


Abstract

L’inquinamento atmosferico viene definito come la presenza di sostanze
che possono avere effetti dannosi sulla salute umana o sull’intero sistema
ambientale (EC, 2008), causando effetti misurabili sugli animali, sulla vege-
tazione e sui diversi materiali. Queste sostanze, dette inquinanti, usualmente
non sono presenti nella normale composizione atmosferica o lo sono ma a con-
centrazioni estremamente basse.

Tra i più pericolosi inquinanti presenti in atmosfera c’è il mercurio (Hg),
un inquinante globale sotto controllo soprattutto negli ultimi anni (UNEP,
2013b; Mason et al., 2012; Driscoll et al., 2013) in quanto provoca gravi effetti
nocivi sulla salute umana.

Elevate concentrazioni di mercurio negli ecosistemi sono causate dalle
emissioni dirette, ma anche da reazioni chimiche che avvengono in atmosfera
e dalle condizioni meteorologiche che, governate dalla fisica dell’atmosfera,
regolano la distribuzione, il trasporto e la deposizione del mercurio. Per
individuare le cause delle elevate concentrazioni di inquinanti in atmosfera è
necessaria un adeguata rete di monitoraggio, ma è molto complicato coprire
vaste aree geografiche con stazioni di misura. Diviene dunque necessario
ricorrere a modelli matematici che simulano le condizioni atmosferiche dal
punto di vista sia meteorologico che chimico, in modo da ottenere i fattori
sui quali è possibile intervenire per migliorare la qualità dell’aria.

Questo lavoro di tesi mostra lo sviluppo di un modello regionale online
che simula il ciclo atmosferico del mercurio, in modo da valutare ed iden-
tificare le relazioni tra sorgenti e recettori a scala regionale e gli andamenti
temporali degli scenari di emissione di mercurio attuali e futuri. Il risultato
è una versione ampliata del modello numerico per la chimica ed il trasporto
atmosferico WRF/Chem (modello Weather Research and Forecasting per la
meteorologia integrato con la chimica atmosferica, Grell et al. (2005)), che
può simulare il ciclo atmosferico del mercurio online. Questa versione del
modello è in grado di riprodurre i campi di concentrazione ed i flussi di depo-
sizione del mercurio a scala regionale, includendo le emissioni da sorgenti sia
antropogeniche che naturali e simulando le interazioni e le reazioni chimiche
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che avvengono in atmosfera, nonché i processi di deposizione. Per lo sviluppo
di questo modello è stato necessario indagare i diversi aspetti della chimica
del mercurio, analizzando ed implementando le interazioni con gli altri gas
presenti in atmosfera, con la radiazione solare, con il vapore acqueo e con
la pioggia; queste interazioni regolano i processi di ossidazione, riduzione e
deposizione del mercurio. Inoltre sono stati implementati nel modello i pro-
cessi di emissione da parte di sorgenti antropiche e naturali, parametrizzando
le emissioni di mercurio dovute agli incendi boschivi e l’evasione di mercu-
rio nell’interfaccia atmosfera - superfice del mare. Oltre alle deposizioni di
mercurio da parte delle piogge (deposizione wet) sono stati implementati i
meccanismi per deposizione al suolo dovuta alla forza gravitazionale ed ai
moti atmosferici (deposizione dry).

Il modello è in grado di riprodurre la variazione stagionale delle con-
centrazioni di mercurio, rappresentando adeguatamente anche gli andamenti
di Hg II e HgP nello strato atmosferico al limite con la superfice del Mar
Mediterraneo (Mediterranean MBL). La medie annuali delle deposizioni di
mercurio wet e dry modellate sono simili, ma con differente distribuzione
spaziale: la deposizione wet domina nelle zone umide mentre la deposizione
dry è maggiore vicino alle sorgenti di emissione. Comparando le deposizioni
con l’evasione di mercurio dalla superfice del mare risulta che il Mar Mediter-
raneo è una sorgente di mercurio per tutta l’area, con circa 70 Mg di mercurio
emessi in un anno. I risultati suggeriscono inoltre che nel MBL Mediterraneo
il Bromo è un importante ossidante del mercurio.

Il modello WRF/Chem è stato inizialmente usato per investigare la pro-
duzione fotochimica di un importante costituente atmosferico che influenza il
ciclo del mercurio nell’area del Mar Mediterraneo, l’ozono troposferico (O3).
Oltre ad influenzare il ciclo del mercurio, l’ozono è anche un pericoloso in-
quinante: elevate concentrazioni di ozono in prossimità del suolo sono infatti
dannose sia per la salute umana che per la produzione agricola. L’analisi
modellistica dell’inquinamento da ozono troposferico mostra una forte in-
fluenza delle emissioni prodotte dalle navi che transitano nel Mar Mediter-
raneo, stimando il loro contributo in circa il 10–20 % delle concentrazioni di
ozono nelle aree continentali.



Introduction

Air pollution is defined as the presence of a substance that may have
harmful effects on human health and/or on the whole environment (EC,
2008), causing a measurable effect on humans, animals, vegetation and on dif-
ferent materials. These substances, called pollutants, usually are not present
in normal ambient air, or are present in the atmosphere but at extremely low
concentration.

Among the most dangerous pollutants in the atmosphere is Mercury (Hg),
a global pollutant which has come under increasing scrutiny over recent years
(UNEP, 2013b; Mason et al., 2012; Driscoll et al., 2013), because it can cause
severe effects on human health.

Elevated concentrations of mercury in ecosystem are caused by high
emissions, but also by the chemical reactions that occur in the atmosphere
and meteorological conditions. Meteorological conditions, governed by the
physics of the atmosphere, regulate the distribution, transport and deposi-
tion of mercury. To identify the causes of high concentrations of pollutants
an adequate monitoring network is needed, but it is very difficult to cover
the whole large areas with measurement stations. Thus it is necessary to use
mathematical models that simulate the atmosphere in terms of meteorologi-
cal and chemical conditions, in order to have an idea of the factors on which
it is possible to intervene to improve air quality.

This thesis shows the development of a regional online model for the sim-
ulation of the atmospheric Hg cycle, to evaluate and identify source-receptor
relationships at local scales and their temporal trends for current and fu-
ture scenarios of mercury emissions. The result is a modified version of the
numerical Chemistry Transport Model WRF/Chem (Weather Research and
Forecasting model integrated with chemistry, Grell et al. (2005)), which can
simulate atmospheric Hg chemistry online. This model can estimate the
concentration fields and deposition fluxes of mercury on a regional scale,
simulating the emissions from anthropogenic and natural sources, chemical
interactions and reactions in the atmosphere and the deposition processes. A
detailed description of this modified model version is given in chapter 3, while
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a general description of the Hg atmospheric cycle can be found in chapter 1.
Initially the standard WRF/Chem model (described in section 2.3) was

used to investigate the photochemical production of an important atmo-
spheric constituent that influences the Hg cycle in Mediterranean region,
tropospheric ozone (O3). In addition to influencing the Hg cycle, O3 is also a
dangerous pollutant. In fact elevated concentrations of ground level ozone are
both hazardous to human health and detrimental to agricultural production.
In this study, as described in chapter 2, ozone pollution in Mediterranean
basin area has been studied. The model meteorological and O3 concentra-
tions output was compared to measurement data. The model was also used
to investigate the influence of ship emissions on air quality in the Mediter-
ranean region.

Mercury has a long (6 - 18 months) atmospheric residence time allowing
it to be transported long distances in the atmosphere. For this reason it
is necessary to develop global models for the study of the Hg cycle, from
which the necessary boundary conditions for regional models can be obtained.
Mercury atmospheric concentrations are strongly influenced by long range
transport, and a description of the global model ECHMERIT (De Simone
et al., 2013; Jung et al., 2009), used for the boundary and initial conditions
for the WRF/Chem with Hg model, is given in the Appendix A.

Model application for the investigation of the processes that occur in the
Mediterranean Marine Boundary Layer, mercury air-water fluxes and recent
developments on the impact that Bromine-containing compounds have on
the atmospheric Hg cycle are described in chapter 4.
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Chapter 1

Introduction to the Mercury
cycle

Mercury (Hg), also known as quicksilver, is a heavy metal which is liquid
at room temperature and evaporates easily (UNEP, 2013b). It is a natural
element that cannot be created or destroyed, and the same amount has ex-
isted on the planet since the Earth was formed (Pirrone et al., 2001). Many
research studies indicates that natural and anthropogenic activities can re-
distribute this element in the atmospheric, soil and water ecosystems through
a complex combination of transport and transformations. Once it has en-
tered the environment, mercury cycles between air, land, and water until it is
eventually removed from the system through burial in deep ocean sediments
or lake sediments and through entrapment in stable mineral compounds.

During industrial times, due to its unique physical-chemical properties
(high specific gravity, low electrical resistance, constant volume of expan-
sion), it has been employed in a wide array of applications (manufactur-
ing, dentistry, metallurgy, etc.) and as result of its use the amount of mer-
cury mobilised and released into the atmosphere has increased compared to
pre-industrial levels. Figure 1.1 shows the Hg emission obtained by model
simulations (Smith-Downey et al., 2010) for pre and post-industrial condi-
tions. This model simulation highlights a factor of 3 difference between
pre-industrial and present-day conditions in the Hg emissions (around 2900
Mg y−1 in present-day conditions respect the 1000 Mg y−1 estimated for
pre-industrial time). The net difference in global Hg concentrations between
pre and post-industrial time is evident also considering the amount of atmo-
spheric Hg deposited at Upper Fremont Glacier (Wyoming, USA). Using the
measurements of Hg in ice core over the last 270 years, reported in figure
1.2, it is possible identify a positive trend in Hg concentrations. Considering
the oldest measurements as natural background it is possible attribute the
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Figure 1.1: Soil Hg emissions simulated for preindustrial (upper panel) and
present day (lower panel) conditions. Concentrations are in µg m−2 y−1.
Adapted from Smith-Downey et al. (2010).

elevated concentrations at natural (volcanic eruptions to the 1815, 1883 and
1980) and anthropogenic (global and local) source.

Research on atmospheric emissions and transport, deposition mechanisms
to terrestrial and aquatic receptors, chemical transformations of elemental
mercury to more toxic species, studies on the bioaccumulation of mercury
in the aquatic food web as well as exposure and risk assessments has driven
the scientific and political communities to consider this toxic element as a
pollutant of global concern (Nriagu and Pacyna, 1988; Mason et al., 1994;
Pleijel and Munthe, 1995; Pacyna and Keeler, 1995; Pirrone et al., 1996,
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Figure 1.2: Ice core record of deposition Upper Fremont Glacier. Image from
UNEP (2013a).

1998; Petersen et al., 1998; Pirrone et al., 2000; Pacyna and Pacyna, 2000;
Munthe et al., 2001; Wängberg et al., 2001b).

The global mercury cycle in the biosphere is a very complex system. As
indicated in figure 1.3, mercury is emitted in the atmosphere from a variety
of sources, is dispersed and transported in the air, deposited to the Earth
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and stored in or redistributed between water, soil, sediment and atmospheric
compartments. Therefore, mercury cycling and mercury partitioning be-
tween different environmental compartments are complex phenomena that
depend on numerous environmental parameters.

Figure 1.3: Global Hg budgets illustrate the main environmental compart-
ments and pathways that are of importance in the global mercury cycle, and
the ways in which natural and anthropogenic releases to air land and wa-
ter move between these compartments. Emissions to air arise from natural
sources and anthropogenic sources, as well as reemissions of mercury previ-
ously deposited from air onto soils, surface waters, and vegetation. Image
adapted from UNEP (2013a).

Mercury is a global threat to human and environmental health (UNEP,
2013a), and an increase in ambient air levels of mercury will result in an
increase of direct human exposure and in an increase of the mercury flux
entering terrestrial and aquatic ecosystems, leading to elevated concentra-
tions of organic mercury in freshwater fish and marine biota. Methylmercury
(MeHg) is the most toxic and bioaccumulative form of organic mercury that
accumulates in aquatic food web. It represents the greatest health risk to
humans and wildlife and is mainly formed in aquatic environments through
natural microbial processes. Humans are predominately exposed to MeHg
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by consuming fish (Pirrone et al., 2013).
Atmospheric mercury exists in three forms: gaseous elemental mercury

(GEM or Hg 0), gaseous oxidised mercury (Hg II or GOM) compounds, and
Hg associated with particulate matter (HgP ). Oxidised mercury compounds
are emitted from anthropogenic sources and readily transferred to aquatic
and terrestrial receptors by dry deposition processes and wet scavenging by
precipitations. Oxidised mercury compounds are much less volatile, and
are mostly more water soluble than GEM. The precise chemical nature of
these compounds is still not known and thus the term GOM is used to de-
scribe all forms of mercury sampled from the atmosphere using a KCl-coated
denuder and analysed by CVAAFS (Cold Vapor Atomic Absorption Fluo-
rescence Spectroscopy, Landis and Keeler (2002)). Mercury associated with
particulate matter can be emitted from anthropogenic sources, active vol-
canoes and evaporation of cloud/aerosol droplets that contained mercury
compounds. These particles are generally part of the fine aerosol fraction
and their transport and deposition characteristics are defined by the parti-
cle’s properties. Mercury in this form is thought to be mostly insoluble. Both
humans and wildlife are adversely affected by exposure to multiple chemical
forms of mercury (Pirrone and Keating, 2010a) and the severity of health
impacts varies with the intensity and duration of exposure. Adverse human
health effects range from those detectable only with specialized testing proto-
cols at those clinically evident, as well as death (Clarkson and Magos, 2006).
High levels of MeHg exposure cause a variety of negative health effects in
humans and wildlife, including kidney and liver failure, endocrine disrup-
tion, reproductive abnormalities, neurodevelopmental delays, long-term IQ
deficits and compromised cardiovascular health in adults (Clarkson and Ma-
gos, 2006; Mergler et al., 2007; Scheuhammer et al., 2007; Tan and Mahaffey,
2009; Pirrone et al., 2013)

Neurological damage produced by concurrent exposure to multiple forms
of mercury may produce additive or cumulative neurological damage (Mergler
et al., 2007). People living in artisanal gold mining areas with long-term
environmental contamination in mining wastes are exposed concurrently to
inorganic mercury vapor and MeHg. Within these regions, elevated MeHg
exposures among fish-consuming workers and their families are attributable
to bioaccumulation of MeHg in the aquatic food chain (Pirrone and Keating,
2010a). Thus MeHg is the most dangerous Hg form for human health, and
the oxidation processes are very important in the increase of MeHg. Infact
GOM is deposited more readily at the ground and in the water, where it
turns into MeHg.
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1.1 Emissions

Mercury is a naturally occurring element that is contained in many min-
erals, particularly cinnabar, an ore mined to produce mercury, also is much of
the present day demand for mercury is met by supply from mercury recovered
from industrial sources and stock rather than from mercury mining. Mercury
is also present as an impurity in many other economically valuable minerals
(in particular the non-ferrous metals) and in fossil fuels, coal in particular
(UNEP, 2013b). Thus processing of mineral resources at high temperatures,
such as combustion of fossil fuels, roasting and smelting of ores, kiln op-
erations in the cement industry, as well as incineration of wastes and the
production of certain chemicals, result in the release of several volatile trace
elements to the environment. Mercury is one of the most important trace
elements emitted to the environment due to its toxic effects on the environ-
mental and human health. Our knowledge of mercury emissions on a global
and regional scale is still incomplete (Pirrone et al., 2001). The majority an-
thropogenic emissions and releases have occurred since 1800, associated with
the industrial revolution based on coal burning, base-metal ore smelting, and
gold rushes in various parts of the world (figure 1.2).

Hg is emitted in the atmosphere from a variety of natural and anthro-
pogenic sources (Nriagu and Pacyna, 1988; Pirrone et al., 1996; Pacyna and
Pacyna, 1996; Pirrone et al., 1998; Pacyna and Pacyna, 2000; Pacyna et al.,
2001). Thus the Hg emission can be classified in natural and anthropogenic,
and the ratio between the relative contributions of these sources category
may vary within a region and time of the year (Pirrone and Mason, 2009).

