORIES

The details of the three principal inventories used, which are referred to as AMAP2010,
EDGAR and STREETS hereafter, have been described in detail in the literature
[7, 25, 70, 109]. A summary of the major characteristics of the inventories can
be found in table 4.1.1, as can be seen they are broadly similar in most respects.
Emission height and speciation have been identified as being important param-
eters in regional modelling studies, but on a global scale they tend to be less so.

The differences in Hg speciation can lead to marked differences in local concen-
Table 4.1.1: Emission inventory characteristics in Mg

Inventory Reference year Resolution Total Hg Hgg nglgI Hg"

AMAP 2010 0.5 byo.s° 1960 81% 14% 4%
EDGAR 2008 o.1byo.1° 1287 72%  22% 6%
STREETS 2005 1 by 1° 1900 58% combined 42%

trations of Hgf; and Hg" particularly in regional models [16]. In global models
where the spatial resolution is more coarse the effect is less noticeable, and will
depend on the height distribution employed to partition the emissions between
model levels, see section 4.1.4. Only the AMAP2010 inventory gives a vertical
distribution for the emissions, they are divided into three height ranges and dif-
ferentiate between Hg,, HgfgI and Hg". The EDGAR inventory provides speciated
emissions divided into sectors identified using standard IPCC codes (see 3, and
therefore a height distribution can be inferred, see Annex B. The spatial distribu-
tion of the emission inventories does differ as can be seen in figure 4.1.1. One of
the major reasons for this is the uncertainty involved in the estimation of emissions
from ASGM. The AMAP/UNEP 2005 inventory (on which the Streets inventory
is based), included emissions from ASGM but used the “distribution mask” from

large scale gold production to distribute the emissions. The AMAP2010 inventory

*http://edgar. jrc.ec.europa.eu/faqé6.php

70


http://edgar.jrc.ec.europa.eu/faq6.php

uses a more realistic distribution as does EDGAR, and this results in proportion-
ally increased emissions in the Tropics and the Southern Hemisphere, as can be

seen in the side panel of figure 4.1.1.

4.1.2 MODEL SET-UP AND SIMULATIONS

The global Hg chemical transport model ECHMERIT [28, 55] is based on the
fifth generation General Circulation Model ECHAM [84, 85]. ECHMERIT was
run using T42 horizontal resolution (roughly 2.8° by 2.8° at the equator) and
19 vertical levels up to 10 hPa. The AMAP2010 inventory was first converted to
NetCDF and then all the emission inventories were interpolated onto the ECH-
MERIT grid using the mass conserving Climate Data Operators (CDO) remap-
ping tool [5]. A first set of simulations was performed which included all emis-
sions, anthropogenic, marine and also from biomass burning. Monthly biomass
burning mercury emissions calculated using the FINNv1 inventory [130] and a
globally averaged emission ratio [37], as described in De Simone et al. [29]. Emis-
sions from oceans were calculated on-line in the model, as described in De Simone
etal. [28], and prompt re-emission of deposited Hg was included as in Selin et al.
[99]. A spin-up period of 4 years was employed and the results from the fifth year,
2010, were used for this study. As there remains some uncertainty concerning at-
mospheric Hg oxidation pathways [51, 113, 114], simulations were run using an
O, /OH oxidation scheme and an alternative Br based oxidation mechanism. Ox-
idant fields were imported from the Mozart model [35] for the O,/OH simula-
tions, and from p-Tomcat [134, 135] for the Br/BrO fields. The results of these
simulations were used for comparison with observed atmospheric Hg concentra-

tions and wet deposition flux measurements.

4.1.3 ANTHROPOGENIC EMISSION ONLY SIMULATIONS

To evaluate the Hg deposition which results directly from human activities, fur-

ther simulations were performed which included only anthropogenic emissions,
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Figure 4.1.1: Geographical distribution of annual mercury emissions and the
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and in which the prompt re-emission mechanism was not used. Simulations were
performed using each of the three inventories using their original height distribu-
tion and employing each of the oxidation mechanisms. Further simulations one
set assuming all the emissions were emitted to the first model level and one with
the emissions dispersed uniformly throughout the the boundary layer (BL), using
the O, /OH oxidation mechanism. The height distribution of each inventory was
applied to the other inventories for a further set of simulations with the O,/OH
oxidation mechanism. The height distributions are described in section 4.1.4 and

the details of the simulations are summarised in table 4.1.2. Further simulations

Table 4.1.2: Simulations performed with ECHMERIT. The last column indi-

cates the simulations included in the final ensemble 4.2.4.

