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Abstract

This thesis aims to quantify the direct radiative effects (DRE) of sea salt

aerosol in the atmosphere. The online coupled regional scale model system

COSMO-ART (Vogel et al., 2009) is extended for this objective with respect

to the sea salt aerosol. A method for treating sea salt containing internal

mixtures of sodium chloride, water, and sodium sulphate is introduced to the

model. To consider the aerosol sulphate of both anthropogenic and natural

origin, the emission of oceanic dimethyl sulphide (DMS) is implemented in

COSMO-ART within this thesis.

A case study is performed for the Mediterranean, North East Atlantic Ocean

and South and Central Europe with the extended model system. In this

study, DMS oxidation is the dominant source for sea salt aerosol sulphate

over the Atlantic Ocean and locally contributes up to 40% of the sea salt

aerosol sulphate over the Mediterranean. The sea salt chemical composition

is dominated by water and the water uptake significantly influences the

aerosol size distribution.

The simulated sea salt aerosol optical depth is found to show strong

dependence on the 10 m wind speed under cloud free conditions. This

relation is best described by a power law fit and compares well with satellite

observations. To the author’s knowledge, this is the first time such an

investigation has been performed with both AOD and wind speed information

achieved from model calculations.

A new sea salt optical parameterisation is developed for both the shortwave

and longwave spectrum. The total extinction in the solar range is dominated

by scattering. In the longwave range, the relative contribution of absorption

becomes increasingly important due to the absorption of water and sulphate.

The extinction of radiation due to sea salt modifies the atmospheric

properties, which in turn alter the wind and aerosol size distributions. The

wind speed is modified at ±0.2 m s−1, and the mass and number densities
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up to 50% and 20%, respectively, with respect to the undisturbed reference

fields. For cloud free conditions, the impact on the shortwave and long-

wave radiative budgets are approximately in the same order of magnitudes.

This is found both over the cloud free continent and the cloud free ocean

and causes the net radiative effect to be approximately zero. Thus, the

perturbations of the radiative fluxes are too small to cause any distinct tem-

perature change (< 0.01 K). The mean effect over the ocean exceeds that

of over land, suggesting a more meaningful effect above surfaces with lower

albedo. Although the aerosol effect is found to be small in the present study,

a comparison with the DRE of anthropogenic aerosol implies the relative

importance of sea salt DRE for the Mediterranean and North East Atlantic

Ocean, including during polluted conditions.
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Chapter 1

Introduction

Aerosols, i.e. suspensions of liquid and solid particles in the air, influence

the state of the atmosphere with potentially as large climate effects as those

caused by greenhouse gases, however with larger uncertainties (Intergovern-

mental Panel on Climate Change; IPCC, 2007). The aerosol impact is for this

reason to this date still in need of further investigation. The state of know-

ledge regarding the aerosol impact on various atmospheric processes on the

regional scale is even worse than on the global scale (e.g., Vogel et al., 2009,

and references therein). The radiative impact caused by aerosol particles

is seasonal, shows large spatial variations and can become dominant on the

regional scale (Tzanis and Varotsos, 2008).

Aerosol particles are either produced primarily by ejection into the

atmosphere, or secondarily by gas-to-particle conversion processes within

the atmosphere. Aerosols are generally classified as anthropogenic or nat-

ural, with respect to their origin. Anthropogenic aerosols result from human

activities with major contributions from bio mass burning and fossil fuel

consumption, for example. Natural aerosols, for example, are black carbon

from natural fires (Jacobson, 2001b), mineral dust, sea salt, biogenic aerosol

from land and oceans, sulphate aerosol and dust aerosol produced by volcanic
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1. Introduction

eruptions (IPCC, 2007). As the emission processes of the natural aerosols

are not directly affected by human activities they will remain regardless of

changes in anthropogenic emissions and cannot be controlled, which might

be one of their most important qualities.

Currently there is a wide interest in increasing the state of knowledge con-

cerning the impacts of human activities on climate change. To establish a

better understanding of the anthropogenic impacts it is indeed of central im-

portance to separate the anthropogenic contribution from the natural one.

It is for this purpose essential to minimise the uncertainties regarding the

aerosol effects caused by the naturally emitted aerosols, which still are large

(Satheesh and Krishna Moorthy, 2005).

When considering the natural aerosol impact on the atmosphere, that of

the sea salt is one of the most substantial. Considering that the earth’s

surface is covered by oceans by 70%, it is understandable that the sea salt

aerosol is the key aerosol constituent over much of it. The total production

of natural aerosols on the global scale is dominated by that of sea salt, which

accounts for about 1,000-10,000 Tg yr−1 or 30-75% of the total natural aerosol

production (Blanchard and Woodcock, 1980; Winter and Chýlek, 1997). The

sea salt aerosol is a primary aerosol introduced to the lowest atmosphere

through emissions from the ocean as a result of the wind effect on the water

surface. One important quality of sea salt is its wide size range between

tenths of nano-meters to tenths of micro-meters (e.g., Gong et al., 1997;

Clarke et al., 2006). The sea salt concentration shows large spatial variations

with relatively lower concentrations above land compared to over oceans

(Foltescu et al., 2005).

Numerous studies indicate the importance of the sea salt aerosol within a

broad range of atmospheric processes. The emission of the sea salt from the

sea surface has already been suggested to impact on the exchange of heat
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1. Introduction

and moisture in the interface between the ocean and atmosphere (Foltescu

et al., 2005, and references therein). Within this matter, the largest sea salt

aerosol, the so-called spume mode aerosol, is propbably the most important

aerosol (Andreas, 1998). Further aspects include air quality, visibility, and

atmospheric heterogeneous chemistry (e.g., O’Dowd et al., 1999; Li-Jones

et al., 2001; Myhre and Grini, 2006; Athanasopoulou et al., 2008). Due to

the participation in chemical reactions, the sea salt affects the atmospheric

cycle of the other reactants. Sea salt has been shown to react with nitric

acid and thereby influence the burden of particulate nitrate (e.g., Myhre and

Grini, 2006; Athanasopoulou et al., 2008). Such reactions lead to less avail-

able nitric acid and can in turn cause a reduction of the global burden of

ammonium nitrate particles by 25 % when sea salt is present (Myhre and

Grini, 2006). The sea salt may also impact the tropospheric ozone chem-

istry due to the NaCl and NaBr sea salt components, which are precursors to

highly reactive chlorine and bromine atoms. These in turn play a significant

role for the ozone chemistry (Finlayson-Pitts and Hemminger, 2000). The

peak in number of submicron aerosol together with its hygroscopic nature

makes the sea salt important for cloud formation as it is an important cloud

condensation nuclei. Especially in the clean marine boundary layer at high

wind speed conditions, the sea salt aerosol comprises the primary source for

cloud nuclei (e.g., O’Dowd and Smith, 1993; Foltescu et al., 2005). It is not

only submicron sea salt aerosol that influence the features and evolution of

cloud formation and subsequent rain formation. Jensen and Lee (2008) drew

the conclusion that both small and giant aerosol are of equal importance for

warm rain formation and that giant sea salt aerosol determine the rainfall

rate of marine stratocumulus clouds for wind speeds exceeding 4-5 m s−1. Not

least the sea salt aerosol is responsible for the majority of aerosol scattered

light in clean background air (e.g., Murphy et al., 1998; Quinn et al., 1998;

Quinn and Bates, 2005). Through the scattering of light and the contribution

to cloud formation, sea salt modifies the atmospheric radiation budget and

consequently affects the atmospheric state and climate, directly and indi-
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1. Introduction

rectly, respectively. Under the direct radiative effect, or direct aerosol effect,

extinction, i.e. scattering and absorption of radiation, by the aerosol is un-

derstood. The sea salt aerosol has a direct cooling effect as the extinction is

dominated by the scattering of sunlight, which leads to a decreased surface

temperature (e.g., Lewis and Schwartz, 2004). With the indirect radiative

effect, or indirect aerosol effect, the extinction that occurs when the aerosol

acts as seed particles for cloud drops is meant. In this way, the sea salt

aerosol helps to increase the marine boundary layer albedo via cloud forma-

tion. In which proportion the clouds in turn affect the atmospheric radiative

fluxes depends on the cloud properties. The sea salt radiative effect is the

most important above ocean areas and coastal regions, as a result of the large

gradients towards lower concentrations over land.

A combination of measurements and model studies is required for investiga-

tions regarding the impact caused by sea salt on atmospheric processes. The

available observations often show site specific characteristics and are mainly

taken during fair wind conditions (Heintzenberg et al., 2000; Satheesh and

Krishna Moorthy, 2005). Due to the lack of an adequate database the vali-

dation of the model results is subsequently restricted.

The intention of this thesis is to contribute to the better understanding of

the interaction between the sea salt aerosol and the state of the atmosphere

via the sea salt aerosol direct radiative effect. The tool for this investigation

is the regional scale non-hydrostatic numerical atmospheric model COSMO-

ART (Vogel et al., 2009). Simulating the sea salt influence on the state of the

atmosphere in an accurate way is a complex task. The state of the particle

is variable due to ageing and exchange processes with ambient aerosols. In

some models the concentrations of sea salt are determined in rather simplified

manners. For example, Wilson et al. (2001) and Ma et al. (2008) determined

the sea salt concentration as a function of the wind speed, without calcu-

lating the emission flux, whereas the most common way is to determine the
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1. Introduction

emission flux of sea salt as a function of wind speed. Regarding the chemical

composition, sea salt is often found as internal mixtures with other chemical

compounds and aerosols (e.g., Andreae et al., 1986; Sievering et al., 1992;

O’Dowd et al., 1997; Clegg et al., 1998; Katoshevski et al., 1999). Inter-

nal mixtures of the sea salt aerosol with non sea salt sulphate, as a result

of the condensation of sulphuric acid or aqueous phase oxidation, has been

found in several studies (e.g., Sievering et al., 1992; O’Dowd et al., 1997;

Clegg et al., 1998; Katoshevski et al., 1999). The sea salt is very hygroscopic

and effectively grows due to the uptake of water. This process depends on

the chemical composition of the aerosol (e.g., Tang, 1997) and leads to ad-

ditional mass on the aerosol, which consequently modifies the aerosol life

cycle. Due to the water content the optical properties are modified, for ex-

ample, making this an important process to consider for describing the sea

salt atmospheric cycle and impact correctly. A simplified way of treating the

water uptake in numerical models is to parameterise the wet sea salt size

dependent on the ambient relative humidity and dry aerosol size, assuming

a constant chemical composition (e.g., Grini et al., 2002; Li et al., 2008; Ma

et al., 2008; Yu and Luo, 2009). E.g. Stier et al. (2005) and Jacobson (1997)

applied another common, more accurate method for calculating the water

content, which is referred to as the Zdanovskii-Stokes-Robinson (ZSR) rela-

tion (Stokes and Robinson, 1966). The ZSR-relation empirically expresses

the aerosol liquid water content of a multicomponent mixture as a function

of electrolyte molality and ambient relative humidity. The most accurate

and time consuming way of determining the liquid aerosol water content is

to consider the thermodynamic equilibrium between the components in the

gas phase and aerosol phase and thereafter calculate the water absorption

as a function of the aerosol phase chemical composition. However in model

studies, the composition of sea salt is often assumed to remain constant dur-

ing transport, thus any exchange with ambient gaseous and aerosol species is

neglected (e.g., Foltescu et al., 2005; Grini et al., 2002; Ma et al., 2008). As

variations of the chemical composition are most often neglected, the water
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1. Introduction

uptake calculations also become simplified. The feedback between the sea

salt aerosol and the atmosphere is, furthermore, seldom investigated. No ap-

plication with one of the few existing non-hydrostatic online coupled models

WRF/Chem (Grell et al., 2005) addressed to the sea salt feedback with the

atmosphere is available in the literature.

There exist several atmospheric models taking the direct sea salt radiative

effect into consideration. These models are, however, mainly applied to the

global scale (e.g., Grini et al., 2002; Ma et al., 2008) while studies on regional

scales are rare. Although there exist some model studies addressed to the

sea salt direct radiative effect on climate, the magnitude of this effect is

still connected to large uncertainties and needs further investigation (e.g.,

Lewis and Schwartz, 2004; Satheesh and Krishna Moorthy, 2005). Lewis and

Schwartz (2004) summarised the global annually averaged direct effect from

different studies to range from -0.08 W m−2 to -6.2 W m−2. For comparison,

the direct radiative effect is estimated to be -0.4 ±0.2 W m−2 for sulphate,

0.03 ±0.12 W m−2 for biomass burning aerosol, -0.05 ±0.05 W m−2 for fossil

fuel organic carbon, +0.2 ±0.15 W m−2 for fossil fuel black carbon aerosol,

+0.1 ±0.1 W m−2 for nitrate, and -0.1 ±0.2 W m−2 for mineral dust (IPCC,

2007). Studies concerning the sea salt direct effect on climate are most often

focused on the annually averaged effect, and the underlying physics related

to the effect are seldom investigated (Li et al., 2008). If not the only, then

one of few, 3-D studies where the physics associated to the sea salt direct

radiative effect on climate is the one by Ma et al. (2008). In their study, Ma

et al. (2008) applied the parameterisation of Li et al. (2008) for describing

the sea salt optical properties. The parameterisation of Li et al. (2008) is

the only parameterisation describing both the longwave and shortwave sea

salt optical properties. The optical properties are expressed as a function of

the wet sea salt aerosol size by assuming a pure sodium chloride aerosol and

applying the parameterisation of Lewis and Schwartz (2006) for determining

the corresponding wet radius as a function of ambient relative humidity. By

6



1. Introduction

applying the parameterisation of Li et al. (2008), Ma et al. (2008) assumed

that the sea salt aerosol optical properties were determined by the amount

of water that a pure sodium chloride aerosol would absorb together with the

optical properties of the dry sea salt aerosol. The internal mixing with e.g.,

sulphate, which also can affect the optical properties, was neglected. The

optical parameterisation of Li et al. (2008) was based on the volume mixing

rule. The volume mixing rule is however not valid for aerosols such as sea

salt, which dissolve to liquid droplets at high relative humidity (Liu and

Daum, 2008; Irshad et al., 2009). Furthermore, Ma et al. (2008) calculated

the sea salt mean concentration directly as a function of wind speed, without

considering the sea salt emission flux specifically.

The lack of studies regarding the processes resulting in the direct radiative

effect is one of the great motivations behind this present work. As most

studies are applied for the global scale, such detailed investigations are not

possible due to the simplifications that are required in such studies. Com-

pared to global scale applications, higher resolutions are possible in regional

scale studies. Thus, on the regional scale, more detailed investigations can

be performed. The main objective of this thesis is to examine the feedback

between the sea salt concentrations and the state of the atmosphere on the

regional scale, induced by the sea salt direct radiative effect. The feedback

mechanism arises as sea salt emissions depend on meteorological variables

such as wind speed and water temperature and at the same time the state

of the atmosphere is modified by the radiative impact caused by the emitted

aerosol. Simulations are performed with the regional scale online coupled

non-hydrostatic model system COSMO-ART (Vogel et al., 2009). COSMO-

ART is an enhanced model system that has been designed to simulate the

spatial and temporal distribution of reactive gaseous and particulate matter

on the regional scale. The meteorological module COSMO is online cou-

pled with a chemistry and transport module treating gaseous chemistry and

aerosol dynamics. COSMO-ART is, within this work, extended with respect

7



1. Introduction

to the treatment of sea salt. Internally mixed wet aerosol composed by sea

salt, non-sea salt sulphate and water formed through the condensation of sul-

phuric acid onto the aerosol is introduced to the model. The production of

sulphate via wet phase chemistry is neglected in this study. The formation

of sulphuric acid via the oxidation processes of dimethyl sulphide released

from the ocean surface and of sulphur dioxide emitted from ship tracks and

additional anthropogenic sources are considered and introduced to the model

within this thesis. Any exchange or release of semi-volatile species such as

HNO3, HCl, and NH3 are neglected in this work. The water content of the

internally mixed aerosol is calculated as a function of its composition and

ambient relative humidity following the ZSR-mixing rule. A new parameter-

isation describing the internally mixed sea salt aerosol optical properties is

developed within this thesis, as a function of the wet mixed aerosol compo-

sition, by using detailed Mie-calculations.

The extended version of COSMO-ART is applied to an area including the

Mediterranean, North East Atlantic Ocean and a large part of the continent

of Europe. The considered region is influenced by natural as well as anthro-

pogenic aerosol, whereas it is unknown in which order of magnitude the role

of the respective aerosol species play. To be able to separate the impact of

sea salt from the anthropogenic and that of other natural aerosols, such as

mineral dust, the effect of sea salt must firstly be investigated. The interac-

tion of sea salt with other aerosols and continental anthropogenic emissions

is not considered and, moreover, it is assumed that sea salt does not take

part in cloud formation. The focus here is put on COSMO-ART simulations

with respect to sea salt. Additional simulations are performed where anthro-

pogenic direct radiative effects are also considered. Thus, the aim of this

work is to answer the following questions when assuming that no loss of sea

salt by cloud formation takes place:

8



1. Introduction

• Which role do emissions of sulphur precursors from DMS and anthro-

pogenic emissions, respectively, play on the sulphate content on the sea

salt aerosol?

• In which order of magnitude does water uptake modify the sea salt

aerosol size distributions?

• How do atmospheric variables respond to the disturbances caused by

the sea salt aerosol direct effect?

• To what extent do the modifications of the state of the atmosphere,

caused by the direct radiative effect, show feedback on the sea salt

concentrations?

• In which proportion do the sea salt DRE stand compared to the DRE

of anthropogenic aerosols?

In the following, the outline of this thesis is presented. The sea salt aerosol

will be further described in chapter 2. The tool of this study, the model

system COSMO-ART, is presented in chapter 3. To consider the forma-

tion of internally mixed sea salt aerosol with sulphate and the corresponding

water uptake, COSMO-ART has been extended with new routines. The

equations on which these routines are based are presented in chapter 4. The

optical properties of the dissolved internally mixed sea salt aerosol are calcu-

lated with detailed Mie-calculations as a function of a pre-calculated sea salt

aerosol field and the refractive index of the respective aerosol components.

Based on these calculations a new optical parameterisation is developed and

presented in chapter 5. The new optical parameterisation is applied within

COSMO-ART for a period in July 2007. The 3-D study together with the

results are described in chapter 6. Finally, the present study and the conclu-

sions drawn from it are summarised in chapter 7.
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Chapter 2

Sea Salt – the Primary Marine Aerosol

Two distinguishable aerosol types, primary and secondary, comprise the ma-

rine aerosol. The primary marine aerosol is composed of sea salt aerosol

particles that are produced by direct ejection into the atmosphere. The

secondary marine aerosol mainly constitutes non-sea salt sulphate and or-

ganic species produced via atmospheric gas-to-particle conversion processes

(O’Dowd et al., 1997, and references therein). In this chapter the properties

of sea salt aerosol are described within the framework of their atmospheric

life cycle, distribution and aerosol characteristics. Furthermore, the direct

radiative effects (DRE) due to sea salt are discussed, as well as the assump-

tions necessary to describe the sea salt aerosol distribution and composition

in atmospheric numerical models.

2.1 Generation and Removal Processes

One very important quality of the sea salt aerosol is that it will be contin-

uously emitted into the atmosphere regardless of anthropogenic activities.

Considering the mass production rate of all natural aerosols, the sea salt

aerosol contributes to the largest proportion with an estimated global annual

production of 1,000-10,000 Tg yr−1, which corresponds to approx. 30-75%
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2. Sea Salt – the Primary Marine Aerosol

of all natural aerosols (Blanchard and Woodcock, 1980; Winter and Chýlek,

1997). It is not only when considering natural aerosols that the sea salt

source is the dominant. In the study by Textor et al. (2006) sea salt was

observed to dominate the global annual aerosol production rate compared to

those of dust, sulphate, particulate organic carbon, and black carbon.

The formation of sea salt aerosol is influenced by several meteorological and

environmental factors such as wind speed, sea surface temperature, precip-

itation and surface-active materials in the near surface ocean (Lewis and

Schwartz, 2004). The most important process by which sea salt aerosol is

introduced into the atmosphere from the ocean is the wind stress on the sea

surface. Two mechanisms are believed to be the major sources for sea salt

aerosol formation. The first mechanism is the bursting of air bubbles when

air is mixed into the water by breaking waves. The second mechanism is

the mechanical tearing by the wind directly off the wave crests. These two

mechanisms are often denoted as the indirect effect (bubble bursting) and

the direct effect (mechanical tearing) with respect to the action of the wind.

The formation mechanism, which causes the so-called sea spray, is illustrated

in Figure 2.1. Breaking waves may occur for wind speeds at 10 m exceeding 3

m s−1 (Blanchard, 1963). In breaking waves, air is mixed into the water and

air bubbles are formed. Whitecaps are formed when the air bubbles through

transport gather at the sea surface. At a 10 m wind speed of 8 m s−1 approx.

1% of the sea is covered by whitecaps (Monahan, 1971). When the bubbles

burst, two kinds of droplets, film drops, and jet drops, are injected into the

atmosphere (e.g., Blanchard and Woodcock, 1980). The processes by which

the bubbles burst and produce droplets are shown in Figure 2.1(i). The film

drops are the remainder of the film of the water that separates the air in

the bubble from the atmosphere. The surface free energy of the bubble is

thereafter converted into kinetic energy in the form of a jet, i.e. a vertical

column of water, from the bottom of the collapsing bubble into the air. 1-10

jet droplets are produced when the jet becomes unstable and breaks apart

12
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Air 

bubble

Jet

Sea spray

i) Whitecap formation

Wind > 3 m/s

ii) Spume generation

Wind > 9 m/s

Wind

Time

Film 
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Jet drops

Spume drops

Water

Water

Air

Air

Figure 2.1.: Sketch of the sea salt aerosol formation, i.e. sea spray,
mechanism.

(Blanchard and Woodcock, 1980). This bubble bursting process represents

the indirect wind effect on the emission of sea salt. The direct wind effect

occurs for wind speeds higher than approx. 9 m s−1 and is shown in Figure

2.1(ii). Via this process, so-called spume droplets are torn directly off the

wave crests by the action of the wind. Film drops are typically found with

radii ranging from of 0.5 to 5 μm and jet droplets with radii ranging between

3 and 5 μm, whereas the spume drops have radii in the order of magnitude

of 20 μm minimum (Andreas, 1998). Thus, sea salt droplets are introduced

to the atmosphere through direct transport off the waves at sufficient wind

speed and, after the wave breaking through, whitecap formation.

The sea salt aerosol is produced when the droplets evaporate. Over seawa-

ter, the relative humidity (RH) is approximately 98% (e.g., Blanchard and

Woodcock, 1980; Lewis and Schwartz, 2006). This means that at the point

of leaving the surface, the sea salt droplet has an ambient RH of 98%. Due
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2. Sea Salt – the Primary Marine Aerosol

to the evaporation of the droplet the particle size at a RH of 80% is approx-

imately half the size (Lewis and Schwartz, 2006). Because of the frequently

rather high air humidity prevailing in the vicinity of the sea salt aerosol and

the hygroscopic nature of the sea salt, the droplets will however never evap-

orate completely. In the atmosphere, sea salt aerosol is found as solution

droplets rather than dry aerosol particles.

The marine aerosol is usually characterised by three modes, the Aitken mode

(Dp < 0.1 μm), the accumulation mode (0.1 < Dp < 0.6 μm) and the coarse

mode (Dp > 0.6 μm) (Fitzgerald, 1991), where Dp is the aerosol diameter.

Typically, sea salt has been thought to be composed of the coarse mode,

which represents 95% of the aerosol mass but only about 5-10% of the aerosol

number (e.g., Seinfeld and Pandis, 1998; Fitzgerald, 1991; O’Dowd et al.,

1997). Moreover, it has recently been shown that sea salt is not only found

in the super-micrometer size range, but also as small as only some tenths of

nano-meters in the atmosphere (e.g., Gong et al., 1997; Clarke et al., 2006).

Thus, sea salt aerosol may be found in all the marine aerosol modes.

During its time in the atmosphere, the sea salt aerosol undergoes several

processes. These impact the sea salt chemical composition and size distribu-

tions. Such processes are for instance hygroscopic growth or evaporation as a

function of the aerosol composition and ambient conditions, interactions with

other aerosols via coagulation or in-cloud processes, and heterogeneous reac-

tions. The sea salt chemical composition will be discussed further in section

2.3. For the smallest aerosol, the residence time in the atmosphere is deter-

mined most effectively by the coagulation process due to Brownian diffusion.

Coagulation results in mass transfer from smaller to larger aerosols. As the

aerosol grows, sedimentation generally becomes the dominant atmospheric

removal process. A minimum of aerosol deposition rates is found for aerosol

in the size-range 0.1-1 μm. As a consequence, the aerosol will agglomerate

in this size range. Therefore, this range is referred to as the accumulation

14



2.1. Generation and Removal Processes

regime or accumulation mode. For the aerosol in the accumulation mode,

the wet deposition is thought to be more of importance. Thus, for sea salt

aerosol, dry and wet depositions are the most important sink-processes. The

wet deposition process refers to the removal of any species from the atmo-

sphere by precipitation, either by in-cloud or below-cloud scavenging. The

in-cloud process is thought to be most important for small sea salt aerosol,

which effectively form cloud condensation nuclei, whereas larger aerosol are

removed by falling raindrops (below-cloud scavenging) (Lewis and Schwartz,

2004, and references therein). Dry deposition refers to removal mechanisms

that do not involve precipitation. For dry deposition of aerosol processes such

as gravitational sedimentation, turbulent transfer, Brownian diffusion, and

impaction are considered. In the viscous sublayer, which is the lowest layer of

the troposphere with a thickness of typically 0.1-1 mm, Brownian diffusion,

impaction and gravitational sedimentation are important contributions to

the aerosol transfer. In the surface layer, which extends from the surface to a

height of about 30-50 m, depending on the state of the atmosphere, the dry

deposition is primarily determined by turbulent diffusion and gravitational

sedimentation. As the fluxes act in parallel, the total aerosol transfer flux is

given by their sum for the respective layer.