Source
Mason (2009)

Pirrone et al. (2010) UNEP (2013a)
Pacyna et al. (2010)

Natural (total) 4532 5207 4080-6950
Ocean 2682 2682 2000-2950
Biomass burning 675 300-600
Volcanoes-geogenic 90 90 80-600
Anthropogenic (total) 1926 2320 1960

Table 1.1: Global natural and anthropogenic emissions (Mg yr−1) from var-
ious estimates.

Global estimate shown for the year 2008 an amount between 4500 Mg yr−1

(Mason, 2009) and 5200 Mg yr−1 (Pirrone et al., 2010) of Hg emitted from
natural sources, while for anthropogenic sources estimate for year 2005 are
between 1900 Mg yr−1 (Pacyna et al., 2010) and 2300 Mg yr−1 (Pirrone et al.,
2010), as shown in table 1.1. More recent estimates (UNEP, 2013a) confirm
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these values and shows around 2000 Mg yr−1 for anthropogenic source and
a range among 4000 and 7000 Mg yr−1 for natural emissions.

1.1.1 Natural sources

Natural sources are very important contributors to the total budgets of
atmospheric mercury. They include crustal degassing, volcanoes, a compo-
nent of the reemission of previously deposited Hg from soils and aquatic
surfaces, weathering processes of the Earth’s crust and some forest fires (Pir-
rone et al., 2010). In particular the Hg evasion from the oceans is the largest
source of mercury in the atmosphere. On a global scale, the dominant com-
ponent of the mercury released from terrestrial and oceanic systems is previ-
ously deposited anthropogenic mercury (legacy) rather then geogenic sources
(Streets et al., 2011). Contributions from natural sources and processes vary
geographically and over time depending on a number of factors including me-
teorological conditions, the presence of volcanic or geothermal activities, the
presence of Hg bearing minerals such as cinnabar, the magnitude of exchange
processes between waters and the atmosphere, the reemission of previously
deposited Hg from top soils and plants, and also the occurrence of forest fires
(Mason, 2009; Friedli et al., 2009; Pirrone et al., 2010).

Two major source categories would include the sources related to the ge-
ological presence of mercury in various minerals and evasion of mercury from
aquatic and terrestrial ecosystems. The latter source category is very much
related to the historical atmospheric deposition of mercury to these ecosys-
tems, emitted originally also from anthropogenic activities. It is extremely
difficult with the current status of our knowledge to differentiate between
the reemission of mercury originally from anthropogenic and natural sources
(Pirrone et al., 2001).

Mercury from the oceans

Mercury in ocean waters is mostly present as GEM (Mason et al., 2012).
Globally, total Hg concentrations in the ocean mixed layer are generally < 1
pM (1 M = 1 moles l−1) (Soerensen et al., 2010). Mercury air-sea exchange
is primarily driven by the concentration gradient of GEM between the top-
water microlayer and the air above, by solar irradiation (responsible for redox
processes) and by wind speed and temperature at the air-water interface
(Pirrone and Wichmann-Fiebig, 2003; Soerensen et al., 2010). A detailed
description of sea water-air exchange processes is given in section 3.1.4.
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Mercury from the volcanoes and geothermal areas

Emissions from volcanoes are one of the major geological sources of Hg
globally and in Europe (especially in Southern Europe) together with evasion
of the element from lands containing Hg minerals. The volcanic contribu-
tion, which may be an important source at the local scale, varies over time
depending if they are in degassing or eruption phase (Pirrone and Mason,
2009). Table 1.1 summarises the amount of Hg emissions from this sources.
As a consequence of mercury content in vegetation, Hg emission from biomass
burning can be significant (Friedli et al., 2003; Pirrone and Mason, 2009).
This contribution is often not well constrained in regional emissions esti-
mates, especially in very dry regions such as the Mediterranean and several
countries of African, South American and South-East Asian. However it
represents an important contribution to the global atmospheric Hg budget
(Pirrone and Mason, 2009).

1.1.2 Anthropogenic sources

Mercury is released to the atmosphere from a large number of human
sources, linked to large-scale industrial facilities, particularly coal fired elec-
tricity generation, cement production and metallurgical industries (Pirrone
et al., 2013; Pirrone and Mason, 2009; Pirrone et al., 2010). Information on
chemical and physical species of mercury emitted from various anthropogenic
sources is needed for the development of models of transport and transforma-
tions of the element in the environment. Globally more than half of mercury
from anthropogenic sources is emitted as GEM, while only 10% of emissions
occur as HgP . The rest of the mercury is emitted as GOM (Pirrone et al.,
2001).

Recent estimates of global emission (UNEP, 2013a), reported in table 1.2,
indicate that Europe and North America contribute less than 8% to the global
anthropogenic emissions of the Hg to the atmosphere while the majority of
the emissions, originate from combustion of fossil fuels, are in the East and
Southeast Asia (see figure 1.5). Combustion of coal in Southeast Asia is and
will remain in the near future as the main source of energy (Pirrone et al.,
2001).

Most of the anthropogenic Hg emission occurs in the northern hemisphere
(Pirrone et al., 2013; Pacyna et al., 2010; Pirrone et al., 2010; Pirrone and
Keating, 2010b), and the lifetime of atmospheric mercury (Hedgecock and
Pirrone, 2004; Corbitt et al., 2011) is such that this is reflected in the dif-
ference in the background concentration of Hg in the northern and southern
hemispheres: at the North of the equator observed background Hg concentra-
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Region Emission %
Australia, New Zealand and Oceania 22.3 1.1
Central America and the Caribbean 47.2 2.4
CIS and other European countries 115 5.9
East and Southeast Asia 777 39.7
European Union 87.5 4.5
Middle Eastern States 37.0 1.9
North Africa 13.6 0.7
North America 60.7 3.1
South America 245 12.5
South Asia 154 7.9
Sub-Saharan Africa 316 16.1
Undefined 82.5 4.2
Total 1960 100

Table 1.2: Emissions from various regions (Mg yr−1) and as a percentage of
total global anthropogenic emissions. See figure 1.4 for the regions specifica-
tion. Table adapted from UNEP (2013a).

Figure 1.4: Region to the table 1.2 (UNEP, 2013a).

tions are around 1.7 ng m−3, while in the southern hemisphere these values
are around 1.2 ng m−3.

Generally the Hg emissions estimates are calculated by multiplying the
amount of activity (amounts of fuels burned, raw materials consumed, mate-
rials produced, etc.) by an Emission Factor (EF), that is an estimate of the
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mercury emitted per unit of activity. But emissions control technology and
coal types burned at the various industry often vary between nations so it is
not always possible to use EF measured at one installation to another in a
different area (Pirrone et al., 2001).

One of the most important factors concerning mercury emissions is the
speciation of mercury emitted (GEM, GOM and HgP ), because the propor-
tion of GOM and HgP dictates the extent of local deposition. In figure 1.5
are reported the spatial distribution of global anthropogenic Hg emissions
estimated for the year 2010.

Figure 1.5: Global distribution of anthropogenic mercury emissions to air in
2010 (UNEP, 2013a).

1.1.3 Speciation of anthropogenic Hg emissions

Accurate information on emissions of the various chemical forms of Hg
is needed by the modelers simulating long-range transport and atmospheric
deposition of the element to the marine and terrestrial surfaces (Pirrone et al.,
2001). While the natural emissions are almost 100% GEM (some particles
from volcanoes and fires), there are many uncertainties about the speciation
of Hg anthropogenic emissions. The major chemical form of mercury emitted
from the anthropogenic sources in Europe to the atmosphere is GEM (61%
to the total; GOM 32% and Hg on particles around 7%) of the total.
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1.2 Atmospheric transport and transforma-

tions

In the atmospheric Hg cycle a critical aspects is the oxidation of Hg 0 to
Hg II . This reaction controls the distance which Hg is transported, deter-
mining deposition patterns and fluxes because the elemental and oxidised
Hg have very different chemical and physical characteristics.

GEM is relatively volatile and inert to chemical reactions with other at-
mospheric constituents and is only slightly soluble in pure water. This gives
elemental mercury an atmospheric residence time of approximately one year
(Pirrone et al., 2001; Slemr et al., 1985). Once released to the atmosphere
Hg can be dispersed and transported for long distances over hemispheric and
global scales before being deposited to terrestrial and aquatic ecosystems.
Hg II does not remain in the atmosphere for long before it is either dry de-
posited or scavenged by clouds or rain. Hg II and HgP are typically present
in concentrations less than 1 % of the Hg 0. Especially near the emissions
sources it is possible have large variations in the Hg emissions speciation
(Pirrone et al., 2001).

There are a number of possible oxidation pathways for Hg in the atmo-
sphere, some have been measured in laboratory kinetics experiments and
others have been estimated using theoretical chemistry methods. Some have
even been hypothesised from regional/global modelling studies, because the
model results failed to a greater or lesser extent to match observations. Ac-
tually there are two different Hg oxidation mechanisms which are considered
possible: oxidation by Br and BrO and oxidation by O3 and OH. The level
of uncertainty is such that both O3/OH and Br/BrO oxidation mechanisms
are used regularly (but not together) in global and regional models.

1.2.1 O3/OH oxidation

The most important gas phase oxidation pathways are the reactions with
ozone (Hall, 1995) and OH radicals (Hynes et al., 2009; Ariya et al., 2009;
Subir et al., 2011, 2012). Oxidation of Hg 0 leads to Hg II species which are
notably less volatile than Hg 0 and will tend to condense onto atmospheric
particulate matter or be deposited to terrestrial or marine surfaces. In the
presence of liquid water in the atmosphere (fog, cloud water or precipitation)
small amounts of Hg 0 are dissolved and can be oxidised in the aqueous phase
by ozone (Munthe and McElroy, 1992) or OH radicals (G̊ardfeldt et al., 2001).
The reactions in the aqueous phase occur at a significantly higher rate than
in the gas phase. However the rate of oxidation in aqueous and in gas phase
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are comparable, because the liquid water content in the atmosphere and the
solubility of Hg 0 in water are low.

1.2.2 Br/BrO oxidation

Recent laboratory kinetic studies suggest that the global mean lifetime of
Hg 0 under atmospheric conditions considering the oxidation by ozone (120
- 210 days, Hall (1995); Pal and Ariya (2004)) and OH (60 - 1500 days,
Sommar et al. (2001a); Pal and Ariya (2004)) can not explain the observed
residence time of total atmospheric mercury (6 month - 2 years, Schroeder
and Munthe (1998)).

Recently Goodsite et al. (2012) developed a homogeneous mechanism for
Hg-Br chemistry in the troposphere based on theoretical kinetic calculations,
and showed that gas-phase oxidation of Hg 0 by Br atoms could explain mer-
cury depletion events in the Arctic springtime boundary layer (Hedgecock
et al., 2008), and suggested that this mechanism would be important more
generally in the marine boundary layer (Hedgecock et al., 2005; Sprovieri
et al., 2010) and on the global scale (Holmes et al., 2006). Subsequently
Lin et al. (2006) suggested that Hg-Br chemistry is also significant in the
upper troposphere. Actually oxidation by Bromine compounds is used in
many global model (GEOS-Chem Holmes et al. (2010), GRAHM (Durnford
et al., 2012) and CTM-Hg (Seigneur et al., 2006)), though there are doubts
about the possibility that Br atoms and Br containing compounds can oxidise
elemental Hg in the atmosphere.

1.2.3 Hg reduction

Reduction back of Hg II to Hg 0 and subsequent transfer back to the gas
phase may also occur via reactions with dissolved sulphite dioxide and HO2

radicals. The complex chemistry of Hg II in the liquid phase regulate the rate
of reduction. There is a range of possible products of more or less importance
depending on the pH of the aqueous phase and on the chemical composition
of the original aerosol particle. In particular Hg II in fog and raindrops may
adsorb to particulate matter scavenged by the droplets, that is particularly
likely if the particulate matter is rich in elemental carbon, as in the case of
soot that have high adsorption coefficient for Hg (Pirrone et al., 2001).
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1.3 Atmospheric Hg modelling

Chemical Transport Models (CTMs) are a useful tools for investigate the
mercury pollution. Their role is particularly important for the evaluation
of atmospheric mercury dispersion over long distances, taking into account
the limited coverage of existing monitoring networks. In particular, model
simulations provide estimates of mercury ambient concentration and soil de-
position on global and regional scales, forecasts of future pollution changes
and evaluation of intercontinental transport. The application of chemical
transport models can supplement direct measurements, giving more detailed
and comprehensive information on mercury cycle.

Current knowledge on Hg behavior in the atmosphere and its potential to
cycle among different environmental media is still incomplete, in spite of the
development of modelling approaches and the considerable progress in ana-
lytical chemistry of atmospheric mercury during the last decade. Remain sig-
nificant gaps in the knowledge of chemical processes affecting mercury atmo-
spheric transport and deposition, the characteristics of air-surface exchange
and the processes responsible for reemission of mercury to the atmosphere.
Therefore, application of global and regional scale mercury models, in combi-
nation with extensive monitoring data, could facilitate further understanding
of the principle mechanisms governing mercury cycling and dispersion in the
environment, as well as improving model parameterizations.

Another important use of atmospheric modelling is the evaluation of
global emission inventories. Existing global mercury emissions data contain
significant uncertainties, particularly as they relate to estimates of natural
emissions from terrestrial and oceanic sources. Using global atmospheric
models with different emission estimates and comparing the model results
with measurements, it can provide an additional evaluation of the emission
inventories. Therefore, development of an integrated approach that include
combined consideration of emissions inventories, monitoring data and mod-
elling results, could significantly improve the assessment process. A key ele-
ment of such an integrated approach is the availability of feedbacks between
the assessment elements (emissions, monitoring and modelling).

Currently a number of mathematical models have been developed to sim-
ulate the emission, dispersion, transport and deposition of mercury in the
atmosphere. The simulation of atmospheric mercury is a challenging task,
because it requires extensive treatment of multiple species that exist in dif-
ferent phases in the atmosphere and shows distinct physical and chemical
properties. The different interactions between various mercury species and
the atmospheric environment are very complex, and require careful consider-
ation of the science processes in atmospheric mercury models. These models



CHAPTER 1. INTRODUCTION TO THE MERCURY CYCLE 25

vary extensively in their scope, formulation and specially spatial and tempo-
ral scales. In fact a first model classification is based on the spatial scale of
model application, with the distinction between regional and global models.
Another import distinction is between online and offline models.

1.3.1 Regional Hg modelling

A regional CTM is a type of numerical model which typically simulates
atmospheric chemistry, atmospheric dispersion and trans-boundary trans-
port within a continent or particular region, with spatial resolution from 1
to 100 km. These models are usually applied for the simulations of mer-
cury dispersion over areas containing numerous emission source, and where
want to get a high details level. The primary strengths of these models are
the detailed treatment of Planetary Boundary Layer (PBL) processes and
relatively high spatial resolutions. Mercury deposition is mostly determined
by regional emissions of short-lived mercury forms (GOM and HgP ) and
by in-situ oxidation of Hg 0 transported regionally and globally. Because
the inflow of various mercury species from the domain boundaries can sig-
nificantly influence the simulation results of regional models, they rely on
appropriate boundary concentration fields for simulations, often by assum-
ing background mercury concentrations at domain boundaries but preferably
interpolated from global model results.

1.3.2 Global Hg modelling

Global models were developed to study the global mercury atmospheric
cycle. Hemispheric models are an intermediate case between regional and
global models because they cover mercury dispersion over one of the hemi-
spheres, but still have a lateral boundary along the equator. Global and
hemispheric models are commonly applied for long-term simulations (sev-
eral years). In addition to the detailed treatment of gaseous chemistry and
upper air circulations, one important advantage of global models respect
regional models is that they are capable of creating global concentration
fields constrained to available field measurements. However, they commonly
have lower spatial resolution compared to regional models (spatial resolution
around 100 - 500 km).