‘ Inventory used ‘ Height distribution ‘ Ox. Mechanism ‘ Focus ‘ Final Ensemble ‘
AMAP NATIVE AMAP 03-OH Inventory yes
AMAP 1st level 03-OH Level
AMAP 3thlevel 03-OH Level
AMAP uniform PBL 03-OH Level
AMAP SNAP like 03-OH Level
AMAP NATIVE AMAP 03-OH Spec. AllHgo | yes
AMAP NATIVE AMAP 03-OH Spec. All Hg>
AMAP NATIVE AMAP Fixed 12 Oxidation yes
AMAP NATIVE AMAP Fixed 6 Oxidation
AMAP NATIVE AMAP BR Tomcat-1 Oxid. Brset | yes
EDGAR NATIVE EDGAR (SNAP) | O3-OH Inventory yes
EDGAR 1st level 03-OH Level
EDGAR uniform PBL 03-OH Level
EDGAR AMAP like 03-OH Level
EDGAR NATIVE EDGAR BR Tomcat-1 Oxid. Brset | yes
STREETS NATIVE STREETS (PBL) | O3-OH Inventory yes
STREETS 1st level 03-OH Level
STREETS AMAP like 03-OH Level
STREETS SNAP like 03-OH Level
STREETS NATIVE STREETS BR Tomcat-1 Oxid. Br set yes
AMAP-2005 NATIVE AMAP 03-OH Inventory

were performed using assuming a fixed lifetime against oxidation (“pseudo” oxida-

tion mechanism), by varying the native inventory emissions height distributions

as well as the native speciation.
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4.1.4 HEIGHT DISTRIBUTION OF EMISSIONS

For Hg sources that predominantly emit elemental Hg, (ng’g)) such asbiomass
burning, the vertical distribution of the emissions in the model levels does not
have a significant effect on the eventual Hg deposition pattern, see De Simone
etal. [29]. For shorter live Hg species, Hg?g) and Hg?P) , the model level into which
they are placed will influence deposition. The three inventories used here all take
different approaches, the AMAP2010 gives three height ranges, up to som, be-
tween 50 and 150 m and above 150 m. The EDGAR inventory provides emissions
divided into sectors following the Intergovernmental Panel on Climate Change
(IPPC) identification code *, without specific information on the height distribu-
tion. The IPCC sectors were mapped to Standardized Nomenclature for Air Pollu-
tants (SNAP) categories and the emission height table used in the Unified EMEP
model [100] was used °. The STREETS inventory gives no information regarding
emission height or emission sector, they are therefore distributed throughout the
BL as in GEOS-Chem. The distributions above are referred to as the 'native’ dis-
tributions. In addition simulations in which different distributions were imposed
were performed, in order to evaluate the impact of the vertical emission distribu-

tion on the final deposition fields.

4.2 RESULTS

4.2.1 EMISSION INVENTORY COMPARISON

Figure 4.1.1 shows the geographical distribution and the latitudinal profile of the
total anthropogenic Hg emissions from the AMAP2010, EDGAR and STREETS
inventories. The total annual Hg emission is similarin the AMAP2010 and STREETS
inventories at around 1900 Mg, whereas the EDGAR inventory has a noticelably
lower total of 1300 Mg. However the uncertainty associated with the emission

totals, in the case of AMAP2010, emissions are estimated to be between 1010

*http://edgar.jrc.ec.europa.eu/faqé6.php
Shttp://wuw.emep.int/UniDoc/node7.html
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and 4070 Mg annually, meaning that the EDGAR total is well within the range of
uncertainty [70]. The geographical locations of the emissions are similar among
the inventories, with the greatest sources distributed over the industrialised ar-
eas of North America, Europe, South and East Asia. The most notable difter-
ence is the higher emissions in the AMAP2010 inventory at tropical latitudes in
Africa and western South America. This difference is the direct result of the re-
vised estimation of emissions due to ASGM in this inventory, which are estimated
to be higher than those from coal combustion [7]. The latitudinal profiles in the
right-hand panel of Figure 4.1.1 show the differences between the three inventories
clearly. The AMAP2010 and EDGAR inventories have broader distributions, the
AMAP2010 inventory having higher emissions in equatorial and tropical regions
due to its higher estimation of emissions from ASGM. The STREET'S inventory
has almost all emissions in the northern hemisphere centred around 40°N.