The mean transfer of sea salt back to the surface has been shown to be most

efficient by dry deposition compared to wet deposition on the global scale

(e.g., Grini et al., 2002; Textor et al., 2006). In their study on Europe with

its surrounding waters, Foltescu et al. (2005) found the dry deposition fluxes

to be most efficient in regions with high production, while the wet deposition

was more scattered over the continent (Figure 2.2). On the global scale the

largest atmospheric dry deposition of sea salt is also found in areas with

high production such as in the high latitude regions of both the northern

and southern hemisphere, whereas in areas associated with the Intertropical

Convergence Zone, the sea salt aerosol is removed efficiently by wet as well

as dry deposition (Erickson and Duce, 1988).
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2. Sea Salt – the Primary Marine Aerosol

Figure 2.2.: Averaged dry (left) and wet (right) deposition rates in g m−2

yr−1 of sea salt aerosol with dry radius of up to 5 μm for January
1999 to December 2001. Figure reproduced from Foltescu et al.
(2005).

2.2 Distribution

The temporal and spatial distribution of all atmospheric aerosols is highly

dependent on their atmospheric residence times. The residence time of an

aerosol is the average time, of the aerosol, in the atmosphere, after it leaves

a source and before it encounters a sink. The shorter the residence time is

for an aerosol, the faster it will be removed from the atmosphere and any

significant transport away from its source is unlikely. The difference in atmo-

spheric residence time causes differences in the distribution patterns; aerosols

with longer residence times will show more homogeneous concentrations fields

compared to those with shorter residence times.

As aforementioned, the largest sea salt is effectively removed from the atmo-

sphere to the earth’s surface due to large deposition velocities. This causes

a short residence time of aerosol in this size range. As a result of the short
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2.2. Distribution

residence time, no long-range transport is likely for the large sea salt aerosol.

Due to the efficient diffusivity of the smallest sea salt aerosol, aerosol in this

size range are likely to be deposited on pre-existing marine aerosol surfaces

(Clarke et al., 2003). Any long range transport for aerosol of this size is thus

also unlikely.

For the lowest atmospheric layer (0-200 m), Gong et al. (1997) found the

mean residence time to range from up to 60 hours for aerosol with a dry

diameter ranging from 0.26 to 0.50 μm, down to 30 minutes for those with

dry diameters of 8 to 16 μm. Gong et al. (2002) estimated the mean residence

time in the marine boundary layer to range from 0.3 to 10 hours for aerosol

with a 7.7 μm dry diameter and between 80 to 360 hours for aerosol with a 0.4

μm dry diameter. On the global scale, sea salt has an average residence time

of about half a day (Textor et al., 2006; Kerkweg et al., 2008; Croft et al.,

2009). The global averaged residence time for sea salt can be compared to

that of dust and sulphate aerosols of about 4 days and about six and seven

days for particulate organic matter and black carbon, respectively (Textor

et al., 2006). Due to the short atmospheric residence time of the sea salt

aerosol, its burden shows a large gradient horizontally and vertically.

Regions with a high sea salt concentrations generally coincide with regions

with high sea salt aerosol production rate. The maximum production of sea

salt is from the global point of view mainly found in the mid-latitude regions

where the wind speed and the fraction of ocean are high (Figure 2.3).

Heintzenberg et al. (2000) reviewed some 30 years of marine aerosol data and

saw that the global and annual average meridional distribution of the mea-

sured sea salt mass concentration shows two maxima, one on the southern

hemisphere at about 45-60◦S and one on the northern hemisphere between

45-75◦N. Results from model studies on a global scale show a more dis-

tinct maxima on the southern hemisphere, than that in the marine aerosol
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2. Sea Salt – the Primary Marine Aerosol

Figure 2.3.: Global sea salt surface near mass density in μg(Na) m−3 for
January (left) and July (right). Reproduced from Grini et al.
(2002).

data. Heintzenberg et al. (2000) suspected this difference between the mea-

surement data and model results to partly be due to the lack of data and

because aerosol samples in this latitudinal belt often have been taken during

fair weather conditions. The open ocean surface number flux shows strong

regional and temporal differences (Clarke et al., 2006) and in coastal regions

large concentration gradients are observed towards low concentrations over

land (Foltescu et al., 2005). The typical order of magnitude of sea salt con-

centrations are 10-20 μg m−3 with respect to mass and 100-300 cm−3 with

respect to the amount of aerosol (Song and Carmichael, 1999). The aver-

age sea salt mass concentration near the surface from the study of Foltescu

et al. (2005) is shown in Figure 2.4 for January 1999-December 2001 for

sea salt with a dry radius of up to 5 μm. It is noteworthy that the large

spatial variation in the sea salt aerosol distribution, which is seen in Fig-

ure 2.4, is almost completely invisible from the global point of view (Figure

2.3). When considering the whole globe especially the gradients of the sea

salt aerosol distribution in the Mediterranean Basin is underestimated. This

shows the importance of the investigations on the regional scale, as studies

on the global scale are applied with too coarse resolutions to capture such

features of aerosol fields. The mean concentrations of shorter time periods
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in the order of magnitude of hours to days the gradients will be even larger.

The spatial and temporal distribution of sea salt during such a time period

will be investigated and presented within this study.

Figure 2.4.: Average sea salt mass concentration in μg m−3 in the surface
layer for January 1999-December 2001 for sea salt with a dry
radius of up to 5 μm from Foltescu et al. (2005).

The emission flux of sea salt not only shows meridional variation, but also

seasonal. The sea salt production rate is for both hemispheres larger in

the winter compared to the summer months. In January, a maximum in

the sea salt aerosol production is observed over the Atlantic Ocean and in

July the highest production rate occurs for the mid-latitudes in the southern

hemisphere (e.g., Grini et al., 2002; Gong et al., 2002). The strongest seasonal

variation is however observed for the northern hemisphere (e.g., Wilson et al.,

2001), where the contribution to the total global sea salt flux is about 45%

in the winter and approximately 24% in the summer (Gong et al., 2002).

The mean annual global emission flux shows a maximum in the southern

hemisphere over the South Pacific (e.g., Wilson et al., 2001; Grini et al.,

2002; Textor et al., 2006). The contribution from the northern hemisphere
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2. Sea Salt – the Primary Marine Aerosol

is on annual average about 32% (Gong et al., 2002). From areas with the

largest production rates the sea salt concentration decreases towards regions

with less efficient production where e.g. wind speeds are lower. The aerosol

mass fraction of sea salt, which is found at the poles, is according to the

study by Textor et al. (2006) about 3.3% ± 90%.

The largest fraction of sea salt mass is found in the lowest troposphere.

Textor et al. (2006) estimated about 90% of the sea salt aerosol mass to

remain within the lowest 2.5 km, and Grini et al. (2002) found no significant

mass of sea salt above 750 hPa. The global sea salt mass mean dry diameter

over the ocean has been estimated as 2.8 μm at the surface and 1.9 μm in

the mid-troposphere (Gong et al., 2002).

2.3 Aerosol Characteristics

There are major uncertainties regarding the initial chemical composition and

the state of the sea salt aerosol in the source regions. The chemical composi-

tion of the sea salt aerosol, based on the composition of seawater and ignoring

atmospheric transformations, is 55.0% Cl−, 30.6% Na+, 7.7% SO4
2−, 3.7%

Mg2+, 1.2% Ca2+, 1.1% K+, 0.19% Br− and, some per cent of other inor-

ganic compounds, with respect to weight (Seinfeld and Pandis, 1998). It has

also been suggested that freshly emitted sea salt aerosol incorporates organ-

ics (Middlebrook et al., 1998; Modini et al., 2010) and iodine (Middlebrook

et al., 1998), originating from the surface layer of the ocean, by way of the

bubble bursting process. Middlebrook et al. (1998) estimated the organic

mass fraction to contribute to about 10% of the sea salt mass at Cape Grim.

The sea salt aerosol composition is not only determined by the ocean wa-

ter chemical composition. The change in composition for this reason varies

during transport by exposure to secondary precursors (SO2, H2SO4, NH3

and HNO3) and combustion driven pollutants (SO2, NOx, etc.), e.g. due to

mixing between different air masses. Song and Carmichael (1999) explored
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the ageing of sea salt in a box model equipped with a detailed thermody-

namic module and found that the deposition of SO2 and H2SO4 on sea salt is

favoured by the fine sea salt aerosol, due to the higher available surface area.

As the fine mode becomes sulphate rich, during neutralisation it begins to

capture ammonia from the gas phase. At the time the ammonia is depleted

from the gas phase, the fine mode starts to neutralise itself, i.e. sulphuric acid

is dissociated to bisulphate and hydrogen ions. On the fine mode aerosol,

particulate nitrate is quickly replaced by the deposited sulphate, whereas

the slow deposition rate of sulphate onto the coarse mode leads to that the

nitric acid being associated with the coarse mode in order to neutralise the

cation species. As the amount of sulphate on the aerosol increases, the chlo-

ride levels decrease resulting in a so-called chlorine deficiency. This is a

well-known phenomenon and has been observed in several studies (see e.g.

Murphy et al., 1997; von Glasgow and Sander, 2001). When examining the

chemical composition of single particles in the MBL outside Cape grim, Tas-

mania, Murphy et al. (1997) observed that chlorine, bromine and iodine were

anti-correlated with sodium sulphate, suggesting that all three halogens were

lost during aerosol ageing. In addition, measurements by Lee et al. (2009)

showed heavy depletions of bromine and chloride compared to fresh sea salt

aerosol, indicating intense halogen activation.

Several studies have shown that the scavenging of SO2 and H2SO4 by the

sea salt aerosol leads to a considerable fraction of the non-sea salt sulphate

and sea salt aerosol is not a distinct population (e.g., Katoshevski et al.,

1999). The enrichment of excess non-sea salt sulphate on sea salt aerosol is

due to the condensation of sulphuric acid or processes in cloud drops, i.e.

wet phase chemistry (e.g., Katoshevski et al., 1999; Sievering et al., 1992).

Several studies have suggested that cloud processing is the dominant non-

sea salt SO2−
4 formation (Sievering et al., 1992; Clegg et al., 1998; O’Dowd

et al., 1999). Sea salt has also been observed to form internally mixtures

with other aerosols, such as mineral dust particles (Levin et al., 2005). The
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2. Sea Salt – the Primary Marine Aerosol

internal mixing with mineral dust is the result of processes within clouds,

including droplet coalescence (Andreae et al., 1986).

The sea salt aerosol is one of the most hygroscopic atmospheric aerosols. The

sea salt aerosol size is known to show hysteresis behaviour with changes in

ambient RH, which means that the change in the amount of ions and wa-

ter in the aerosol depends on the former state of the droplet. The aerosol

transformation, growth and evaporation with respect to a sea salt aerosol

generated from Atlantic Ocean seawater compared to a pure sodium chloride

particle as a function of the ambient RH was illustrated and discussed in Tang

et al. (1997) (Figure 2.5a). In Figure 2.5b, the corresponding behaviour of a

mixed salt containing equal amounts of sodium chloride and sodium sulphate

is compared to the features of the single salts of each of the compounds. The

uptake of water is the result of several sequential processes. The first process

that takes place is the adsorption of water onto the surface of the particle. At

a certain point a salt can become a solution due to the absorption of moisture

from the ambient air. This process is called deliquescence and the critical

point, at which this process happens, is referred to as the deliquescence rela-

tive humidity (DRH). When the DRH is reached and exceeded, deliquescence

occurs due to the lower Gibbs free energy of the solution versus the solid.

The absorption of water into the particle then takes place dependent on the

Gibbs free energy, which is dependent on the ambient conditions, and the

chemical composition of the solution. Throughout this study, this sequence

of processes will simply be referred to as water uptake. The water uptake of

mixed salt is more complex than that of a single salt, due to the dependence

on the chemical composition (e.g., Tang, 1997). A pure NaCl particle exists

as a solid particle at low RH and will deliquesce to form a solution droplet

at a RH of 75.3%. For the sea salt aerosol, which contains more complex

mixtures of inorganic species and organics, the uptake of water is more com-

plicated. The deliquescence point, at which the aerosol becomes a solution

droplet, depends on the composition of the aerosol. For instance, the growth
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2.3. Aerosol Characteristics

(a) (b)

Figure 2.5.: (a): Water uptake of sea salt aerosol (circles) compared to pure
NaCl particle (dotted line) as a function of RH. Reproduced from
Tang et al. (1997).
(b): Water uptake of mixed NaCl-Na2SO4 particle (circles) com-
pared to the single salt behaviour of NaCl and Na2SO4 (dotted
line). Reproduced from Tang (1997).

of sea salt can be reduced through organic species in sea salt aerosol (e.g.,

Ming and Russell, 2001; Randles et al., 2004). A sea salt aerosol may begin

to deliquesce at low RH due to the presence of compounds with low deli-

quescence points, such as calcium and magnesium (Tang et al., 1997). As

the RH increase the other salts present in the aerosol will dissolve and when

the deliquescence point of the NaCl is finally reached the aerosol becomes

a homogeneous droplet. After becoming a solution droplet, the aerosol will

remain so and grow as a result of water absorption with increasing RH, and

lose water through evaporation with decreasing RH. When the efflorescence

point of NaCl is reached, which occurs at about 45%, the sea salt follows the
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behaviour of NaCl and loses water rapidly. The difference between the pure

NaCl particle and the mixed sea salt aerosol is that the NaCl particle will be-

come a solid particle, whereas the sea salt aerosol will contain some residual

water, even at a very low RH in the atmosphere. As seen in Figure 2.5b, the

behaviour of a mixed salt as a function of ambient conditions is determined

by the characteristics of each of its compounds. The differences in NaCl and

Na2SO4 makes a mixed aerosol containing both compounds more effective in

the uptake of water, than a pure Na2SO4 but less effective than a pure NaCl

particle. Thus, the modification of the sea salt aerosol chemical composition

through ageing will influence the water uptake.

2.4 Direct Radiative Effects

Atmospheric aerosols may influence the atmospheric radiative budget directly

through the absorption and scattering of radiation, which is referred to as

the direct radiative effect (DRE). By taking part in cloud formation, and

thereby increasing the tropospheric albedo, aerosols have a so-called indirect

radiative effect. As aerosols absorb shortwave radiation, the warming of the

troposphere occurs and thermodynamic properties such as relative humidity

and the stability of the troposphere are modified. These changes in turn

influence the formation and life time of clouds. The mechanism by which

the radiation fluxes are disturbed by these changes in cloud properties is

referred to as the semi-direct radiative effect (Forster et al., 2007). As cloud

formation is neglected in this study, this section will focus on the direct and

semi-direct radiative effects.

The optical properties of the sea salt aerosol depend on the composition and

aerosol size. The effective real and imaginary refractive index of the aerosol

is determined by the refractive index of each of its chemical components. The

refractive index in turn settles the single scattering albedo, which is the ratio

of scattering to extinction. The sea salt aerosol is non-absorbing in the visible
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region with a single scattering albedo close to unity and partly absorbing in

the long wave region (e.g., Satheesh and Krishna Moorthy, 2005). Li et al.

(2008) found in their sensitivity study that the sea salt DRE in the shortwave

range is an order of magnitude larger and of the opposite sign than that in

the longwave range.

Several studies indicate that sea salt dominates the light extinction in remote

marine environments (e.g., Murphy et al., 1998; Quinn et al., 1998; Quinn and

Bates, 2005). The contribution of sea salt to light extinction in continental

air masses that have been transported into the marine atmosphere is vari-

able but still almost always significant for all size ranges (Quinn and Bates,

2005). Both submicron and super micron sea salt aerosol have been observed

to affect the scattering of radiation. Marshall et al. (2007) performed air

craft measurements in the marine environment surrounding Nova Scotia and

concluded that roughly half the total scattering and most of the backscatter-

ing was due to the contribution from super micron particles to an altitude

of approximately 1000 m. Above 1000 m the scattering and backscattering

coefficients were significantly lower and were primarily due to scattering by

submicron particles. When considering all the radiative effects, including the

indirect effect, intermediate-size aerosol with a diameter between 0.08 and 1

μm have been proposed to be most the important for radiative impacts due

to the efficient scattering of sunlight and the partitioning in cloud formation

(Murphy et al., 1998).

Besides the aerosol properties and the aerosol distribution, the aerosol in-

fluence on the atmospheric radiative budget is determined by the ambient

atmospheric conditions such as clear or cloud free skies (Figure 2.6). In the

case of a cloudy atmosphere, the type and altitude of adjacent clouds may

play a major role on the DRE. The effects of aerosols are reduced when

most of the aerosol is present below an elevated cloud layer. Most of the

incident solar radiation is reflected by the cloud layer and only a fraction
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Figure 2.6.: Simplified sketch of the direct and semi-direct interaction be-
tween the aerosol and incoming solar radiation for cloud free
and cloudy conditions.

of the radiation can interact with the aerosol. However, when the aerosol

is mostly present above the cloud layer an enhanced effect occurs. In this

case the aerosol interacts with the incoming solar radiation and the radia-

tion reflected by the underlying cloud layer. When a cloud layer is present

both the absorption and scattering of the aerosol is moreover amplified as

multiple interactions take place due to the reflection of the radiation between

the aerosol and cloud layer or clouds and surface (Heintzenberg, 1997; Freese

and Kottmeier, 1998). Studies on the global scale show that the DRE due

to sea salt in cloud free and cloudy conditions leads to cooling, whereas the

magnitude of the effect varies between the studies (e.g., Jacobson, 2001a; Ma

et al., 2008). This effect has been proposed to partly offset the warming by

soot aerosols (Satheesh, 2002). For low solar zenith angles, <30◦, the sea salt

can however cause warming at the top of the atmosphere (Li et al., 2008).

Furthermore, the surface albedo significantly affects the sea salt shortwave
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DRE, with diminishing effects as the surface albedo approaches unity (Li

et al., 2008).

The aerosol in the Mediterranean region comprises maritime aerosol, conti-

nental aerosol and desert dust (e.g., Barnaba and Gobbi, 2004). To investi-

gate the order of magnitude of the DRE of a single type of aerosol in such an

area comprised by external and internal mixtures is complex, as the effects

of the different aerosols are difficult to separate. Clean maritime conditions

are for example rare at Lampedusa, central Mediterranean (Di Ioro et al.,

2003; Pace et al., 2006). For example, Tzanis and Varotsos (2008) evaluated

retrievals from satellite data and investigated the total aerosol direct effect in

Athens, Greece, at noon for cloud free atmospheres during winter and sum-

mer 2000-2001. The incoming shortwave radiation reaching the surface was

observed to be reduced with as much as 11-20 W m−2, due to both anthro-

pogenic and natural aerosols. The outgoing longwave radiation was reduced

by 0.02 to 0.04 W m−2 in the winter and from 0.04 to 0.05 W m−2 in the

summer at the top of the atmosphere. The monthly averaged DRE at the

surface has been estimated to vary between -7±1 W m−2 to -4±1 W m−2 dur-

ing spring-summer at polluted and less polluted sites in the Mediterranean

region (Bergamo et al., 2008). From the same study, the corresponding val-

ues during autumn-winter was -4±3 W m−2 for polluted and -1±1 W m−2

for less polluted sites. In which proportion the sea salt DRE stand to the

effect of the other types of aerosols in this region has not been addressed.

This is investigated within the framework of the present thesis.

2.5 Basics Regarding the Modelling of Sea Salt Aerosol

Modelling the distribution and chemical transformation of aerosol particles

requires a coupling between the aerosol and gas phase and the meteorological

processes. Simulating such processes in 3-D models is computationally very

expensive and can only be treated in a simplified way. This problem is
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often referred to as the trade off between resolution and computational time.

Particularly time consuming is the determination of the mass partitioning

between the aerosol phase and gas phase, where the mass transfer has to be

calculated explicitly through iterations. The trade off problem leads to more

simplifications needing to be made the larger the considered scale becomes.

For instance, for a certain spatial resolution, the amount of grid points rapidly

increases the larger the model domain that is chosen. Thus, the resolution

has to be decreased to lower the computational costs when a larger domain

is considered. For this reason, models built for local to regional scales can

perform with much higher spatial and temporal resolution than those that

operate on the global scale.

The size distribution of the aerosols in numerical models must be described

by analytical functions, which for 3-D models has to be solved without sig-

nificant computational costs. The most common are the sectional and modal

techniques (Whitby et al., 1991). An example of the two techniques for an

aerosol distribution is shown in Figure 2.7.

The sectional technique approximates the size distribution of the aerosol with

several small size intervals, so-called bins, and within each bin a constant

distribution function is assumed. As the amount of bins increase, the quality

and at the same time the computational cost increase. According to Gong

et al. (2002) a minimum of 12 bins are required when describing the number

density of aerosol, whereas the number of bins regarding mass is less critical.

The modal technique is based on the findings by Whitby (1978), that the

aerosol populations observed in the atmosphere show a modal structure. The

aerosol distribution is thus represented by several overlapping modes, each

approximated by an analytical function. As the functions are only dependent

on a few parameters, the number of differential equations that needs to be

solved for determining the temporal and spatial change in the aerosol size

distribution is rather few. The modal approach will be used within the
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Figure 2.7.: The modal and sectional approximation to the aerosol size dis-
tribution. Reproduced from Riemer (2002).

simulations in this thesis. The approach in this work is further described in

chapter 3.

The change of sea salt size with the changes in the RH can be treated with

different accuracies. The water uptake on sea salt aerosol can be calculated

by different methods in a 3-D model. One method is the use of parame-

terisations determining the wet size as function of the dry size, assuming a

constant composition of the dry aerosol. Parameterisations determining the

wet radius are for example Fitzgerald (1975) (e.g., Grini et al., 2002), Gerber

(1985) (e.g., Yu and Luo, 2009), Zhang et al. (2005), Lewis and Schwartz

(2006) (e.g., Li et al., 2008). Another method is the use of the simple empir-

ical relationship, which is known as the Zdanovskii-Stokes-Robinson (ZSR)

relation (Stokes and Robinson, 1966), which expresses the aerosol liquid wa-

ter content as a function of electrolyte molality and sub-saturated conditions.

The ZSR method has been shown to be adequate over the entire concentra-

tion range from a dilute solution to high super saturation droplets (Tang,
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1997). The ZSR relation will be used in this work to calculate the sea salt

aerosol liquid water content and was already applied in several other atmo-

spheric models (e.g., Stier et al., 2005; Jacobson, 1997).

The sea salt emission cannot be resolved into each detail in 3-D atmospheric

models. One solution for this is to apply parameterisations to calculate the

emission flux. Most parameterisations describe the emission flux of sea salt as

a function of the, in measurements commonly reported, 10 m level horizontal

wind speed. A recent parameterisation was developed by Mårtensson et al.

(2003), where the flux of sub-micrometer aerosol was determined as a function

of the sea water temperature and the wind speed. The parameterisations

of Mårtensson et al. (2003) and that of Clarke et al. (2006) are the only

parameterisations available in the literature that describe the emission flux

of aerosol in the sub-micrometer size range. For an overview of the available

source functions cf. Andreas (1998) and Clarke et al. (2006). In some models,

the sea salt concentrations are directly determined as a function of the wind

speed without calculating the emission flux (e.g., Wilson et al., 2001; Ma

et al., 2008).

Most 3-D simulation studies regarding the sea salt aerosol are applied on the

global scale (e.g., Wilson et al., 2001; Grini et al., 2002; Myhre and Grini,

2006; Pierce and Adams, 2006; Kerkweg et al., 2008; Ma et al., 2008; Croft

et al., 2009; Yu and Luo, 2009). For the global scale applications such as the

indirect radiative forcing (e.g., Ma et al., 2008), the direct radiative forcing

(e.g., Grini et al., 2002; Ma et al., 2008), impact of sea salt on the marine

boundary layer (MBL) chemistry (e.g., Myhre and Grini, 2006; Kerkweg

et al., 2008), and the influence of sea salt on cloud formation and vice versa

(e.g., Pierce and Adams, 2006; Croft et al., 2009; Yu and Luo, 2009) are

available in the literature.
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The high temporal and spatial variation in the sea salt loading and conse-

quently the variation in its corresponding effect on the atmospheric state

cannot be discussed when using global scale models, which commonly give

results as annual averages for the globe. 3-D studies on the sea salt aerosol

at regional scales are available, but rare (e.g., Foltescu et al., 2005; Athana-

sopoulou et al., 2008). These studies are more focused on examining the

spatial distribution and the contribution of sea salt to the total aerosol mass

concentrations and no interactions with the state of the atmosphere was in-

tegrated.

To simulate the feedback between aerosols and the atmosphere, online cou-

pled model systems are required. This implies that all the calculations are

carried through for each time step and grid point, without interpolations in

space and time. All the variables are available at every time step enabling

the study of feedback processes between meteorological parameters, emis-

sions, and chemical composition. An online coupled model system is more

time consuming than an offline system and, therefore, the feedbacks between

aerosols and the state of the atmosphere are most often neglected. For models

with horizontal resolutions up to a few kilometres, a non-hydrostatic approx-

imation is required as phenomena such as land-sea breeze and mountain and

valley winds occur (Wippermann, 1980). One of few available online coupled

non-hydrostatic model system, is the WRF/Chem model (Grell et al., 2005).

Another one is the model system COSMO-ART (Vogel et al., 2009), which

is applied in this thesis. It is described in chapter 3.
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Chapter 3

The Model System COSMO-ART

In this thesis, simulations of sea salt aerosol are performed with the compre-

hensive regional scale model system COSMO-ART (Vogel et al., 2009). This

chapter gives an overview of the model system, with a special focus on the

sea salt treatment.

3.1 General Overview of the Model System

An overview of the model sysyem COSMO-ART is given in Figure 3.1.