A very useful application of global models is to provide the Boundary and
the Initial Conditions (BC/IC) to regional mercury models which perform
simulations at higher spatial and temporal resolutions. Regional CTM sim-
ulations of atmospheric Hg chemistry and deposition have been shown to be
particularly sensitive to the BC which are used (Pongprueksa et al., 2008).
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Boundary conditions for regional simulations are generally more important
than initial conditions for regional Hg CTMs, and therefore recently most
regional models make use of time and space varying BC from global model
output. However there can be some variation in the regional modelling re-
sults depending on which global model output is used (Bullock et al., 2008;
Harris et al., 2012).

1.3.3 Offline and Online model

The offline air quality models have the fundamental assumption that it
is possible to make accurate air quality simulations ignoring the coupling
between chemical and meteorological processes (Grell et al., 2004). This ap-
proach requires an initially running a meteorological model, independently of
the CTM. The output from the meteorological model, typically available ev-
ery 30-60 minutes, is used to drive the transport in the chemistry simulation.
This methodology has many computational advantages, but the separation
of meteorology and chemistry can also lead to a loss of potentially important
information about atmospheric processes that often have a time scale much
smaller than the meteorological model output frequency (wind speed and
directional changes, cloud formation and rainfall). Furthermore, in an offline
model the feedback from chemistry to meteorology cannot be considered, and
these deficiencies make the alternative online approach more attractive.

In online model the chemistry is integrated simultaneously with the me-
teorology, allowing feedback at each model time step both from meteorology
to chemistry and from chemistry to meteorology. In this way is possible re-
produce the strong coupling of meteorological and chemical processes in the
atmosphere. Online models can also be used to study the influence of air
quality on regional climate and weather.

Thus the online modeling allow the feedback between chemistry and me-
teorology, permitting a better characterization of the dispersion of air pol-
lutants. But there are also disadvantages in online approaches. One such
disadvantage is seen in operational weather forecasting, where a longer com-
putational time is required to produce the meteorological conditions with
an online air quality prediction, while an offline chemical transport simula-
tions require only a single meteorological data set to produce many chemical
transport simulations to examine a particular situation. These research is-
sues may only be related to air chemistry, thus it may not be necessary to
run the modeling system online.
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1.3.4 Measurements and model development

Models for transport and chemistry of atmospheric species are based on
input with a significant range of uncertainty (Pirrone and Mason, 2009).
This is true especially for Hg models, because essential characteristics of
atmospheric cycling and photochemical transformation of Hg concern more
uncertainty relative also to other atmospheric species. The principal role of
measurements in model development is to provide a basis for evaluating the
model accuracy in simulating ambient conditions. Comparisons to the pre-
dicted values with the observed ambient measurements are the central test
for establishing the accuracy of models (e.g. Selin et al. (2007); Strode et al.
(2008); Hedgecock et al. (2006); De Simone et al. (2013); Gencarelli et al.
(2013a)). When model predictions show significant differences from mea-
sured values, this is frequently concerned as evidence of errors in the models,
and suggest investigation and modification of model input assumptions or
spatial resolution. Thus ensembles of measured values provide a basis for
constraining the assumptions used by models (Pirrone and Mason, 2009).
Ambient meteorological measurements can be also used as input directly in
CTMs.

Thus the model evaluation is an essential part of the model development
process. Model-measurement comparisons can be used to provide indication
on problem that are relevant to policy concerns and provide a basis for con-
straining the range of assumptions used by models, especially with regard to
emission rates and photochemical reaction sequences (Pirrone and Mason,
2009).

Models also represent a key component of a global research framework,
as they are able to play many important roles such as:

� helping to determine the optimal locations for long-term observational
sites and short-term process studies, in order to maximize the usefulness
of the data collected;

� assimilating the observational data acquired from different monitoring
systems and helping to place isolated measurements in a larger context;

� providing simulations of future Hg trends, fluxes, and coupling with
water quality changes.



Chapter 2

Tropospheric ozone in
Mediterranean area modelling

Measurements of ozone at numerous locations in the Mediterranean area
have all shown that the region shows significantly higher levels of ozone con-
centrations than European background sites. The region also shows episodes
during which ozone concentrations reach and remain at levels which exceed
European Union standard values (considered harmful for human health and
which also have a detrimental effect on vegetation and agriculture).

A recent report to the European Environment Agency shows that up to
15% of the European’s urban population is exposed to ozone concentrations
above 120 µg m−3 (EEA, 2013). Elevated concentrations of O3 have been
observed at coastal sites (Nolle et al., 2002; Saliba et al., 2008; Gerasopoulos
et al., 2005), inland sites (Cristofanelli and Bonasoni, 2009), during intensive
field campaigns (Lelieveld et al., 2002), and also over the sea itself as shown
by measurements performed on board a cruise liner (Velchev et al., 2010)
and on board the Italian Research Council’s R. V. Urania as described in
this chapter (section 2.1).

The Mediterranean Basin is contributes to the production of elevated
levels of O3 for both geographical and meteorological reasons. During the
summer the Mediterranean is under the descending arm of the Hadley cir-
culation, leading to prolonged periods of stable, warm and sunny weather,
which favours both O3 formation and the natural production of VOC (Millán
et al., 2002). In the Western Basin the formation of diurnal recirculation pat-
terns between the land and the sea mean that O3 rich air produced over land
during the day is moves over the sea in the evening, where it is effectively
stored over night. In the morning the onshore breeze carries that same air
back over land, where it can continue to accumulate precursors and produce
more O3 (Millán et al., 2002; Adame et al., 2009).

28
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The recirculation phenomena seems to be more important in the Western
Basin than the Eastern (Velchev et al., 2010), both the Eastern and West-
ern Basins of the Mediterranean are influenced by the outflow of polluted
air masses from more central and northern parts of Europe (Lelieveld et al.,
2002; Kalabokas et al., 2007, 2008; Cristofanelli and Bonasoni, 2009). The
Eastern region of the Mediterranean is also becoming more influenced by
increasing urbanization, the growth of Istanbul and Cairo being the most
obvious examples (Kanakidou et al., 2011; Im and Kanakidou, 2011). The
transport of polluted air form central to Northern Europe has been impli-
cated in air quality high levels in North Africa and the Middle East (Duncan
et al., 2008), while trans-Atlantic transport of polluted air from North Amer-
ica appears to influence O3 concentrations in the free troposphere over the
Mediterranean (Lelieveld et al., 2002; Auvray and Bey, 2005; Cristofanelli
and Bonasoni, 2009).

Ozone produced in the boundary layer can be advected upwards to the
free troposphere, for example polluted air from the Po Valley in Italy has
regularly been detected on Monte Cimone in the Apennines (Bonasoni et al.,
2000; Cristofanelli et al., 2007; Cristofanelli and Bonasoni, 2009). Increased
O3 in the free troposphere over the Mediterranean is of interest because its
impact efficacy as a greenhouse gas is greater in the free troposphere than it
is in the boundary layer, generally speaking the capacity of O3 to trap heat in
the atmosphere increases from the ground to the tropopause (Worden et al.,
2011). The impact of regional climate change on O3 concentrations in the
Mediterranean region has also been investigated recently, with a particular
focus on the Eastern Mediterranean, where the rapid growth of a number
of population centers and the envisaged increase in temperature in a future
climate (particularly in summertime), has led to some concern over future
air quality. Im and Kanakidou (2011) have performed a series of air quality
modelling studies in which the effect of temperature perturbations have been
investigated. The authors found an increase of approximately 1 ppb in the O3

concentration with each 1K rise in temperature. The Mediterranean has been
identified as a regional hot spot in terms of air quality (Monks et al., 2009),
and is a region that has been identified as susceptible to climate change, the
probable future summer time temperature increase, will have repercussions
for both atmospheric composition and the hydrological cycle (IPCC, 2007).

In addition to the characteristics described above the Mediterranean is
one of the busiest shipping routes in the world. Emissions from shipping have
been coming under increasing scrutiny over the last several years (Eyring
et al., 2005, 2007, 2010; Marmer and Langmann, 2005; Corbett et al., 2007;
Matthias et al., 2010; Miola and Ciuffo, 2011). The impact of shipping
emissions is expected in to increase in magnitude as global maritime traf-
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fic increases, and in relative importance as legislation regulating emissions
from terrestrial industry and transportation becomes increasingly strict, and
widely applied. The environmental consequences of ship emissions can be
numerous; the particulate matter directly emitted has consequences for hu-
man health (Corbett et al., 2007), SO2 emissions can lead to sulphate particle
formation, which can have a cooling effect on climate, while the black carbon
emitted can have the opposite effect. NOx emissions can locally titrate O3,
but after being dispersed lead to enhanced O3 production in coastal areas
(Vutukuru and Dabdub, 2008; Song et al., 2010). Ship emissions can also to
acidification and eutrophication via nitrate deposition to coastal waters and
land (Derwent et al., 2005; Dalsøren et al., 2009). The role ship emissions
play in tropospheric photochemistry and the methodologies to include them
in Chemical Transport Models (CTMs) is discussed in more detail in section
2.3.2. Oceanographic campaigns with the primary aim of studying the mer-
cury cycle in the Mediterranean have been performed aboard the Italian Re-
search Council’s Research Vessel, the R. V. Urania, almost every year since
2000 (section 2.1.2). During these campaigns O3 measurements were also
made. The results from 2005 campaign (in the Adriatic) were used to exam-
ine the oxidation of Hg in the Marine Boundary Layer (MBL) (Sprovieri et al.,
2010), because of the particularly high average O3 concentration, slightly over
60 ppb. To investigate the reasons behind the high O3 concentrations ob-
served, a preliminary study of this campaign using WRF/Chem (Grell et al.,
2005) was performed. During this study the influence of shipping emissions
on O3 production over the Adriatic region became evident. This study has
now been extended to include the the oceanographic campaigns performed
over different routes in the Mediterranean in 2000, 2003, 2004, 2006, 2009
and 2010 as described in this chapter (based on Hedgecock et al. (2012)).

2.1 Measurements

2.1.1 Measurements aboard the R. V. Urania

Ozone concentrations were measured using an Teledyne–API model 400A
UV ozone analyser. The analyser was calibrated every 24 hours using an in-
ternal permeation source, and employing a sampling flow rate of 0.8 l min−1,
over a five minute period gave a detection limit of 0.6 ppb. The same in-
strument has been used on all the oceanographic campaigns to date. The
R. V. Urania is equipped with an automated weather station which is ap-
proximately 30 m above the sea surface. Of most interest to the validation
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Year Start End Route
2000 Palermo 14 July Rome 09 August Strait of Messina, South of Crete,

Sicily, Gulf of Naples, Sardinia
2003 Palermo 05 August Livorno 28 August Strait of Sicily, towards Crete,

Ionian Sea, Naples, Alboran Sea
2004 Naples 17 March Naples 05 April Gulf of Genoa, Corsica, Sicily,

Strait of Otranto, Strait of Messina
2005 Naples 17 June Naples 03 July Sicily, Ionain Sea, Adriatic Sea
2006 Rome 04 July Messina 20 July Sicily, Eastern Med., Ionian Sea
2009 Rome 04 June Messina 30 June Corsica, Sardinia, Naples,

Strait of Sicily, Ionian Sea
2010 Naples 27 August Palermo 12 Sept. Strait of Messina, Ionian sea, Gulf of

Taranto, Eastern Med., Strait of Sicily

Table 2.1: The oceanographic campaign periods

were the temperature, humidity, wind speed and direction data which were
available at five minute intervals.

2.1.2 The Med-Oceanor Series of Oceanographic Cam-
paigns

The Med–Oceanor oceanographic campaigns are part of a continuing se-
ries of almost yearly research cruises aboard the R. V. Urania, which began in
2000. Their primary aim has been to investigate Hg cycling in the Mediter-
ranean boundary layer, surface water, the water column, sediments and the
exchange of Hg species between the water and the atmosphere (Sprovieri
et al., 2003; Andersson et al., 2007; Kotnik et al., 2007; Ferrara et al., 2003;
G̊ardfeldt and Jonsson, 2003). However as well as Hg species, a number of
gas and aerosol phase atmospheric species have been measured each year.
The campaign periods, and their start and end ports are summarised with a
brief description of the area covered in table 2.1.2, and the routes are shown
in figure 2.1

2.1.3 Observations from the EMEP Network

Data form the EMEP network of monitoring sites have been used for
the validation of the both the meteorological and chemistry output from the
WRF/Chem model.The EMEP stations chosen were those located in the
highest resolution modelling domain, the positioning of which varied with
the cruise path of the year in question (section 2.3.1).
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Figure 2.1: The Med-Oceanor campaign routes over the years. Also shown
are the sites of the EMEP stations used in the model validation.

2.2 Modelling

2.3 The WRF/Chem model

The WRF/Chem (Grell et al., 2005) is a three-dimensional model for
forecasting and meteorological research, where the transport of pollutants is
coupled to the dynamics and evolution of meteorological fields. This model
incorporates at the model Weather Research and Forecasting (WRF, http://
www.wrf-model.org/) modules that consider emissions of chemicals into the
atmosphere, their chemical interaction and the interaction with the radiation
and aqueous vapor, transport, diffusion and deposition phenomena.

WRF/Chem is an “on-line” (both physics and chemistry of the atmo-
sphere are calculated in the same time step, instead of using meteorological
data calculated above) and the transport of chemicals is solved using the
same vertical and horizontal coordinates (avoiding interpolations both ver-
tically and horizontally). This is very important feature when the spatial
resolution of the pattern is high. The model in fact allows you to define
different spatial domains of investigation, also with horizontal resolution of
the order of 1-3 km that can define geographic areas of interest where simu-
late atmospheric dynamics. For the boundary conditions the model uses the
results from simulations on a global scale or the same model WRF/Chem
results, used to simulate larger areas. Only thanks to these high resolutions
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can adequately represent atmospheric dynamics and chemical reactions that
occur in areas characterized by a complex orography.

The WRF/Chem has a choice of different chemical mechanisms able to
reproduce the chemical concentrations of both primary pollutants that of
secondary ones. It also provides the ability to define new mechanisms ad-
hoc for specific cases or situations, in order to investigate specific chemical
reactions.

The model can simulate the chemistry and physics of atmospheric par-
ticulate matter, describing the nucleation, growth and deposition of both
inorganic and organic secondary particulate.

Anthropogenic emissions can be included by global and regional databases,
and they can also be supplemented by measurements.

The biogenic emissions can also be calculated “on-line” from the model.
In this case the flows are function of the use of the soil, to the season and to
the hour of day, using the system USGS (U.S. Geological Survey) to describe
the use of the soil (this system divides land use into 24 different categories).

The model can reproduce the flow of ground dry and wet deposition:
the flows of deposition of atmospheric particles and gases are calculated as
function of the concentration and deposition rate, calculated from the model,
while for the wet deposition are considered the nucleation phenomena and
scavenging at ground.

2.3.1 The model setup

Modelling domains

The first modelling domain of 66 by 66 grid cells (81 km by 81 km resolu-
tion centred at 51◦N and 13◦E), covers an area from the edge of Greenland,
includes all of Scandinavia, and extends as far south as the northern part
of the Red Sea and to the East beyond the Black Sea, see figure 2.2. The
intermediate domain has a resolution of 27 km by 27 km and was chosen ac-
cording to the cruise route in such a way that to provide an adequate number
of grid cells between its boundaries and the inner (9 km by 9 km) domain,
which was chosen to cover the area taken in by the campaign as shown in
figure 2.2. Twenty-eight vertical levels up to 5000 Pa were used for all three
domains in all the simulations.