The correlation (r) between the latitudinal profiles of the inventories is > 0.86
in all cases, however the agreement map in figure 4.2.1 shows how much they differ
in terms of the location of areas of higher emissions. Figure 4.2.1 indicates the areas
in the world where the inventories have emissions greater than y+ o (average + the
standard deviation). With the exception of the industrial regions of the northern
hemisphere the three inventories agree on the areas of highest emissions in very

few instances.

4.2.2 MODEL PERFORMANCE

The results from simulations including all emissions for the year 2010 were com-
pared to available measurement data. A statistical summary of the comparison for
gas phase Hg and for Hg wet deposition from the main runs can be found in table
4.2.1. The comparison between the different model runs and the observations are
reasonable and similar for TGM, the comparison with wet deposition is less good
and there is a greater variation in the quality of the comparison. For TGM, using

the AMAP2010,EDGAR or STREETS inventories does not lead to statistically

75



90N P I U I SEI ST ST SR S S R

60N

30N

308

60S

<
IFII\I\\I\IIIIII'\

ltllwlwlwlwlllllAI\

ws T — T T T T T 7T

180 150w 120w  90W  60W  30W 0 30E  60E 90E 120E 150E 180

AMAP
EDGAR
STREETS

=

Figure 4.2.1: Agreement map of Total Hg emissions for the AMAP2010,
EDGAR and STREETS inventories. The map shows the areas where the
emissions are > yu+o. Primary colors (red, blue and yellow) represent non-
agreement between inventories, green, purple and brown indicate agreement
between two of the inventories and gray indicates agreement between all
three. The numbers refer to the number of model cells in common between
the different inventories, the whole globe is represented by 8192 cells.

Table 4.2.1: Comparison of the native height inventory simulations varying
Oxidation Mechanism with global observations for 2010

TGM Wet Deposition

Regress. param. Stats Regress. param. Stats
Inventory  Oxid. Intercept Slope r NRMSE Intercept slope r NRMSE
AMAP2010 03-OH 0.4 085 0.86 13.08 453 023 0.23 12.82
EDGAR 03-OH 032  0.83 0.83 14.27 4.64 018 0.18 12.12
STREETS 03-OH 024 096 0.87 14.33 535 027 0.21 16.58
AMAPos 03-OH 009 112 0.85 17.96 467 027 024 14.48
AMAP2010 BrpT. 0.2 082 0.83 14.69 7.11  0.08 0.07 15.10
EDGAR BrpT. -0.06 0.82 0.79 16.73 6.86  0.06 0.06 14.28
STREETS BrpT. -0.13  0.94 0.84 15.44 782 015 0.11 18.43
AMAP2010 Fix. 12m 042  0.85 0.83 13.86 457 016 0.17 12.10
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significant (a = 0.05) different regression slopes even when using the different ox-
idation mechanisms. For the wet deposition the results are worse when using the

Br oxidation mechanism.

4.2.3 MoDELLED HG DEPOSITION
LATITUDINAL VARIATION

While the latitudinal profile of the emissions shows separate peaks and two cut-offs
at the latitudinal limits of significant industrial human activity (45°S and 75°N )
(Fig. 4.2.2(a)), the profile of the total deposition never reaches zero at any latitude
(Fig. 4.2.2(b) and 4.2.2(c).The latitudinal profiles of Hg deposition due to an-
thropogenic emissions are very similar in the Northern Hemisphere (NH) above
30°N, with abroad peak centred around the latitude of the major NH industrial re-
gions (~240°N). This is the case for both the O, + OH and the Br oxidation mech-
anisms, and also whether considering soley anthropogenic or total Hg emissions.

South of 30°N the oxidation mechanism used in the simulations has a marked
influence on the deposition profile, as can be seen in figures 4.2.2(b) and (c).
The O,+OH simualtions give peaks in deposition almost equal to the NH indus-
trial region peak just above and below the equator (all sources, the peaks are less
pronounced in the anthropogenic only simulations) with a fairly steady decrease
southwards towards the Antarctic region. The deposition profile in the SH in the
Br simulation differs because the Br concentration profile is more constant with
latitude when compared to the O, +OH concentration, and in particular does not
peak around the equator. The broad peak in the simulation with all sources is a
result of the combination of marine evasion of Hg and significant Br concentra-
tions between roughly 15 and 60°S. The latitudinal deposition profiles when only
anthropogenic Hg emissions are considered begin to differ below roughly 40°N.
Below this latitude the AMAP2010 inventory predicts roughly twice the depo-
sition flux compared to the simulations using the STREETS inventory, with the