COSMO stands for COnsortium for Small-scale MOdelling, and ART stands

for Aerosols and Reactive Trace gases. COSMO (Steppeler et al., 2003) is

the meteorological driver of the model system and was developed by the

German Weather Service (Deutscher Wetterdienst, DWD). COSMO is a

non-hydrostatic limited-area atmospheric prediction model and is used on

an international basis for weather forecasting and atmospheric research. In

COSMO-ART a chemistry and transport model (CTM) has been imple-

mented in COSMO. COSMO-ART has been developed for the purpose of

studying the influence of aerosols and gases and the state of the atmosphere,

and vice versa, on the regional to continental scale. With COSMO-ART,

the feedbacks between aerosol particles and the state of the atmosphere via
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3. The Model System COSMO-ART

direct radiative effects can be investigated. The feedback processes that are

currently accounted for in COSMO-ART are depicted with black lines in Fig-

ure 3.2. The dotted lines imply processes that are currently neglected but

will be considered in the model as well. During a simulation with COSMO-

Figure 3.1.: The model system COSMO-ART.

ART all variables (gaseous and aerosol species, and meteorological variables)

are treated at every time step. At each time step, the gaseous and aerosol

species alter radiative fluxes through extinction, which leads to modifications

of the atmospheric state. Through the modified radiative fluxes, a feedback

loop is initialised, starting with changes in temperature. As a a consequence

of the temperature changes, the humidity, cloud cover pattern, wind field,

and turbulence are in turn also modified. These changes modify the chem-

ical composition of the gaseous and aerosol components. Furthermore, the

precipitation is also modified, in turn leading to another feedback mecha-

nism as the efficiency of the washout of aerosols is altered. At the same

time step, the properties and distribution of gaseous and aerosol components

are determined as a function of the meteorological variables. This approach

in COSMO-ART, where the all variables are coupled to each other and are

treated at the same time step, is called online coupling. Being online coupled

34



3.1. General Overview of the Model System

Figure 3.2.: The feedback loop accounted for in COSMO-ART.

is a crucial feature for the investigation of interactions and feedbacks between

the state of the atmosphere and gaseous and aerosol species.

For simulations with COSMO-ART, meteorological initial and boundary data

are required. These are either obtained from the global model GME of the

German Weather Service or from the the global model IFS from the European

Centre for Medium-Range Weather Forecasts (ECMWF). It is also possible to

nest COSMO-ART into COSMO-ART at different resolutions and domains.

In COSMO-ART, the primary emissions of pollen (Vogel et al., 2006b), sea

salt (Lundgren, 2006), mineral dust (Hoose, 2004; Vogel et al., 2006a) and

biogenic VOC’s (volatile organic compounds) (Vogel et al., 1995) are calcu-

lated at each time step as a function of the current state of the atmosphere.

The anthropogenic emissions of gases and particles are available from Preg-

ger et al. (2007). In addition to the primary emitted aerosols, secondary

aerosols are formed from the gas phase. The aerosol dynamics is calculated

in the extended version of the module MADEsoot (extended version of the

Modal Aerosol Dynamics Model for Europe (Riemer, 2002)). In MADEsoot

the aerosol population is described by overlapping modes that are approxi-

mated by log-normal distributions. In the extended version of MADEsoot 12

modes describe the aerosol population:

• Two modes: internally mixed aerosol containing sulphate, nitrate, am-

monium, water and SOA.
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3. The Model System COSMO-ART

• Two modes: internally mixed aerosol containing sulphate, nitrate, am-

monium, water, SOA and soot.

• One mode: pure soot aerosol.

• One mode: aerosol particles from PM10 emissions.

• Three modes: mineral dust aerosol.

• Three modes: sea salt aerosol.

SOA stands for secondary organic aerosols. The pollen species are however

assumed to be monodisperse, i.e. all having the same size, and are not

represented by modes.

In COSMO-ART, the removal of aerosol through below cloud scavenging is

a parameterised as a function of the aerosol size distribution and of the size

distribution of rain droplets (Rinke, 2008). The removal through deposition

to the surface is based on the parameterisation by Slinn and Slinn (1980)

and Kramm et al. (1992).

The transformation of the most important tropospheric gaseous species is

treated in the gas phase mechanism RADMKA (Regional Acid Deposition

Model version KArlsruhe). RADMKA is based on the RADM2-mechanism

by Stockwell et al. (1990). For more information about the modifications

made to RADM2, cf. Vogel et al. (2009) and references therein. The photol-

ysis frequencies are calculated fully coupled to the radiation scheme GRAALS

(Ritter and Geleyn, 1992) in COSMO-ART as described in Bangert (2006).

3.2 Treatment of Sea Salt Aerosol in COSMO-ART

The mathematical concept for describing the aerosol population in COSMO-

ART is based on the findings by Whitby (1978), that the aerosol populations
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3.2. Treatment of Sea Salt Aerosol in COSMO-ART

observed in the atmosphere show a modal structure. Thus, the aerosol pop-

ulation is represented by several overlapping distributions, approximated by

log-normal functions. The sea salt aerosol is represented by three overlapping

size intervals, or modes. The method to describe the sea salt aerosol distri-

bution by a tri modal lognormal distribution is based on the measurement

by O’Dowd et al. (1997). The sea salt modes are usually referred to as the

film mode, jet mode and spume mode, respectively. The median mode diam-

eter Dgi,ini and geometric standard deviation σgi which O’Dowd et al. (1997)

found in their measurements are used as reference values for freshly emitted

sea salt aerosol in COSMO-ART with respect to the number of particles.

For each of the three sea salt modes, these reference values are presented in

Table 3.1. The geometric standard deviation can be calculated as the ratio

of the particle diameter, which is larger than approx. 84% of all particles, to

the geometric median diameter (Seinfeld and Pandis, 1998). Through this

definition, the geometric standard deviation is non-dimensional and always

dependent on the geometric median diameter of the distribution. Except for

the spume mode geometric standard deviation σg3, were all the parameter

values taken from the measurements by O’Dowd et al. (1997). The geometric

standard deviation of the spume mode has been modified from σg3 = 3.0 to

σg3 = 1.7 with the assumption that the largest particles have a very short

residence time in the atmosphere. The distribution of the largest particles

is, therefore, described by a narrower distribution than that presented by

O’Dowd et al. (1997).

Table 3.1.: Initial median diameter Dgi,ini and corresponding standard devia-
tion with respect to the number density of freshly emitted aerosol
in the sea salt film mode, jet mode, and spume mode.

Size mode Mode diameter Dgi,ini in m Geometric standard deviation σgi

i = 1, film 0.2 · 10−6 1.9

i = 2, jet 2.0 · 10−6 2.0

i = 3, spume 12.0 · 10−6 1.7
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3. The Model System COSMO-ART

Being polydisperse, the total particle number density Ni for each of the three

sea salt modes i is given by the integral

Ni =

∫ ∞

0

ni(Dp) dDp (3.1)

where ni(Dp) dDp describes the number density of mode i given in particles

with diameter Dp per m−3 air within the size range Dp and (Dp + dDp). The

total number density N of sea salt aerosol population is achieved by taking

the sum of the integrals for all modes

N =
∑
i

Ni. (3.2)

Thus, to calculate the total number density, the number density distribution

is needed, which for each mode i is defined as

ni (Dp) =
Ni

(2π)1/2Dp ln σgi
exp

(
−
(lnDp − lnDg0,i)

2

2 ln σgi

)
(3.3)

where σgi is the non-dimensional geometric standard deviation of the distri-

bution and is assumed to be constant for each mode. When considering the

logarithm, a dimensionles quantity must be considered. Thus, the relation-

ship lnDp should be interpreted as the logarithm of a normalised diameter:

ln(Dp/1), where 1 referres to a reference diameter of 1 m when the particle

diameter is given in m. Throughout the text, this is not explicitly indicated.

Dg0,i denotes the geometric median diameter in m with respect to the number

of particles. Since the diameter Dp, given in m, may vary within size ranges

over several order of magnitudes it is however preferable to use the logarithm

of the diameter, which gives the following expression for the number density

distribution

n∗
i (lnDp) =

Ni

(2π)1/2 lnσgi
exp

(
−
(lnDp − lnDg0,i)

2

2 ln2 σgi

)
. (3.4)
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3.2. Treatment of Sea Salt Aerosol in COSMO-ART

The corresponding mass density distribution is given by

m∗
i (lnDp) =

mi

(2π)1/2 lnσgi
exp

(
−
(lnDp − lnDg3,i)

2

2 ln2 σgi

)
(3.5)

=
mi

(2π)1/2 lnσgi
exp

(
−

(
lnDp −

(
lnDg0,i + 3 ln2 σgi

))2
2 ln2 σgi

)

where mi is the total mass of each mode i and Dg0,i and Dg3,i are the median

diameters with respect to the number and mass density, respectively, related

as

Dg3,i = Dg0,i exp(ln
2 σgi).

The median diameter of the respective mode i is variable with space and

time and determined as a function of the current mass and number density

of aerosol in each mode

Dg0,i =

(
mi

π
6ρp exp

(
4.5 ln2 σgi

)
Ni

) 3

2

. (3.6)

Considering a log-normal distribution, the kth moment Mk of the distribution

is defined as

Mk,i =

∫ ∞

−∞

Dk
p n

∗
i (lnDp) d(lnDp) (3.7)

for mode i, with the solution

Mk,i = NiD
k
g0,i exp

(
k2

2
ln2 σgi

)
. (3.8)

Under this definition the zeroth moment M0 is identical to the total number

of aerosol particles within the mode per unit volume air

Ni = M0,i. (3.9)
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3. The Model System COSMO-ART

By assuming spherical aerosol particles, the total particulate surface area Si

and the total particulate volume Vi and in turn the particle mass mi can be

expressed as moments for each mode. The surface area per unit volume air

is proportional to the second moment

Si =

∫ ∞

0

π D2
p n

∗
i (lnDp) d(lnDp) = π M2,i (3.10)

whereas the volume V per unit volume air and mass mi in kg per unit volume

of air are proportional to the third moment

Vi =

∫ ∞

0

π

6
D3

p n
∗
i (lnDp) d(lnDp) =

π

6
M3,i (3.11)

mi = ρp Vi =
π

6
ρpM3,i (3.12)

with ρp denoting the particle bulk density.

For a mode consisting of several substances, the total third moment for each

mode i is the sum of the moments for each substance l

M3,i =

lsubs∑
l=1

M3,il =

lsubs∑
l=1

6
mi,l

πρpl
(3.13)

where mi,l is the mass density in mode i for substance l, and lsubs denotes the

number of different substances within the mode. ρpl is the density of each of

the substances l.
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3.2. Treatment of Sea Salt Aerosol in COSMO-ART

3.2.1. Aerosol Dynamics for Pure Sea Salt

For the description of aerosol dynamics of the three sea salt modes i, the

normalised mass density Ψm,i and the normalised zeroth moment, i.e. the

normalised number density, ΨN,i are considered

ΨNi
=

M0,i

Na
(3.14)

Ψmi
=

mi

ρa
(3.15)

(3.16)

Na denotes the total number density of air including air molecules and ρa

is the total density of humid air. The conservation law of the aerosol is

described by using the density weighted Reynolds average, which for the

arbitrary variable ψ take the form

ψ̂ =
ρaψ

ρa
(3.17)

where ρa is the mean density of air. The Reynolds averaged conservation

equation for the normalised zeroth moment and the normalised mass density

of each sea salt mode are given by

∂Ψ̂Ni

∂t
= −v̂ · ∇ Ψ̂Ni

− vsed,Ni

∂Ψ̂Ni

∂z
+

1

ρa
∇ · FΨNi −WNi

(3.18)

∂Ψ̂mi

∂t
= −v̂ · ∇ Ψ̂mi

− vsed,mi

∂Ψ̂mi

∂z
+

1

ρa
∇ · FΨmi −Wmi

. (3.19)

v̂ represents the density weighted average of the horizontal wind vector.

vsed,Ni
and vsed,mi

are the mean sedimentation velocities of the number and

mass density, respectively, and will be described hereunder. FΨN,i and FΨm,i
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denote the turbulent fluxes of the number density and mass density, respec-

tively

FΨNi = −ρav′′Ψ′′
Ni

(3.20)

FΨmi = −ρav′′Ψ′′
mi
. (3.21)

where v′′, Ψ′′
Ni

and Ψ′′
mi

are the sub-grid scale values. These cannot be resolved

in the model and are parameterised with the same technique as is applied for

the humidity parameters in COSMO (cf. Steppeler et al., 2003). WNi
and

Wmi
describe the removal through below cloud scavenging with respect to

the aerosol number density and mass density. The parameterisation of the

washout process is described in detail in Rinke (2008). Thus, the time rate of

change of the normalised averaged mass and number density of the sea salt

aerosol is given by horizontal and vertical advection and vertical diffusion.

Coagulation between sea salt and other aerosols is not accounted for in this

study. Dry deposition to the surface is treated as a lower boundary condition

for the vertical diffusion. In addition, emissions enter the equations via the

lower boundary conditions. The emission parameterisation is described in

section 3.2.2.

Sedimentation and Deposition

For a monodisperse aerosol population, i.e. particles all having the same size,

the sedimentation velocity is

vsed =
gCc

18ν

(
ρp

ρa
D2

p

)
(3.22)

where ρp and ρa are densities of the aerosol particle and air, respectively. g

is the gravity acceleration, ν denotes the kinematic viscosity coefficient of
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air, and λa the mean free path of air. Cc is the Cunningham slip correction

factor

Cc = 1.0 + 1.246
2λa

Dp
= 1.0 + 1.246 Kng (3.23)

with Kng denoting the Knudsen number. Considering a polydisperse aerosol

and the k:th moment of the distribution, the corresponding expression for

the sedimentation velocity takes the form (Kramm et al., 1992)

vsed,k =
1

Mk

∫ ∞

−∞

vsedD
k
p n

∗(lnDp) d(lnDp) (3.24)

As the distributions are approximated by log-normal functions the sedimen-

tation velocity for the k:th moment of the polydisperse aerosol is

vsed,k =
g

18ν

(
ρp

ρa
D2

g

) (
exp

(
4k + k

2
ln2 σg

)
+

+1.246 · Kng exp

(
2k + 1

2
ln2 σg

))
.

(3.25)

The sedimentation of the sea salt mass and number densities for the sea salt

modes consequently are expressed as

vsed,Ni
=

gρp

18νρa
D2

g0,i

(
exp

(
2 ln2 σgi

)
+

+1.246
2λa

Dg0,i
exp

(
1

2
ln2 σgi

))

vsed,mi
=

gρp

18νρa
D2

g0,i

(
exp

(
8 ln2 σgi

)
+

+1.246
2λa

Dg0,i
exp

(
7

2
ln2 σgi

))
where Dg0,i is determined as a function of the total mass and total number

density of the respective mode i from Equation (3.6).
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The calculations of the mean deposition velocity of the polydisperse aerosol

are based on Slinn and Slinn (1980)

vdep,k = vsed,k + (ra + rd,k + ra rd,k vsed,k)
−1

. (3.26)

ra describes the aerodynamic resistance and is determined by meteorologi-

cal variables such as wind velocity and the atmospheric stability, which are

obtained from COSMO. rd,k is the surface layer resistance

rd,k =

((
Sc

−2/3
k + 10−3/Stk

)(
1 + 0.24

w2
∗

u2∗

)
u∗

)−1

(3.27)

where Sck is the Schmidt number Sck = ν
D̂k

and Stk is the Stokes number

Stk = u2
∗

gνvsed,k. u∗ is the friction velocity and w∗ is the convective velocity

scale, both given in m s−1. D̂k is the diffusion coefficient in m2 s−1 for

polydisperse aerosol, which is described by

D̂k =
kBT

3πμDg0

(
exp

(
−2k + 1

2
ln2 σg

)
+

+1.246
2λa

Dg0,i
exp

(
−4k + 4

2
ln2 σg

))
.

(3.28)

The deposition of sea salt aerosol to the surface is calculated for the lowest

model layer. For the other vertical layers, only the sedimentation velocity

is calculated. In Figure 3.3, the deposition velocity is shown for the mass

density and the zeroth moment (number density) for a geometric standard

deviation of 2 and ra = 50 s m−1 as a function of the geometric median

diameter. For the smallest particles, the Brownian diffusion process is the

dominant, whereas the sedimentation becomes more effective with larger me-

dian diameters and conversely the Brownian diffusion becomes less effective.

The deposition is the least effective for aerosol with sizes close to 1 μm in

median diameter. As a result of this fact, aerosol distributions with a median
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Figure 3.3.: Deposition of number (N) and mass density (m) for distributions
with σg = 2 m and ra = 50 s m−1 as a function of the geometric
median diameter Dg.

diameter as close as possible to this minimum show a longer residence time

in the atmosphere. This explains the existence of the so-called accumulation

mode, which was aforementioned in chapter 2.

3.2.2. Parameterisation of the Sea Salt Aerosol

Production

The sea salt emission module was developed and introduced to COSMO-

ART by Lundgren (2006). Here, a brief overview of the chosen sea salt

source functions is given.

For simplification, the freshly emitted sea salt aerosol is assumed to consist

of pure NaCl. The flux of sea salt aerosol particles from the sea surface to the

lowest atmosphere is described as a function of the water surface temperature

and horizontal wind speed at 10 metres above the surface. A combination
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of three parameterisations describes the emission of particles within the size

range of 0.02-28 μm.

In COSMO-ART, the parameterisation of Mårtensson et al. (2003) is utilised

for sub-micrometer particles with dry diameters between 0.02-1 μm. The flux

according to Mårtensson et al. (2003) is calculated as a function of the wind

speed at 10 m level U10 (in m s−1) and as a function of the sea surface

temperature Tw.

dF0

d logDp
= Φ(Tw, Dp) 3.84 · 10−6 U 3.41

10 (3.29)

The flux is given in m−2 s−1. F0 is the aerosol number flux Φ(Tw,Dp) that

describes the particle flux per whitecap area and is dependent on the water

temperature and particle diameter Dp given in metres

Φ(Tw, Dp) = Aq(Dp) · Tw + Bq(Dp) q = 1, 2, 3. (3.30)

The coefficients Aq(Dp) and Bq(Dp) are given in Mårtensson et al. (2003)

and Lundgren (2006). Probably the most common source function for sea

salt aerosol production in atmospheric models of Monahan et al. (1986), is

within COSMO-ART adapted for the production of super micrometer aerosol

in the size range 1-9 μm Dp

dF0

dr80
= 1.373 U 3.41

10 r−3
80

(
1 + 0.057r1.0580

)
101.19e

−B2

(3.31)

where B =
0.380− log r80

0.650
.

The flux is given in m−2 s−1 μm−1 for U10 in m s−1 and in r80 in μm. r80
referres to the wet radius size of the aerosol an the ambient relative humidity

of 80%. Emission of aerosol in the size range 9-28 μm is described by Smith

et al. (1993) in the form of two log-normal distributions
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dF0

dr80
=
∑
x=1,2

Cx exp

(
−fx

(
ln

r80

rx

))
(3.32)

where

{
f1 = 3.1 μm, r1 = 2.1 μm, logC1 = 0.676 U10 + 2.43

f2 = 3.3 μm, r2 = 9.2 μm, logC2 = 0.959 U 0.5
10 − 1.475.

The emission flux is given in m−2 s−1 μm−1 for U10 in m s−1 and in r80 in

μm. The parameterisations (3.29), (3.31), and (3.32) are brought to the same

form by applying the parameterisation of Lewis and Schwartz (2006), which

describes the wet aerosol size as a function of the dry size. The number

density flux FN,i in each mode i is achieved through numerical integration

over the respective size interval

FN,i =

∫ Db

Da

dF0

d logDp
d logDp = lim

n→∞

n∑
i=1

dF0

d logDp
Δ logDp (3.33)

with the constant step Δ logDp=0.1. The mass density flux Fm is calculated

from the number density flux for each of the three sea salt modes by using

the following relation

Fm,i =
πρpD

3
gi,ini

6
exp

(
4.5 ln2 σg,i

)
· FN,i. (3.34)

The initial mode diameter Dgi,ini and the distribution standard deviation

for fresh emitted sea salt aerosol in each mode are given in Table 3.1. The

emissions of sea salt, EN,i and Em,i, enter the conservation equations (3.18)

and (3.19) for each mode i via the lower boundary conditions

EN,i =
FN,i

Δzs
(3.35)

Em,i =
Fm,i

Δzs
(3.36)
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where Δzs represents the height of the lowest model layer.

3.3 Treatment of Radiative Fluxes

The calculations of vertical profiles of the solar and thermal radiative fluxes

within the COSMO model are performed with the radiation scheme GRAALS

(General Radiative Algorithm Adapted to Linear-type Solutions, Ritter and

Geleyn (1992)). This radiation scheme treats radiative transfer by the so-

called two-steam method, which is a commonly used method in e.g., weather

forecast and climate models. The two-stream method is based on the as-

sumption that the angle dependency of the radiation intensity is constant in

each hemisphere and only upward and downward fluxes are considered. The

radiative transfer equation and its solution for the two-stream method has

been described by Stanelle (2008). In the GRAALS radiation scheme eight

spectral bands kb are considered, three in the solar and five in the thermal

range (Table 3.2).

Table 3.2.: List of the spectral bands considered in COSMO-ART based on
the GRAALS radiation scheme (Ritter and Geleyn, 1992).

Spectral range Spectral band kb Wavelength λ in μm
1 1.53-4.64

Solar 2 0.7-1.53
3 0.25-0.7
4 20.0-104.5
5 12.5-20.0

Thermal 6 8.33-9.01 and 10.31-12.5
7 9.01-10.31
8 4.64-8.33

In GRAALS, the aerosol optical depth has been treated with constant fields

for different aerosol categories. The aerosol optical depth (AOD) is the non-

dimensional vertical integral of the extinction coefficient. Between -19 to
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54◦E and 26 to 54◦N the horizontal maritime aerosol AOD in GRAALS is

shown in Figure 3.3.
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Figure 3.4.: Maritime aerosol optical depth in GRAALS.

The maritime aerosol optical depth in GRAALS was until now max. 0.0007

and treated constant in time. Thus, for the calculations of the radiative

fluxes in the current version of COSMO-ART, the maritime AOD is treated

very simplified, by neglecting all temporal variations that are caused by e.g.

changes in wind speed. The comparison with measurements imply that the

current approach underestimates the sea salt AOD. The clean marine air

mass AOD for the northeast Atlantic region has been estimated to have an

average value of 0.4 ± 0.29 for the period 2002-2004 (Mulcahy et al., 2009).

Within this study, the maritime AOD in GRAALS is therefore replaced by

the simulated sea salt aerosol optical depth. The radiative fluxes are calcu-

lated fully coupled to the current sea salt distribution in COSMO-ART, as

shown in Figure 3.3. To perform these fully coupled simulations, the aerosol

optical properties of each of the spectral bands are required at every grid cell

and time step. For determining these optical properties, all of the aerosols

are assumed to be spherical and Mie calculations are necessary as a function

of the aerosol size distribution, the chemical composition and the complex

refractive index of each aerosol component. Due to the enormous amount of

computational time required for the Mie calculations, these cannot be per-

49



3. The Model System COSMO-ART
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                 COSMO−ART

Figure 3.5.: Overview of the treatment of the aerosol radiative impact on the
atmosphere and the resulting modification of the sea salt concen-
tration and subsequent impact on the aerosol optical properties.

formed online in atmospheric models. For this reason, Mie calculations are

performed as a priori for pre-simulated aerosol distributions with COSMO-

ART. The well proven code of Bohren and Huffman (1983) is used for the

detailed Mie calculations with the simulated aerosol size distribution, the cor-

responding aerosol composition and the complex index of refraction of each

chemical component provided as input parameters. The calculations give the

optical properties for each aerosol mode, grid cell, and for every considered

wavelength. The required optical properties are the extinction coefficient bkb,

the single scattering albedo ωkb and the asymmetry parameter gkb for each

spectral band kb, respectively. The coefficients for each band are achieved

by weighting the value at each considered wavelength with the available en-
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3.3. Treatment of Radiative Fluxes

ergy to the total available energy within the spectral band. For shortwave

wavelengths, the optical constants are weighted to the available energy from

the solar spectra and averaged band-wise over the three respective short-

wave spectral bands. For the longwave spectra, the optical coefficients are

weighted with the Planck function at 275 K at each individual wavelength

and averaged band-wise over the five longwave spectral bands. The coeffi-

cients bkb, ωkb, and gkb are determined from a new optical parameterisation

provided with a look up table with the necessary information for each spec-

tral band, cf. chapter 5. The new optical parameterisation is implemented

in COSMO-ART within a new routine. Based on the optical constants and

the online simulated sea salt concentration, the actual aerosol optical depth

τ , the scattering optical depth τs and the absorption optical depth τa are

calculated for each gridcell (x,y,z) and spectral band by

τ(x, y, z, kb) = bx,y,z,kb ·Δz(x, y, z) (3.37)

(3.38)

τs(x, y, z, kb) = ωkb · τ(x, y, z, kb)

(3.39)

τa(x, y, z, kb) = τ(x, y, z, kb)− τs(x, y, z, kb)

where Δz(x, y, z) denotes the height of each model layer. The asymmetry

parameter gkb, together with the scattering optical depth τs, and the ab-

sorption optical depth τa enters the calculations of the radiative fluxes in

the COSMO model. The aerosol initialised modifications of the radiative

fluxes leads to the feedback loop in Figure 3.2. Altered aerosol emissions are

one of the consequences of the modified state of the atmosphere. In turn,

the aerosol concentrations are changed. The current aerosol concentration

is utilisied every hour to calculate τ , τs, and τa within the new routine in

COSMO-ART.
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Chapter 4

Introduction of Wet Internally Mixed

Sea Salt Aerosol to COSMO-ART

Within the framework of the present thesis, the treatment of the sea salt

aerosol in COSMO-ART is extended from a pure sodium chloride (NaCl)

aerosol to an internally mixed aerosol containing NaCl, sodium sulphate

(Na2SO4), and water. This extension includes two main parts that will be

described in this chapter:

• condensation of sulphuric acid onto the existing sea salt particles

• calculations of the aerosol liquid water content with respect to the

internally mixed aerosol.