Physics

The non-hydrostatic mesoscale chemical transport model WRF/Chem of-
fers a number of parametrisation options to represent the physical processes
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Figure 2.2: The largest modelling domain (black), and examples of the nested
grids, for 2003 in red, and for 2005 in yellow. The two horizontal white lines
in the smallest 2003 domain are the cross-sections at roughly 34 and 39◦N
described in section 2.4.3.

which take place in the atmosphere. A detailed description of these can be
found in Skamarock et al. (2008), those used in this modelling study are as
follows. The Purdue-Lin scheme was used for microphysics, it includes six
classes of hydrometeors (water vapour, cloud water, rain, cloud ice, snow and
graupel), the Mellor- Yamada-Janjic (MYJ) scheme was used for the Plane-
tary Boundary Layer (PBL) parametrisation, this scheme describes vertical
sub-grid-scale fluxes due to eddy transport in the whole atmospheric column,
while the horizontal eddy diffusivity is calculated with a Smagorinsky 1st or-
der closure. The surface layer parametrisation employed was the Eta surface
layer scheme (it is based on similarity theory), the Land Surface model to
describe interactions between the soil and atmosphere was Noah LSM (4
soil layers), the Kain-Fritsch scheme was used for cumulus parametrisation
and the Rapid Radiative Transfer Model (RRTM) and Dudhia schemes for
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long and shortwave radiation respectively. The period of the 2005 oceano-
graphic campaign was simulated repeatedly using different combinations of
parametrisations to assess how the choice influenced both model output and
simulation time. The combination described above proved to be the most
appropriate for the studies performed. It should be pointed out that the
simulations performed in this study apply specifically to the Mediterranean
summer and that the combination of parametrisations above may not be
ideal in other cases.

Chemistry

The RADM2 (Regional Acid Deposition Model, version 2) mechanism
(Stockwell et al., 1990a) and the Madronich photolysis scheme (Madronich,
1987), were used in all the simulations, the photolysis rate constants were
recalculated every 30 minutes.

Input data and Initialisation

The meteorological input data, obtained from the Research Data Archive
(RDA), were the NCEP FNL (final) Global Operational Analyses, which are
provided on a 1◦ by 1◦ grid at six hourly intervals. The data are converted
to WRF input on the appropriate domain(s) using the WRF Preprocessing
System (WPS). The chemical species concentrations were initialised using
the idealised profile in WRF/Chem, and the model was allowed to spin-up
for five days before the beginning of the observation period under study.

2.3.2 Emissions

The WRF/Chem model includes the option to calculate biogenic emis-
sions on-line using the approach described by Guenther et al. (1993, 1994)
and Simpson et al. (1995). During the simulations the biogenic emission
fluxes were up-dated every 30 minutes. The anthropogenic emissions used
in the model were obtained from the EMEP Centre for Emission Invento-
ries and Projections (CEIP) (http://www.ceip.at/). The emissions used in
EMEP models (Vestreng et al., 2007) for the years corresponding to the mea-
surement campaigns were used. As in Schürmann et al. (2009) a day - night
temporal profile has been applied to the emissions following Simpson et al.
(2003). The EMEP emissions were preferred because of their specificity to
the Europe / Mediterranean region, and are available for individual years,
and also the results obtained by Marmer et al. (2009) in a comparison of ship-
ping emission inventories for the Mediterranean Sea. Marmer et al. (2009)
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found that in their modelling study, at least in the Western Basin, the EMEP
inventory gave the best match with the major part of the measurements with
which they compared their simulations.

In-plume chemistry and artificial plume dilution

The perturbation caused by ship emissions to local photochemistry in
the MBL began to be investigated in detail in the late 90s (Lawrence and
Crutzen, 1999; Capaldo et al., 1999). The direct inclusion of ship emissions
in Chemical Transport Models (CTMs) can result in the instantaneous dilu-
tion of the emissions within the volume of the grid cell. In coarse resolution
models this leads a to a false impression of the chemical composition in the
cell, because the chemistry which occurs within the volume of the expand-
ing plume, where the chemical composition is different to the air in the rest
of the cell, is not taken into account (Charlton-Perez et al., 2009; Huszar
et al., 2010; Vinken et al., 2011). This can lead to errors in the simulation of
NOx and OH concentrations and in the simulated ozone production efficiency
(OPE) (Charlton-Perez et al., 2009). However a recent study of the effect of
including non-linear chemistry for ship emissions in the GEOS-Chem model
(Vinken et al., 2011) indicates that the impact of dilution is less significant
over more heavily polluted areas such as the North Sea, than it is in more
pristine and remote areas of the MBL. Another aspect of plume emissions
from shipping which has been considered recently in the literature is the in-
fluence on plume dilution resulting from the combination of boundary layer
convection, the plume’s buoyancy (it is hotter than the surrounding air) and
the ship’s speed and direction relative to the wind speed and direction (Chos-
son et al., 2008). These factors influence both plume rise, which can be 2–10
times the actual stack height, and the shape of the plume (Chosson et al.,
2008). In the simulations described here the modelling domain resolution is
higher than the emission inventory resolution, and the Mediterranean bound-
ary layer is influenced by many other emission sources besides shipping, and
therefore the emissions were interpolated directly into the modelling domain.
Two emission height scenarios have however been used to investigate the pos-
sible effects of plume rise as described in section 2.3.3.

2.3.3 The simulations performed

The model resolution employed over the route taken by the R. V. Urania
is 9 km by 9 km, while the resolution of the emissions database is 50 km by
50 km. Thus the introduction of the emissions into a model cell is different
to most of the those cases described in section 2.3.2 where relatively highly
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spatially resolved emissions are diluted in to a coarse resolution horizontal
grid. The approach used here follows that of Huszar et al. (2010) where
the emissions from the EMEP database are directly interpolated on to the
model grid. Two emission height cases have been investigated for the shipping
emissions to assess the importance of plume rise on the modelling results. In
the EMEP unified model all emissions from SNAP (Selected Nomenclature
for Air Pollution) sector 8 (other mobile sources and machinery, which in-
cludes shipping) are assumed to be emitted in the first model layer (0–92 m).
The WRF/Chem simulations described here, given the synoptic conditions
prevailing during the periods of the oceanographic campaigns investigated,
generally had 5 vertical levels from sea level to roughly 400 m at sea level over
the open Mediterranean. This is a fairly typical height of the Mediterranean
MBL under summertime anticyclonic conditions. In the Em low scenario the
emissions are emitted into the first model level, while in the Em hi scenario
the emissions are distributed between levels 2 (≈30–90 m, 50 %), 3 (≈90–160
m 25 %) and 4 (≈160–250 m, 25 %).

To estimate the impact of ship emissions on O3 production, the simula-
tions descibed above were run again, using exactly the same parametrisations,
but with a modified emissions database, in which all emissions from SNAP
sector 8 over the Mediterranean had been removed.

2.4 Results and discussion

2.4.1 Model validation

Model results have been compared to data from the Med-Oceanor series
of campaigns and data from the EMEP measurement stations present in
the Mediterranean region. The comparison with EMEP data was performed
considering those stations located within the highest resolution modelling
domain. For some years only one station was within the boundaries of the
smallest domain. The metrics listed in table 2.2 as they are defined in Chang
and Hanna (2004) and Willmott et al. (1985) were used, where Xmod and Xobs

are the modelled and observed values respectively, σ is the standard deviation
and N the number of pairs.

The bias indicates the over or underestimation of the parameter in ques-
tion in the units of the measurement. The root mean square error provides
a measure of the model precision, and can be divided in to two parts, the
systematic and unsystematic. The linear bias produced by a model is de-
scribed by the systematic part of the RMSE, RMSEs (Willmott et al., 1985);
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Metric Definition

mean bias MB = Xobs −Xmod

correlation coefficient R = (Xobs−Xobs)(Xmod−Xmod)
σobsσmod

root mean square error RMSE =
√

(Xobs −Xobs)2

unsystematic fraction of RMSE UFRMSE = RMSE2
u

RMSE2

index of agreement IOA = 1− N·RMSE2∑N
i=1(|X

(i)
mod−Xmod|+|X

(i)
obs−Xobs|)2

Table 2.2: The metrics used to assess the model performance.

in tables 2.3 and 2.4 the unsystematic fraction of the RMSE is given, derived
from:

RMSE2 = RMSE2
u + RMSE2

s (Willmott et al., 1985). (2.1)

The unsystematic fraction (UF) of the RMSE can take values between 0 and
1. The Index of Agreement, is a measure of the degree of agreement between
the model and observations has values between 0 and 1, with 1 indicating
perfect agreement.

Meteorological parameters

The performance statistics for the comparison between the modelled and
measured hourly values of temperature (�), wind speed (m s−1) and relative
humidity (%) are shown in table 2.3. The relative humidity is calculated
from the model output, water vapour kg kg−1air as described in Wallace and
Hobbs (1977) using the vapour pressure definition from Lowe (1977). It
should be noted that the calculation of the relative humidity requires the
use of model output parameters, the temperature and pressure, which are
themselves subject to uncertainty.

The quality of the comparison between the modelled and measured me-
teorological parameters is similar to results previously obtained using the
WRF model (see for example (Grell et al., 2005; de Meij et al., 2009; Misenis
and Zhang, 2010; Schürmann et al., 2009; Tie et al., 2007; Tuccella et al.,
2012)). The values for the RMSE of the wind speed are however generally
somewhat higher than found in previous studies with values between 3.05
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2000 2003 2004 2005 2006 2009 2010
Temperature

MB [�] 1.3 2.3 1.7 8.2 1.9 2.6 2.0
R 0.55 0.32 0.45 0.58 0.46 0.75 0.79

RMSE [�] 1.9 2.9 2.1 8.9 2.2 3.1 2.4
UF-RMSE 0.43 0.25 0.18 0.02 0.18 0.26 0.30

IOA 0.64 0.46 0.54 0.44 0.44 0.63 0.71
Wind speed

MB [ms−1] -0.97 0.80 1.03 0.13 1.34 -0.9 -0.32
R 0.23 0.32 0.42 0.16 0.43 0.12 0.45

RMSE [ms−1] 4.2 3.3 4.3 3.8 4.3 4.7 3.5
UF-RMSE 0.55 0.63 0.55 0.63 0.45 0.62 0.75

IOA 0.54 0.60 0.65 0.50 0.65 0.44 0.69
Relative humidity

MB [%] -2.5 2.67 -10.8 9.0 -5.1 -2.4
R 0.19 0.30 0.17 -0.01 0.23 0.34

RMSE [%] 15.0 14.0 16.7 18.6 14.0 14.4
UF-RMSE 0.75 0.35 0.19 0.51 0.71 0.88

IOA 0.5 0.56 0.47 0.32 0.50 0.57

Table 2.3: Comparison between the model output and meteorological pa-
rameters measured aboard the R. V. Urania. There was no relative humidity
data available for 2010

and 4.66 m s−1, whereas it is more commonly around 2 m s−1 in the stud-
ies mentioned above. There are two main reasons for this, the first is the
generally anticyclonic meteorological conditions which prevailed during the
cruise campaigns, when the wind speed is often very low; the average wind
speed during the whole series of Med-Oceanor oceanographic campaigns was
around 6 m s−1. Low wind speeds are common in the Mediterranean region
during the summer anticyclone and they prove difficult to model accurately,
(de Meij et al., 2009). The other common difficulty encountered in modelling
the wind speed (and direction) in the Mediterranean is due to the very lo-
calised local circulation patterns which occur due to the complex orography
near the coastline.

The 2003 campaign encountered some technical difficulties with the me-
teorological data collection during its second half which followed a route from
Naples almost to the Strait of Gibraltar and returned to Livorno, and this
had an impact on the quality of the overall comparison. Therefore only the
first part of the campaign is considered, that is from 5–16 August, in the
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validation of the meteorological variables obtained aboard the R. V. Urania.
During the 2005 Med-Oceanor campaign in the Adriatic the temperature

is significantly underestimated. A closer look at the temperature data re-
vealed that this occurred when the R. V. Urania entered the Adriatic Sea
itself. The mean bias between the modelled and measured sea surface tem-
perature for most of the campaigns is less than 1.5 �, and for the first part
of the 2005 campaign, prior to entering the Adriatic the mean bias in SST
was 0.7 �. However during the Adriatic part of the campaign the it was
3.7 �, and this affected the simulated temperature. However this did not
seem to have a major effect on the modelled O3, which compared well to the
observations (section 2.4.1).

Ozone

Comparisons of modelled and measured ozone concentrations have been
performed for the data obtained during the oceanographic campaigns, and
also with measured ozone concentration data from stations in the EMEP
monitoring network located within the smallest modelling domain, for each
of the years (Hjellbrekke et al., 2011). The agreement between the modelled
concentrations and the observations are on a par with those from previous
studies. A number of studies of ozone using WRF/Chem have been per-
formed (for example, for regions in the US: Grell et al., 2005; Fast et al.,
2006; Hu and Zhang, 2006; Zhang, 2008; Misenis and Zhang, 2010; Mex-
ico City: Tie et al., 2007; Zhang and Dubey, 2009; for regions in Europe:
Schürmann et al., 2009; de Meij et al., 2009; Tuccella et al., 2012; and also
in China: Geng et al., 2007). A summary of the statistical measures to
assess the model’s performance in reproducing the observations during the
oceanographic measurement campaigns is presented in Table 2.4.

Table 2.4 includes the results from the two emission height scenarios
Em hi and Em low (mentioned in section 2.3.2). The differences between
these are discussed further in section 2.4.2, however as can be seen from
table 2.4 the difference in the results in the first model layer are not very
large.

The model does not consistently over or underestimate the ozone concen-
trations, the bias in some years is negative and others positive. Generally the
model reproduces the measured O3 concentrations reasonably well, although
some campaigns were however reproduced less well than others. Figures 2.3,
2.4 and 2.5 show the modelled and measured O3 concentrations for the 2000,
2005 and 2010 campaigns respectively. The rapid decreases in O3 seen in the
measurements occur when the R.V. Urania is directly influenced by plumes
from ships passing close by, or when the ship is stationary to take water
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Em low scenario Em hi scenario
Year MB R RMSE UF IOA MB R RMSE UF IOA

(ppb) (ppb) (ppb) (ppb)

2000 -3.7 0.51 11.0 0.59 0.69 0.66 0.59 9.6 0.68 0.76
2003 4.0 0.32 14.7 0.47 0.55 3.7 0.31 14.7 0.48 0.54
2004 15.1 0.02 18.5 0.07 0.39 16.1 -0.14 19.8 0.07 0.36
2005 3.0 0.55 13.8 0.80 0.73 4.57 0.56 13.5 0.69 0.72
2006 9.9 0.24 14.5 0.33 0.48 -8.8 0.19 14.3 0.40 0.49
2009 7.8 0.30 14.9 0.55 0.53 7.89 0.29 15.3 0.56 0.52
2010 -0.7 0.39 10.7 0.73 0.63 -1.2 0.38 10.9 0.73 0.63

Table 2.4: Comparison of the model results and the ozone concentrations
measured aboard the R. V. Urania, see section 2.3.2 for the definition of
the Em low amd Em hi emission scenarios. UF refers to the unsystematic
fraction of the RMSE. The results for 2003 consider only the first half of the
campaign, see section 2.4.1

column and sediment samples and the wind direction carries the ships own
exhaust towards the O3 analyser. When this occurs the high levels of NO
decrease the O3 concentration via reaction to form NO2. This titration effect
means that the correlation between the daily minimum observed and mod-
elled O3 concentrations was generally poor. The modelled and measured
maximum daily values were better correlated, as were the daily mean values,
with values of R over 0.7 in some cases.

As mentioned in section 2.4.1 the second half of the 2003 measurement
campaign encountered some technical difficulties, and the comparison be-
tween the measured and modelled meteorological values was performed only
for the first half of the campaign. For consistency the values in Table 2.4
refer to the first part of the campaign from 5–16 August. The direct in-
fluence of other ships on O3 concentrations was particularly clear during
the second period of the 2003 campaign (Naples – the Strait of Gibraltar –
Livorno) when some of the lowest recorded during the series of Med-Oceanor
campaigns were measured, below 20 ppb at times. The mean observed O3

concentrations for the first and second periods are 65.6 ppb and 50.4 ppb re-
spectively; such a difference is not evident in any of the other Med-Oceanor
campaigns. The metrics reported in table 2.4, refer to the first eleven days
of the campaign.

The results for the spring 2004 campaign are noticeably poorer than the
campaigns which took place during the summer. The model underestimates
the spring 2004 O3 concentrations by 15 ppb throughout the modelling pe-
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Figure 2.3: Measured and modelled O3 concentration in ppb during the 2000
oceanographic campaign. Mean bias -3.7 ppb

riod. The results for this year show a much higher systematic component
of the RMSE as can be seen from the low value of UF-RMSE. The reasons
for this are not entirely clear but are likely to be related to the spring O3

maximum, which seems, quoting Cristofanelli and Bonasoni (2009), “mainly
related (Monks, 2000; Vingarzan, 2004) to stratosphere-to-troposphere ex-
changes (STE) and long-range transport of O3 precursors accumulating dur-
ing winter in the Northern Hemispheric free troposphere, and its ensuing in
situ photochemical production. In the free troposphere, the presence of the
yearly O3 double peak, frequently integrated in a broad spring–summer peak,
is particularly evident for measurements carried out in high mountain areas.”