EDGAR inventory resulting in fluxes between the two, irrespective of the oxida-
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tion mechanism employed. The simulations using the O,+OH mechanism how-
ever simulate proportionally higher deposition south of 40°N. The differences in
the latitudinal profiles when all Hg emissions sources are included highlight even
more markedly the influence of the oxidation mechanism used in the simulations.
Using the O,+OH mechanism gives results with peaks either side of the equa-
tor, figure 4.2.2(b), in the figure the deposition profiles have been normalise to
the value of the peak at 35°N which coincides with the peak in the anthropogenic
emission profiles. These peaks are higher than the deposition peak at 40°N in the
case of the AMAP2010 and EDGAR inventories and only slightly lower using the
STREETS inventory. By comparison in the simulations using the Br oxidation
mechanism the highest deposition south of the equator is between 45 and 60% of
the NH peak deposition value. The case for the expansion of monitoring Hg in pre-
cipitation to cover equatorial and tropical regions is clear, and not only to quantify
the impact that Hg deposition has on ecosystems in this region. Combined with
the ongoing monitoring in North America, Europe and China, data from the trop-
ics would also give an insight into the atmospheric oxidation mechanisms which
determine the atmospheric cycle of Hg. To illustrate this point figure 4.2.3 shows
the simulated latitudinal distribution of wet deposition using the different inven-
tories and the two oxidation mechanisms. Notwithstanding the differences in the
inventories the profiles make it quite clear that wet deposition fluxes would be ex-
pected to be roughly similar in the tropics and NH if Br is globally responsible for
atmospheric Hgg oxidation. If it is the case that O,+OH are the major oxidants
then the Hg wet deposition flux would be roughly twice as high in the tropics than

in northern mid-latitudes.

GEOGRAPHICAL DISTRIBUTION

The spatial distribution of the simulated total Hg deposition flux is shown in fig-
ure 4.2.4 for the simulations including all the emissions, the same maps for the

anthropogenic emissions only simulations can be found in figure 4.2.5. The differ-
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Figure 4.2.4: Geographical distribution of the total mercury deposition (wet
+ dry) that result from model runs including all sources, for the three invento-
ries and the two oxidation mechanisms.
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ences between the inventories are limited, using the STREETS inventory produces
higher deposition in Europe, while overall the results using the EDGAR inven-
tory are generally lower everywhere due to the lower total emission estimate. The
STREETS inventory also results in somewhat lower deposition in the SH gener-
ally. The major differences in the results are a result of the choice of the oxidation
mechanism. In particular the simulations with Br as the oxidant have distinctly
higher deposition fluxes over the Northern Pacific and somewhat higher over the
North Atlantic. The deposition to the equatorial Pacific is however in the Br sim-
ulations compared to the O,+OH simulations. The simulated fluxes to the ocean
basins is discussed further in the following section, 4.2.4. The agreement maps in
figure 4.2.6 are used to highlight the similarities and differences in the spatial dis-
tribution of the regions of high Hg deposition, defined here as greater than the av-
erage plus one standard deviation (> p+0). The primary colours highlight those
areas where only one of the inventories simulated fluxes greater than y+0, whereas
the grey areas indicate the regions where the results of the simulations with all
three inventories predict particularly high Hg deposition. In the simulations in-
cluding only the anthropogenic emissions the AMAP2010 inventory shows more
regions where only it predicts high deposition, and these are mostly in the equato-
rial region. In the simulations with either oxidation mechanism there are regions
in which all the inventories agree, East Asia, Europe and the Eastern USA. How-
ever while both mechanisms predict high deposition over the nort-west Pacific this
region extends to the western Pacific in the Br simulations but not in the O,+OH
simulations. Considering all Hg emissions leads to generally broader agreement,
with the exception of the STREETS inventory which gives higher deposition in
the NH compared to the other two inventories.The AMAP2010 and EDGAR in-
ventories predict higher deposition in the southern Indian Ocean, the the far south

Atlantic and the western south Pacific than does the STREETS inventory.
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Figure 4.2.6: Agreement maps of Hg deposition fields obtained from runs
considering STREETS, EDGAR and AMAP inventories and including all emis-
sion sources plus re-emissions (a and c) and only anthropogenic emissions (b
and d). Maps are computed for both oxidation mechanism adopted: Bromine
(c and d) and OH'O; (a and b). The maps show the areas where deposition
is > u+to.
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4.2.4 UNCERTAINTY AND IMPACT ASSESSMENT