4.1 Formation of Internally Mixed NaCl-Sulphate

Aerosol

Aerosol containing mixtures of sea salt and sulphate is for instance a result

of the condensation of sulphuric acid onto sea salt aerosol. Sulphuric acid

is formed in the atmosphere through oxidation processes. In marine air,

the sources of sulphur species are mainly emissions of oceanic dimethyl sul-

53
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phide (DMS), which contribute to the most important natural source (Pham

et al., 1995), ship emissions and transport from anthropogenic emission over

the continent and along the coast. In the following section (4.1.1) the pro-

duction of sulphuric acid from oceanic DMS in COSMO-ART is described.

Thereafter, section 4.1.2 describes the treatment of the aerosol growth rate

due to the condensation of sulphuric acid.

4.1.1. Production of Sulphuric Acid in Clean Marine

Air

Air-Sea Gas Exchange of DMS

The oceanic dimethyl sulfide (DMS), CH3SCH3, accounts for the largest

natural source of atmospheric sulphur (Pham et al., 1995). The source for

oceanic DMS is the decomposition of dimethyl sulfoniopropionate (DMSP),

that is produced by phytoplankton. The mean concentration of DMS in sea

water is dependent on the depth and location and shows diurnal and sea-

sonal variations (Seinfeld and Pandis, 1998). The highest ocean water DMS

concentrations occur in the Southern Hemisphere in January, especially in

Antarctic waters, and in the Northern Hemisphere in July. Seawater concen-

trations of DMS are much higher than the atmospheric concentrations that

result in a lack of equilibrium, and in turn a flux of DMS from the ocean to

the atmosphere occurs.

Gas transfer at the air-sea interface is thought to be regulated by factors

such as turbulence at the interface, boundary layer stability, surfactants and

bubbles (Wanninkhof, 1992, and references therein). As several experiments

have shown that wind speed has a major influence on the gas exchange and

only limited data on other parameters that may influence or be linked to the

surface turbulence is available, the wind speed is commonly used to describe
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the gas transfer rate. Empirical relationships have been developed to deter-

mine the gas transfer Fg from the air-water concentration difference ΔCg and

wind speed U above the ocean as

Fg = −Kw(U) ΔCg.

Kw, which is known as the gas transfer velocity, incorporates the physical

factors that control the gas transport through the air-sea interface (Miller

et al., 2009). As the atmospheric DMS concentration usually is negligible

compared to the saturated concentration in the ocean, Cw, the concentration

difference Δ Cg can be approximated by Δ Cg ≈ -Cw. With this assumption,

the flux of DMS FDMS is determined by

FDMS = Kw(U) Cw. (4.1)

For DMS, the transfer velocity Kw can be described as a function of the

horizontal wind speed U (e.g., Liss and Merlivat, 1986; Wanninkhof, 1992;

Nightingale et al., 2000). In this study the relationship of Nightingale et al.

(2000) is applied

Kw = 0.222 · U 2
10 + 0.333 · U10. (4.2)

The transfer velocity is calculated in cm hour−1 as a function of the wind

speed at 10 m above the ocean given in m s−1. Besides for the transfer veloc-

ity, the seawater DMS concentration Cw has to be determined. As oceanic

DMS is produced from the biological activity of phytoplankton (Tarrasón

et al., 1995) the concentration varies with geographical location and season.

As a function of biogeochemical properties, Longhurst et al. (1995) proposed

a scheme where they divided the earth’s ocean into 57 provinces for the global

primary production in the ocean. Four of these provinces; the North Atlantic

Drift (NADR), the Northeast Atlantic Continental Shelf (NECS), the eastern

part of the North Atlantic Subtropical Gyre (NASTE) and the Mediterranean
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Sea (MEDI) are considered in this study (Figure 4.1). Concentrations for

the month of July were taken from Kettle and Andreae (2000) and from the

Global Surface Seawater DMS Database (http://saga.pmel.noaa.gov/dms/)

for each province. With this data, a new DMS seawater climatology was

implemented in COSMO-ART as shown in Table 4.1. Finally, the transfer

rate of DMS is determined in the flux of mass per square metre water and

second on the form

FDMS =
Cw ·Mw,DMS

3.6 · 102
(
0.222 · U 2

10 + 0.333 · U10

)
(4.3)

where Mw,DMS denotes the molecular weight of DMS. The temporal change

of the DMS concentration due to emissions in the lowest model layer is thus

calculated as

EDMS =
FDMS

Δzs
(4.4)

where Δ zs is the height of the lowest model layer.

Figure 4.1.: The considered DMS sea water provinces.
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Table 4.1.: DMS sea water concentration in COSMO-ART.
Province Cw in mol L−1

NADR 8.0·10−9

NAST 5.0·10−9

NECS 6.0·10−9

MEDI 5.0·10−9

Production of Sulphate through DMS Oxidation

In the atmosphere, the destruction of DMS is dominated by reactions with the

hydroxyl radical (OH) and the nitrate radical (NO3). The removal of DMS

by OH occurs mainly at low latitudes and only during the daytime because

of the photochemical source of OH. The rate constant of the reaction with

OH is approximately a factor of 4 times greater than that of the DMS-NO3

reaction. For this reason, the oxidation by the nitrate radical will occur

where OH is not present, i.e. at nighttime and in colder and darker regions

compared to the DMS-OH reaction. The lifetime of DMS in the atmosphere

ranges between one to several days in the atmosphere. In the following, the

gas phase reactions related to the destruction of DMS, which were included

in the model, are presented. The nitrate radical NO3 is formed from the

reaction of NO2 and ozone O3 as

O3 + NO2 −→ NO3 (4.5)

and the hydroxyl radical (OH) results from the reaction between water and

the oxygen atom O(1D), which is formed from the photolysis of ozone as

O3
hv
−→ O(1D) + O2 (4.6)

O(1D) + H2O −→ 2 OH. (4.7)
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Sulphur dioxide is produced through the oxidation of DMS by NO3

NO3 + DMS −→ SO2 + ... (4.8)

When DMS is oxidised by OH, dimethyl sulphoxide (DMSO) and sulphur

dioxide are generated

OH + DMS −→ SO2 + ... (4.9)

OH + DMS −→ 0.6 SO2 + 0.4 DMSO + ... (4.10)

DMSO is in turn oxidised to sulphur dioxide and methanesulphonic acid

(MSA) by its reaction with OH

OH + DMSO −→ 0.6 SO2 + 0.4 MSA + ... (4.11)

The MSA production during the oxidation of DMS of nitrogen oxides is

however not well understood and for this reason it is not taken into account

in COSMO-ART. Sulphuric acid is subsequently formed when SO2, which

was formed by the above-mentioned reactions, is oxidised by OH in a three

body reaction

OH + SO2
M
−→ H2SO4 + HO2. (4.12)

The rate constants of the implemented reactions (4.8)-(4.11) in this work are

obtained from Pham et al. (1995). The other reactions are already accounted

for in the chemistry module RADMKA in COSMO-ART.

In COSMO-ART, the dry deposition velocity of DMS is set to zero (Huneeus

and Chevallier, 2009) and the dry deposition velocity of DMSO is set to 1

cm s−1 over the ocean and zero over the continent based on Pham et al.

(1995), and Huneeus and Chevallier (2009). The dry deposition of SO2 is

parameterised according to Bär and Nester (1992).
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4.1.2. Condensation of Sulphuric Acid on Aerosols

The sulphuric acid, which was formed through reaction (4.12) may condense

on the sea salt aerosol and anthropogenic aerosols. Any condensation on

other aerosols is not yet accounted for in COSMO-ART. Condensation onto

anthropogenic aerosols was introduced to COSMO-ART by Riemer (2002),

whereas the condensation onto sea salt is introduced within this thesis.

Condensation leads to additional mass on the aerosol, which causes a tem-

poral change of the third moment, whereas the number of aerosol remains

uninfluenced. The calculation of the aerosol growth rate due to condensation

is based on the method presented by Whitby et al. (1991). When assum-

ing spherical particles and neglecting the Kelvin effect, the temporal change

of the third moment of the distribution is represented by the product of a

size-independent contribution and a size-dependent contribution. The size-

dependent contribution has two asymptotic forms for the near continuum

and free molecular regimes. The free molecular regime is applied for par-

ticles with Knudsen numbers (Kng=2λair/Dp) >10 and the near continuum

regime is for particles with 0.1 <Kng ≤ 1. Consequently, the temporal change

of the third moment due to condensation takes different forms for the two

size regimes

G
nc
3,i =

6

π
ΨT

∫ ∞

0

2πDv Dpni (Dp) dDp =
6

π
ΨT 2πDvM1︸ ︷︷ ︸

Inc
3,i

(4.13)

G
fm
3,i =

6

π
ΨT

∫ ∞

0

παc

4
D2

pni (Dp) dDp =
6

π
ΨT

παc

4
M2︸ ︷︷ ︸

Ifm
3,i

G
nc
3,i and G

fm
3,i denote the mean condensational growth rates in the near con-

tinuum regime and the free molecular regime for each sea salt mode i, respec-
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tively. The size independent contribution ΨT is ΨT =
Mw ps (Sv − 1)

ρl R T
, where

Mw is the molecular weight, R is the ideal gas constant, ps and Sv are the

saturation vapour pressure and the saturation ratio of condensing species, in

this case sulphuric acid. Dv is the vapour diffusivity, α is the accommodation

coefficient, and c is the kinetic velocity of vapour molecules (=
√

8R T
π Mw

).

To achieve the mean growth rate over the total size range G3,i, the harmonic

mean of Inc3,i and Ifm3,i are formed.

G3,i =
6

π
ΨT I3,i =

6

π
ΨT

Inc3,i · I
fm
3,i

Inc3,i + I
fm
3,i

. (4.14)

Inc3,i and Ifm3,i represent the solutions of the size-dependent integrals in Equation

(4.13). The total temporal change of the third moment that is caused by

condensation on the aerosols is given by the sum over the three sea salt

modes and the five anthropogenic aerosol modes

G3 =
8∑

i=1

G3,i (4.15)

The condensation processes are assumed to be quick compared to the gener-

ation of condensable material from the gas phase. As a result, a steady state

develops between the third moment aerosol growth rate G3 and the produc-

tion rate of the third moment of the sulphuric acid Ṁ3,sulph. The production

rate of the third moment of the sulphuric acid is determined by the pro-

duction rate of condensational vapour Ċsulph, obtained from the chemistry

module RADMKA, and its density ρsulph

Ṁ3,sulph =
6

π

Ċsulph

ρsulph
. (4.16)

Because the produced sulphuric acid is assumed to directly enter condensa-

tional processes, the rate of production of the third moment from the con-
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densable vapour must be equal to the total growth rate of the aerosol third

moment

G3 = Ṁ3,sulph. (4.17)

The fraction of sulphuric acid that enters each mode is given by the dimen-

sionless coefficient Ωi

Ωi =
G3,i

G3

=

6

π
ΨT I3,i

6

π
ΨT

∑8
i=1 I3,i

=
I3,i∑8
i=1 I3,i

(4.18)

Combining Equations (4.17) and (4.18), the third moment growth rate for

each mode can be expressed as a function of the fraction of the injected

material and the production rate of the condensable material itself

G3,i = Ωi Ṁ3,sulph = Ωi
6

π

Ċsulph

ρsulph
(4.19)

Hence, the size-independent contribution ΨT , which is a function of rather

complex variables, is no longer required for the determination of the aerosol

growth rate.

By recalling that m=ρV=π
6ρM3 the mass growth rate Gm,i is finally obtained

as a function of the production rate of sulphuric acid and the size-dependent

integrals Inc3,i and Ifm3,i in Equation (4.13)

Gm,i = Ωi Ċsulph (4.20)

Sulphuric acid, which does not take part in the condensation processes, will

participate in binary homogeneous nucleation with water. The nucleation

rate is calculated as a function of the production rate of sulphuric acid and the

loss rate through condensation. These calculations are based on Kerminen

and Wexler (1994) and are described in Riemer (2002).
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4.2 Sea Salt Aerosol Liquid Water Content

The uptake of liquid water by an aerosol particle is determined by factors

such as ambient relative humidity (RH) and the chemical composition of

the aerosol. The chemical composition is represented by the molality, de-

scribing the amount of a component per kg solvent (water). The aerosol

liquid water content (LWC) increases as the molality or RH increase. For

very high humidity, approaching 100%, the amount of liquid water on the

aerosol increases super linearly. As the RH decrease, the aerosol liquid water

content evaporates. When the RH drops bellow the so-called efflorescence

point, the aerosol crystallises and the water uptake stops. At which RH

the water uptake discontinues depends on the aerosol compounds and their

respective efflorescence points. As different compounds have different efflo-

rescence points, it is much more difficult to determine at which RH a mixed

aerosol might crystallise, compared to a pure particle.

As no semi-volatile compounds are taken into account in this study, a sim-

plified approach can be used without taking the mass transfer between the

gas phase and aerosol phase into account. For the mass partitioning between

the two phases, the equilibrium partial pressure over an aerosol surface is

required, for which the recently developed PD-FiTE (Topping et al., 2005)

is ideal. As a function of the equilibrium pressure, the mass has however to

be partitioned between the two phases that for example, can be solved via

iterations. Thus, these calculations become extremely time-consuming. For

this reason the composition of sea salt is assumed to consist of compounds

that will stay in the aerosol phase only, and no semi-volatile components

are treated. Hence, mass transfer calculations will not be needed with the

method that is used in this study.
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After the condensation of sulphuric acid on the sea salt aerosol, the aerosol

will contain a mixture of H+-Na+-Cl−-SO2−
4 -HSO−

4 ions dissolved in water

NaCl(s) → Na+(aq) + Cl−(aq) (4.21)

H2SO4(g) → H+(aq) + HSO−
4 (aq) (4.22)

HSO−
4 (aq) → H+(aq) + SO2−

4 (aq). (4.23)

The determination of the aerosol liquid water content in an aerosol containing

H+-Na+-Cl−-SO2−
4 -HSO−

4 is introduced to COSMO-ART within this work.

The total water concentration mw is calculated with the use of the Zdanovskii-

Stokes-Robinson (ZSR) relation (Stokes and Robinson, 1966)

mw =
∑
E

nE

m0
E (aw)

, (4.24)

where mw is given in kg of aerosol liquid water per cubic metre air, nE is the

concentration of electrolyte E in mol/m3
air and m0

E (aw) is the binary elec-

trolyte molality of electrolyte E as a function of the water activity aw(=RH)

given in mol of solution per kg of solvent (water). The binary molality is

the molality of an electrolyte that is alone in solution. To calculate the elec-

trolyte concentration nE a technique is needed to determine the partitioning

of the present ions into electrolytes. For this purpose the method presented

by Zaveri et al. (2005) is applied and described in section 4.2.1. The binary

electrolyte molality is determined as a function of the ambient RH by poly-

nomials, for which the parameters are obtained from Tang (1997). These

calculations are summarised in section 4.2.2.
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4.2.1. Electrolyte Formation

Within the composition space H+-Na+-Cl−-SO2−
4 -HSO−

4 two electrolyte for-

mation domains are possible, the "sulphate-rich" and "sulphate-poor" do-

main. Zaveri et al. (2005) separated these domains by using the sulphate

ratio Xs

Xs =
nNa+

nSO(V I)
=

nNa+

nSO2−

4
+ nHSO−

4

{
Xs ≤ 2 sulphate-poor domain

Xs > 2 sulphate-rich domain

where nNa+,nSO2−

4
and nHSO−

4
denote the number of moles of each ion, respec-

tively. In the sulphate-poor domain, S(VI) is completely neutralised by Na+,

which means that S(VI) exists in the form of SO2−
4 . In the sulphate-rich

domain, S(VI) is, on the other hand, not completely neutralised and may

exist in the form of SO2−
4 or HSO−

4 . In this study it is assumed that nNa+ »

nS(V I). Thus, the liquid water calculations are restricted to the sulphate-poor

domain. Hence, the sulphuric acid is assumed to be completely dissociated to

SO2−
4 as in Reaction (4.23). The water uptake of aerosol in the sulphate-rich

domain is neglected.

In the sulphate-poor domain, only strong electrolytes, which dissociates com-

pletely into ions in aqueous solution, are formed. To determine the aerosol

liquid water content, the number of moles of each present electrolyte has

to be calculated. The number of moles of the respective ions is most often

known, rather than that of the electrolytes.

Here, the mixing scheme of Zaveri et al. (2005) is applied for determining the

number of moles of strong electrolytes nE. For these calculations, equivalent

ion fractions φa and φc for anions and cations, respectively, are used. The
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equivalent ion fraction of each ion j is a function of the number of moles nj

and the corresponding magnitude of the charge γj as

φa =
γana∑
a γana

for anions (4.25)

φc =
γcnc∑
c γcnc

for cations. (4.26)

The equivalent ion fractions for the present ions in the solution of interest

are consequently given by

φNa+ =
nNa+

nH+ + nNa+
(4.27)

φH+ =
nH+

nH+ + nNa+
(4.28)

φCl− =
nCl−

nCl− + 2nSO2−

4

(4.29)

φSO2−

4
=

nSO2−

4

nCl− + 2nSO2−

4

(4.30)

The number of moles of each ion per cubic metre air is calculated by nj =
mj

Mw,j

where Mw,j is the molecular weight of ion j and mj is the mass density from

MADEsoot.

The concentration of the electrolytes are subsequently calculated by using

the equivalent ion fractions

nE =
φc naMw,a + φa ncMw,c

νaMw,a + νcMw,c
(4.31)

where νa and νc denote the number of moles of anion a and cation c in

electrolyte E. Within the considered, sulphate-poor, domain the possible
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aqueous electrolytes are NaCl and Na2SO4. Na2SO4 is formed when sodium

chloride reacts with sulphuric acid

H2SO4(g) + 2NaCl → Na2SO4 + 2HCl(g). (4.32)

The number of moles of NaCl and Na2SO4 are finally calculated as

nNaCl =
φNa+ nCl− Mw,Cl− + φCl− nNa+ Mw,Na+

Mw,Na+ +Mw,Cl−
(4.33)

nNa2SO4
=

φNa+ nSO2−

4
Mw,SO2−

4
+ φSO2−

4
nNa+ Mw,Na+

2Mw,Na+ +Mw,SO2−

4

. (4.34)

4.2.2. Aqueous Electrolyte Binary Molality

The binary molality m0
E is in addition to the electrolyte concentration re-

quired for calculating the liquid water content from Equation (4.24). The

binary electrolyte molalities are determined by polynomial fits as a function

of the water activity. The water activity is commonly assumed to be equal

to the ambient RH in fractional form, i.e. the Kelvin effect is neglected, for

atmospheric conditions

aw =
RH

100
. (4.35)

Based on experimental data for water activity as a function of the binary

electrolyte molality, polynomial fits for the electrolyte molality as a function

of the water activity are obtained (e.g. Tang and Munkelwitz, 1994; Tang

et al., 1997). These polynomial expressions, by which the binary molalities

are determined, take the form

m0
E = YE,0 + YE,1 aw + YE,2 a

2
w + YE,3 a

3
w + YE,4 a

4
w. (4.36)
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For E=NaCl, Na2SO4 the coefficients YE,0-YE,4 were achieved from Tang

(1997). The coefficient values that were used in this work are shown in Table

4.2. For NaCl, the coefficients are valid for conditions where RH > 47%

Table 4.2.: Coefficients of polynomial fits of m0
E Eq.(4.36) obtained from Tang

(1997) for NaCl and Na2SO4 in the sulphate-poor domain assum-
ing aw = RH .
Coefficients NaCl Na2SO4

Y0 5.875248 · 101 5.5983158 · 102

Y1 −1.8781997 · 102 −2.56942664 · 103

Y2 2.7211377 · 102 4.47450201 · 103

Y3 −1.8458287 · 102 −3.45021842 · 103

Y4 4.153689 · 101 9.8527913 · 101

and for Na2SO4 they are valid for RH > 58%. This means that when the

relative humidity drops under 58% Na2SO4 is not hydrating in the model.

For conditions where the relative humidity drops under 47% the sea salt

aerosol LWC is neglected. For RH > 99% the LWC remains constant in the

model.

4.3 The Conservation Equations for the Internally

Mixed Aerosol

For the internally mixed aerosol, the total mass density mi,mix of each mode

is

mi,mix = mi,ssa +mi,sulph +mi,w (4.37)

where mi,ssa is the mass density of dry sea salt aerosol (sodium chloride),

mi,sulph is the mass density of the sulphate component and mi,w is the mass

density of water on the mixed sea salt aerosol. The density ρi,mix of the

internally mixed aerosol is calculated from the third moment M3,i,mix of the

mixed aerosol and the mass density mi,mix according to Equation (3.12).
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The third moment of the internally mixed aerosol is achieved by applying

Equation (3.13) for the sea salt, sulphate and water substances

M3,i,mix =
6

π

(
mi,ssa

ρNaCl
+

mi,sulph

ρsulph
+

mi,w

ρw

)
. (4.38)

The density of the internally mixed aerosol in each mode is now given by

ρi,mix =
6

π

mi,mix

M3,i,mix
. (4.39)

The geometric median diameters of the internally mixed sea salt aerosol dis-

tributions are determined, following Equation (3.6), which for mixed aerosol

distributions take the form

Dg0,i,mix =

(
mi,mix

π
6ρi,mix exp

(
4.5 ln2 σgi

)
Ni,mix

) 3

2

. (4.40)

The number density Ni,mix of internally mixed sea salt aerosol is, as already

mentioned, not directly influenced by the condensation of sulphuric acid or

by the water uptake. A difference in the number density of pure sea salt

aerosol and internally mixed sea salt aerosol occurs, however, through the

modification of the processes such as sedimentation, deposition, and washout

via the change of size of the aerosol.

The water content on the aerosol is not transported but locally equilibrated.

The conservation equations of the internally mixed sea salt aerosol are solved

for the sulphate content, the content of sea salt, and the number density. The

conservation equations for the number density of the internally mixed sea salt

aerosol take the form

∂Ψ̂Ni,mix

∂t
= −v̂ · ∇ Ψ̂Ni,mix

− vsed,Ni,mix

∂Ψ̂Ni,mix

∂z
+

1

ρa
∇ · FΨNi,mix −WNi,mix

.

(4.41)
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For the mass densities, the following equations are solved

∂Ψ̂mi,ssa

∂t
= −v̂ · ∇ Ψ̂mi,ssa

− vsed,mi,ssa

∂Ψ̂mi,ssa

∂z
+

1

ρa
∇ · FΨmi,ssa

− Wmi,ssa
(4.42)

∂Ψ̂mi,sulph

∂t
= −v̂ · ∇ Ψ̂mi,sulph

− vsed,mi,sulph

∂Ψ̂mi,sulph

∂z
+

1

ρa
∇ · F

Ψmi,sulph

− Wmi,sulph
+Gm,i (4.43)

where Gm,i is the mean condensational loss or gain of mass in each mode.

Ψmi,ssa
and Ψmi,sulph

are the normalised mass densities

Ψmi,ssa
=

mi,ssa

ρa
(4.44)

Ψmi,sulph
=

mi,sulph

ρa
(4.45)

and Ψ̂mi,ssa
and Ψ̂mi,sulph

the corresponding density weighted Reynolds av-

erages (cf. Equation (3.17)). For the internally mixed aerosol, the sedi-

mentation and deposition velocities are now determined as a function of the

geometric median diameter of the mixed aerosol distributions and the corre-

sponding density in each mode. The settling velocity of each compound in

mode i is equal to that of mode i
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vsed,Ni,mix =
gρi,mix

18νρa
D2

g0,i,mix

(
exp

(
2 ln2 σgi

)
+

+1.246
2λa

Dg0,i,mix
exp

(
1

2
ln2 σgi

))
(4.46)

vsed,mi,mix =
gρi,mix

18νρa
D2

g0,i,mix

(
exp

(
8 ln2 σgi

)
+

+1.246
2λa

Dg0,i,mix
exp

(
7

2
ln2 σgi

))

vsed,mi,ssa = vsed,mi,mix

(4.47)

vsed,mi,sulph = vsed,mi,mix.

The deposition velocities for each mode and respective compound are deter-

mined as in Equation (3.26) with the sedimentation velocities of the internally

mixed aerosol distributions (Equation (4.46)) and the median diameter of the

internally mixed modes i Dg0,i,mix.
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Chapter 5

A New Optical Parameterisation for Sea

Salt Aerosol

Atmospheric radiative fluxes are modified through extinction, i.e. absorption

and scattering, by gaseous molecules and aerosols. The sea salt optical prop-

erties are for this reason required. In this work, the sea salt aerosol optical

properties of both shortwave and longwave radiation due to the wet internally

mixed sea salt aerosol, as described in chapter 4, are parameterised. These

optical properties are the single scattering albedo, the asymmetry factor and

the extinction coefficient. For a known aerosol size distribution and its cor-

responding aerosol refractive index, the optical properties can be calculated

using the Mie theory. As already mentioned in chapter 3 are Mie calculations

too time consuming for atmospheric 3-D models and cannot be performed

online. Thus, accurate optical parameterisations based on the Mie theory are

needed. Existing parameterisations for sea salt aerosol optical properties are

rare and mainly not applicable for the longwave and shortwave ranges (Li

et al., 2008). For this reason, Li et al. (2008) developed an optical param-

eterisation for both ranges for wet sea salt aerosol. This parameterisation

was based on the mean volume mixing rule for determining the effective re-

fractive index of the multicomponent aerosol. This method is however only

71



5. A New Optical Parameterisation for Sea Salt Aerosol

valid for quasi-homogeneous mixtures or for mixtures with components with

very similar refractive indices (Liu and Daum, 2008) and has been stressed

to be valid for solid particles, but may not hold for solutions of salts that

dissolve in water (Irshad et al., 2009). As the sea salt aerosol dissolves at

ambient relative humidities exceeding the deliquescence point and remains

dissolved at RH higher than the efflorescence conditions, the volume mixing

rule is invalid for most atmospheric conditions. Hence, it may be questioned

as to how well optical parameterisations based on such mixing rules repre-

sent the reality of sea salt aerosol optical features. In this study, a new sea

salt aerosol optical parameterisation is developed based on Mie calculations

and the so-called partial molar refraction approach for determining the ef-

fective refractive index (Stelson, 1990; Tang, 1997). The Mie calculations

are performed with the code that originally was developed by Bohren and

Huffman (1983). Input variables for the Mie calculations are the effective

refractive index and pre-simulated sea salt size distributions. Calculations

are performed for each grid point of a chosen area in the Mediterranean Re-

gion, for which the sea salt aerosol size distribution was pre-simulated. The

necessary calculations for determining the effective refractive index of a multi

component aerosol is described in the following section. Thereafter, the new

optical parameterisation is presented. Three dimensional applications with

the new optical parameterisation introduced to COSMO-ART are treated in

chapter 6.