The comparison between the modelled O3 concentrations and those mea-
sured at the EMEP stations, which were within the area bounded by the
finest resolution modelling domain, gave results essentially similar to the
comparison with the R. V. Urania, table 2.5. The most obvious difference
between the results for land-based measurements and those obtained over
the Mediterranean Sea, is that the model tended to overestimate the O3 con-
centrations over land, with the exception of the simulations performed for
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Figure 2.4: Measured and modelled O3 concentration in ppb during the 2005
oceanographic campaign. Mean bias 3.0 ppb

the spring of 2004.
The comparison between the modelled and measured O3 concentrations

also reveals that the model does not reproduce well the amplitude of the
day–night variation in concentration. This is very possibly due to difficulties
in accurately modelling the temporal evolution of the boundary layer. If the
nighttime boundary layer is too high in the model both the rate at which O3 is
deposited, and the rate at which it is titrated by species emitted at the surface
would be underestimated. The daytime underestimate of the O3 maximum
may also be ascribed to the model’s failure to correctly represent boundary
layer dynamics as the mixing down of O3 rich air plays an important role in
the increase of the daytime O3 concentration.

2.4.2 The influence of ship emission height in the model

As described in Sect. 2.3.2 two scenarios for the height at which ship emis-
sions are introduced into the model have been studied. The first, Em low,
simply introduces all the ship emissions into the first model layer, while the
second, Em hi, distributes them between the second, third and fourth model
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Figure 2.5: Measured and modelled O3 concentration in ppb during the 2010
oceanographic campaign. Mean bias -0.7 ppb

layer, that is between 30 and 250 m, to examine the potential differences
caused by plume rise (section 2.3.2). The results in tables 2.4 show that
the comparison between the measured and modelled O3 concentrations in
both instances is very similar. The emission height does have an influence
on the boundary layer as a whole however; table 2.6 shows the concentration
differences for a number of chemical species both in the first model layer, and
in the first six model layers over the marine part of the domain for the years
2005 and 2009. The top of the fifth model layer for the grid cells over the sea
is close to 400 m and roughly coincides with the height of the MBL during
summer anticyclonic conditions. The sixth model layer is at approximately
600 m over the Mediterranean and therefore certainly includes the whole of
the MBL over the most part of the sea. The 2005 domain is more influenced
by land based emissions because the cruise route was for the most part in
the Adriatic Sea, the 2009 9 km by 9 km domain is significantly larger and
has a higher percentage of open sea as can be seen from the route maps in
figure 2.1.

Looking at at the O3 concentration field at a given time can show up
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Figure 2.6: The influence of ship emission height on the modelled O3 concen-
tration in ppb, in the lowest model layer at midday on 16 June 2009. Left,
Em low scenario right, Em hi scenario.

significant short term differences in the simulations. Figure 2.6 shows the
modelled O3 concentration and the wind arrows in the lowest model layer
at midday on the 16 June 2009. The impact of the emission height on the
O3 concentrations is clear, as is the interaction between emission height and
wind speed. In the Ionian Sea where the wind speed is low, emissions in the
first layer influence the local O3 more than emissions above the first layer.
The same effect can be seen between Sardinia and the North African coast.
However where wind speeds are higher the effect of emissions in higher model
layers has a more widespread effect than emissions in the first model layer,
as can be seen immediately to the west of Sardinia, where the yellow/orange
area spreading northwards from the western tip of Sicily is greater in extent
for the Em hi simulation.

2.4.3 The influence of ship emissions

An emission inventory was prepared in which all the SNAP sector 8
emissions which occurred over the Mediterranean were removed from the
database. The simulations described previously were rerun, on exactly the
same domain and for exactly the same period. The simulations with all
emissions have been denoted Tot Emiss, and those without the contribution
from shipping, No ships. An overview of the results is presented in table 2.7
where the difference (in %) between the concentrations of O3, NO and NO2

for simulations with and without shipping emissions are given.
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Figure 2.7: The average O3 concentration and concentration difference in
the first model layer for 2005 (left) and 2006 (right). Row one shows the
difference Tot Emiss−No ships in ppb, row 2 the actual value in ppb and
row 3 the difference in %.

Roughly speaking removing the emissions from ships results in a decrease
in the modelled average O3 concentration over the whole of the highest res-
olution domain by 5 or 6 ppb, and by 8 or 9 ppb over the Mediterranean Sea
itself, for the simulation periods. These values are significant given the size
of the domain and the length of time involved, however the effect of shipping
emissions is clearly not uniform over the whole domain. While table 2.7 gives
the average differences over the whole domain (and just the Mediterranean),
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figure 2.7 shows the time averaged impact of shipping emissions for the 2005
(left column) and 2006 (right column) simulations.

Not unexpectedly the greatest impact is clearly over the sea in the ship-
ping routes where the maritime traffic is most intense. The 2006 campaign
covered a significantly wider area than the 2005 campaign and the differ-
ence in the modelled O3 concentration along the shipping lane between the
Strait of Sicily towards the entrance to the Suez Canal is easily seen. In
figure2.7 the difference in O3 concentrations between the two simulations
can be 10 ppb or more in coastal areas, and it should be borne in mind that
these are average concentrations. Figure 2.8 on the other hand illustrates the
difference (Tot emiss - No ships) in the maximum O3 concentrations simu-
lated during the 2003 campaign has been plotted. The 2003 campaign was
chosen because it covered the widest geographical area. The most extreme
values, over 50 ppb occur in the Strait of Sicily and around the Alboran Sea.
The coastal areas of North Africa exhibit significant differences between the
two simulations, and the Mediterranean Spanish coastline and Sicily are also
noticeably different in the two simulations.

Figure 2.8: The difference (ppb) in the maximum O3 concentrations between
the Tot emiss and No ships simulations for the 2003 measurement campaign.

The vertical profile of the impact of ship emissions on the O3 concen-
tration is illustrated in figure 2.9. The figure shows the difference in O3

concentrations for the two latitudinal sections indicated in figure 2.2. The
Med-Oceanor 2003 campaign was again chosen to illustrate these profiles be-
cause it was the most wide-ranging of the cruise routes. Figure 2.9 shows
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the vertical profile of O3 concentration (middle column) and the differences
in (O3) in ppb (first column) and % (third column), between the Tot Emiss
and No ships scenarios. In figure 2.9 the section passes through Southern
Spain, across Corsica, Northern Calabria in Italy, Greece and to the Eastern
side Turkey.

Figure 2.9: The vertical profile of O3 concentration along ≈39◦N
(top row),and ≈34◦N, bottom row. Column 1 shows the difference
Tot Emiss−No ships in ppb, column 2 the actual value in ppb and column
3 the difference in %. The values are the average for the whole simulation
period, 5 to 27 August 2003.

The contribution to O3 concentrations is clearly seen to be highest in the
Balearic Sea, in fact Valencia is the largest container port in the Mediter-
ranean. However there is also a significant contribution in the Thyrrenian
and Ionian Seas. Although the absolute concentrations in the Aegean Sea,
(between ≈ 22◦ and 27◦E along this section), are high, the contribution to
these concentrations from shipping appears to be low. This is possibly due
to the relatively high emissions from other sources in the region, both Athens
and Istanbul being nearby. The more southerly cross-section shown in the
lower row in figure 2.9 begins in Northern Morocco and meets the Mediter-
ranean on the Gulf of Hammamet in Northern Tunisia, crosses the southern
part of the Strait of Sicily and the southernmost Ionian Sea, then passes
directly across Crete. At ≈15◦ E both the absolute O3 and the contribution
from shipping are high, this is the southern entrance to the Strait of Sicily.
Again it can be seen that although absolute values are high to the eastern end
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of the cross-section, (off the western coast of Crete) the contribution from
shipping is less than in other areas. In this case this may well be because the
major shipping lanes (toward Suez) are to the south of Crete and boundary
layer flow during summer anticyclone conditions tends to be from north to
south (Lelieveld et al., 2002).

Figure 2.10: Examples of the difference in O3 concentration with and without
ship emissions along the route of the R.V. Urania.

The noticeable O3 differences over North Africa from roughly −5◦ to 1◦ E
are due to the morphology of the North African coastline near the Moroccan-
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Algerian border. Where the Rif mountains in North-East Morocco, the Mid-
dle Atlas (Morocco) and the Tell Atlas (Algeria) mountain ranges converge
there is a lower lying area, which allows the intense ship emissions in the Alb-
oran Sea (the Mediterranean approach to the Gibraltar Strait), to make their
way inland and influence O3 concentrations, by more than 10 %, over 250 km
inland. Large areas of the low-lying parts of the western coast of Tunisia are
affected by ship emissions (in this case from the Strait of Sicily), the average
O3 concentration decreases by 5 to 10 ppb in these areas, ≈10–20 % when
ship emissions are excluded. Where these decreases in O3 concentrations oc-
cur over land the vertical scale of the impact is far greater than over the sea,
as can be seen in figure 2.9 (lower row) over Morocco, Algeria and Tunisia.
This suggests that ship emissions could contribute to the O3 budget above
the boundary layer, where due its role as a short-lived climate forcer it may
have an impact on the regional radiation budget. To assess this possibility
is beyond the scope of this paper but given that ship emissions also include
black carbon, an investigation into the potential impact of ship emissions on
regional climate may well be merited.

Comparison of the two simulations along the routes followed by the
R.V. Urania shows on a number of occasions that the local contribution
to O3 makes a significant difference. Figure 2.10 shows the simulation re-
sults from three periods during the 2000, 2005 and 2006 campaigns where
the difference due to the exclusion of the shipping emissions in the predicted
O3 concentrations is particularly noticeable. In figure 2.10 the horizontal
line at ≈61 ppb is the mixing ratio equivalent of 120 µg m−3 at the atmo-
spheric temperatures and pressures encountered during the oceanographic
campaigns. This is the current EU directive on air quality (2008/50/CE) air
quality standard for the maximum daily 8 h mean concentration of O3. The
figures also indicate the mean bias between observed and modelled results for
the campaigns, and while the mean bias was relatively high, particularly in
2006, it can be seen that the O3 concentration difference between the simula-
tions with and without shipping emissions is greater. Longer term modelling
studies of coastal regions near to major shipping lanes or ports would help in
better defining the extent the impact of ship emissions on local and regional
air quality.

2.5 Conclusions

The WRF/Chem model has been used to simulate O3 concentrations for
the periods of seven oceanographic research campaigns which took place in
the Mediterranean Basin between 2000 and 2010. The results of the com-
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parison between the model and observations are quantitatively similar to
results obtained in previous studies using the WRF/Chem model. The re-
sults for the wind speed were not as good as previous studies, however the
prevailing anticyclonic conditions during all but one of the simulation peri-
ods resulted in low wind speeds which are known to be difficult to reproduce.
The results of the comparison between the modelled O3 concentration with
the exception of the spring 2004 campaign showed a reasonable agreement.
The mean bias between measurements and the model was lower for ship-
board measurements than for observations from the land based EMEP sites,
while the correlation between the model and the measurements was higher
for the EMEP sites. The model has some problems reproducing the varia-
tion between the day time maxima and the night-time minima at some of
the EMEP sites, although the timing of the daily cycle, as reflected by the
correlation coefficient, was reproduced well. The lower correlation between
the model and shipboard measurements was in part due to the sporadic in-
terception of relatively fresh ship plumes which caused noticeable decreases
in the O3 concentration as a result of titration by NO. Certainly during the
2003 cruise campaign which arrived almost at the Strait of Gibraltar there
was a noticeable effect on O3 close to the major shipping lanes in the Alboran
Sea. Simulations performed to investigate the influence of emission height for
ship plumes on the production and distribution of O3 indicate that average
O3 concentrations are not greatly influenced by the way the emissions are
distributed throughout the lowest model layers.

The average measured O3 concentrations during the Med-Oceanor series
of oceanographic measurement campaigns was 50–60 ppb, comparing simu-
lations with and without shipping emissions showed differences of ≈3 and
12 ppb on the average concentrations of O3 over the campaign periods. Ship
emissions influence is mostly constrained to marine and coastal areas as a re-
sult of the low summer time Mediterranean MBL height and the steepness
of much of the Mediterranean coastline. However the simulations with and
without ship emissions showed differences in O3 tens and even hundreds of
km inland over the flatter coastal areas of North Africa.

Along the routes taken by the R.V. Urania the simulations suggest that
ship emissions contribute significantly to exceedeances of the EU 8 h average
concentration limit of 120 µg m−3. As maritime traffic is projected to increase
in the coming years, and as legislation leads to diminishing emissions from
land based sources, the relative contribution of shipping to total O3 precursor
emissions will increase. Shipping emissions are likely to play an important
role in local and regional air quality in Mediterranean coastal areas and
beyond for the foreseeable future.
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Chapter 3

Atmospheric mercury
modelling: a Mediterranean
area investigation

Mercury is a global pollutant which has come under increasing scrutiny
over recent years (UNEP, 2013b; Mason et al., 2012; Driscoll et al., 2013).
The Mediterranean region has a long history of mercury mining dating back
to before Roman times, and the area contains around 65% of the world’s
cinnabar deposits, although the impact of mineral deposits on Hg in the Sea
itself is not entirely clear (Cossa and Coquery, 2005). The Mediterranean
Sea itself, while not having particularly high concentrations of Hg or its
compounds in its waters, does have high concentrations of Hg in its fish, par-
ticularly those towards the top of the food chain such as tuna and swordfish
(Cossa and Coquery, 2005; Storelli et al., 2002, 2005). Importantly almost
all Hg in Mediterranean fish is present as methylmercury (MeHg) (Storelli
et al., 2002, 2005, 2010).

Chemical Transport Models (CTMs) are a useful tools for investigate the
mercury pollution, and can evaluate the Hg dispersion over long distances
giving more detailed information on mercury cycle. While in broad terms
global Hg CTMs have helped to constrain Hg budgets in environmental me-
dia, and the rates at which Hg is exchanged between media (Seigneur et al.,
2004; Selin et al., 2007; Selin, 2009), it remains difficult to reproduce the
variations in Hg species concentrations and fluxes on a regional scale (Lin
et al., 2006; Ryaboshapko et al., 2007a,b; Bullock et al., 2008, 2009; Baker
and Bash, 2012). To date regional models used to simulate the emission,
transport, transformation and deposition of Hg have all been off-line mod-
els. That is to say that the CTM makes use of pre-calculated meteorological
variables, and interpolates these (in time or space or both) to calculate the

55



CHAPTER 3. WRF/CHEM WITH MERCURY MODEL 56

change in Hg species concentrations resulting from transport. This is done
separately from the calculation of the change in Hg species concentrations
which occur as a result of chemical production and loss reactions. A version
of the on-line regional CTM WRF/Chem (Grell et al., 2005) has been devel-
oped which includes gas phase Hg chemistry and a parametrised approach to
Hg aqueous phase chemistry. An on-line CTM simulates the transport and
chemistry which determine a chemical species’ concentration in the same
model time step. This approach means that there is no interpolation in ei-
ther space or time of the transport term. It also means the parametrisations
used to describe the physical phenomena controlling transport are the same
for the meteorological and chemical parts of the model. This is not neces-
sarily the case if output from a meteorological model is used as input for an
off-line CTM. Although on-line models require longer calculation times than
off-line models, advances in computational speeds means that this is signifi-
cantly less of a problem than it was some years ago. A further advantage of
the WRF/Chem model is that it has been coupled with the Kinetic PrePro-
cessor (KPP) (Damian et al., 2002; Sandu et al., 2003; Sandu and Sander,
2006). KPP enables the user to define a chemical mechanism, which using
the WKC (WRF/Chem-KPP Coupler, Salzmann and Lawrence (2006)) can
be directly included into the WRF/Chem framework. This flexibility per-
mits simulations using a number of variations of a chemical scheme to be
performed with ease.