The emission inventory and oxidation mechanism used in the simulations have the
most influence on the calculated Hg deposition fields. However the speciation of
the emissions and the vertical distribution of the emissions in the model also have
an influence even if it is less marked. In order to obtain an estimate of the im-
pact current anthropogenic emissions have on the HG deposition flux the results
from a number of of the simulations were combined in an ‘ensemble’ To avoid
redundancy of information within the ensemble [29, 104], the modelled deposi-
tion fields were tested to see how well correlated they were among themselves. The
horizontal pattern correlation method [89, 90] was used to ascertain the probabil-
ity that the deposition fields belong to the same distribution, by making use of the
non-parametric Kolmogorov-Smirnov two-sample test. The simulations used to
construct the ensemble are indicated in Table 4.1.2. The test showed that the ver-
tical distribution of the emissions resulted in only differences in the modelled de-
position fields and therefore these simulations were excluded from the ensemble.
As seen in a previous study of Hg emissions from biomass burning [29] the long
atmospheric lifetime of Hg, tend to neutralise the effects of the initial injection
height of emissions. The results from each of the inventories using the O,/OH and
Br oxidation mechanisms were included in the ensemble, as were the results from
the simulation using the AMAP2003 inventory and the simulation in which Hg,)
was assumed to habe a fixed lifetime of 12 months. The ‘ensemble’ deposition
field of the anthropogenic emission only simulations is shown in the upper panel
of the figure 4.2.7. The upper panel in figure 4.2.7 clearly shows that the major
imact from anthropogenic emissions is deposition downwind of the major source
regions, and is particularly significant over East Asia, and the northern Pacific and
Atlantic oceans. The lower panel of figure 4.2.7 compares the anthropogenic emis-
sion only ensemble with the same same simulations including all emission sources
as well as re-emissions. It shows that the anthropogenic contribution to Hg depo-
sition in the Tropics is around 15%and reaches 25% over significant areas of the

northern hemisphere. Due to the importance of the the Oceans in the Hg cycle
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Figure 4.2.7: Geographical distribution of the total Hg deposition from an-
thropogenic emissions only obtained from an inspected ensemble of simula-
tions for the year 2010 (a) in terms of the average (¢) and standard deviation
o of the ensemble. In (b) such distribution is compared with the ensemble of
the same simulations including all other emission source to have a Geographi-
cal distribution of the impact.
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and because the major human route of Hg exposure is through fish consumption,
the deposition to Ocean basins and Seas has been calculated and is summarised in

table 3.2.4. In spite of all the uncertainties and unknowns related to the mercury,

Table 4.2.2: Annual mercury deposition (Mg) to the Oceans.

The Arctic has been defined as the region north of 66°N, and the Southern
Ocean as south of 60°S. The 2010 03/OH and Br simulations included, an-
thropogenic, natural and BB emissions, hence the higher deposition totals.

0, 0H BASINS %
NA SA NP SP IN ME ANT AR LAND SEA
AMAP 149 104 425 268 190 9 15 34 35 65
EDGAR 112 62 317 160 117 7 8 26 37 63
STREETS 171 74§11 192 147 14 10 43 39 61
Ensemble Full 842 723 2392 1828 1185 44 106 149 30 70
Avg. Impact (%) 17 11 17 11 13 23 10 23
Br BASINS %
NA SA NP SP IN ME ANT AR LAND SEA
AMAP 158 113 466 249 180 12 38 34 33 67
EDGAR 120 66 352 144 106 9 21 26 35 65
STREETS 181 77 554 172 134 16 23 42 38 62
Ensemble Full 882 774 2574 1660 1084 54 306 195 28 72

Avg. Impact (%) 17 11 18 11 13 22 9 17

the ensemble of simulations suggest that 20-25% of the deposition over the Arctic
is due to the anthropogenic activities. The Arctic and the Mediterranean Seas are
also the basins where the anthropogenic emission impact is proportionally greatest

(table 4.2.2).