5.1 The Effective Refraction Index of the Multi-

component Aerosol

The complex refractive index m̃λ is for the light of wavelength λ

m̃λ = ηλ + iκλ. (5.1)
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The real part ηλ of the refractive index describes the change of the phase

speed of an electromagnetic wave as it passes from one medium to another

ηλ =
c

c′
(5.2)

where c is the reference phase velocity, i.e. the speed of light in vacuum with

wavelength λ, and c′ is the corresponding speed in the considered medium.

ηλ > 1 implies a reduced speed of light in the media relative to that in vac-

uum, which is the case in most physical media (Petty, 2006). The imaginary

part κλ of the refractive index describes to which extent the intensity of light

with wavelength λ is reduced as it passes through the material. It is, for the

bulk case, related to the absorption coefficient ba via the relation

κλ =
baλ

4π
. (5.3)

For a multicomponent aerosol, the refractive index of each compound needs

to be combined with the use of a mixing rule to achieve the effective refractive

index of the aerosol. Before the methods to describe the real and imaginary

parts of the refractive index for the internally mixed sea salt aerosol in this

study are described, some general properties that are needed for these calcu-

lations are presented.

To avoid confusion between the number density, which in the other chapters

has been denoted by n, and the real part of the refractive index η, the notation

cn,s will be used for the number density of solution s in this chapter. For

consistency, the mass density is denoted as cm,s. The volume density of a

solution is given in m3 aerosol per m3 air by the fraction of the mass density

in kg m−3 and the solution density ρs given in kg m−3

Vs =
cm,s

ρs
. (5.4)
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The total mass density cm,s is the sum of the mass density cm,l of each

component l

cm,s =

Ns∑
l=1

cm,l. (5.5)

The mass density of each component can be expressed as a function of the

mole concentration cn,l of each component l in mol m−3 and the corresponding

molar mass Mw,l in kg mol−1

cm,l = cn,l ·Mw,l. (5.6)

The molar volume Ṽs in m3 mol−1 of a solution aerosol is

Ṽs =

∑Ns

l=1 xl Mw,l

ρs
(5.7)

where xl is the dimensionless mole fraction of each component l. l denotes

all the components in the solution, including water and ions or aqueous elec-

trolytes. Ns is the total number of solution components. The mole fraction

is given by

xl =
cn,l

cn,s
(5.8)

where cn,l denotes the number density of moles of component l and cn,s is

the total solution number density of moles, both per m3 air. Thus, the molar

volume can be expressed as

Ṽs =

1

cn,s

∑Ns

l=1 cn,lMw,l

ρs
=

1

cn,s
Vs (5.9)
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where Vs denotes the volume concentration of the solution in m3 aerosol per

m3 air given in Equation (5.4). The density of the aerosol is given in kg m−3

by (Tang, 1997)

ρs =

(
NE∑
q=1

yq

ρ0q

)−1

(5.10)

where yq is the solute mass fraction of component q

yq =
cm,q∑NE

q=1 cm,q

(5.11)

with cm,q as the mass of electrolyte q in kg m−3. NE is the total number of

aqueous electrolytes in the solution. The density of a binary solution ρ0q of

electrolyte q is expressed by the polynomial (Tang, 1997)

ρ0q =
(
0.9971 +

∑
Aiw

i
)
· 103 (5.12)

where the factor 103 converts the binary density from g cm−3 into kg m−3

and w is the total solute weight in per cent

w =

∑NE

q=1 cm,q∑Ns

l=1 cm,l

· 100. (5.13)

Ai is the coefficient of the ith term, which is specific for different electrolytes

q.

When considering the dissolved interally mixed aerosol containing aqueous

NaCl and Na2SO4, the solution volume is given by

Vmix =
1

ρmix
(cn,H2O ·Mw,H2O + cn,NaCl ·Mw,NaCl + cn,Na2SO4

·Mw,Na2SO4
) .

(5.14)
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The corresponding density for the wet internally mixed sea salt aerosol is

calculated by

ρmix =

(
1

cm,NaCl + cm,Na2SO4

(
cm,NaCl

ρ0NaCl

+
cm,Na2SO4

ρ0Na2SO4

))−1

(5.15)

with the binary densities ρ0NaCl and ρ0Na2SO4
from Equation (5.12). The

coefficients Ai in Equation (5.12) are obtained from Tang (1996) for NaCl

and from Tang and Munkelwitz (1994) for Na2SO4. Hence, the expressions

for the binary densities in the sea salt aerosol take the form

ρ0NaCl = (0.9971 + 7.41 · 10−3w − 3.741 · 10−5w2 + (5.16)

2.252 · 10−6w3 − 2.06 · 10−8w4) · 103

ρ0Na2SO4
= (0.9971 + 8.871 · 10−3w + 3.195 · 10−5w2 + (5.17)

2.28 · 10−7w3) · 103

where the solute weight in per cent w is

w =
cm,NaCl + cm,Na2SO4

cm,NaCl + cm,Na2SO4
+ cm,H20

· 100. (5.18)

The solution volume Vmix of the sea salt aerosol is used to determine the

effective refractive index of the multicomponent aerosol. These calculations

are described in the following.
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5.1.1. The Real Part of Multicomponent Aerosol

Refractive Index

The Lorentz-Lorenz relation describes the dependence of the real part of the

refractive index on the mass density ρ of a chemical element for a homoge-

neous medium
(η2λ − 1)

(η2λ + 2)

Mw

ρ
=

NAαp

3
(5.19)

where Mw denotes the molecular mass, NA is the universal Avogadro’s num-

ber and αp is the mean molecular polarisability (Liu and Daum, 2008). The

left hand side, with the effective real part of the refractive index ηλ, repre-

sents the macroscopic properties of the material. The right hand side, with

the molecular polarisability αp, represents the microscopic properties of the

material. The effective molar refraction of a multi component solution can

be defined as (e.g., Stelson, 1990; Tang, 1997, and references therein)

Rλ = Ṽs

(
η2λ − 1

)
(η2λ + 2)

. (5.20)

In combining Equations (5.20) and (5.9), the effective molar refraction can

be determined from

Rλ =
Vs

cn,s

(
η2λ − 1

)
(η2λ + 2)

(5.21)

in units of m3 mol−1. When considering each ion or aqueous electrolyte l

separately the mole fraction
cn,l

cn,s
is equal to unity and the density is repre-

sented by that of the pure substance, giving the partial molar refraction Rl,λ

the form

Rl,λ =
Mw,l

ρl

(
η2l,λ − 1

)(
η2l,λ + 2

) (5.22)
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where ηl is the refraction index of the component l, which represents all the

components in the solution including solvent and ion or aqueous electrolyte

in the solution. This expression for the molar refraction corresponds to the

left hand side in Equation (5.19), if considering a pure medium. Hence, the

molar refraction is a macroscopic property of the considered material. From

the partial molar refractions of each component (Equation 5.22), the effective

solution molar refraction in m3 mol−1 is calculated by

Rs,λ =

Ns∑
l=1

xl ·Rl,λ (5.23)

which can be rewritten in the form

Rs,λ · cn,s =

Ns∑
l=1

cn,l ·Rl,λ. (5.24)

The effective refractive index ηs,λ for the mixed aerosol is now determined

as a function of the effective molar refractive index Rs,λ, the solution volume

Vs and the total number of moles cn,s in the solution

ηs,λ =

(
Vs + 2Rs,λ · cn,s

Vs −Rs,λ · cn,s

)1/2

. (5.25)

This method for determining the effective refractive index for a mixed aerosol

is referred to as the partial molar refraction approach (Stelson, 1990; Tang,

1997). With this method, the effective molar refraction is achieved as the

sum of the molar refraction of each component. This approximation is equal

to assuming that the total molecular polarisibility of the mixture is repre-

sented by the sum of the molecular polarisibilities of each component. This

method neglects any interaction between the dipoles, and only takes the sum

of the molecular polarisibilities into account. There also exists mixing rules,

which additionally consider interaction between the induced dipoles (Martin
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Schnaiter, 2010, personal communication), such as the relation by Maxwell-

Garnett and that of Bruggeman (Granqvist and Hunder, 1977, and references

therein). A commonly applied method is the so-called linear volume average

rule, or volume mixing rule, whereby the refractive index is the volume mean

refractive index

ηs,λ =
∑

fl · ηl,λ (5.26)

where fl is the volume fraction and ηl is the partial refractive index of the lth

component, respectively. This method only referres to mixing of the macro-

scopic properties of the respective components and no microscopic character-

istics are considered. This is the main difference between the molar refraction

method and the volume mixing rule. The mean volume mixing rule is, as

already mentioned, only applicable for mixtures with components with very

similar refractive indices (Liu and Daum, 2008).

As the sea salt aerosol is assumed to be completely dissolved, the molar re-

fractive approach is applied for the real part of the refraction index in this

work. The effective refractive index is determined for the sea salt aerosol

containing sodium chloride, sodium sulphate and water. To apply the mo-

lar refractive method for each wavelength the Na+, Cl− and SO2−
4 ions are

combined into hypothetical electrolytes with the same method that was de-

scribed in chapter 4, based on the work by Zaveri et al. (2005). To consider

aqueous electrolytes instead of dissolved ions has the advantage that the re-

fractive indices at non visible wavelengths can be estimated, where partial

molar refraction data for ions are not available (Jacobson, 2001a). The par-

tial refraction for an aqueous electrolyte has been inferred to be the same

as for the corresponding solid electrolyte (Stelson, 1990; Jacobson, 2001a,

2002). Thus, the aqueous electrolyte is assumed to have the same refractive

index as the solid electrolyte. This assumption has the advantage that solid

electrolyte refraction index data, which most often is readily found in the

literature as a function of wavelength, can be used.
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When considering the ternary mixture containing water, sodium chloride

and sodium sulphate, the partial molar refractions are determined based on

Equation (5.22)

RH20,λ =
Mw,H2O

ρH2O

(
η2H20,λ

− 1
)(

η2H20,λ
+ 2
) (5.27)

RNaCl,λ =
Mw,NaCl

ρNaCl

(
η2NaCl,λ − 1

)(
η2NaCl,λ + 2

) (5.28)

RNa2SO4,λ =
Mw,Na2SO4

ρNa2SO4

(
η2Na2SO4,λ

− 1
)(

η2Na2SO4,λ
+ 2
) . (5.29)

(5.30)

The product of the effective molar refraction and the mole concentration in

the solution at the wavelength λ is given by

Rmix,λ·cn,mix = RH20,λ·cn,H2O+RNaCl,λ·cn,NaCl+RNa2SO4,λ·cn,Na2SO4
. (5.31)

where cn,mix is the total number of moles of all the components in the sea

salt aerosol

cn,mix = cn,H2O + cn,NaCl + cn,Na2SO4
. (5.32)

The effective real part of the refraction index of the wet internally mixed sea

salt aerosol is obtained as a function of wavelength from

ηmix,λ =

(
Vmix + 2Rmix,λ · cn,mix

Vmix −Rmix,λ · cn,mix

)1/2

. (5.33)
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5.1.2. The Imaginary Part of the Multicomponent

Aerosol Refractive Index

Compared to the real part of the refractive index, it is unclear as to how

strong the dependence of the imaginary part is on the mass density (Liu and

Daum, 2008). Various mixing rules are however also expected to hold for

the complex refractive index. In this present study, the approach that was

applied by Jacobson (2001a, 2002) is utilised. The effective imaginary part

of the refractive index κs,λ for solution s at wavelength λ is given by

κs,λ =
As,λ · cn,s

Vs
(5.34)

where the product of the effective molar absorption As,λ and the mole concen-

tration cn,s of the solution is determined from the partial molar absorptions

Al,λ and the mole concentrations cn,l of each constituent l analogous to Equa-

tion (5.23)

As,λ · cn,s =

Ns∑
l=1

cn,l · Al,λ. (5.35)

Both the molar absorption As,λ and the partial molar absorption Al,λ are

given in units of m3 mol−1. In combining Equation (5.4) and (5.34), Al,λ is

given by

Al,λ =
Mw,l

ρl
κl,λ. (5.36)

In assuming that the partial molar absorptions of aqueous electrolytes are

equal to those of the corresponding solid electrolytes, κl,λ corresponds to the

imaginary part of the refractive index of water and the electrolytes, respec-
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tively. For the sea salt and its constituents that are considered in this study,

the partial molar absorptions take the form

AH2O,λ =
Mw,H2O

ρH2O
· κH2O,λ (5.37)

ANaCl,λ =
Mw,NaCl

ρNaCl
· κNaCl,λ (5.38)

ANa2SO4,λ =
Mw,Na2SO4

ρNa2SO4

· κNa2SO4,λ. (5.39)

The product of the sea salt aerosol molar absorption and its total mole con-

centration

Amix,λ·cn,mix = cn,H20·AH2O,λ+cn,NaCl ·ANaCl,λ+cn,Na2SO4
·ANa2SO4,λ (5.40)

together with the aerosol volume give the imaginary index as

κmix,λ =
Amix,λ · cn,mix

Vmix
. (5.41)

5.2 Mie Calculations for the Sea Salt Aerosol

The Mie calculations are based on a pre-simulated sea salt aerosol distribution

and its corresponding chemical composition for a chosen part of the model

domain. A smaller area in the Southwestern Mediterranean is chosen for the

purpose of minimising the computational costs of these calculations. This

area was chosen to represent the sea salt aerosol composition since the aerosol

composition in this region is rather variable. The area comprises gridcells

of both coastal and open sea characteristics with corresponding high and

low concentrations. The area comprises Southeastern Spain, the western

Mediterranean Sea and parts of the Northwestern Coast of Africa. The pre-
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(a) NaCl. (b) SO2−

4 .

(c) H2O.

Figure 5.1.: Pre-simulated mass densities of the respective chemical compo-
nents of the film mode for the lowest approx. 40 m.

(a) NaCl. (b) H2O.

Figure 5.2.: Pre-simulated mass densities of the jet mode for the lowest ap-
prox. 40 m.

simulated mass densities of NaCl, sulphate, and liquid water content for the

film mode are shown in Figure 5.1. The NaCl and water contents for the jet

and spume mode are shown in Figure 5.2 and 5.3, respectively. For these

latter two modes, the maximum sulphate contents were less than 5·10−2 and

7·10−4 μg m−3, respectively, in all grid cells and are, therefore, not shown.
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(a) NaCl. (b) H2O.

Figure 5.3.: Pre-simulated mass densities of the spume mode for the lowest
approx. 40 m.

Hence, the aerosol sulphate is mainly found in the film mode due to the more

efficient condensation onto these particles. All of the modes are composed

by high fractions of liquid water, compared to the other two components.

The total mass densities are about 70, 160 and 35 μg m−3 for the film, jet

and spume mode, respectively. The simulated aerosol size distributions and

chemical composition will be further discussed in chapter 6.

Mie calculations are carried through for each grid cell and 134 wavelengths

between 250 nm and 30 μm. In the solar range, calculations are carried out

for 101 wavelengths between 0.25 and 4 μm and in the thermal range for 33

wavelengths between 4 and 30 μm. A lack of refractive index data in the

longwave range restricts the calculations to 30 μm.

In addition to the aerosol size and composition, the refractive index data is

necessary. The real and imaginary parts of the refractive index are input for

the Mie calculations as a function of wavelength in Figure 5.4 for the three

components; sodium chloride, water and sodium sulphate. The real and

imaginary parts of the refractive index of water are achieved from Segelstein

(1981) as a function of wavelength. For the refractive index of NaCl, the val-

ues of bulk NaCl from Eldridge and Palik (1985) as a function of wavelength

are utilised. The refractive index of sodium sulphate is however difficult to
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find as function of wavelength in the literature. For the solar range, the

real part of the refractive index of sodium sulphate was assumed to be the

same as the value at 589 nm (Mark Z. Jacobson, 2009, personal communica-

tion). In the atmosphere, solid sodium sulphate crystallises into anhydrous

sodium sulphate, rather than forming the decahydrate Na2SO4· 10H20 (Tang,

1997). The real part of the refractive index of anhydrous sodium sulphate

has three components ηx=1.4669, ηy=1.4730, and ηz=1.4809 (Shannon et al.,

2002). The values indicate the optical constants for different crystal axes.

The mean refractive index is achieved by taking the average value of the

three components. This method has been shown to be accurate for other

types of crystals, such as dust particles (e.g., Mogili et al., 2007). For the

thermal spectra, the wavelength dependent values of ammonium sulphate of

Toon et al. (1976) are applied as a surrogate to sodium sulphate (Mark Z.

Jacobson, 2009, personal communication). The absorption, i.e. the imag-

inary part of the refractive index of sodium sulphate, is assumed to be of

minor importance in the solar range, and is set to a value of 10−7 and in

the thermal range the data of ammonium sulphate from Toon et al. (1976)

is applied (Mark Z. Jacobson, 2009, personal communication).
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Figure 5.4.: Real (left) and imaginary (right) parts of the refractive indices
as a function of wavelength.

The real part of the refractive index of NaCl remains constant around 1.5

in the solar range and decreases slowly with increasing wavelength in the

thermal range to 1.1 at 30 μm. The real part of the refractive index of NaCl
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is the largest, compared to that of the other components, within the solar

range. The real part of the refractive index of ammonium sulphate, which is

applied as a surrogate for the sodium sulphate in the thermal range fluctuates

between values of approx. 0.6 and 2.7 for wavelengths up to 20 μm and then

decreases. The real part of the refractive index of water is the largest in the

thermal range. It becomes larger than that of NaCl at 18 μm with a value of

almost 1.5. For wavelengths greater than 25 μm the real part of the refractive

index of water is the largest compared to the other components, with values

slightly larger than 1.5.

For all three components, the imaginary part of the refractive index increases

within the thermal range, indicating a more effective absorption in this range.

The imaginary part of the refractive index of NaCl is very low in the whole

spectral range, which is due to the ineffective absorption of NaCl. The imagi-

nary part of the water refractive index increases within the thermal range and

shows a maximum around 15 μm with a value of about 0.4. The imaginary

part of the refractive index of sodium sulphate, which in the thermal range is

treated by the values of ammonium sulphate as a surrogate, fluctuates up to

values of 1.9 at 9.2 μm. Another local maximum is found at 16.4 μm with a

value of 0.6. Except for this maximum in the ammonium sulphate imaginary

part of the refractive index, the imaginary part of the water refraction index

is the dominant one throughout the thermal range for wavelengths greater

than 10 μm. This means that water contributes to the largest absorption of

the three components within the thermal range.
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5.2.1. The Extinction Coefficient

The extinction coefficient b is the sum of the absorption coefficient ba and the

scattering coefficient bs, and describes the relative contribution of scattering

and absorption to the total extinction in units of inverse length

b = ba + bs. (5.42)

The specific extinction coefficient bi is determined for each mode and wave-

length λ from the extinction efficiency Qe, which is obtained from the Mie

calculations on the form

bi =

∫ ∞

0

π

4
D2

p ni (Dp) Qe(Dp, m̃i, λ) dDp (5.43)

where m̃i is the complex index of the refraction of the aerosol in mode i. By

multiplying the extinction coefficient at each wavelength with the available

solar energy and dividing the product with the total available energy within

each spectral interval the extinction coefficient for each of the eight spectral

bands are obtained. The volume extinction coefficients bkb,i are achieved in

km−1 from the Mie calculations. With the purpose to consider the variability

in the chemical composition of the sea salt aerosol, the Mie calculations are

performed with pre-simulated aerosol distribution fields over the Southwest-

ern Mediterranean as input. The results are shown in Figures (A.1)-(A.8)

for each of the 500 grid cells, for all of the eight spectral bands and for each

aerosol mode, respectively. The relation between the extinction coefficient

and the total wet aerosol mass of each mode shows a linear relation in the

form

bkb,i = mi · b̃kb,i · 10
−6 (5.44)

where the volume extinction coefficient form is given in m−1, the specific

extinction coefficient b̃kb,i in m2 g−1, and the wet mass density mi is expressed
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in μg m−3. By applying linear fits, the specific extinction coefficients b̃kb,i are

obtained as the slope of the curve. The values are summarised in Table (5.1).

Thus, for any arbitrary sea salt aerosol distribution with wet mass mi the

extinction coefficient is obtained for the eight spectral intervals by applying

Equation (5.44) and the values of the specific extinction coefficient from the

Table (5.1). The total volume extinction coefficient for the whole aerosol

distribution is subsequently achieved as the sum of the extinction coefficient

for each mode

bkb =
3∑

i=1

bkb,i. (5.45)

Table 5.1.: Specific extinction coefficients in m2 g−1 derived from Mie cal-
culations for wet internally mixed sea salt aerosol for each mode
spectral band kb.

kb (Wavelength range in μm)
1 2 3 4 5 6 7 8

(1.53- (0.7- (0.25- (20.0- (12.5- (8.33- (9.01- (4.64-
4.64) 1.53) 0.7) 104.5) 20.0) 9.01, 10.31) 8.33)

10.31-
12.5)

b̃kb,1 0.9813 2.1867 2.6986 0.1401 0.2489 0.1000 0.0689 0.1202
b̃kb,2 0.3520 0.3232 0.3003 0.1698 0.1940 0.1655 0.1741 0.2704
b̃kb,3 0.1032 0.0988 0.0969 0.1099 0.1035 0.0766 0.1241 0.1219

In the solar spectrum (kb=1-3), the mass specific extinction coefficient is

dominated by the film aerosol mode, and the spume mode contributes least

to the extinction. Moreover, in the thermal spectrum (kb=4-8) the spume

mode extinction is least important, whereas the relative importance of the

jet mode compared to the film and spume mode increases. Thus, with the

exception of the spume mode, the extinction is the most important in the

solar range. Even though the mass fraction of sea salt in the sub-micrometer
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range is low, compared to the other modes, these aerosols can contribute

significantly to radiative extinction due to higher mass extinction coefficients.

Although some deviations from the linear curves occur, correlation coeffi-

cients exceed 0.98 for all the bands and sea salt modes. The deviations

around the linear fits are explained by variations in number density, chemi-

cal composition and aerosol size. These properties determine the extinction

coefficients and cause the scatter of the calculated values. The divergence to-

wards higher values of some of the extinction coefficient values of the spume

mode is explained by higher number densities compared to those points closer

to the linear curve. The spreading in other ranges and for the other two

modes cannot be explained by variations in the number density only. No

correlation with changes in a single aerosol property is found. Thus, these

deviations are rather caused by shifts in several of the aerosol properties at

the same time. To which extent the extinction is determined by scattering or

absorption will be discussed in connection with the single scattering albedo

in the next section.

It can only be speculated as to how any participation in cloud droplet forma-

tion could influence the extinction coefficient. By forming cloud condensation

nuclei (CCN), the mass and number densities of the sea salt aerosol modes

would decrease. Thus, the total extinction of the sea salt aerosol itself would

decrease. The linear behaviour between the extinction and mass density is

however still assumed to hold for situations with lower mass densities, due

to e.g., CCN formation.
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5.2.2. The Single Scattering Albedo

The relative importance of scattering versus absorption is represented by the

single scattering albedo

ω =
bs

b
=

bs

ba + bs
. (5.46)

For a purely absorbing medium is ω zero and approaches one as scatter-

ing becomes important. The single scattering albedo is obtained from the

scattering and extinction coefficients, which are obtained from the Mie cal-

culations.

Letting ω̃kb,i denote the single scattering albedo of each mode i for the band

kb, the total single scattering albedo ωkb for all the aerosol modes is achieved

by weighting ω̃kb,i with the extinction coefficient

ωkb =
1

bkb

3∑
i=1

ω̃kb,i · bkb,i. (5.47)

ω̃kb,i is, as already mentioned, calculated as a function of the extinction co-

efficient and absorption coefficient (Equation 5.46) in the Mie code.

The single scattering albedo for each aerosol mode and spectral interval is

shown in Figures (A.9)-(A.16). The single scattering albedo of each mode

remains approximately constant within each spectral band. Due to the gen-

erally constant values of each mode and band, the single scattering albedo is

treated simplified by choosing the respective mean values. The values of the

single scattering albedo for each mode and band are presented in Table 5.2.

The absorption of sea salt is negligible in the solar range. For these three

bands, mass independent constants are good approximations for the single

scattering albedo for each of the three modes. Standard deviations from the

average values are less than 10−5 for all the modes in the third band, due to
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Table 5.2.: Single scattering albedo derived from Mie calculations for wet
internally mixed sea salt aerosol for each mode and spectral band
kb.

kb (Wavelength range in μm)
1 2 3 4 5 6 7 8

(1.53- (0.7- (0.25- (20.0- (12.5- (8.33- (9.01- (4.64-
4.64) 1.53) 0.7) 104.5) 20.0) 9.01, 10.31) 8.33)

10.31-
12.5)

ω̃kb,1 0.9294 0.9999 1.0000 0.0174 0.0243 0.1193 0.1672 0.4276
ω̃kb,2 0.9398 0.9996 1.0000 0.3058 0.2798 0.5479 0.7044 0.7959
ω̃kb,3 0.9111 0.9988 1.0000 0.4421 0.4204 0.6208 0.7290 0.7345

very low absorption of all of the three chemical components. The scattering is

completely dominant in the second and third spectral bands due to inefficient

absorption in these ranges. In the first spectral band, absorptions due to

water and sulphate become more important, and act to decrease the single

scattering albedo from unity. Absorption due to NaCl is however still very

low and does not contribute to the absorption. The relative importance

of absorption to the total extinction increases with increasing wavelength,

i.e. the single scattering albedo decreases. Constant mean values have been

chosen to represent the single scattering albedo, including for the thermal

range. This approach is applied although deviations from the mean values

occur to a larger extent in this part of the spectrum compared to the solar

range. The single scattering albedo is thus treated as mass independent in all

the spectral ranges, which is a simplification. The reason for the differences in

the single scattering albedo between different grid points and total wet mass

densities is discussed in the following. Moving from the solar spectrum to the

first thermal range (kb=8), the relative importance of absorption to the total

extinction increases. For the spectral intervals 6, 7, and 8 (4.64<λ<12.5 μm),

absorption of sulphate and water takes place, whereas NaCl is non-absorbing.