A parametrisation of air-sea exchange of Hg has been included which is
consistent with the global Hg model ECHMERIT (Jung et al. (2009); De Si-
mone et al. (2013) and Appendix A). ECHMERIT has been used to furnish
boundary and initial conditions for this version of WRF/Chem, including the
Hg boundary and initial conditions. As shown by Pongprueksa et al. (2008)
the boundary conditions used by regional models have a major influence on
modelling results. While using the output from global Hg CTMs to provide
temporally and spatially varying boundary conditions should provide a more
realistic modelling framework, the use of different global models can lead to
significant variations in regional model outcomes, as shown by Bullock et al.
(2008, 2009).

In this chapter, based on Gencarelli et al. (2013a), simulations with
WRF/Chem including Hg have been performed to investigate Hg fate, trans-
port and deposition in the Mediterranean area, for the year 2009. The re-
sults have been compared to the measurements performed during an inten-
sive oceanographic campaign in June aboard the Italian Research Council’s
R. V. Urania, and also to measurements throughout the year from the Euro-
pean Monitoring and Evaluation Programme (EMEP) measurement network.
The emission and deposition during the year to the from and to the surface
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of the Mediterranean Sea have been calculated.

3.1 Model Description

The non-hydrostatic mesoscale chemical transport model WRF/Chem
(Grell et al. (2005) and section 2.3) offers a number of parametrisation op-
tions to represent the physical processes which take place in the atmosphere.
A detailed description of these can be found in Skamarock et al. (2008) and
references therein. The physics options used for these simulations were as
follows; the Purdue-Lin scheme was used for microphysics, which includes six
classes of hydrometeors (water vapour, cloud water, rain, cloud ice, snow and
graupel). The Mellor-Yamada-Janjic (MYJ) scheme was used for the Plane-
tary Boundary Layer (PBL) parametrisation, this scheme describes vertical
sub-grid-scale fluxes due to eddy transport in the whole atmospheric col-
umn, while the horizontal eddy diffusivity is calculated with a Smagorinsky
1st order closure. The surface layer parametrisation employed was the Eta
surface layer scheme, the land surface model to describe interactions between
the soil and atmosphere was Noah LSM (4 soil layers), and the Kain-Fritsch
scheme was used for cumulus parametrisation. The Rapid Radiative Transfer
Model (RRTM) and the Dudhia schemes were used for long and shortwave
radiation, respectively.

WRF/Chem version 3.4 was used, with the RADM2 (Regional Acid De-
position Model, version 2) mechanism (Stockwell et al., 1990b) modified to
include Hg chemistry. Photolysis rates were calculated using the Fast-J pho-
tolysis scheme (Wild et al., 2000) and updated every 30 min. All pollutant
species normally simulated in the standard RADM2 mechanism are also sim-
ulated in WRF/Chem with Hg.

3.1.1 Modelling domains

Three domains, one coarse and two nested, have been used in the simula-
tions. The coarse domain covers Europe and the Mediterranean, and includes
parts of North Africa and the Middle East at a resolution of 81 km by 81 km.
The first nested domain (middle domain) covers most of Europe and includes
the Mediterranean Sea with a resolution of 27 km by 27 km. This domain
was chosen to include as many EMEP stations which measure Hg, either
atmospheric or in precipitation, as possible while still maintaining a domain
size that did not result in excessive computational times. The second nested
domain (fine domain, 9 km by 9 km) covers the route of the R. V. Urania
during the oceanographic measurement campaign, see figure 3.1.
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Figure 3.1: Model domains, location of the EMEP measurement stations
(yellow points for wet deposition flux, red for TGM, blue for HgP , white for
ozone concentrations) and Med-Oceanor 2009 route (red line). The numbers
over the route represent the June data.

All three domains have 28 sigma vertical levels from the surface to 50 hPa.
Meteorological input was from the Global Forecast System (GFS) (1°by 1°)
at six hourly intervals. Chemical boundary and initial conditions were taken
from the global on-line Hg model ECHMERIT (Jung et al., 2009; De Simone
et al., 2013). The NCAR Earth System Laboratory Atmospheric Chem-
istry Division, (http://www.acd.ucar.edu/wrf-chem/) has made available
a preprocessor to make use of MOZART output to provide chemical ini-
tial and spatially and temporally varying boundary conditions (IC/BC) for
WRF/Chem. This preprocessor was adapted to read in and process the out-
put from ECHMERIT in order to provide the chemical initial and boundary
conditions for this Hg version of WRF/Chem.
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3.1.2 The chemical mechanism

Gaseous elementary mercury (Hg 0 or GEM), Hg associated with particu-
late matter (HgP ), gaseous oxidised mercury (Hg II or GOM) and the aque-
ous phase oxidised Hg (Hg II(aq)) have been added to the RADM2 chemical

mechanism in WRF/Chem with Hg using KPP (Damian et al., 2002; Sandu
et al., 2003; Sandu and Sander, 2006) and the WKC coupler (Salzmann and
Lawrence, 2006). The species HgP (or Particulate Bound Mercury, PBM)
is used as a tracer to follow primary anthropogenic emissions of Hg associ-
ated with particulate matter. Hg II(aq) is used to refer to oxidised Hg species

in the aqueous phase (in the presence of liquid water in the atmosphere); if
this species is not deposited by precipitation (i.e. a cloud evaporates) it is
then considered to be associated with the residual aerosol left after droplet
evaporation and transported/deposited as such. The gas phase oxidation of
Hg 0 by O3 (with rate constant from Hall (1995)) and by OH (rate constant
from Sommar et al. (2001b)) have been included in the chemical mechanism.
In particular at the RADM2 mechanism equations have been added these:

Hg 0 + O3 −→
1

2
Hg II +

1

2
Hg II(aq) (3.1)

Hg 0 + OH −→ 1

2
Hg II +

1

2
Hg II(aq) (3.2)

Hg 0
(aq) + O3(aq) −→ Hg II(aq) (3.3)

The aqueous phase chemistry of Hg has been parametrised for simplicity
and also to ensure reasonable simulation times in this first version of the
model. When the Liquid Water Content (LWC) in a model cell exceeds a
threshold value of 10−7 m3

aq m−3air it is assumed that a cloud is present in the
model cell (Jacobson, 2005), and the model assumes that the concentrations
of both Hg 0

(aq) and O3(aq) are in equilibrium with their respective gas phase

concentrations. The rate of production of Hg II(aq) via oxidation of Hg 0
(aq) by

O3(aq) is calculated using the aqueous phase rate constant k = 4.7 · 107M−1

from Munthe (1992) as:

d
[
Hg II(aq)

]
dt

= k ·
[
Hg 0

(aq)

]
·
[
O3(aq)

]
· LWC

In the model the species Hg II(aq) is considered to be in the aqueous phase
if cloud water or rainfall is present in the model cell, but if the cell is dry
the species is considered to be associated with particulate matter. If Hg II(aq)
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is advected from a dry cell to a model cell where liquid water is present it is
assumed to completely scavenged into the atmospheric aqueous phase.

3.1.3 Dry and wet deposition

Dry deposition of gas phase species in WRF/Chem is treated using the
approach developed by Wesely (1989) (see Grell et al. (2005)) and calculated
as described in Lin et al. (2006). The original WRF/Chem routines have
been adapted to include the deposition of Hg compounds, the deposition
flux is calculated from the product of the deposition velocity and Hg species
gaseous concentration in the lowermost model level. For Hg II the deposition
velocity has been assumed to be equal to that of HNO3(g) due to the similarity

in their solubility (Seigneur et al., 2004), while for HgP and Hg II(aq) (recalling

that the species Hg II(aq) in cells with a liquid water below the threshold value

(see section 3.1.2) is considered to be bound to atmospheric particulate) the
dry deposition flux is calculated using WRF/Chem particulate deposition
parametrisations. Both HgP and Hg II(aq) are assumed to be in the coarse
mode.

Wet deposition of Hg species has been implemented adding the Hg com-
pounds to the scheme in WRF/Chem for gas and particulate convective
transport and wet deposition. In-cloud and below-cloud scavenging of Hg
species have been also been included adapting an already available module
in WRF/Chem, based on the approach described by Neu and Prather (2012).
In the model the fraction of the grid box exposed to scavenging is calculated
using the algorithm described in Neu and Prather (2012), and the Hg species
scavenging rate is assumed to be the same as that for HNO3(g).

Dry deposition of Hg 0 and its re-emission has recently been reviewed by
Zhang and Dubey (2009). There is still quite a large uncertainty associ-
ated with the net Hg 0 flux (and its direction) over terrestrial surfaces, and
therefore in this first version of the model it has not been included.

3.1.4 Emissions

Anthropogenic emissions used in the model were obtained from the RETRO
(http://www.retro.enes.org/) and EDGAR v4 (http://www.edgar.jrc.
ec.europa.eu/) databases using the WRF/Chem emissions preprocessor
(Freitas et al., 2011). The emissions preprocessor package (Freitas et al.,
2011) was modified to read the Arctic Monitoring and Assessment Pro-
gramme (AMAP) mercury emissions inventory (Pacyna et al., 2005) for the
year 2000 (the 0.5 ◦× 0.5 ◦ inventory was used, http://amap.no/Resources/
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HgEmissions/). The AMAP inventory provides emissions over three height
ranges which were distributed between the appropriate model vertical lev-
els. The total anthropogenic AMAP Hg emission to air are shown for the
Mediterranean basin area in figure 3.2. The elevated Hg emission in central
Europe is evident.

Figure 3.2: Total anthropogenic AMAP Hg emission to air (g km−2). Image
adapted from http://amap.no/.

Mercury emissions from biomass burning and evasion of Hg 0 from the
sea surface have also been included. Hg emissions from biomass burning
input files were prepared using the preprocessor developed at NCAR, http:
//www.acd.ucar.edu/wrf-chem/. This preprocessor makes use of the Fire
Inventory from NCAR (FINN v1, Wiedinmyer et al. (2011)). In this first
version of the model an enhancement ratio of 1.0×10−7 ppb Hg/ppb CO has
been used (Friedli et al., 2009) for all vegetation categories.

Evasion of Hg0 from the sea surface has been implemented using a parametri-
sation based on Wanninkhof (1992), following the methodology of G̊ardfeldt
et al. (2003), assuming a constant Dissolved Gaseous Mercury (DGM) con-
centration of 150 fmol l−1 (Andersson et al., 2007, 2011) and using the ex-
pression for the Henry’s Law constant of Hg 0 from Andersson et al. (2008).
Specifically, in the model the Hg 0 fluxes are computed using the two-layer
gas exchange model introduced by Liss and Slater (1974):

F = Kw(Cw − Ca/H(T )) (3.4)

where F is the Hg 0 flux, in ng m−2 h−1, Kw is the water-side mass transfer
coefficient, in m h−1, H(T ) is the Henry’s Law constant corrected for the
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temperature T , and Cw and Ca, both expressed in ng m−3, are the Hg 0 con-
centrations in seawater and in air, respectively. The water-side mass transfer
coefficient Kw was calculated by using the parameterization of Wanninkhof
(1992):

Kw = 0.31× u210(ScHg/ScCO)−0.5 (3.5)

where u10 is the wind speed 10 meter above sea surface and ScHg and ScCO
are the Schmidt number of mercury and Carbon Oxide, respectively. The
parameterization of Andersson et al. (2008) was used to calculate the tem-
perature dependent Henry’s law constant:

H(T ) = e(
−2404.3

T
+6.92) (3.6)

A positive value of F indicates a net Hg flux from the ocean to atmosphere
whereas a negative flux would indicate deposition to the ocean. Due to the
(gener- ally) supersaturated DGM concentrations, the oceans represent a net
source of Hg to the atmosphere. In the present version of the model, since the
deposition (both dry and wet) is computed separately by deposition routines,
only positive fluxes are taken in account.

The marine and biomass emissions are emitted into the lowest model level,
however for the biomass burning emissions the plume rise module already
in WRF/Chem (Grell et al., 2011) has been adopted. Parameterizations to
include natural emissions and soil reemissions of previously deposited Hg have
not been included in this model version. The WRF/Chem option to calculate
biogenic emissions on-line with the Guenther scheme (Guenther et al., 1993,
1994) has been used. During the simulations the biogenic emission fluxes
were updated every 30 min.

Annual emission totals for the different Hg emission sources are shown in
table 3.1 for the middle modelling domain, which covers the Mediterranean
region. The relative importance of the Mediterranean Sea as a source of Hg 0

is very clear.

3.2 Measurements

The model has been run for the year 2009. For this year Hg measurements
were available from 18 European Monitoring and Evaluation Programme
(EMEP, http://www.nilu.no/projects/ccc/emepdata.html) stations and
ozone concentrations from 111 (see supplementary information for the loca-
tion of the sites). Specifically, monthly measurements of Hg wet deposition
and precipitation amount were available from 16 stations, Hg 0 concentra-
tions from 9 and HgP from 8 (see figure 3.1). During 2009 observations from
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the oceanographic campaign Med-Oceanor (descibed in section 2.1.2) were
available. The campaign took place between the 7th and 29th June. During
this campaign measurements were performed aboard the CNR’s R. V. Ura-
nia, mostly in the Tyrrhenian Sea. The measurements made during oceano-
graphic campaigns are described in Sprovieri et al. (2003, 2010). Briefly,
collection and analysis of Hg 0, Hg II and HgP were performed using an
automated Tekran (Toronto, Canada) Model 2537A CVAFS (Cold Vapour
Atomic Fluorescence Spectrophotometry), coupled to a Tekran Model 1130
speciation unit, and a Tekran Model 1135 system. The measurement fre-
quency was 5 minutes for Hg 0, and 2 hours for Hg II and HgP . Under the
operating conditions employed the detection limit for Hg II and HgP was less
than 2 pg m−3.

3.3 Results

The skill of the WRF/Chem model using the RADM2 mechanism in re-
producing meteorological and air quality parameters has been assessed in a
number of previous studies (Schürmann et al., 2009; Grell et al., 2005; Tie
et al., 2007; Tuccella et al., 2012; Fast et al., 2006; Geng et al., 2007). Thus
the principal aim of this study is to analyse the model’s performance in terms
of Hg species concentrations in air and the Hg wet deposition flux. Having
said this, because O3 is of particularly relevance to Hg oxidation (see sec-
tion 3.1.2) and the balance between emission and deposition is of interest,
the agreement between the modelled and measured O3 concentrations, par-
ticularly in coastal areas, was also investigated. The modelled values have
been compared to the monthly mean values from the EMEP monitoring sites.
Most sites measure Total Gaseous Mercury (TGM) thus the modelled con-
centrations of Hg 0 and Hg II have been summed in order to perform the
comparison. The site at Waldhof in Germany is the only site for which
speciated Hg measurements were available for 2009. However, during the
Med-Oceanor campaign speciated measurements were performed throughout
the 23 days thus for this period it was possible to compare the atmospheric
Hg species separately.

3.3.1 Ozone concentrations

The modelled concentrations of O3 have a particular relevance for the
modelled Hg species, firstly because O3 is an oxidant of Hg 0, and secondly
because the photolysis of O3 leads to the production of OH radicals which
are also an Hg 0 oxidant. As oxidised Hg compounds dominate both dry and



CHAPTER 3. WRF/CHEM WITH MERCURY MODEL 65

wet deposition fluxes, O3 concentrations are a major factor in determining
the atmospheric cycle of Hg. Hourly ozone concentrations from the EMEP
stations within the middle domain (see figure 3.1) were compared to the
model results for the whole year. Figure 3.3 shows box and whisker plots of
the modelled and measured mean, bias (as defined in Myers et al. (2013))
both for the whole of 2009 and also only for the summer months (June,
July and August). The Pearson’s correlation coefficient (R) is also shown
if figure 3.3. There is good agreement between the model values and the
measurements in the most part of the monitoring sites, with a better estimate
of the mean value and a higher value of the correlation in summer months. As
can be seen in figure 3.3, the correlation is higher for the coastal sites (ES17,
ES07, ES12, ES14, ES10, IT01, SI08, MK07, GR01, GR02, CY02, see the
site map in the Supplementary Information). The quality of the comparison
over the year between all the EMEP sites in the 27 km by 27 km domain are
comparable to the results obtained by Tuccella et al. (2012) using a slightly
smaller domain at 30 km by 30 km resolution.