4.3 DiscussioN

EDGAR and AMAP are the inventories with the most similar geographical dis-
tributions, and in comparison to the STREETS inventory have a higher propor-
tion of emissions at more southerly latitudes. This is due mostly to the recent re-

evaluation of the importance of ASGM as a source of Hg to the atmosphere which

87



was not so evident in the AMAP 2005 inventory on which STREETS is based.
Primary Hg anthropogenic emissions are responsible for up to 23% of the total
Hg deposition in some areas where the ecosystem is already under significant an-
thropogenic and/or climate pressure , such as the Arctic and the Mediterranean
Basin. In simulations using either the 03/ OH or Br oxidation schemes roughly
two-thirds of anthropogenic emissions are deposited to the world’s Oceans. The
northern hemisphere is unsurprisingly more influenced by anthropogenic emis-
sions it is also therefore the region which will benefit most from emission reduc-
tion. This seems to the case in the North Atlantic where it is believed that the
Ocean is already responding to a reduction in riverine inputs which occurred from
the 1970s onwards [ 103]. Although on a global scale the emission height and spe-
ciation of Hg emissions have a relatively limited effect on the simulations, they are
far more important on a regional scale and should be better constrained for the as-
sessment of local versus regional/hemispheric sources for regions or ecosystems
at particular risk. Similarly to the Hg emissions from biomass burning, the oxida-
tion mechanism is of great importance in determining the spatial distribution of
Hg deposition. Continued monitoring, particularly at tropical latitudes and par-
ticularly of Hg in precipitation have the potential to give greater understanding of

the mechanisms driving the global atmospheric Hg cycle.
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Conclusions

For this thesis an improved version of the global on-line chemical transport model
ECHMERIT has been developed and used to investigate and assess a number of
the uncertainties related to the atmospheric cycle of Hg.

The total source of Hg to the atmosphere is 11800 Mgy, at the upper end of
the range (6200-11200 Mgy ') previously estimated by GEOS-Chem [98, 99]
and slightly higher than the recent independent estimate of 9700 Mgy using
CAM-Chem [59]. Almost all atmospheric Hg is removed as Hgl(fg Jag)- Dry deposi-
tion of Hg&) in ECHMERIT is somewhat greater globally than wet deposition of
Hg(,, ., (6500 vs 300 Mgy ™). The dry deposition of Hg is negligible (less than
10 Mgy ) due to the approach used for modelling the Hg® deposition velocity
(section 2.6).

The total simulated oceanic flux of Hg® to the atmosphere is 5500 Mgyr™, at
the at the high end of the range of previous estimates (800-5300 Mgyr ") and is
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comparable with the estimate of Selin et al. [99] of 5000 Mgyr~". Terrestrial pri-
mary emissions from soils and biogenic activities account for 2000 Mgy close to
other modelling estimates [99]. The prompt recycling of the previously deposited
Hg species account for 1400 Mgy, greater than previously reported [59, 99],
reflecting the greater total deposition.

Recent estimates suggest that approx. 2000 Mg of Hg are released each year
from human activities into the atmosphere. EDGAR and AMAP are the anthro-
pogenic emission inventories with the most similar geographical distributions, and
in comparison to the STREETS inventory have a higher proportion of emissions
at more southerly latitudes. This is due mostly to the recent re-evaluation of the
importance of ASGM as a source of Hg to the atmosphere which was not so evi-
dent in the AMAP 2005 inventory on which STREETS is based. Primary Hg an-
thropogenic emissions are responsible for up to 23% of the total Hg deposition in
some areas, such as the Arctic and the Mediterranean Basin. Independently of the
oxidation mechanism employed ( O,/OH or Br ) roughly two-thirds of anthro-
pogenic emissions are deposited to the world’s Oceans. The northern hemisphere
is unsurprisingly more influenced by anthropogenic emissions it is also therefore
the region which will benefit most from emission reduction.

GFED, GFAS and FINN are three recent inventories for Biomass Burning emis-
sions. The total calculated emissions of Hg from BB are similar for all three inven-
tories and account for approx. 600 Mgy, although there are differences in their
geographical distribution. However the lifetime of Hg(,) is such that the differ-
ences in the spatial distribution of the emissions is far less evident in the simulated
deposition fields. The GFED inventory is a slight exception as the distribution,
relatively to the other two inventories has a higher proportion of emissions in the
southern hemisphere, and this is also visible in the deposition fields. Just over 75%
ofthe Hgreleased by BB is deposited to the world’s oceans and seas. The maximum
deposition fluxes in the individual oceanic regions, are very similar for all the BB
inventories analyzed. One effect of BB is to emit Hg from lower latitudes for even-
tual deposition at higher latitudes, in both hemispheres. The presence of higher