The absorption is stronger in the film mode than in the jet and spume modes.
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This can for example be a result of higher relative contribution of sulphate

to the total wet mass in the film mode. In the presence of both sulphate and

water, two strong absorbing components are available.

Low mass densities are mainly the result of less water content, and the relative

contributions of the other two components become more important. Such

aerosols are found along coasts or over land as a result of lower relative

humidity than above water. The sulphate content is of least importance for

the spume mode, in turn leading to the increased significance of the NaCl in

this mode. Thus, an increased single scattering albedo is found at low mass

densities due to the relatively higher importance of the NaCl component that

does not contribute to any absorption. This is especially seen within bands

7 and 8, and a small increase is also seen in band 6. For the latter band,

the imaginary part of NaCl is however larger than in bands 7 and 8, which

causes less reduction, i.e., less divergence from the mean value, of the aerosol

absorption in this mode at low mass densities.

For the jet mode, some grid points are more influenced by the NaCl content

and some by the sulphate content. Although the mass of NaCl naturally is

much larger than that of sulphate, the contribution of sulphate to the optical

properties is still seen. This is a result of the much greater absorption quality

of this component, i.e. the imaginary part of the refractive index of sulphate

is much greater than that of NaCl. Due to the effects of both of these

components, two tails in opposite directions are found at low mass densities

of the jet mode. This is especially observed within bands 6 and 7. One tail is

directed towards slightly higher single scattering albedo, and another in the

other direction. These are the results of NaCl and sulphate for the case of

low water amounts, respectively. As the relative sulphate contribution to the

total mass decreases, the effect of NaCl increases. This leads to differences in

absorption and also in the single scattering albedo. For the case where water

is the dominant component, the values between the two diverging tails, close
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to the mean value, are obtained. The fact that the absorption increases with

sulphate content is a result of the peak in the imaginary part of the refractive

index in this range.

Moving on to greater wavelengths, bands 4 and 5 (12.5<λ<30 μm), the ex-

tinction due to absorption in turn increases at low mass densities for all

modes. This is most clearly seen for the larger aerosol sizes, but also the

film mode single scattering albedo shows positive correlation with the mass

density. This dependency is weak, however. In the 4th and 5th bands, the

deviations from the mean values are lower due to the fact that the imaginary

parts of the refractive indices approach each other. The absorption due to

NaCl increases and the differences between the imaginary part of the refrac-

tive index of NaCl and that of the other components decrease. The mean

single scattering albedo increases due to the strong absorption of sulphate

and water, and due to slightly increased absorption caused by NaCl. For

aerosol compositions where both water content and relative sulphate content

are low, the tail towards higher single scattering albedo is no longer visible

and absorption remains about the same for the whole sub domain compared

to the earlier cases. The fact of increased absorption when the relative sul-

phate content is the highest remains at low mass densities.

The behaviour of increased absorption at low total mass densities occurs at

conditions of low relative humidity, which causes low water content. By tak-

ing this behaviour into account, the absorption would be overestimated in

humid environments, e.g. over the ocean, for the case of low mass densi-

ties, e.g. low wind speeds. On the other hand, by applying constant mass-

independent values, the absorption in coastal areas may be underestimated.

It is assumed here that the potential error of the underestimating of the ab-

sorption in coastal areas is smaller than that due to the overestimation of

absorption over the ocean. For this reason, constant values will be applied

in this thesis. These calculated single scattering albedos are also assumed
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to hold for situations where sea salt takes part in CCN formation. This as-

sumption is based on the approximately constant behaviour for each mode

and spectral band for higher mass densities.

5.2.3. The Asymmetry Parameter

The asymmetry factor describes the relative proportion of forward versus

backward scattering and is an approach to describe the deviations from

isotropic scattering, i.e. scattering that is equally likely to occur in both

hemispheres. The asymmetry factor is defined as

g ≡
1

4π

∫
4π

p (cosΘ) cosΘ dw (5.48)

where p (cosΘ) is the phase function and Θ is the scattering angle between

the scattered radiation relative to the incident direction. g is the average

value of the phase function and varies between values of -1 and 1. For posi-

tive values, the photons are mainly scattered in the forward hemisphere and

for negative values scattering in the backward hemisphere is indicated. For

isotropic scattering, which is the case for e.g., Rayleigh scattering, g=0. For

Mie scattering forward scattering becomes more important and g approaches

1 as the particle size increases. For particles, the phase function can not

be described exactly by a closed-form mathematical expression and is often

represented by Legendre polynomials Pl(cosΘ)

p (cosΘ) ≈
N−1∑
l=0

χlPl (cosΘ) (5.49)

where N is the number of terms and χl is the lth expansion coefficient given

by

χl =
2n+ 1

2

∫ 1

−1

p (cosΘ)Pl (cosΘ) d cosΘ. (5.50)
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The first expansion coefficient χ0=1 and the second coefficient is proportional

to the asymmetry parameter g (Petty, 2006)

g =
χ1

3
. (5.51)

The moments of the phase function result from the Mie calculations and the

asymmetry parameter g̃kb,i is consequently obtained from the first moment

of the phase function for each spectral band, aerosol mode and grid cell of

the model domain. The calculated asymmetry parameter for each spectral

interval and aerosol mode is shown in Figures (A.17)-(A.24).

The asymmetry parameter gkb for the whole aerosol distribution, including

all three modes, is for each spectral band given by

gkb =
1

bs,kb

3∑
i=1

g̃kb,i · bs,kb,i (5.52)

where bs,kb and bs,kb,i are the total scattering coefficient and the scattering

coefficient for the mode i for each band kb, respectively.

The asymmetry parameter is treated by the same approach as the single

scattering albedo, using mean values. The mean values of the asymmetry

parameter for each mode and interval are summarised in Table 5.3. The

mean values and corresponding deviations are discussed in the following.

The positive values of the asymmetry parameters for all modes and bands

indicate forward scattering. Constant values represent the asymmetry pa-

rameters well within the solar range, with only small deviations from the

mean values. The asymmetry parameter varies with e.g., particle size, wave-

length and single scattering albedo (Andrews et al., 2006). Andrews et al.

(2006) found increased forward scattering for increased size and increased

single scattering albedo, and g decreased with increasing wavelength. The

median diameter of each mode is obtained from the total number and mass
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Table 5.3.: Asymmetry parameters derived from Mie calculations for wet in-
ternally mixed sea salt aerosol for each mode and spectral band
kb.

kb (Wavelength range in μm)
1 2 3 4 5 6 7 8

(1.53- (0.7- (0.25- (20.0- (12.5- (8.33- (9.01- (4.64-
4.64) 1.53) 0.7) 104.5) 20.0) 9.01, 10.31) 8.33)

10.31-
12.5)

g̃kb,1 0.6966 0.7653 0.7701 0.1040 0.1640 0.2719 0.2940 0.3887
g̃kb,2 0.8017 0.7917 0.8155 0.5503 0.6737 0.7927 0.8000 0.7999
g̃kb,3 0.8372 0.8357 0.8467 0.7750 0.8527 0.8896 0.8802 0.8517

densities of each mode (Equation 3.6). The deviations from the mean values

are thus explained by e.g., altered particle sizes and compositions, which in

turn affect the single scattering albedo. In the solar region (kb= 1-3), larger

scattering of the film mode asymmetry parameter values occurs, compared to

the other modes. This implies larger variations in the mode diameter at dif-

ferent locations than in the other modes. The asymmetry parameter increases

with larger diameters. The asymmetry parameter is, therefore, largest in the

spume mode. As the particle size increases, so does the scattering in the

forward direction. The average value of g for each mode decreases for longer

wavelengths. From band 3 to band 1 changes from 0.77 to 0.70, from 0.82

to 0.80, and from 0.85 to 0.84 are found for the film, jet, and spume mode,

respectively. Within the solar range, the asymmetry parameter ranges from

0.79 to 0.8 for the film mode. The values of the asymmetry parameters for

the spectral intervals in the solar regime can be compared to those of Winter

and Chýlek (1997). Values ranging between 0.75 and 0.85 were reported by

Winter and Chýlek (1997) for the solar range. Thus, the calculated asym-

metry parameters are in the same order of magnitude as reported in this

study.
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Figure 5.5.: Asymmetry parameter in the solar range from Winter and
Chýlek (1997).

In moving to greater wavelengths (kb=8), the asymmetry parameter decreases

further for the two smallest modes, whereas the spume mode asymmetry pa-

rameter increases slightly. The film mode asymmetry parameter decreased

from 0.70 to 0.40. Here, a close link to the decrease is seen in the correspond-

ing single scattering albedo from 0.93 in band 1 to 0.43 in band 8. Hence,

a strong decrease in the film mode asymmetry parameter is obtained at the

same time that the single scattering albedo strongly decreases.

The simplifications of representing the asymmetry parameter by constant

values are good approximations for the jet and spume modes for the 6th,

7th, and 8th bands. The film mode, however, slightly increases with in-

creasing mass. This increase is very weak and is assumed to be of minor

importance for the radiative effects in this range. In the 4th and 5th bands,

the asymmetry parameter of each mode follows the dependency of the corre-

sponding single scattering albedo on the total wet mass density. For the jet

and spume modes, both parameters decrease at low mass densities. The film
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mode asymmetry and single scattering albedo slightly increase with larger

mass densities. It is assumed that this weak increase is of minor impor-

tance. For the jet and spume modes, the decreased asymmetry parameters

follow the strong decrease in single scattering albedo. The single scattering

albedo decreases due to changes in composition at locations with a low rel-

ative contribution by water content. These results are, as already discussed

in the previous section, represented by coastal locations with low relative

humidities. This effect is not well represented for applications over water

in situations where the mass density due to e.g., wind speeds is low. In

that case, the forward scattering would be underestimated. Higher wet mass

densities are, moreover, more realistic in most marine conditions and are,

therefore, of the most interest for e.g., climate modelling. Based on these

statements, the mean values are applied and the spread and deviations at

low mass densities are neglected. It is moreover also assumed that the asym-

metry parameter would remain constant in situations where sea salt takes

part in CCN formation. CCN formation is however not investigated in this

thesis.
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Chapter 6

3-D Simulation with the Extended

Model System COSMO-ART

3-Dimensional simulations are performed with the extended model system

COSMO-ART for the 24th-26th July 2007. The model domain was chosen

as shown in Figure 5.2.3, including large parts of the Mediterranean, South

and Central Europe, and the Northeast Atlantic Ocean. The model setup

Figure 6.1.: Model domain with the lower left corner at (-19◦E, 26◦N) and
the upper right corner at (30◦E, 54◦N).

and an overview of the performed simulations are presented in section 6.1.
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The weather situation for the considered period and area is summarised in

section 6.2. Thereafter, the treatment of gaseous species emissions and the

emissions of gaseous precursors are described (section 6.3), followed by the

3-D simulation results in section 6.4.

6.1 Simulation Setup

The set-up of the model in terms of spatial and temporal resolutions, time

integration scheme, and initial and boundary conditions is summarised in

Table 6.1. The model settings in Table 6.1 are applied for all the performed

simulations.

Table 6.1.: Simulation set-up.
Time step: Δt 40 s
Horizontal resolution: Δx, Δy 0.25◦ (≈28 km)
Vertical resolution 40 layers, max.≈20 km
Time integration scheme Leapfrog
Initial and boundary conditions:
Meteorological IFS analyses (IFS, 2003)
Aerosol and gaseous prescribed clean air conditions

An overview of the individual simulations is provided in Table 6.2. In the

reference run (R), the condensation of sulphuric acid onto the aerosol and

water uptake as function of ambient RH are considered. In this run, sulphuric

acid is produced through the oxidation processes of precursors from anthro-

pogenic as well as DMS emissions and no interaction with radiation takes

place. To investigate the change in the aerosol size distribution due to water

uptake, run D is performed where the sea salt aerosol is assumed to consist

of pure NaCl. In run Want wet internally mixed aerosol is simulated, whereas

the production of sulphuric acid, which goes into condensational processes,

is a product of anthropogenic emissions only and the DMS emission is ne-

glected. In run Wdms the production of sulphuric acid and the subsequent
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formation of aerosol sulphate are, on the other hand, results from DMS emis-

sions only. In this simulation, the anthropogenic SO2 is neglected. Finally,

in simulations F, Fant, and Fall the direct aerosol radiative effects and their

feedback on the state of the atmosphere are considered. In F, the interaction

between wet internally mixed sea salt aerosol and radiation is accounted for.

Fant represents the simulation where anthropogenic aerosol interacts with

the state of the atmosphere through the DRE. In run Fall both sea salt and

anthropogenic aerosol direct radiative effects are considered. The results and

differences between these runs are presented and discussed in section 6.4.

Table 6.2.: Overview of the simulations with the extended model system
COSMO-ART. Anthropogenic aerosols are treated according to
Vogel et al. (2009).

Run Composition SSA sulphate source DRE
R NaCl+water+sulphate DMS and Anthropogenic no
D NaCl - no
Want NaCl+water+sulphate Anthropogenic no
Wdms NaCl+water+sulphate DMS no
F NaCl+water+sulphate DMS and Anthropogenic yes (ssa)
Fant NaCl+water+sulphate DMS and Anthropogenic yes (ant)
Fall NaCl+water+sulphate DMS and Anthropogenic yes (ssa+ant)

As the contribution of sea salt to cloud droplet formation is neglected in all

the simulations, the simulated aerosol burdens in these simulations represent

an upper limit for cloudy areas. The focus is not put on the comparison of

simulated sea salt size distributions with measurements, but rather on process

studies. The relative impacts of different processes, such as the water uptake

and the direct radiative effect, on the size distribution are investigated and

presented within this chapter.
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6.2 Synoptic Situation During 24th-26th July 2007

In the following, an overview of the weather situation during the simulation

period is given. The synoptic situations for the 24th-26th July 2007 at 12

UTC are shown in Figure 6.2(a)-6.2(c). The satellite observed cloud cover

at noon for the three respective days is illustrated in Figure 6.3. In Figure

6.4, the simulated wind fields at 10 m above ground are presented. On the

23rd July, an upper-level trough stretched from Great Britain southwards to

Spain. A surface low level pressure system was situated near the trough and

moved, together with the upper-level trough, towards the northeast. The

centre of the surface low level pressure system was found above Denmark at

noon on the 24th (Figure 6.2(a)). Temperatures at 2 m above ground reached

a maximum of 40◦C over North Africa, South Italy and Greece on the 24th.

Over South Spain, large parts of the Mediterranean Sea and South Italy from

30 to 35◦C. Over central Europe around 20◦C, with minimum temperatures

in the Alps of approx. 10-15◦C. A high pressure ridge over the Northeast

Atlantic became more pronounced and approached France on the evening of

the 24th and made its way over France, Germany and South Scandinavia

during the 25th (Figure 6.2(b)). Southwest to westerly flow was dominating,

with stable and warm conditions in the simulation area. During the night

of the 24th temperatures as low as 5◦C were observed in Northern Spain,

Southeast France, and in the Alps. Over central Europe 10-15◦C occurred

and mainly about 25◦C over the Mediterranean and North Africa at night.

At noon on the 25th the temperatures at 2 m increased up to 40-45◦C above

North Africa and the Greek peninsula. 35◦C occurred in the south western

parts of Spain and in the rest of the model domain temperatures ranged from

15-20◦C over the Atlantic Ocean and central Europe, and 25-30◦C over the

Mediterranean Sea. During the night, the temperatures decreased locally

to between 5 and 10◦C in Northern Spain, parts of South France, the Alps,

Romania, and Montenegro. About 15◦C occurred over the British Isles and

in the remaining of the domain temperatures in general range from 20-25◦C.
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(a) 24th July 2007, 12 UTC.

(b) 25th July 2007, 12 UTC.

(c) 26th July 2007, 12 UTC.

Figure 6.2.: Synoptic situation represented by 500 hPa geopotential in
gpdm (black contours), surface pressure in hPa (white con-
tours), and relative topography in gpdm (colours). Copyright
www.wetter3.de.

In the wake of the high pressure ridge, another trough approached from the

west, leading to an increased south westerly flow over France and Germany
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on the 26th (Figure 6.2(c)). The temperature field at 2 m on the 26th was

similar to that on the 25th. Minimum temperatures of 15◦C were observed in

the northeast of the model domain, i.e. over Ireland and Great Britain, and

above the Atlantic Ocean. 25-30◦C were observed over Central and South

Europe and maximum temperatures of 40◦C occurred over North Africa.

(a) 24th July 2007, 12 UTC. (b) 25th July 2007, 12 UTC.

(c) 26th July 2007, 12 UTC.

Figure 6.3.: Cloud cover. Copyright EUMETSAT, NERC Satellite Receiving
Station, University of Dundee.

Over the Mediterranean Sea, cloud free conditions dominated throughout the

three days, 24th-26th July (Figure 6.3). On the contrary cloudy conditions

dominated over the European continent for all three days, connected to the

low level pressure systems passing by in the northeast direction.

On the 24th July, 12 UTC, the wind direction 10 m above ground (Figure

6.4(a)) was westerly over the Atlantic Ocean off the coast of France and over

England. Southwards, the wind direction turned to the north off the Por-

tuguese coast. The wind velocity in these regions ranged up to ≈ 7.5 m s−1.

Closer to the low level pressure system above the North Atlantic, the wind

speed increased to approx. 15 m s−1. Over central Europe and the Mediter-
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(a) 24th July 2007, 12 UTC. (b) 25th July 2007, 12 UTC.

(c) 26th July 2007, 12 UTC.

Figure 6.4.: Simulated horizontal wind speed at 10 m with arrows indicating
wind direction.

ranean Basin the wind speed was generally on the order of 5-7.5 m s−1, 10 m

above ground, with a maximum of 12 m s−1 west of Corsica, south of main-

land France. This wind maximum decreased to approximately 7.5 m s−1 on

the 25th, 12 UTC (Figure 6.4(b)). Over the Mediterranean Sea the wind ve-

locity at 10 m ranged up to about 12 m s−1 south of Sicily. In addition, over

the European continent, wind velocities up to 12 m s−1 occurred, for instance

over Poland and the Czech Republic. Over the Atlantic Ocean and adjacent

coastal regions, except for Portugal, south westerly winds were observed with

wind speeds up to 15 m s−1. Near the Portuguese coast, wind speeds up to

10 m s−1 occurred with a wind direction north to northwest, due to a surface

near low level pressure with its centre above Spain. As the low level pressure

above the North Atlantic moved northeast and its centre was situated north

of Ireland on the 26th, 12 UTC the wind speed above the Atlantic Ocean
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slightly decreased compared to the previous day (Figure 6.4(c)). In the model

domain, the maximum wind speed now occurred off the French west coast

(≈15 m s−1). Off the west coast of North Africa, northerly winds with up

to 10 m s−1 were observed due to a low level pressure above North Africa.

As for the 25th, the Mediterranean wind maximum was found between Italy

and the North African Coast with velocities up to approximately 7.5 m s−1.

Thus, the weather situation during these three days does not represent any

extreme weather conditions in the area. The synoptic conditions can rather

be seen as typical for the summer months of this region. No major dust event

over the Mediterranean was reported during this time period. Therefore, the

aerosol impacts due to marine or anthropogenic aerosol are expected to be

the most dominant for these days.

6.3 Gaseous and Anthropogenic Particulate Emissions

In this section the natural and anthropogenic gaseous emissions are treated.

The mixing ratios of the emitted gases and of those formed trough subsequent

reactions are presented in section 6.4. Here, the emission rate of oceanic

DMS is first discussed. Thereafter the treatment of anthropogenic gaseous

emissions and emissions of particulate matter are described.

6.3.1. Emissions of Dimethyl Sulphide (DMS)

As decribed in chapter 4, the emission of DMS in COSMO-ART is determined

as a function of the prescribed DMS sea surface concentrations, based on

measurements, and the gas transfer velocity. The latter is parameterised as

a function of the 10 m wind speed. The sensitivity of the emission rate to the

wind speed is illustrated in Figure 6.5 for an DMS sea water concentration

of 5 nmol L−1, which is representative for the Mediterranean in July. In

this figure, the emission rate in units of μg m−2 s−1 is given to the left and
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6.3. Gaseous and Anthropogenic Particulate Emissions

the corresponding daily averaged emission rate in μmol m−2 d−1 is given to

the right. The DMS emission flux increases rather rapidly with increasing
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Figure 6.5.: DMS emission rate as a function of wind speed.

wind speed. For a wind speed of 8 m s−1 in the Mediterranean region, the

calculated DMS emission rate is 0.015 μg m−2 s−1, which on daily average

corresponds to an emission rate of approximately 21 μmol m−2 d−1. This fits

well with the daily averaged DMS emission flux of 19 μmol m−2 d−1 for the

Eastern Mediterranean in July by Kouvarakis et al. (2002). The horizontal

distribution of the simulated DMS emission flux is illustrated at 8 UTC for

the 25th of July in Figure 6.6. Due to the strong wind dependence of the
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Figure 6.6.: Simulated DMS emission flux on 25th July, 8 UTC.

DMS emissions, the maximum DMS fluxes coincide with the areas of large
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wind velocities. For this reason, the maximum DMS emission flux is mainly

found above the Atlantic Ocean at this time. For the most windy areas, DMS

emission rates up to 0.045 μg m−2 s−1 are simulated over the Atlantic Ocean.

Regions with wind speeds on the order of less than 10 m s−1 correspond to

emission rates up to 0.02 μg m−2 s−1. This order of magnitude in DMS

emission fluxes are seen for most of the domain, both over the Atlantic and

the Mediterranean. Several studies provide estimates of the DMS emission

rates from the sea surface to the atmosphere, whereas most are for the global

scale. Some local estimates are however also available. These values are

however presented as daily averaged values over longer time periods. Davison

and Hewitt (1992) estimated the DMS emission rate from the sea to the

atmosphere to be 0.93 μmol m−2 d−1 (approx. 6.7 · 10 −4 μg m−2 s−1) for

the Eastern Atlantic Ocean north of 45◦N. Berresheim et al. (1991) accounted

the Western North Atlantic Ocean DMS fluxes to range between 5-10 μmol

m−2 d−1 (approx. 0.004-0.007 μg m−2 s−1) in late summer and autumn.

As mentioned hereinabove Kouvarakis et al. (2002) estimated the DMS flux

from the Eastern Mediterranean to 19 μmol m−2 d−1 for the month of July.

Thus, large variations are seen between different measurements. Compared to

Kouvarakis et al. (2002) the simulated DMS emission fluxes are in reasonable

order of magnitudes. The daily averaged emission rates of Berresheim et al.

(1991) can be compared to the simulated emission rates in regions with wind

speeds of about 5 m s−1 for 8 UTC on the 25th. For these regions, the

emission fluxes were calculated to approx. 0.005 μg m−2 s−1.

6.3.2. Anthropogenic Gaseous and Particulate

Emissions

Anthropogenic gaseous and particulate emissions are achieved from the

TNO/GEMS (Netherlands) emission data base. The pre-processing of the
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6.3. Gaseous and Anthropogenic Particulate Emissions

TNO/GEMS data for COSMO-ART is described in Knote (2009) and here

a brief overview is given. The TNO/GEMS data set contains the annual

emission totals of CH4, CO, NH3, organic precursor gases (NMVOC), NOx,

SO2, and particulate matter: PM10 and PM2.5. An inventory of international

shipping emissions containing emission totals of CO, NMVOC, NOx, SOx,

PM10, and PM2.5 is additionally provided. The base year of the data set

is 2003, whereas the shipping emissions are treated as a time invariant and

no time interpolation is performed. The outputs of the pre-processor are

hourly 3-D fields for each species in kg h−1 per grid cell, distributed at 6

height levels. For the simulations performed in this work, hourly emissions

for the 25th of July are utilised for all three days of the simulation period.

In this study, the gaseous emissions and emissions of PM2.5 are considered.

For the prevailing weather condition, emissions from the European continent

and emissions from ships in the model domain are assumed to be of the most

importance for the considered area and no emissions from Northern Africa

are considered.

An example of the emissions is illustrated in Figure 6.7. The vertical totals

of the emissions of ammonia (NH3), sulphur dioxide (SO2), nitrogen oxide

(NO), nitrogen dioxide (NO2), and PM2.5 are depicted at 7 UTC.

Ammonia and PM2.5 are important constituents of anthropogenic aerosol.

The sea salt direct radiative effect will be compared to the effect of anthro-

pogenic aerosol at the end of this chapter. The emissions of anthropogenic

constituents are for this reason required. Furthermore, sea salt aerosol sul-

phate contents can be underestimated if anthropogenic SO2 emissions are

neglected, e.g. from ships. Major contributors to the gaseous and partic-

ulate matter of anthropogenic origin are cities and shipping routes. In the

horizontal distribution of the emissions, except for that of NH3, shipping

routes over the Mediterranean, along the Portuguese coast, and up to the

north in direction Great Britain are apparent. Large cities such as Paris,
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(a) NH3. (b) SO2.

(c) NO. (d) NO2.

(e) PM2.5.

Figure 6.7.: Vertical sum of the emissions at 7 UTC.

Madrid, Athens, etc. contribute the most to anthropogenic emissions for

this region. The emissions of NH3 are most significant in the Benelux, in

North Western France, and in the Po Valley.