Figure 3.3: Box and whisker plots of hourly ozone concentration metrics for
the 111 EMEP sites. Points represent the mean value. The correlation for
just the 11 EMEP coastal sites is also shown.

Comparing the hourly value of ozone concentrations during the Med-
Oceanor campaign (figure 3.4, the route is shown in figure 3.1) with the
results from the fine domain (9 km by 9 km) it can be seen that the model
reproduces the O3 trend reasonably well near the coastline (the south of Sar-
dinia, in the Gulf of Naples and close to Sicily). However the comparison
is less satisfactory when the R. V. Urania was in areas further from land,
where the relative impact from ship emissions is greater. The presence of
fresh ship exhaust in the marine boundary layer will often result in titration
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of O3 by NO in the ship plume (see for example Vinken et al. (2011)) leading
to localised areas of lower O3 concentrations which the model, with its time
independent emissions cannot reproduce accurately. Considering only the
measurements near the coastline (the grey box in figure 3.4, around a third
of all the campaign model-measurement pairs) the correlation coefficient be-
tween the model and observations is 0.72.

Figure 3.4: Ozone concentrations measured (black) and modelled (blue) dur-
ing the Med-Oceanor measurement campaign and values of metrics (bias is
in ppb). Grey boxes contain the model-measurements pairs near the coastal
area.

3.3.2 Atmospheric Hg concentrations over Europe

Measurements of atmospheric Hg were performed at a number of EMEP
monitoring stations within the 27 km by 27 km domain during 2009. Nine
monitoring stations measured Hg in the gas phase and 8 measured Hg concen-
trations in atmospheric particulate matter. Not all the stations distinguish
between Hg 0 and Hg II and therefore these species in the model results are
summed to give TGM for comparison with observations. The frequency of
measurements is not the same at all the sites and therefore monthly aver-
aged values of TGM observations have been used (Hjellbrekke, 2003) and the
corresponding average calculated from the model output. The comparison
between observed and modelled concentrations is shown in figure 3.5 whiles
some statistical parameters of the comparison for the full year are summarised
in Table 3.2. The station at Kosetice (CZ03) in the Czech Republic proved
difficult to reproduce in the simulations and has a mean TGM concentration
significantly lower than all the other stations and indeed below the generally
accepted hemispheric background concentration of ≈ 1.7 ng m−3. The reason
for this is not clear.
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station Mmeas ± SDmeas Mmod ± SDmod R bias
CZ03 0.68 ± 0.62 1.53 ± 0.11 0.12 0.85
DE02 1.69 ± 0.13 1.61 ± 0.11 0.43 -0.08
DE08 1.70 ± 0.17 1.52 ± 0.11 0.40 -0.18
DE09 1.48 ± 0.22 1.64 ± 0.09 0.75 0.16
GB48 1.11 ± 0.34 1.54 ± 0.04 0.48 0.43
NO01 1.68 ± 0.18 1.55 ± 0.07 -0.07 -0.13
PL05 1.25 ± 0.25 1.66 ± 0.14 0.72 0.41
SE11 1.40 ± 0.14 1.67 ± 0.10 0.69 0.27
SE14 1.51 ± 0.11 1.60 ± 0.09 0.65 0.09

Table 3.2: TGM concentration statistical analysis in the EMEP stations.
Mean (M), Standard Deviation (SD) and bias are in ng m−3.

Figure 3.5: Monthly distribution of measured and modelled TGM concen-
trations at EMEP measurement stations.

Generally, as seen in figure 3.5 the model tends to slightly overestimate
the monthly averaged TGM concentrations and the bias for the individual
monitoring sites ranges from around -0.2 to 0.4 ng m−3 (with the exception
of site CZ03). As can be seen from table 3.2 of the 9 sites, only 3 showed
a negative bias. The seasonal variation, slightly lower values in the summer
than the winter seen in the observations is also seen in the model results,
although it is less marked. It can also be seen from figure 3.5 that the vari-
ability in the observations is greater than the variability seen in the model
results, (see also the standard deviations in table 3.2). The correlation coeffi-
cients in table 3.2 are reasonable at most sites, with the the sites at Birkenes
(NO01) and Kosetice (CZ03) being the obvious exceptions. The other results
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are similar to those obtained by Ryaboshapko et al. (2007a, 2003).

Figure 3.6: Monthly RGM concentrations measured (black) and modelled
(blue) at Waldhof station. The metrics (bias is in pg m−3) of the comparison
and the standard deviation of the data (dashed line) are also shown.

As mentioned earlier hourly values of TGM and two hourly values of Hg II

are available for the site at Waldhof (DE02) in Germany. The daily averaged
observed and modelled values of TGM are plotted in figure 3.8, where it
can be clearly seen that the short term variability in the observations is not
reproduced by the model. However the bias is low -0.06 ng m−3, and the slope
of the linear regression between the two datasets is 0.94. The correlation is
however low on a daily basis, ≈ 0.20. The Hg II results are similar, the bias is
low -1.6 pg m−3, but the correlation is also low on a daily basis. However as
shown in figure 3.6 the model does seem to be able to capture the Hg II trend
during the year. The statistical parameters in figure 3.6 refer to monthly
average values of the observations and model results.

Figure 3.7: Monthly distribution of measured and modelled PBM concentra-
tions at EMEP stations.
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The box and whisker plot in figure 3.7 shows the monthly averaged distri-
bution of modelled and measured HgP concentrations at the eight stations
where it was measured. The measured values generally show more varia-
tion during the winter than the summer, the model however predicts higher
variability during the summer.

Figure 3.8: Hourly TGM concentrations measured (black) and modelled
(blue) at Waldhof station.

3.3.3 Marine Boundary Layer air concentrations

For the Med-Oceanor campaign in June 2009 the daily average obser-
vations and model results have been compared. Figure 3.9 shows observed
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and simulated values of Hg 0, Hg II and HgP , with the respective metrics.
Although the model reflects in part the qualitative trend in Hg II and HgP ,
it overestimates both. The variation seen in the Hg 0 concentrations, partic-
ularly towards the end of the measurement campaign are not reflected in the
model results. However over the whole of the campaign the bias was ≈ 0, and
the slope of the regression line between model results and observations was
close to 1. One complication in the marine boundary layer which can cause
models to overestimate oxidised Hg species concentrations is the presence of
sea salt and non-sea-salt sulphate aerosols. These aerosols are ubiquitous in
the marine boundary layer and can be a sink for gas phase Hg II and Hg II

in particulates (Hedgecock and Pirrone, 2004; Holmes et al., 2009). The in-
clusion of Hg species scavenging by marine aerosols in the MBL is foreseen
in the next phase of the model development.

Figure 3.9: Mercury concentrations measured (black) during the Med-
Oceanor campaign and modelled values (blue). The time axis indicates the
day in June while the bias is in ng m−3 for GEM and in pg m−3 for RGM and
PBM. Dashed line represents the standard deviations to the data.
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3.3.4 Mercury deposition

Measurements of Hg in precipitation are available from 16 EMEP sites
in the model 27 km by 27 km domain for the year 2009, the comparison of
measured and model values is shown in figure 3.10.

Figure 3.10: Monthly mean of the mercury wet deposition flux at EMEP
sites and in the correspondenting model cells.

The model overestimates the wet deposition flux especially in hot months,
when photochemical oxidant production peaks. The model overestimates the
rate of Hg II formation and this is then scavenged by clouds and rainfall.
In part the overestimation of the wet deposition flux is also caused by the
slight overestimation of the rainfall at the sites (Bullock Jr. and Brehme,
2002), as shown in figure 3.11. Clearly though this is not the major factor.
Looking at the modelled and observed monthly averaged concentration of
Hg in precipitation, figure 3.12, it is clear that the overestimation of the
wet deposition flux occurs in late Spring / early Summer. Exactly why this
should be will be investigated in future studies. The Hg deposition fluxes
obtained are however similar to those from previous modelling model studies
(Bullock et al., 2009; Ryaboshapko et al., 2007b).

The dry deposition flux of Hg is very difficult to measure directly. The
most common approach is to use surrogate surfaces (Lyman et al., 2009;
Peterson et al., 2012; Gustin et al., 2012), these methods are however still
under development, (see also the review by Zhang and Dubey (2009) on the
dry deposition of atmospheric Hg). The dry deposition velocities calculated
by the model for values for Hg II are similar to those obtained by Baker
and Bash (2012), with values between 0.5 cm s−1 for the 10th percentile and
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Figure 3.11: Monthly rainfall at EMEP stations and and in the correspon-
denting model cells.

4.0 cm s−1 for the 90th. For particulate dry deposition velocity the modelled
values are lower (between 0.1 cm s−1 and 3.7 cm s−1), according to Zhang and
Dubey (2009).

Figure 3.13 shows the annual Hg deposition flux over the middle domain.
As well as the total, total dry and total wet deposition of Hg, the figure il-
lustrates the quantity of Hg deposited as Hg II and HgP in both the wet and
dry fluxes. As in Zhang et al. (2012b) the relative contributions of dry and
wet deposition to the total deposition over the whole domain are similar (dry
48%, wet 52%). Scavenging of Hg II accounts for 46% of the wet deposition
flux, whereas scavenging of HgP contributes 6%. These two species con-
tribute equally to the calculated dry deposition flux in the modelling domain
(24% and 24%).

The contribution of wet deposition to the total deposition flux is greater
in the North of the domain and over the mountain ranges of the Alps and
Pyrenees. Wet deposition also dominates over some coastal areas of the Adri-
atic and Turkey. Dry deposition dominates over North Africa and continental
European, especially near emission sources.

3.3.5 Mediterranean flux

The WRF/Chem with Hg model also calculates the Hg 0 evasion flux
from the Mediterranean Sea, section 3.1.4. Combining the modelled depo-
sition flux and emission for the Mediterranean it is possible to estimate the
net flux from the Sea itself. Figure 3.14 shows the monthly accumulated
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Figure 3.12: Monthly mean to the mercury wet deposition concentrations in
EMEP sites and in correspondents model cells.

Wet deposition Dry deposition Sea evasion Net flux
Particulate Gaseous Particulate Gaseous

0.65 18.94 8.16 9.97
Total 19.59 18.13 67.51 29.79

Table 3.3: Mercury Mediterranean Sea evasion and deposition (Mg year−1).

Hg deposition fluxes and the monthly accumulated Hg evasion. With the
exception of April (when there the model shows no net flux) it is clear that
the Mediterranean is a net source of Hg to the atmosphere. The yearly totals
for deposition and evasion and the net annual flux are shown in table 3.3.
Thus for the modelled year (2009) the results suggest that the contribution
to atmospheric Hg 0 from the Mediterranean Sea was nearly 30 Mg. This es-
timate is significantly less than our previous modelling estimate (Hedgecock
et al., 2006) which was of a net evasive flux of nearly 70 Mg yr−1. The reason
for this is that in this study the deposition flux is higher, and the evasive
flux from the ocean is lower than in the previous investigation. How much
this difference depends on the chemical mechanism, and the treatment of
the species Hg II(aq) as particulate in dry cells, and how much variation can be
expected as a result of year to year variation in meteorological conditions is
the subject of continuing studies.

The Hg emission from the Mediterranean Sea is greatest in December and
lowest in May. Figure 3.15 shows that the monthly mean marine emission in
these months have different spatial patterns, reflecting the influence of me-
teorological parameters and to a lesser extent Hg 0 concentrations on marine
emissions of Hg.
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Figure 3.13: Mercury deposition in model domain. Note that the colour scale
is not linear.

3.4 Discussion

This study has brought to light a number of issues concerning the re-
gional modelling of Hg atmospheric emission, transport and deposition. The
speciation of Hg included in emission inventories in regional models needs
to be reconsidered because different regions may use different Hg emission
reduction methods, and these methods influence the relative proportions of
the Hg species in flue gases. Emissions from oceans and seas would bene-
fit from long term data on DGM concentrations in the surface layer. The
chemistry of Hg in the atmosphere and in particular its redox reactions are
still uncertain, and the possibility of the atmospheric importance of Br con-
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Figure 3.14: Mediterranean Sea evasions. The upper colour scale is for the
“All 2009” image, while the lower is for evasion to May and December. Note
that the colour scale is not linear.

taining compounds and also heterogeneous reaction pathways leads to some
uncertainty in models (see the recent review by Subir et al. (2011, 2012)).
The role of atmospheric chemical processes has also been discussed in rela-
tion to the fate of oxidised Hg compounds in the plumes of large industrial
combustion facilities. It has been suggested that some commonly emitted re-
ductants such as CO or SO2 could alter the proportions of Hg species before
the plume is fully diluted, altering the “effective” speciation of the emissions,
see Pongprueksa et al. (2008) and Zhang et al. (2012a). In the particular case
of the Mediterranean Sea understanding the role of year on year changes in
meteorological conditions on the exchange of Hg between the atmosphere
and the sea surface is important. The levels of Hg found in Mediterranean
fish is clearly a reason for this, but this exchange also makes up an important
fraction of the Mediterranean Sea Hg budget, (see Žagar et al. (2013)). Cur-
rently simulations are underway for the other years in which Med-Oceanor
campaigns were performed in the Mediterranean. The cruise data is of great
importance for these simulations as they allow the results to be compared
with open sea observations.
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Figure 3.15: Mediterranean sea Hg mass balance. For every month the Hg
sea evasion is shown on the right and the deposition on the left. Deposition
is divided into gas and particulate wet deposition (WD) and dry deposition
(DD).
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3.5 Conclusions

A modified version of the WRF/Chem model has been developed with
the aim of simulating atmospheric Hg chemistry. Thus modules and routines
to include Hg emissions from anthropogenic and natural sources, Hg chem-
ical interactions in the atmosphere and Hg deposition processes have been
added to WRF/Chem. The model reproduces the seasonal variation in TGM
concentration at continental sites in Europe, with a slight positive bias, and
overestimates the monthly averages at 6 out of the 9 monitoring stations for
which data were available. In the MBL the model results reproduce the qual-
itative trend in the Hg II and HgP measurements. The magnitude of the Hg
deposition flux in the model domain from wet and dry deposition processes
are similar, but with very different spatial distributions. Wet deposition is
greater in the area characterised by high precipitation as expected, however
even in those regions with a damp climate, dry deposition dominates in areas
near major Hg emission sources. Hg evasion from the sea surface has been
implemented in the model using an on-line parametrisation. Within the mod-
elling domain which covers Europe the marine emission source contributes
39% of the total annual Hg emitted. The Mediterranean alone contributes
almost half of this and accounts for 17% of the Hg emitted within the do-
main. Comparing the magnitude of dry and wet deposition with evasion flux
from the Mediterranean sea the results suggest that the Mediterranean Sea
emits ≈67 Mg year−1, and receives ≈37 Mg year−1 from dry and wet deposi-
tion. The net flux of Hg to the atmosphere from the Mediterranean Sea is
thus estimated to be ≈30 Mg year−1.
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3.6 Appendix A: ECHMERIT global atmo-

spheric model

ECHMERIT is a fully coupled on-line model, based on the Atmospheric
General Circulation Model ECHAM5 (Roeckner et al., 2003, 2006), and a
MERcury chemistry module, developed at the Institute for Atmospheric Pol-
lution of the Italian National Research Council (CNR-IIA) in Rende, ITaly
(Jung et al., 2009).

Different schemes for advection, convection and vertical diffusion are al-
ready implemented in the model. It has a highly customisable chemistry
mechanism designed to facilitate the investigation of both aqueous and gas
phase atmospheric mercury chemistry. Recently it has been updated and
improved with a new air-sea exchange parameterisation (De Simone et al.,
2013).

A number of off-line CTMs have been developed in recent years (De Si-
mone et al. (2013) and references therein), but ECHMERIT differs from
almost all other global Hg models in that it is an on-line model.