latitude boreal forests in the Northern Hemisphere does mean that the Arctic is
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more impacted than the Antarctic by Hg deposition resulting from BB. The high-
est Hg deposition fluxes are found in the North Atlantic, while the the greatest total
Hg deposition is to the North Pacific. The factor which most influences the total
calculated Hg emission from BB is the enhancement ratio. More biome specific
Hg/CO enhancement ratios are needed to better constrain the magnitude of Hg
emissions from BB. The oxidation mechanism is of great importance in determin-
ing the spatial distribution of Hg deposition. Continued monitoring, particularly
at tropical latitudes and particularly of Hg in precipitation have the potential to
give greater understanding of the mechanisms driving the global atmospheric Hg

cycle.
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Methodology to calculate specific

Enhancement Ratios

An estimate of specific Enhancement Ratios (ERs) (i.e. on a cell by cell basis) was
made considering land cover maps, biome classification and ERs from the litera-

ture.

A.1  LAND COVER

The land cover map used was obtained from the Global Land Cover Facility (GLCF)
(University of Maryland, Department of Geography and NASA, [36]). The vege-
tation classification was obtained from the analysis of the MODIS (MCD12Q1)
granules, and identifies 17 land cover classes (excluding water bodies) defined by

the International Geosphere Biosphere Programme (IGBP), which includes 11
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natural vegetation classes, three developed and mosaicked land classes, and three
non-vegetated land classes. The map is on the WGS 1984 coordinate reference
system (EPSG: 4326) and dataset boundaries are -180.0° < longitude < 180.0°;
-64.0° < latitude < 84.0°. The data are at §° X 5§’ resolution, 1776 rows X 4320

columns and a geographic pixel size of approximately 0.083333°.

A.2  PEATSOILS

Boreal peatlands are becoming hot spots for mercury emissions as a result of in-
creased burning. Due to their high carbon content they have adsorbed mercury
from the atmosphere for millennia [120]. Therefore in preparing the ERs this spe-
cific emission source was taken into account using a digital soil map. The Har-
monized World Soil Database was obtained from the IIASA soil portal [2]. This
map is also on the WGS 1984 coordinate reference system (EPSG: 4326) at 30” X
30" resolution, consisting of 21600 rows and 43200 columns at a geographic pixel
size of approximately 0.008333 °. Selection of soils with high carbon content was
made on the basis of soil units. All Histosols (Eutric, Dystric and Gelic) and a unit

of Podzols (Placic) were selected.

A.3 BIOMES

The biome classification map was obtained from The Nature Conservancy web-
site [4] and is based on the Priority Ecoregions for global conservation [74], the
World Wildlife Fund’s ecoregions and also loosely based on Bailey’s ecoregions.
The classification includes 16 biome classes and again is on the WGS 1984 coor-

dinate reference system (EPSG: 4326).

A.4 ENHANCEMENT RATIOS

On the basis of a previous paper [37] and recent literature [126], ER,,,., Were

estimated for specific land cover classes and biomes (Table SI-A.s.1). The ERs
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Table A.5.1: Emission factors for CO and Hg and the calculated ER . for
different land cover types

EFco EFy, Ref. ER
gkg'DM™' ugkg 'DM™ X 1077

Tropical Forest 96.5 198.0 1 2.0§
Savanna & Grassland  63.5 17.6 2 0.28
Chaparral 67.0 41.1 2 0.61
Woodland 88.3 41.1 2 0.47
Extratropical Forest  116.0 242.0 1 2.09
Boreal Forest 127.0 314.9 2 2.48
Temperate Forest 89.0 238.8 2 2.68
Peatland 210.0 315.0 2 1.§
Agricultural Area 98.5 17.6 2 0.18
Average 106.2 158.4 2 1.44

References: van Leeuwen and van der Werf [ 126]; 1. this work; 2. Friedli et al. [37]

obtained were assigned to selected land cover classes divided into biomes to derive
ERjye, (Table SI-A.5.2).

A.5 MAP CALCULATIONS

Maps of land cover, biomes and organic soils were elaborated using ArcGIS (ESRI
') by means of the raster calculator. Before this step, maps were pre-processed to
harmonize the spatial resolution. All maps were re-gridded to 1" x 1’ resolution
comprising 30317 rows X 84205 columns, giving a geographic pixel size of ap-
proximately 0.016667°. The following step associated the organic soil map with
the land cover map resulting in a new map with an additional class. The 18 classes
were then assigned to their respective biomes, namely boreal, temperate and trop-
ical. The final result was the ERj,. map (Fig. SI-A.s.1). This output was, finally,
re-gridded to 1° X 1 ° to be used as input for ECHMERIT.