6.4 3-D Simulation Results

The following section deals with the results of the COSMO-ART simulations,

which were presented in Table 6.2.
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6.4. 3-D Simulation Results

6.4.1. Distribution of Gaseous Species

DMS

The simulated DMS and DMSO surface near mixing ratios averaged over the

three simulation days are illustrated in Figure 6.8 and 6.9, respectively. As

described in the previous chapter, DMSO is an oxidation product of DMS.

DMSO is seen to contribute to low mixing ratios in the atmosphere, in the

order of some few ppt only. Average simulated DMS mixing ratios ranges

between less than 1 ppt over land to up to 380 ppt for some locations over the

Atlantic Ocean and Eastern Mediterranean. The distributions of DMS show

large gradients. The DMS mixing ratio found by Andreae et al. (1985) from

ship borne measurements was in the order of 50 ppt over the North Atlantic

in continentally influenced air masses. Aircraft measurements performed over

the western North Atlantic in August and September 1992 indicated DMS

mixing rations ranging up to 332 ppt, with great horizontal and vertical

gradients (Spicer et al., 1996). Thus, the simulated DMS mixing ratios are

of reasonable order of magnitudes.

Figure 6.8.: Simulated DMS mixing ratio, averaged over three days.
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6. 3-D Simulation with the Extended Model System COSMO-ART

Figure 6.9.: Simulated DMSO mixing ratio, averaged over three days.

Nitrogen Oxide, Nitrogen Dioxide, and Ozone

Ozone, nitrogen oxide (NO), and nitrogen dioxide (NO2) significantly con-

tribute to the formations of hydroxyl (OH) and nitrate (NO3) radicals. The

simulated daily averaged horizontal distribution of NOx (NO+NO2) and

ozone are illustrated in Figure 6.10. During the daytime, photolysis reac-

tions split the ozone molecule into oxygen atoms (O(1D) and O(3P)) and

oxygen molecules. The O(1D) atoms in turn react with water and form OH

radicals. Due to the necessary energy from the sun, the OH radical has its

mixing ratio peak during the daytime. One important source for the nitrate

radical is the reaction between ozone and nitrogen dioxide. This reaction is

preferable at night, when no ozone destruction via photolysis reactions takes

place. For this reason, nitrate mixing ratios are greater at night, in contrast

to the hydroxyl radicals. The OH and NO3 radicals play an important role

for the oxidation of DMS. Furthermore, OH is crucial for the formation of

sulphuric acid from sulphur dioxides. Examples of the horizontal distribu-

tions of OH and NO3 are shown in Figure 6.11. OH is depicted on the 24th,

12 UTC, and NO3 on the 25th, O UTC.

NOx mixing ratios ranges up to 30 ppb. Maximum mixing ratios are found

over the continent near large cities such as Madrid, Paris, and Milan. Over
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(a) O3 distribution.

(b) NOx (NO+NO2) mixing ratios.

Figure 6.10.: Horizontal mixing ratios of O3 and NOx for the lowest approx.
40 m, averaged over three days.

water up to 10 ppb are found along the shipping routes. Maximum ozone

mixing ratios are found over the ocean, especially over the Mediterranean

Sea and the corresponding coastal areas. Up to about 65 ppb ozone is found

in the South and East of the Mediterranean. Ozone mixing ratios may vary

significantly. During their measurement campaign at Finokalia, Crete Island,

in September 1997 Kouvarakis and Mihalopoulos (2002) measured O3 mix-

ing rations from 53 to 83 ppb. For this simulation period over three days

averaged ozone mixing ratios around Crete Island were on the order of 50-55

ppb. Hence, the simulated ozone mixing ratios show a reasonable order of

magnitude. OH mixing ratios lower than 1 ppt are simulated for the whole

area, with large horizontal gradients. Simulated NO3 mixing ratios range up

to 0.8 ppb during the night. Both radicals show their lowest mixing ratios

over land.
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(a) OH on 24th July, 12 UTC.

(b) NO3 on 25th July, O UTC.

Figure 6.11.: Simulated mixing ratios of OH and NO3 for the lowest approx.
40 m, averaged over three days.

Sulphur Dioxide (SO2)

Sulphur dioxide is directly emitted from anthropogenic sources or formed

from DMS and DMSO oxidation. The simulated SO2 mixing ratios are il-

lustrated in Figure 6.12 and 6.15. The simulated SO2 mixing ratios of run

R, where DMS and anthropogenic sources are considered (Figure 6.12), are

compared with the simulation Want in which only anthropogenic emissions

are taken into account (6.12) and with run Wdms in which only the DMS

source is accounted for.

The total SO2 mixing ratio, when both DMS and anthropogenic emissions

are considered, reveals mixing ratios on the order of 0.3 ppb over the Atlantic

Ocean and some 5 ppb over the Mediterranean. Continental sources locally

contribute with up to 10 ppb SO2. During their study over the Western
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Figure 6.12.: Simulated SO2 from DMS oxidation and anthropogenic emis-
sions, near the surface averaged over three days.

North Atlantic Ocean Berresheim et al. (1991) found that the SO2 levels can

be as low as 10 ppt in marine air, and reach several ppb under influence of

continental air. The simulated SO2 mixing ratios can thus be concluded to

be on reasonable order of magnitudes, both in clean areas and areas under

continental influence. In looking at the distribution of SO2 when only an-

thropogenic sources are accounted for, it is clear that the major contributor

to SO2 over the Eastern Mediterranean is anthropogenic. This is due to large

anthropogenic emission rates and DMS emission rates caused by low wind

speeds. In the Western Mediterranean, higher wind speeds occurred and the

relative importance of DMS to SO2 increases. In this area, DMS oxidation

contributes up to 2 ppb SO2, which locally corresponds to 50% of the total

SO2 mixing ratio. Over the Atlantic, the DMS oxidation is dominant, due to

less anthropogenic emissions. Over the continent, anthropogenic emissions

are the dominant source of SO2, compared to the oceanic DMS contribution.

Kloster et al. (2006) investigated the relative importance of DMS to SO2 for-

mation compared to when anthropogenic sources are also included. During

June, July, and August, the averaged relative contribution of atmospheric

DMS to the SO2 was estimated as to 15.8% on averaged for the Northern

Hemisphere. In this study, the contribution of DMS locally exceeds that of

Kloster et al. (2006). Overall DMS is found to contribute significantly to the

115



6. 3-D Simulation with the Extended Model System COSMO-ART

Figure 6.13.: Anthropogenic sources.

Figure 6.14.: DMS oxidation.

Figure 6.15.: Simulated SO2 mixing ratios, respectively, averaged over three
days.

simulated SO2 mixing ratio for high wind speeds, even in polluted regions.

This is most evident in the Western Mediterranean in this study.

6.4.2. Impact of Water Uptake on the Aerosol Size

Distribution

To investigate the impact of the water uptake on the sea salt aerosol distri-

bution, the simulated size distribution of dry sea salt aerosol (run D) is com-

pared to that of internally mixed wet aerosol (run R). The difference between

run D and run R gives the change of the concentrations fields when water
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uptake and condensation of sulphuric acid from anthropogenic emissions and

DMS emissions are accounted for. When these processes are considered, the

aerosol consists of additional mass and grows in size, compared to the pure

dry NaCl particle. The number densities and mass densities for all three

modes are averaged over the three days of the episode for both runs. The

3-day averaged dry sea salt number density and the difference in number

density when water uptake is considered is illustrated in Figure 6.16 for the

aerosol film mode, in Figure 6.17 for the jet mode, and in Figure 6.18 for the

spume mode. The simulated dry NaCl mass density, averaged over the three

days, and the corresponding difference in the NaCl mass density field when

water uptake is accounted for are for the film, jet and spume modes depicted

in Figure 6.19, 6.20, and 6.21, respectively. Thus, the mass density of the

pure NaCl aerosol is compared with the NaCl mass density of the mixed wet

sea salt aerosol.

(a) Dry number density. (b) Difference (run D-run R).

Figure 6.16.: 3-day averaged dry number density and difference of the film
mode for the lowest approx. 40 m.

The film mode contributes the most to the total number density of all the

dry modes, with values up to approx. 210 cm−3 off the west coast of North

Africa. In this region, wind speeds occurred on the order of up to 10 m

s−1 during all three days. The dry jet mode maximum number density is

1.8 cm−3 and the spume mode maximum number density is on the order of

0.01 cm−3. Maximum NaCl mass density is simulated for the jet mode, in
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(a) Dry number density. (b) Difference (run D-run R).

Figure 6.17.: 3-day averaged dry number density and difference of the jet
mode for the lowest approx. 40 m.

(a) Dry number density. (b) Difference (run D-run R).

Figure 6.18.: 3-day averaged dry number density and difference of the spume
mode for the lowest approx. 40 m.

the order of 75 μg m−3. The maximum NaCl mass density of the film and

spume modes are on average over three days 11.5 μg m−3 and 30 μg m−3,

respectively. The film and jet mode maxima are found over the Atlantic off

the Nortwest African Coast. For the spume mode, three maxima are found,

one of them coincides with that of the film and jet modes. In addition high

mass densities in the spume mode are simulated over the Atlantic in the

north of the model domain, southwest of Ireland and east of England. These

are the areas where the highest wind speeds occurred, connected to the low

level pressure system. The total maximum of the mass density of all modes

is still found over the Atlantic off the African coast, on the order of 115 μg
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(a) Dry mass density. (b) Difference (run D-run R).

Figure 6.19.: 3-day averaged dry mass density and difference of the film mode
for the lowest approx. 40 m.

(a) Dry mass density. (b) Difference (run D-run R).

Figure 6.20.: 3-day averaged dry mass density and difference of the jet mode
for the lowest approx. 40 m.

m−3. Hence, when comparing the averaged simulated dry sea salt number

and mass densities it is seen that the film mode contributes the most to

the number density, and the least to the mass density. The spume mode

contributes the least to the number density and the jet mode comprises the

largest fraction of mass relative to the other two modes.

The maximum simulated total dry mass and number densities modes reached

approximately 115 μg m−3 and 210 cm−3, respectively. By comparing the

mass and number densities of the dry modes with the NaCl component of

the wet internally mixed modes changes are found. The NaCl mass density
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(a) Dry mass density. (b) Difference (run D-run R).

Figure 6.21.: 3-day averaged dry mass density and difference of the spume
mode for the lowest approx. 40 m.

of the wet modes is about 66 μg m−3 and the wet aerosol number density is

on the order of 225 cm−3. Thus, the number density increased in contrast to

the mass density of the NaCl component, which decreased. Typical sea salt

concentrations in the literature are 10-20 μg m−3 with respect to mass and

100-300 cm−3 with respect to the amount of aerosol (Song and Carmichael,

1999). Compared to these numbers, the simulated sea salt number density

has a comparable order of magnitude. The mass density is however larger

in the simulation than in typical observations. Observations are however

generally restricted to the PM10 aerosol fraction, i.e. particles with diam-

eters exceeding 10 μm are excluded. The simulations, on the other hand,

include sizes larger than 10 μm. By only considering the sea salt fraction

within the 10 μm limit, the maximum mass density of NaCl decreases from

66 μg m−3 to 49 μg m−3. The number density, which is dominated by the

film mode, remains relatively unchanged by this restriction with a decrease

of 0.6 cm−3. The differences in mass between observed and simulated val-

ues are consequences of different uncertainties. The neglection of sea salt

aerosol participation in cloud droplet formation, lack of adequate observa-

tions over water in windy situations, and uncertainties in measurements are

the most probable causes for these differences. Aerosol measurements are

still connected to problems such as aerosol losses in the particle inlet, leading
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to uncertainties in the measured size distribution especially for coarse mode

aerosol (Heintzenberg et al., 2000; Moore et al., 2004). Cloud droplet for-

mation is an important sink for these aerosol sizes and, if included, would

lead to a decrease in the total sea salt mass density field. As the smallest

size is less of importance for cloud droplet formation, the number density is

expected to be less affected.

The number density difference of the film mode ranges from -20 to +7 cm−3,

corresponding to a difference of -8% to 3.5% of the total dry number density.

The number density difference of the jet mode is maximum +0.23 cm−3,

corresponding to about 13% more dry aerosol than wet aerosol. For the

spume mode, the corresponding difference is 0.01 cm−3, which is approx.

100% of the initial dry number density of this mode. The simulated mass of

dry aerosol in the film mode is 0.66 μg m−3 higher than the NaCl mass density

of the wet internally mixed film mode, corresponding to approximately 5.7%

of the total dry mass density. For the jet mode, the corresponding difference

in the mass density is 28 μg m−3 of max. 74 μg m−3, i.e. an approx. 38%

decrease of NaCl. The mass density of NaCl in the dry spume mode is approx.

41% (12 of 29 μg m−3) larger than that in the wet internally mixed sea salt

aerosol spume mode.

The differences between the dry and internally mixed wet sea salt aerosol

density fields are explained by the increase in mass, mainly due to the up-

take of water. The additional mass on the aerosol leads to modifications in

the aerosol mode median diameter and the simulated residence time. For

the jet and spume mode, the growth mainly leads to a shorter atmospheric

residence time, which results in a decrease of both the number densities (Fig-

ure 6.17 and 6.18) and mass densities (Figure 6.20 and 6.21). The shorter

atmospheric residence time of the jet and spume modes can be explained by

higher deposition velocities. As for the film mode, some areas of increased

number density of wet jet mode aerosol are however also seen at the Span-
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ish coast and the North African Coast. The cause of this, on first thought,

rather unexpected result, is discussed in the following. The deposition veloc-

ity depends on the geometric median diameter Dg0,i of the aerosol number

distribution (e.g., Equation 3.26). For the film mode standard deviation σg

of 1.9, the deposition rate is shown in Figure 6.22. There exists a critical
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Figure 6.22.: Deposition (solid) and sedimentation (dashed) velocities for
ra=50 s m−1 of number (blue) and mass (green) densities for
distributions with σg=1.9 m.

diameter for which the deposition from the atmosphere is least efficient. The

critical value is on the order of 2 μm for the number density and 0.5 μm for

the mass density for an aerosol distribution with σ=1.9 and at an aerody-

namic resistance of 50 s m−1. As the median diameter of the film mode is

on the same order of magnitude as this critical value, a modification in size

may lead to either a decrease or increase in the deposition rate. This also

happens in some areas for the jet mode. If the mode median diameter of the

wet aerosol is closer or further away from the critical value compared to that

of the dry aerosol mode a shorter residence time of the film mode is seen in

some areas and in some regions a longer residence time. For an aerosol with a

diameter smaller than the critical size a growth may lead to the removal be-

coming less effective and in turn the residence time increases, causing higher

concentrations. To illustrate the impact of the uptake of water on the size

distribution further, the film mode number and mass density distributions
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for dry and wet aerosol are compared for the grid point (29.5◦N, 10.5◦W) in

Figure 6.23 and 6.24, respectively.
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Figure 6.23.: Film mode number density distribution for dry and wet aerosol
distributions, respectively.
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Figure 6.24.: Film mode mass density distribution for dry and wet aerosol
distributions, respectively.

The daily averaged number density near the surface, for the dry and wet

aerosol cases, are 159.2 cm−3 and 179.8 cm−3 at this grid point, respectively.

The corresponding daily averaged mass density is 10.8 μg m−3 for the dry

aerosol mode and 295.5 μg m−3 for the wet internally mixed mode. The

wet internally mixed mode mass density is composed of 10.4 μg m−3 NaCl,

0.9 μg m−3 sulphate, and 284.2 μg m−3 water. An increase of approx. 20

cm−3 more wet aerosol is simulated, compared to the dry aerosol. This value

corresponds to an increase of approximately 8% in the amount of aerosol.

At the same time, the dry mass density decreases with about 0.4 μg m−3
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(4%). The fact that the number density increases at the same time as the

mass density decreases is explained by the modal treatment of the deposition

rates for each aerosol moment. As already noted, the deposition rates depend

on the geometric median diameter. This is achieved from Equation 3.6. The

density of the dry mode is determined by that of bulk NaCl (2.2·103 kg m−3)

and for the wet aerosol the mass density is approximately 1.1·103 kg m−3, i.e.

the total density at this grid cell is dominated by that of water. The median

diameter Dg0,1 is 0.21 μm for the case of dry aerosol, and increases to 0.76

μm when water uptake is considered. In looking at the critical diameters for

minimum deposition rates in Figure 6.22, it is clear that such growth leads to

less efficient deposition with respect to the number density. The deposition

rate of the mass density, on the other hand, increases due to the aerosol

growth. For this reason, the number density of the wet aerosol is deposited

less efficient than the dry aerosol, and a higher number density is simulated

as the aerosol takes up water and grows. For the mass density, the opposite

occurs. Obviously, the water absorption process affects the sea salt aerosol

size distribution. It is concluded that this process is important to consider

as accurately as possible for a correct description of the sea salt aerosol size

distribution in atmospheric models.

6.4.3. Simulated Sea Salt Aerosol Composition

Now, the respective contributions of each of the chemical components to the

total wet internally mixed aerosol are estimated. The horizontal distribu-

tion of the total mass density and the corresponding distribution of each of

the components are investigated for run R. The horizontal surface near mass

distributions, averaged over three days, of each of the sea salt chemical com-

ponents are shown together with the total mode mass density for the film

mode (Figure 6.25), the jet mode (Figure 6.26), and the spume mode (Figure

6.27).
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(a) Wet mass density. (b) NaCl.

(c) SO2−

4 .
(d) H2O.

Figure 6.25.: 3-day averaged film mode mass densities close to the surface for
the lowest approx. 40 m.

The total wet sea salt mass density in the film mode, averaged over three

days, ranges up to values of 240 μg m −3. The mass density of NaCl shows its

largest contribution to the total wet mass in regions of high wind velocities.

A maximum of approx. 11 μg m −3 is simulated near the west coast of North

Africa. Over the Atlantic Ocean south of Ireland and in the western Mediter-

ranean south of Spain, mass densities of up to 7 μg m −3 are simulated. The

water uptake on the sea salt aerosol is very efficient and the additional mass

of water completely dominates the total mass density in most of the model

domain. Near the west coast of North Africa the contribution of the NaCl

component is on the order of 5% to the total wet aerosol mass, whereas the

water content contributes with about 95%. In this region, the simulated
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sulphate mass density is much smaller than that of the other components,

contributing less than 1% to the total mass density.

(a) Wet mass density. (b) NaCl.

(c) SO2−

4 . (d) H2O.

Figure 6.26.: 3-day averaged jet mode mass densities close to the surface for
the lowest approx. 40 m.

The largest contribution to the total mass density of the jet mode, is also

given by the water content of the aerosol. The relative contribution of the

different components is for instance about 13% NaCl and 87% liquid water

content in the area with maximum mass density (above the Atlantic, west

of the North African coast). The mean sulphate contribution to the total

averaged jet mode wet mass density is in general negligible for the whole

domain.

When considering the spume mode, the contribution of the sulphate compo-

nents is of even less importance than for the jet mode. The contribution of
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(a) Wet mass density. (b) NaCl.

(c) SO2−

4 . (d) H2O.

Figure 6.27.: 3-day averaged mass density of the spume mode close to the
surface for the lowest approx. 40 m.

the sulphate mass density to the total wet mass is dominant in the film mode.

This is due to the more effective condensation onto the film mode, compared

to the two larger aerosol modes. As well as for the film and jet mode, the

water mass density is the dominant component of the aerosol. The respective

contribution relative to the total wet mass is on the order of 77% and 23%

for the water and NaCl components over the Atlantic, west of North Africa.

The contribution of each sea salt mode to the total wet mass over all modes,

is for the Atlantic region near the coast of Africa approximately 36% of the

film mode, 53% due to the jet mode, and 11% of the spume mode. Thus,

the jet mode is the dominant mode for the mass density, and mode with the

largest diameters contributes the least.
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DMS and Anthropogenic Contribution to Aerosol Sulphate

Content

To compare the contribution of anthropogenic emissions and DMS emissions

to the simulated sea salt aerosol sulphate content, the mass density of aerosol

sulphate contents in runs Want and Wdms are compared to that of the refer-

ence run R (cf. Table 6.2). The simulated sulphate content in run Want is a

result of anthropogenic emissions exclusively, and the contribution of DMS

emissions to the sea salt aerosol sulphate content is achieved from simulation

Wdms. The relative contribution of anthropogenic and DMS emissions to the

total sea salt aerosol sulphate content is determined as the fraction of the

sulphate content when only one of the emissions is considered in the total

sulphate content in run R, i.e. when both DMS emissions and anthropogenic

emissions are taken into account. The total simulated sulphate content, for

the film mode is shown in Figure 6.28. The relative contributions are pre-

sented in units of per cent in Figure 6.29(a) for the anthropogenic case and

in Figure 6.29(b) for the DMS-case. The values are presented for the lowest

1 km of the troposphere.

Figure 6.28.: 3-day averaged film mode SO2−
4 content for the lowest approx.

1 km.

The average contribution of the total sea salt aerosol sulphate content over

the Mediterranean is dominated by anthropogenic sources. The relative im-

portance of DMS oxidations to the film mode sulphate content dominates
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(a) Anthropogenic contribution. (b) DMS contribution.

Figure 6.29.: Averaged relative contributions to total sea salt film mode SO2−
4

content, for the lowest 1 km.

over the Atlantic Ocean in this study. The relative importances of anthro-

pogenic sources over the Mediterranean and of sulphates of natural origin

over the Atlantic Ocean were on the order of up to 100% for the respec-

tive region. In an area along the Portuguese coast, both sources contribute

approx. 50% to the aerosol sulphate content.

6.4.4. Horizontal and Vertical Distributions

The simulated horizontal distributions of the 3-day averaged total mass and

total number densities in μg m−3 and cm−3, respectively, are illustrated near

the surface in Figure 6.30 for run R. The vertical distributions of the total

mass and number densities are illustrated by showing two vertical cross sec-

tions of the 3-day averaged wet internally mixed sea salt aerosol (black lines

in Figure 6.30). A longitude-altitude cross section at 37◦N is depicted in Fig-

ure 6.31(a) regarding the mass density, and in Figure 6.31(b) for the number

density. Latitude-altitude cross sections at -7◦E between 40-53◦N of the mass

and number densities are shown in Figure 6.32(a) and 6.32(b), respectively.

The white bars in the vertical cross sections indicate topography.

Large gradients towards lower concentrations over land are simulated both

for the averaged mass and number densities. However, the number density

129



6. 3-D Simulation with the Extended Model System COSMO-ART

(a) Wet mass density. (b) Number density.

Figure 6.30.: Wet mass and number density at the surface for the lowest
approx. 40 m, averaged over three days.

(a) Mass density.

(b) Number density.

Figure 6.31.: Vertical cross sections at 37◦N of 3-day averages of the mass
and number density, respectively.

of sea salt aerosol is characterised by slightly smaller gradients than those for
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(a) Mass density.

(b) Number density.

Figure 6.32.: Vertical cross sections at -7◦E of 3-day averages of the mass and
number density, respectively.

the mass density. As the mass density is dominated by the sea salt aerosol

jet mode, and the film mode dominates the number density, this difference

in mass and number transport is an indication of further transport away

from source regions of the film mode compared to the jet mode. Moreover,

in the vertical cross sections, the maximum altitude to which the number

density of aerosol is found is seen to exceed that of the mass density. No

significant mass is found above 1.4 km for the cross section along 37◦N,

whereas the corresponding maximum altitude for the number density is 2.5

km. For the cross section at -7◦E, no significant mass is found above 3 km and

the corresponding altitude for the number density is about 3.8 km. When

considering the averaged mass density as a function of altitude, the maxima

are found with height for both cross sections. As the number density here is

131



6. 3-D Simulation with the Extended Model System COSMO-ART

lower than that at the surface, this indicates that aerosol with large sizes but

less in number are responsible for these maxima. Obviously, the transport in

the vertical cannot be neglected, and for this reason the burden of the whole

column is of importance for e.g., radiation calculations. To only consider the

surface near mass and number densities would lead to an underestimation

of the sea salt aerosol loading. The elevated aerosol loadings are especially

found in regions with significant upward motion, as in low level pressure areas

(Figure 6.32(a)).

6.4.5. Simulated Aerosol Optical Depth (AOD)

The aerosol optical depth (AOD) is the non-dimensional vertical integral of

the extinction coefficient. The AOD is wavelength dependent, and most com-

monly reported for a wavelength of 550 nm in the literature. The extinction

of each sea salt mode at 550 nm was determined from the Mie-calculations

for a pre-simulated aerosol distribution, as described in chapter 5. The mass

specific extinction coefficients serve as input parameters together with the

mass densities of each mode to calculate the AOD550 optical depth by

AOD550 =

Nh∑
h=1

(2.2845 ·m1,h + 0.2475 ·m2,h + 0.0829 ·m3,h) · 10
−6Δzh.

(6.1)

m1,h-m3,h are the total mass densities of each sea salt mode in μg m−3 for

the respective model layers h. Δ zh corresponds to the height of each model

layer given in m and Nh is the number of layers.

The daily averaged simulated sea salt AOD550 for the 24th-26th of July is

illustrated in Figure 6.33. The black square indicates the investigation area

for the wind speed dependency of AOD, which is further described later in

this section.
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Figure 6.33.: Wet sea salt AOD at 550 nm, averaged over three days.

The corresponding daily averaged wind speed at 10 m above ground is de-

picted in Figure 6.34. The largest AOD values are found over the North

Figure 6.34.: U10 averaged over 24th-26th July.