An important application of global models is to provide the boundary
and the initial conditions (BC/IC) to regional mercury models which per-
form simulations at higher spatial resolutions. Regional CTM simulations of
atmospheric Hg chemistry and deposition have been shown to be particularly
sensitive to the BC/IC which are used (Pongprueksa et al, 2008). Boundary
conditions for regional simulations are generally more important than ini-
tial conditions for regional Hg CTMs, and therefore recently most regional
models make use of time and space varying BCs from global model output.
However there can be some variation in the regional modelling results de-
pending on which global model output is used (Bullock et al, 2008, 2009;
Harris et al, 2012).

ECHMERIT transports 27 chemical species, including four mercury species:
Hg 0, HgP , Hg II and Hg II(aq). The model uses a spectral grid with horizon-

tal resolution of T42 grid (roughly 2.8 ◦ by 2.8 ◦ ). Whereas in the vertical
the model is discretised with a hybrid-sigma pressure system with 19 or 31
non-equidistant levels up to 10 hPa.

To reproduce real meteorological conditions the nudging routine already
implemented in ECHAM5 using reanalysis data from the ERA-INTERIM
project (ECMWF) has been used. Averaged values obtained from previous
multi-year long model simulations are used to initialise the concentrations of
all species.



Chapter 4

Mediterranean mass balance

The Mediterranean Sea area is subject to mercury pollution from an-
thropogenic and natural sources. A large part (approximately 65%) of the
world Hg reserves are in the cinnabar belt underlying the Mediterranean area
(Bernhard and Buffoni, 1982). Mercury in the Mediterraneanoriginates from
past mining activities (Idrija in Slovenia, Monte Amiata in Italy and Al-
maden in Spain), coal and oil combustion, cement production and chloralkali
plants (Kocman et al., 2013).

Recently several studies have been dedicated to the Hg transformation
processes in the water column (Monperrus et al., 2007; Cossa et al., 2009),
soil sediment (Hines et al., 2006; Monperrus et al., 2007; Ogrinc et al., 2007),
atmosphere (Pirrone et al., 2003; Wängberg et al., 2001a, 2008; Sprovieri
et al., 2010), and in the marine boundary layer (Hedgecock et al., 2003,
2005, 2006; Sprovieri et al., 2010).

In several Mediterranean fish species, notably tuna and swordfish, were
found elevated Hg levels, due at the MeHg bioaccumulation, although the
total Hg (HgT) concentrations in water are not significantly higher than
in the Atlantic Ocean (Cossa et al., 1997; Cossa and Coquery, 2005; Storelli
et al., 2002, 2005; Mason et al., 1998; Mason and Sullivan, 1999; Mason et al.,
2001; Žagar et al., 2013). Although all recent studies indicate the presence
of elevated mercury concentrations in fish (Cossa and Coquery, 2005; Storelli
et al., 2002, 2005), and in spite of several sampling campaigns and published
studies on the concentrations of Hg and its compounds in the various envi-
ronmental compartments of the Mediterranean Sea, relatively little is known
of the actual distribution of Hg in the area (Cinnirella et al., 2013). Calcu-
lation of the mass balance of contaminants can provide useful information
on the processes, which influence their concentration in any given environ-
mental compartment. They can help indicate the most important sources,
sinks and also the equilibrium or non-equilibrium state of the contaminant
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intercompartmental exchange processes. Often, a relatively good estimate
on the future trends of pollutant concentrations and therefore impacts on
the environment can be made on the basis of a well defined mass balance
modelling system (Žagar et al., 2013).

Recently many numerical models have been developed and used in order
to simulate mercury transport, fluxes and transformations in both water and
the atmosphere (Kallos et al., 2001; Žagar et al., 2007; Selin, 2009; Sunder-
land et al., 2009; Mason et al., 2012; Gencarelli et al., 2013a) and several mass
balances have been established for the Mediterranean and its component seas
and basins (Cossa et al., 1997; Rajar et al., 2007).

Due to the recently obtained measurement data (Kotnik et al., 2013), the
continuing development of numerical models and increasing understanding
of Hg transformation processes (Mason et al., 2012), it has been possible to
update the recent HgT mass balance (Žagar et al., 2013). Using the most
recent data it has also been possible to calculate an approximate MeHg mass
balance which had not been established previously and which is by far the
most important organic Hg compound entering the food web (Žagar et al.,
2013).

4.1 Processes in Marine Boundary Layer

The Mediterranean established to be an interesting place to study the
atmospheric oxidation of elemental mercury and ozone production. Particu-
larly in summertime the Mediterranean MBL is characterised by atmospheric
stability, high temperatures and abundant sunshine that provide good condi-
tions for ozone formation, and the combination of high ozone concentrations,
strong sunlight and the humidity of the MBL also leads to the production of
OH. Both OH and ozone are thought to be oxidants of atmospheric Hg 0 (Hall
(1995); Sommar et al. (2001b); Pal and Ariya (2004); Subir et al. (2011) and
section 1.2.1). The Mediterranean MBL therefore provides the ideal location
to assess the importance of the reactions between Hg and these oxidants in
the atmospheric Hg cycle. Measurements obtained during an oceanographic
campaign in the Adriatic in 2005 were compared to simulations obtained us-
ing a box model of multiphase MBL photochemistry (Sprovieri et al., 2010).
The ozone concentrations were high during this particular campaign, aver-
aging over 60 ppb during the cruise. Various simulations were performed
in which O3/OH and Br/BrO were assumed to be the Hg 0 oxidants. The
simulations with O3/OH as oxidants considerably overestimated the concen-
trations of Hg II and also failed to reproduce the magnitude of the diurnal
cycle, probably because the O3 concentration remained high during the night-
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time. The simulations which assumed Br was the Hg 0 oxidant reproduced
the measurements far better, and given the results of other studies (Holmes
et al., 2010; Tas et al., 2012), it seems likely that, in the MBL at least, Br is
the most important GEM oxidant.

4.2 Model intercomparison of the air-water

fluxes

Oxidised Hg compounds are significantly less volatile and more soluble
than elemental Hg, and subsequently are taken up by clouds and also dry
deposited more readily than elemental Hg. Simulation with global model
ECHMERIT (Jung et al. (2009); De Simone et al. (2013) and Appendix
A) and WRF/Chem with Hg regional model (Gencarelli et al. (2013a) and
chapter 3) have been used to estimate the deposition of atmospheric mercury
to the Mediterranean Sea. In a previous regional modelling study (Hedgecock
et al., 2006), it was estimated that the Mediterranean Sea was a net emitter of
approximately 70 Mg of Hg 0 a year. There are uncertainties on the average
DGM concentration in the Mediterranean, and this quantity is important
in the mechanism of air-water exchange (section 3.1.4). The ECHMERIT
global model has been run in tracer mode to evaluate the net emission and
deposition from the Mediterranean assuming uniform concentrations of 10,
20, 30 and 40 pg l−1 for the years 2008 and 2009. Table 4.1 resume the model
results.

Model MECAWEx PCFLOW3D ECHMERIT WRF/Chem
year 1999 2004 2008 2009 2009
Dry dep. 13.2 18
Wet dep. 7.4 20
Total dep. 20.6 23 50/51 46/43 38
Emission 90.4 50 65/47 69/50 68
Net evasion ≈ 70 ≈ 27 ≈ 24/4 ≈ 23/7 ≈ 30

Table 4.1: Hg deposition and evasion obtained by atmospheric and hydro-
logical models in the Mediterranean area. All values are in Mg year−1. Table
from Žagar et al. (2013).

The difference between the earliest model result (MECAWEx, Hedgecock
et al. (2006)) and the most recent simulations (ECHMERIT and WRF/Chem)
is notable in terms of the lower emissions totals, but also in the deposition
fluxes. The WRF/Chem result suggests that the MECAWEx wet deposition
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estimate is severely low. Furthermore, both the evasion and deposition cal-
culated by the coupled atmospheric and water models (Žagar et al., 2007) are
thought to be too low, although the net evasion is not significantly different
than in the most recent simulations. The deposition totals from WRF/Chem
and ECHMERIT are similar. The emissions from WRF/Chem and ECH-
MERIT are also similar and both lower than MECAWEx (the two values
for ECHMERIT in table 4.1 are simulations in which DGM was assumed to
be 40 and 30 pg l−1, respectively, while the WRF/Chem simulation used a
constant 30 pg l−1). ECHMERIT has the advantage that it is global, and
therefore, the sum of all the marine emissions can be calculated. Using a
DGM value of 30 pg l−1 gives total global emission estimates which are in
line with current estimates from other modelling groups and recent estimates
from compartmental models (Selin, 2009; Mason et al., 2012).

4.3 Conclusion regarding the Mediterranean

mass balance

The GEM evasion and deposition from the most recent simulations (68
and 38 Mg year−1, respectively for WRF/Chem with Hg) were considered.
However, the net flux is the important factor for the mass balance, and a rela-
tively good agreement between the results of all recent estimates (PCFLOW3D
(Žagar et al., 2007), ECHMERIT and WRF/Chem) was obtained with re-
gard to this quantity. Similar net fluxes of approximately 25-30 Mg year−1

give us a certain amount of confidence, even though the actual deposition
and evasion in each simulation vary due to differences in individual processes
parameterisations.

Numerous authors suggest that MeHg deposition is extremely low and
usually not exceeding 1% of the Hg 0 deposition (Hammerschmidt et al.,
2007; Graydon et al., 2008; Guo et al., 2008; Heimbrger et al., 2011). Due
to low precipitation (Boukthir and Barnier, 2000; Rajar et al., 2007) and the
absence of gaseous MeHg species in the surface layer (Horvat et al. (2003);
Kotnik et al. (2007); Heimbürger et al. (2010)), the estimated value of MeHg
deposition is about 400 kg year−1, while MeHg evasion is negligible (Žagar
et al., 2013).
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4.4 Bromine oxidation in WRF/Chem with

Hg

WRF/Chem with Hg simulations have been performed to investigate mer-
cury oxidation by Bromine-compounds in the Mediterranean MBL (Gencar-
elli et al., 2012, 2013b). In this section the preliminary results of this model
application are shown.

The WRF/Chem with Hg model described in section 3.1 has been modi-
fied to include the gas phase oxidation of Hg 0 by Br (with the rate constant
from Ariya et al. (2002)) and by BrO (rate constant from Spicer et al. (2002)).
In this way equations 3.1-3.3 are subsitued as:

Hg 0 + Br −→ 1

2
Hg II +

1

2
Hg II(aq) (4.1)

Hg 0 + BrO −→ 1

2
Hg II +

1

2
Hg II(aq) (4.2)

The aqueous phase mechanism for this oxidation scheme are under prepa-
ration. WRF/Chem model does not include atmospheric Bromine chemistry.
One major problem is the lack of a Br emissions inventory and uncertainty
in marine emissions of organic Br compounds. Thus specific tools are been
developed for include the Br and BrO concentrations from the AMCOTS
(Atmospheric Chemistry Model Over The Sea) box model (Hedgecock et al.,
2005; Sprovieri et al., 2010) in the WRF/Chem with Hg. The AMCOTS
model was initially developed to investigate the atmospheric chemistry of
Hg in the gas and deliquesced aerosol phases in the MBL (Hedgecock et al.,
2005). It contains a detailed mechanism to describe gas phase chemistry,
photolysis, aqueous phase chemistry in deliquesced sea salt and non-sea salt
sulphate aerosol, and the transfer of chemical species between the phases.

4.4.1 Result using Bromine-compounds oxidation

The same model domains and physics options used in chapter 3 have been
used for investigate the Bromine compound oxidation. This simulations were
performed for June 2009, in order to use the measurements from the Med-
Oceanor campaign for validate the model results.

Figure 4.1 shows the observed and simulated values of Hg 0 and Hg II

along the Med-Oceanor measurement route, with the respective metrics. The
results for the two different oxidation mechanisms using O3/OH or Br/BrO
as GEM oxidants are shown.
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Figure 4.1: Mercury concentrations measured (black) during the Med-
Oceanor campaign and modelled values (blue for O3/OH oxidation and red
for Br/BrO oxidation). The time axis indicates the day in June while the
bias is in ng m−3 for GEM and in pg m−3 for RGM.

Using the oxidation by Br and BrO mechanisms the model simulations
reproduce in part the qualitative trend in Hg II concentrations. The bias
for Hg 0 over the whole campaign is ≈ 0, and the slope of the regression line
between model results and observations was close to 1.

The differences between the two oxidation patterns are also evident in
the Hg deposition. Figure 4.2 shows the spatial distribution of Hg deposition
(wet and dry) in the period of simulation. While Hg deposition is more evenly
distributed over the domains for O3/OH oxidations, it is located prevalently
near the Hg emission sources in the Br/BrO oxidation case.

Figure 4.2: Model Hg deposition (µg m−2) for June 2009. On the left for
oxidation by O3 and OH and on the right for oxidation by Br and BrO.
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The investigation of Hg oxidation in the MBL by Bromine compounds is
still in progress. However these preliminary results appear to confirm that in
the Mediterranean MBL Br and BrO are important GEM oxidants, giving
better agreement between the modelled and observed GEM and GOM values.



Chapter 5

Summary and conclusions

This work has presented a modelling study to investigate the atmospheric
air quality, and in particular the pollution by ozone and mercury in Mediter-
ranean area.

Initially the WRF/Chem model was used to simulate O3 concentrations
for the periods of seven oceanographic research campaigns which took place in
the Mediterranean Basin between 2000 and 2010. The results of the compar-
ison between the model and observations O3 concentration showed a reason-
able agreement. Having demonstrated the model’s ability to reproduce the
O3 concentrations, it was used to evaluate the impact of shipping emissions
on the air quality to the Mediterranean area. Considering that the average
measured O3 concentrations during the Med-Oceanor series of oceanographic
measurement campaigns was 50 – 60 ppb, shipping emissions can contribute
between ≈3 and 12 ppb to the long-term average concentrations of O3. Ship-
ping emissions will therefore continue to play an important role in local and
regional air quality in Mediterranean coastal areas and beyond for the fore-
seeable future.

To investigate the atmospheric mercury cycle a modified version of the
WRF/Chem model has been developed. Thus modules and routines to in-
clude Hg emissions from anthropogenic and natural sources, Hg chemical
interactions in the atmosphere and the Hg deposition processes have been
added to WRF/Chem. These modules include Hg emission from biomass
burning, both from biofuel use and from wildfires and Hg exchange at the
sea/ocean surface. The model is able to reproduce the seasonal variation in
TGM concentration at continental sites in Europe, while in the MBL the
model results reproduce the qualitative trend in Hg II and HgP measure-
ments. The magnitude of the Hg deposition flux in the model domain from
wet and dry deposition processes are similar, but with very different spatial
distributions. Wet deposition is greater in the area characterised by high
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precipitation as expected, however even in those regions with a damp cli-
mate, dry deposition dominates in areas near major Hg emission sources.
Hg evasion from the sea surface has been implemented in the model using
an online parametrisation, and estimates of the annual flux have calculated.
Comparing the magnitude of dry and wet deposition with evasion flux from
the Mediterranean Sea the results suggest that the Mediterranean Sea emits
≈67 Mg year−1, and receives ≈37 Mg year−1 from dry and wet deposition.
The net flux of Hg to the atmosphere from the Mediterranean Sea is thus
estimated to be ≈30 Mg year−1 (Gencarelli et al., 2013a).

The estimates obtained for the net evasion flux with WRF/Chem have
been compared with other recent estimates obtained with other model (ECH-
MERIT (De Simone et al., 2013), PCFLOW3D/RAMS-HG (Žagar et al.,
2007), MECAWEX (Hedgecock et al., 2006)) to the net flux, being an im-
portant factor for the investigation to the Mediterranean mass balance. Us-
ing also these results an estimated MeHg flux has also been calculated, with
around 400 kg of MeHg deposited in a year over the whole basin (Žagar et al.,
2013).

The WRF/Chem with Hg model has been adapted for include the gas
phase oxidation of Hg 0 by Br and BrO. This work is still in progress, but
preliminary results indicate that in the Mediterranean MBL Br-containing
compounds are an important GEM oxidant.
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