'http://www.esri.com/software/arcgis
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Table A.5.2: ERj, (x1077) for different land cover classes and biomes

Class

O 00 ONW»Ln p W B = O

e e <
0l OV AW M~ O

name

Water Bodies

Evergreen Needleleaf Forests
Evergreen Broadleaf Forests
Deciduous Needleleaf Forests
Deciduous Broadleaf Forests
Mixed Forests

Closed Shrublands

Open Shrublands

Woody Savannas

Savannas

Grasslands

Permanent Wetlands
Cropland

Urban and Built-up
Cropland/Natural Vegetation Mosaics
Snow and Ice

Barren

Tundra

Peat

95

Boreal
2.48
2.48
2.48
2.48
2.48

0.28
0.28

0.18

0.18

Temperate
2.68
2.68
2.68
2.68
2.68
0.61
0.61
0.28
0.28
0.28

0.18

Tropical
2.05
2.05
2.05
2.05
2.05
0.61
0.61
0.28
0.28
0.28

0.18

0.18
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Figure A.5.1: Map of the distribution ERg;,
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EDGARIPCC to SNAP Categories

Conversion

EDGARv4.tox1 mercury emissions are provided with no information about the
vertical distribution of emissions. However they are disaggregated by sector’, de-
fined by using the IPCC source categories and codes developed by the IPCC Na-
tional Greenhouse Gas Inventories Programme [22]. These IPCC source cate-
gories have been defined for reporting of national greenhouse gas inventories un-
der the UN Climate Convention and also for reporting by European countries of
national air pollutant emission inventories to the UN-ECE secretariat under the
Convention on Long-range Transboundary Air Pollution (CLRTAP) and to the
European Commission as required in the NEC directive.

The EMEP/CORINAIR Nomenclature for Reporting (NFR) source categories

'http://edgar.jrc.ec.europa.eu/faqé.php
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have been developed to be compatible to the IPCC reporting categories. A ta-
ble for converting NFRog to SNAP main sectors is provided by CEIP (the EMEP
Centre on Emission Inventories and Projections) and available at . Such informa-
tion have been used to convert EDGAR emissions sources to SNAP sector (see

Table B.o.1)

Table B.0.1: Conversion among IPCC, NFR09 and SNAP 11 Categories

EDGAR Hg sector IPCC Code NFRog9 SNAP
cement production, 2A 2A1 4
chlor-alkali industry, mercury cell technology, 2B 2Bsa 4
combustion in power generation and in industry, 1a1a,1a1bc 1a13,1a1¢ 1
combustion in residential and other combustion, 1A2,1A4,1A1bc  1A2f,1A4Bi,1A1B  1,2,3
large scale gold production, 2A7 2A7A 5
iron and steel production, 2C 2C1 4
production of Zn, Cu, Pb and Hg, 2C 2Cs 4
solid waste incineration and agricultural waste burning, 6 6 9

The EDGAR Hg emissions have been then finally vertically distributed accord-
ing to a default distribution based upon the SNAP codes as in EMEP model, as
shown in Table B.o.2. These distributions have been based upon plume-rise calcu-
lations performed for different types of emission source which are thought typical

for different emission categories, under a range of stability conditions *.

*http://wuw.ceip.at/fileadmin/inhalte/emep/pdf/nfrog_to_snap.pdf
*http://wuw.emep.int/UniDoc/node7.html
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Table B.0.2: Vertical distribution of Anthropogenic Emissions based on
SNAP sector ( in meter).

Height of Emission Layer (m)

SNAP Sector Sources 0-92 03-184 185324 325522 §23-781 782-1106
1 Combustion in energy and transformation industries o 0 § 46 2 17
2 Non-industrial combustionplants 50~ 50
3 Combustion in manufacturingindustry o 4 19 4 30 6
4 Productionprocesses 90~ 10
5 Extractionand distribution of fossilfuels and geothermalenergy g0 10
6 Solvents and other productuse 100
7 Road transport 100
8 Other mobile sources and machinery 100
9 Waste treatmentand disposal 10~ 15 40 35

10 Agriculture 100
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