Atlantic as a result of the relatively higher wind speeds in this part of the

domain. On average, the wind speeds here reached 12 m s−1 over the north

Atlantic during these three simulation days. Off the North African coast

over the Atlantic, mean wind velocities also reached about 10-12 m s−1, but

for a smaller area. Over the Mediterranean, wind speeds remained below 9

m s−1 and were generally on the order of 5-6 m s−1, on average during the

three days. The simulated AOD is for this reason lower in the Mediterranean

region than over the Atlantic for these days.
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AOD and Wind Speed

Currently, there is much interest in examining the relation between the

AOD in maritime environments and the prevailing horizontal wind speed

near the surface. It is well known that an enhancement of the AOD over

oceanic regions takes place as a result of the increased contribution of sea

salt aerosol with increasing wind speed near the surface (e.g., Satheesh and

Krishna Moorthy, 2006; Mulcahy et al., 2008; Glantz et al., 2009; Huang

et al., 2009; Mulcahy et al., 2009). At high wind speed, the natural marine

AOD can rival or even exceed the AOD of anthropogenic aerosols, with val-

ues up to 0.4 compared to the typically polluted AOD in the range 0.2-0.5

(Satheesh and Krishna Moorthy, 2006; Mulcahy et al., 2008, 2009). The en-

hancement of maritime AOD with wind speed has been argued to be the

result of several effects. Both hygroscopic growth caused by wind driven wa-

ter vapour (Glantz et al., 2009) and increased sea salt aerosol mass density

as a function of the wind dependent sea salt emission flux has been stressed

as possible contributors (Glantz et al., 2009; Mulcahy et al., 2008). Over the

North Pacific, the contribution of the hygroscopic growth was about 40% and

the contribution of the sea salt aerosol mass density was 60% (Glantz et al.,

2009).

Although many studies have been performed, there still exists no consensus

on the relation between wind speed and AOD. The relation between AOD

and surface near horizontal wind speed has been described by some findings

as weak linear expressions (Smirnov et al., 2003; Jennings et al., 2003; Huang

et al., 2009; Lehahn et al., 2010, e.g.,) and by others to be exponential (e.g.,

Satheesh and Krishna Moorthy, 2006, and references therein). Further stud-

ies describe the AOD-wind relation by power-law relations (e.g., Mulcahy

et al., 2008; Glantz et al., 2009; Mulcahy et al., 2009). As all the studies are

performed for different locations and time periods, the relations are difficult

to compare directly. Since the sea salt emission flux is proportional to U3.14
10
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(Monahan et al., 1986; Smith et al., 1993; Mårtensson et al., 2003) and the

water absorption by sea salt is exponential with increasing ambient relative

humidity (e.g., Tang et al., 1997; Tang, 1997; Lewis and Schwartz, 2004), a

linear dependence of AOD and wind speed is in general rather unexpected.

To be able to describe the sea salt AOD as a function of wind speed pro-

vides the opportunity to treat the optical depth directly as a function of the

accessible wind conditions in for instance climate models. In this case, the

computational costs with respect to the aerosol treatment would be reduced

significantly. Another field for which such relations are of interest is the eval-

uation of satellite retrievals. As sea salt acts as background aerosol above

much of the earth’s surface, a known relation between sea salt AOD and

wind speed opens the possibility to filter the sea salt contribution from the

composite aerosol extinction. Subsequently, the magnitude of other aerosol

species contribution to the total AOD can be obtained. Such relations also

provide an additional method for determining the wind speed above oceans

when the marine AOD is known.

To investigate the marine AOD-wind speed relation is a complicated task.

The marine aerosol optical properties can be masked by long-range trans-

port from land based sources. The dominating aerosol background aerosol is

influenced by several factors such as air mass history, variations in the state

of the atmosphere, advection processes, relative humidity effects etc. Several

uncertainties are connected to the AOD-wind speed investigations. AOD re-

trievals from satellites can be biased by the backscatter of whitecaps that

are generated by enhanced wind speeds (Huang et al., 2009; Yu et al., 2009).

Moreover, the marine environment has to be defined accurately. Even when

defining marine regions, non marine background aerosol may be present due

to long range transport. The background AOD of the Northern Atlantic is

also influenced by dust transport from the Sahara, pollution from continental

Europe and biomass burning from South America and Africa (Mulcahy et al.,
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2009). For the purpose of excluding situations affected by pollution, differ-

ent methods have been utilised. Mulcahy et al. (2008) defined clean marine

conditions along the Mace Head coastline based on wind direction, back tra-

jectories, low black carbon mass concentrations (<50 ng m−3) and number

densities less than 700 cm−3. For this region, the air masses of continental

origin are connected to particle number densities of approximately 2000-3000

cm−3, reaching a maximum of 7000 cm−3 in extremely polluted conditions

due to nucleation events (Mulcahy et al., 2009, and references therein). In

addition, the study of Mulcahy et al. (2008) was restrained to winter months

to minimise the contributing fractions of biogenically produced inorganic and

organic matter to the marine aerosol, which is smaller in winter compared

to summer. Huang et al. (2009) utilised the standard deviation from the

satellite retrieved mean AOD together with wind direction from ECMWF to

exclude situations with contributions from non-marine sources. The crite-

ria for clean marine air generally apply for the marine boundary layer. The

AOD is however a columnar signal that also can be affected by entrainment

from the free troposphere and the stratosphere. The background AOD is

thus presumably affected by entrainment from elevated aerosol, but these

contributions most probably do not contribute to the high correlation with

the surface near wind speed (Kaufman et al., 2005).

It is now investigated as to how the simulated AOD550 in this study depend

on the wind speed. This study provides one of the few investigations where

both AOD and wind speed data are direct functions of each other and origi-

nate from the same source. This is an advantage compared to other studies

where aerosol data and wind speed are achieved from different sources with

individual uncertainties. To assure that the AOD is representative of the

current wind conditions, the relation is investigated for a single output and

no temporal or spatial averages are applied. The data is analysed for 12

UTC at the 25th July 2007. No correlation is expected between AOD and

wind speed over land, thus only grid points over the ocean are used. The
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obtained relation is to be compared with those from satellite observations.

For this reason, pixels with cloud cover less than 1% are selected. Any effects

of boundaries are overcome by choosing a smaller area within the domain,

which is indicated in Figure 6.33. The reason as to why the black square is

close to the southern and western boundaries in Figure 6.33 is that the figure

already represents a part of the domain for which the complete boundary is

not present. The northern limit of the investigation area is determined by

the large amount of cloud cover above the North Atlantic. The maximum

AOD is 0.3472 and the corresponding 99% percentile of the AOD data is

0.1279. To neglect data that is less well represented, the 99% percentile val-

ues are chosen (e.g., Glantz et al., 2009). This means that some of the grid

cells with relatively greater values are neglected to reduce the contribution

of data that is less well represented. The total and 99% percentile AOD data

for cloud free marine grid cells are depicted in Figure 6.35 to the left and

right, respectively. As is seen in Figure 6.35, selecting the 99% values do

not interfere with the general result, i.e. the difference between all data and

the reduced data is small. By considering the 99% percentile only a few less

representative values at wind speeds between 8-10 m s−1 are neglected.
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Figure 6.35.: AOD550 as a function of the 10 m wind speed. Left: all data
points. Right: the 99% percentile values.

Following the approach of e.g., Mulcahy et al. (2008), Glantz et al. (2009),

Huang et al. (2009), and Lehahn et al. (2010), the selected AOD data was

classed into bins as a function of the corresponding wind speed. In this
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study, 2030 AOD data points were sorted into 11 bins with a bin width of 1

m s−1. The average AOD within each bin and the corresponding standard

deviation are depicted as a function of the average bin wind speed in Figure

6.36. The power fit according to the 11 mean values is shown in black. In

addition, an exponential fit applies well to the mean AOD values (blue curve

in Figure 6.36), but a higher correlation of 0.998 is achieved for the power

law compared to 0.938 of the exponential fit.
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Figure 6.36.: Power law fit based on average AOD550 values (R=0.998) in
black and exponential fit (R=0.938) in blue.

The power law of this study takes the form

AOD550 = 0.0212 + 2.5941 · 10−5 · U 3.3992
10 (6.2)

with non-dimensional AOD550, and U10 in m s−1. The power fit is illustrated

together with the original 99% percentile AOD550 data as a function for

wind speed in Figure 6.37. In resemblance to satellite based observations, an

offset of the sea salt optical depth wind dependence is found at wind speeds

in the order of 4 m s−1. For example, Lehahn et al. (2010) found an offset

of the AOD wind dependence at 3.8 m s−1. For wind speeds lower than

approximately 4 m s−1 no clear wind dependence is found and the sea salt

AOD remains more or less constant.
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Figure 6.37.: Simulated sea salt AOD550 in green and the observed relation
in black, as a function of wind speed on 25th July, 12 UTC.

The relations by Schinozuka et al. (2004), Mulcahy et al. (2008), and Glantz

et al. (2009) are compared with the relation between the simulated AOD and

wind speed in this work. Schinozuka et al. (2004) examined the sea salt AOD

over the Southern and tropical Pacific Oceans during the ACE-1 campaign.

They approximated the sea salt contribution to the optical depth by

AOD(U10) = 0.017 + 4.9 · 10−5U 3
10 − 3.7 · 10−5U 2

10 (6.3)

where AOD is non-dimensional, and U10 is given in m s−1. Mulcahy et al.

(2008) investigated the enhancement of marine air AOD during high wind

conditions at the Mace Head atmospheric research station on the west coast

of Ireland. AOD measurements were carried out between January 2002 and

December 2004 by the use of a precision filter radiometer (PFR) with an

accuracy of 0.01 optical depth. For wind speeds in the range of 4-18 m s−1 a

power law curve was fitted to the AOD-data at 500 nm on the form

AOD500 = 0.06 + 5.5 · 10−4 U 2.195 (6.4)

where U is the surface wind speed in m s−1, and the AOD is non-dimensional.

In this study, the AOD at 550nm was not investigated. In a recent study,

Glantz et al. (2009) estimated the maritime component of AOD and its de-

139



6. 3-D Simulation with the Extended Model System COSMO-ART

pendence on wind speed over the North Pacific for September 2001. For

this purpose, retrievals of the Sea-viewing Wide Field Sensor (SeaWiFS)

were combined with the wind speed obtained from the European Centre for

Medium-Range Weather Forecasts (ECMWF). A power relation was found

as

AOD555 = 0.0028 + 0.00032 · U 2
10 (6.5)

where U10 is the 10 m level wind speed in m s−1, and the AOD is non-

dimensional. A comparison with these latter relations is depicted in Figure

6.38 for the wind speed regime in which the relation of this study is valid

(0.8-10.2 m s−1). The AOD dependence of this study is depicted in green,

that of Mulcahy et al. (2008) in red, the relation of Schinozuka et al. (2004)

in orange and that of Glantz et al. (2009) in blue.
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Figure 6.38.: Sea salt AOD as a function of wind speed according to Mulcahy
et al. (2008) (M-08), Schinozuka et al. (2004) (S-04), and Glantz
et al. (2009) (G-09). Green dotted line: Equation 6.2 with offset
of 0.06.

By comparing the different relations based on satellite observations with the

relation of this study it appears that there exists a wind independent AOD

contribution. If this wind independent contribution did not exist, the AOD

would approach zero for low wind speeds. This is the case in neither the

satellite observations nor this model study. The magnitude of this contri-

140



6.4. 3-D Simulation Results

bution varies between the different studies. These values are found between

0.06 from the fit by Mulcahy et al. (2008) 0.017 of Schinozuka et al. (2004).

The wind independent contribution in this work is estimated to be approxi-

mately 0.02. Wind independent contributions to the optical depth, when no

other aerosols are considered, may result from for instance elevated sea salt

aerosol layers in combination with relative humidity effects. Elevated aerosol

layers are not expected to show any correlation with wind speeds near the

surface. For high relative humidities these elevated aerosols can absorb a

high amount of water and contribute significantly to the AOD, even for low

aerosol concentrations. A combination of these two effects is thought to at

least be one of the effects behind the wind independent AOD contribution.

For wind speeds up to approximately 6 m s−1 the relation of this work fol-

lows that of Schinozuka et al. (2004). For wind speeds higher than 6 m s−1

the two relations separate and the relation from this study increases faster.

For the whole wind speed interval, the power fit from Mulcahy et al. (2008)

provides the highest AOD values. By the green dotted curve in Figure 6.38

the relation from this study is shown with an offset value as high as that

of Mulcahy et al. (2008). This comparison between the relation from this

study and that of Mulcahy et al. (2008) shows a faster increase of AOD with

increasing wind speed for the latter. Overall, the relation of this study lays

within the order of magnitude of those that were based on satellite retrievals.

For this reason, it can be argued that for cloud free situations the calculated

AOD in this work is on a reasonable order of magnitude. Since the formation

of cloud droplets is neglected, the mass of sea salt is most probably overes-

timated in the more cloudy areas. For these regions, no comparisons with

measurements can however be carried out, since the backscattering in such

cases is dominated by that of clouds.
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6.4.6. Influence on Atmospheric Radiative Fluxes and

Temperature

The sea salt aerosol impact on the radiation fluxes is calculated as the differ-

ence in the solar (FSW ) and thermal (FLW ) radiation budgets at the surface

and the top of the atmosphere (TOA), respectively, between the results of

run F and run R. In simulation R no interaction between the sea salt aerosol

and the atmospheric radiative fluxes is taken into consideration, and in run

F sea salt interacts with radiation. The radiation budgets FSW and FLW are

defined as the net solar and thermal radiative fluxes, respectively

FSW = F
↑
SW − F

↓
SW , (6.6)

FLW = F
↑
LW − F

↓
LW . (6.7)

The difference in the solar and thermal radiation budgets are calculated as

ΔFSW = FSW,F − FSW,R, (6.8)

ΔFLW = FLW,F − FLW,R (6.9)

where the indices F and R denote the values of the radiation budgets for the

feedback and reference runs, respectively.

The horizontal three-day (24th-26th July) averages of the simulated ΔFSW

and ΔFLW at the surface and the top of the atmosphere (TOA) are illustrated

in Figure 6.39.

The difference in the net shortwave radiation shows similar properties at

the surface and at the TOA. Over water in the approx. clear sky western

Mediterranean and over the Atlantic off the African Coast a cooling is simu-
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(a) Surface: ΔFSW . (b) TOA: ΔFSW .

(c) Surface: ΔFLW . (d) TOA: ΔFLW .

Figure 6.39.: Difference (run F-run R) in solar radiation ΔFSW and thermal
radiation ΔFLW at the surface and the top of the atmosphere,
respectively, averaged over 3 days.

lated due to the sea salt aerosol. The cooling is on average down to the order

of 2-4 W m−2 for the western Mediterranean and in the order of 4-5 W m−2

over the less cloudy parts of the Atlantic Ocean. Over most of the remaining

parts of the model domain cloudy conditions occurred during the three days.

In those areas, the sea salt DRE effect itself plays a minor role. Instead, the

backscattering of clouds is clearly the dominant factor. This effect will be

discussed below. The sea salt impact on the longwave radiation is the most

important at the surface, whereas the effects at the TOA are even smaller.

For areas of approximately cloud free conditions, the average impact on ther-

mal radiation is in general about 0.5 W m−2 or lower. Near the African coast

over the Atlantic Ocean, the maximum values of 2 W m−2 are simulated.

Hence, for these conditions the longwave radiative impact is lower than the
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shortwave radiative impact, and with an opposite sign. These findings are

supported by those of Li et al. (2008), which in their study found that the

shortwave radiative forcing due to sea salt was an order of magnitude higher

than that in the longwave range, and with opposite signs. From Figure 6.39

it is seen that the sea salt DRE for a typical weather situation with moderate

wind speeds for this region is of minor importance. The impact of sea salt

on the radiative fluxes is very small. As already mentioned, the largest ra-

diative effects during this simulation period are caused by the clouds, which

in connection to the low-level system passed over the northern parts of the

domain during these three days. The spotty pattern in the differences of the

radiation budgets is thus explained by the difference in cloud cover of runs F

and R. In COSMO, it is distinguished between grid scale and sub-grid scale

cloudiness. For cloudiness of 1 (100%) a complete grid cell is affected by

cloud cover. For less than 100%, only partial cloudiness occurs. Both grid

scale and sub grid scale cloudiness are determined as function of the ambient

relative humidity and the treatment of clouds is accordingly highly sensitive

to modifications of the atmospheric variables. For more details concerning

the treatment of cloudiness cf. Doms et al. (2007). As the sea salt aerosol in-

teracts with radiation, the thermodynamics of the atmosphere are modified.

I.e., changes in atmospheric stability, temperature, and ambient relative hu-

midity occur. These changes in turn cause a spatial shift in the cloud cover

pattern. The modified cloud cover pattern again leads to a change in the

incoming or outgoing radiation fluxes, i.e. the radiation budget is altered.

The average difference in total cloud cover is depicted in Figure 6.40. The

change in cloud cover ranges between -19% and +17%. The modifications in

cloud cover lead to changes on the order of ±30 W m−2 in the solar range at

the surface and the TOA. In the thermal range these impacts range between

-4 and +10 W m−2 at the surface and are significantly lower at the TOA.

The mean differences in the temperature at 2 m and the relative humidity

for the lowest approximately 40 m are illustrated in Figure 6.41. The rela-

tive humidity is modified up to 3%. Temperature changes on the order of
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-0.01 and -0.05 K are seen over the water for the less cloudy areas. As a

result of the differences in the cloud cover pattern, the observed temperature

differences reach up to 1 K for the more cloudy regions. These results are

clear indications as to how non-linear the atmospheric response to the sea

salt induced direct radiative modifications is.

Figure 6.40.: Cloud cover difference (run F-run R), averaged over three days.

(a) ΔT2m. (b) ΔRH.

Figure 6.41.: Changes in temperature at 2 m, and relative humidity for the
lowest approx. 40 m, respectively, averaged over three days.

Even though the sea salt loadings are low and only act to disturb the atmo-

sphere slightly, it can be expected that a dependence of the changes in the

radiative budgets show a dependence on the sea salt properties. An almost

linear dependence of the radiative budgets on the sea salt loading was found

by Li et al. (2008). In addition, Stanelle (2008) saw clear dependences be-

tween the mineral dust loading and differences in net radiation over West
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Africa at the surface. For this purpose, the differences in solar and thermal

radiation budgets at the surface and TOA are illustrated for every grid cell

of the model domain as a function of the wet sea salt AOD at 550 nm (Figure

6.33) in Figure 6.42. Mean values and the corresponding standard deviation

are given for each single case, respectively.
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Figure 6.42.: Average change (run F-run R) of the solar and thermal radiation
budgets Δ FSW (top) and Δ FLW (bottom) as a function of
simulated AOD at 550 nm at the TOA (left) and at the surface
(right).

On average, for all grid cells, a net cooling takes place both at the surface

and at the top of the atmosphere. The shortwave net radiation is reduced by

about 0.4 W m−2 at the TOA and 0.5 W m−2 at the surface when the sea

salt aerosol is accounted for. The mean longwave warming is on the order of
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0.04 W m−2 at the TOA and 0.2 W m−2 at the surface. The corresponding

uncertainties to the respective average cooling and warming are however for

both the shortwave and longwave ranges several order of magnitudes larger

than the mean values. When considering all the grid points of the model

domain, no dependence between the changes of the radiative budgets and

the sea salt optical depth is found. The effect of the sea salt is masked out

by the impact of the above-mentioned spatial shift in the cloud cover pattern.

Different effects can occur over land and ocean due to their different surface

albedos. Several studies have indicated the importance of the surface albedo

to the aerosol radiative effect (e.g., Li et al., 2008; Stanelle, 2008). The

albedo describes in which proportion the incoming radiation is reflected by

the surface. Above surfaces with low albedo, the amount of reflected radiation

is thus lower than over surfaces with high albedos, such as ice or snow. The

direct radiative aerosol effect has been found to diminish as the surface albedo

tend to unity (Li et al., 2008). The reflected radiation from surfaces with

high albedo is too large for an aerosol radiative effect to be of importance.

Over surfaces with low albedo the amount of reflected radiation is small

and the aerosol interaction with the reflected radiation is relatively of larger

importance, than in the high albedo case. Thus, the relative importance of

aerosol direct radiative effect is larger over areas with low surface albedo.

Based on these findings regarding the sea salt aerosol, it is investigated

whether the sea salt aerosol in this case shows a relatively higher effect over

the ocean, which is optically dark, than above land. In the following, the de-

pendence of the modified net radiative fluxes on the sea salt optical depth is

investigated for clear and cloudy skies, over land and over ocean. The mean

changes of the solar and thermal radiative budgets over land and ocean are

illustrated in Figure 6.43 as a function of the sea salt optical depth. The

corresponding averaged changes of the radiation budgets as function of the

sea salt optical depth are illustrated in Figure 6.44 for cloud free grid cells
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only. In Figure 6.43, where all the land and water grid cells are treated sep-

arately, large uncertainties are still found. The grid cells with clouds have

to be sorted out to see the direct aerosol effect. This has been done for

the respective land and water grid cells in Figure 6.44. The uncertainties

now decrease, in general to the same order as the average values. A close

to linear dependence of the modified radiative budgets on the AOD is also

found. The solar radiative budgets decrease with increasing sea salt optical

depths. Hence, a negative correlation between the solar radiative budgets

decrease and the sea salt AOD is simulated. This effect is the most signifi-

cant at the surface, compared to the effect at the TOA. The opposite occurs

for the thermal radiative budgets, which increases with increasing optical

depths. The thermal radiative budget changes are, as well as for the solar

range, relatively greater at the surface. Comparing the effects over land to

those over ocean, the largest difference is the higher amount of data over the

oceans. This complicates any direct comparison. However, on average the

cooling and warming, respectively, are relatively more significant over the

ocean than over land. Even though the effects are small, this indicates the

importance of the surface albedo to the sea salt DRE in this study.

The sea salt DRE was already seen to alter the surface near temperature

field non-linearly (Figure 6.41(a)). The temperature at 2 m above ground is

averaged over three days and illustrated as function of the averaged surface

near sea salt wet mass density in Figure 6.45.

As expected from the net cooling effect due to the sea salt DRE when the

whole domain is considered, the 2 m temperature change is, on average,

negative. For high sea salt mass densities, almost no grid cells coincide with

a surface warming. This is especially seen for cloud free grid points above

the ocean in Figure 6.46. A dependence of the temperature change on the

sea salt mass is seen most clearly when all the cloudy and continental grid

cells are neglected. The same effect as for the radiative budgets is seen. The
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Figure 6.43.: Change (run F-run R) of the solar and thermal radiation bud-
gets under all conditions as a function of simulated AOD, av-
eraged over three days. 149
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Figure 6.44.: Change (run F-run R) of the solar and thermal radiation bud-
gets at cloud free conditions as a function of simulated AOD,
averaged over three days.
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direct impact of the aerosol is masked out by the influence of changes in the

cloud cover pattern.
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Figure 6.46.: ΔT at 2m as a function of average aerosol mass (run F-run R),
averaged over three days.
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The mean changes in the 2 m level temperature, solar and thermal radiative

budgets are summarised in Table 6.3. Mean values and the corresponding

standard deviation are presented for the complete domain and for clear and

cloud free atmospheres above land and ocean, respectively. The sea salt

aerosol DRE is seen to cause a reduction in the surface and TOA net solar

radiation, both for clear and cloudy skies and both over land and ocean. The

effect with respect to the longwave radiative budgets is a net increase. Over

the clear sky ocean, the thermal and solar effects are seen to be on the same

order of magnitude. The same effect is found over the clear sky land. This

causes the net radiative effect for clear sky conditions to be approximately

zero. Consequently, the net temperature change is small. Under considera-

tion of the cloud free grid cells a mean cooling of 0.003 K and 0.006 K are

seen over land and ocean, respectively. The mean reduction in temperature

is most significant for the cloudy conditions, especially over land (-0.01 K)

where the cloud cover was most significant.

Table 6.3.: Mean changes (run F-run R) in the solar and thermal net radiative
fluxes in W m−2 and temperature difference at 2 m level in K. All
the values are averaged over the simulation period 24th-26th July
2007, and presented with the corresponding standard deviation.

Total Land Ocean

Whole Sky Clear Sky Whole Sky Clear Sky

AOD550 0.066±0.099 0.042±0.081 0.003±0.004 0.104±0.113 0.010±0.008

ΔFSW (sfc) -0.52±3.12 -0.32±3.29 -0.02±0.05 -0.85±2.8 -0.13±0.13

ΔFSW (TOA) -0.40±2.70 -0.25±2.89 -0.02±0.04 -0.63±2.36 -0.09±0.09

ΔFLW (sfc) +0.19±0.93 +0.13±1.03 +0.04±0.11 +0.29±0.74 +0.12±0.18

ΔFLW (TOA) +0.04±0.46 +0.04±0.56 +0.01±0.02 +0.04±0.22 +0.02±0.03

ΔT2m -0.009±0.051 -0.010±0.063 -0.003±0.008 -0.007±0.018 -0.006±0.008
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6.4.7. Feedback on the Sea Salt Density Fields

As the atmospheric variables are modified due to the sea salt DRE, a feedback

on the sea salt aerosol size distribution can also be expected. As already

discussed in e.g., chapter 3, the advantage of online coupled models, such

as COSMO-ART, is that the modified atmospheric state affects the aerosol

fields, which in turn again have feedback on the atmospheric variables. This

feedback loop was illustrated in Figure 3.2. The feedback mechanism, which

is induced by the extinction of radiation, contains several aspects that may

influence the aerosol size distribution. To distinguish between the different

processes is a difficult task, since these are all coupled to each other. The

altered cloud cover pattern leads to modified precipitation and thereby the

washout of the aerosol is influenced. Furthermore, the modified atmospheric

state in turn alters the emission flux of sea salt, as the emissions are wind

speed and sea water temperature dependent. Thus, both source and sink

processes are affected. The changes in the sea salt mass density and number

density are the results of these atmospheric internal non-linear modifications.

To investigate the average differences in the aerosol size distributions the sea

salt mass density and number density for run R and F are compared. The

differences in the 10 m level horizontal wind field and the surface near sea

salt mass and number density distributions, averaged over three days are

illustrated in Figures 6.47, 6.48 and 6.49, respectively. The difference fields

are presented in their original units together with the relative importance in

% compared to the reference values in each grid cell.

When the sea salt interaction with radiative fluxes is accounted for, the wind

speed is on average modified by ±0.2 m s−1. Relative to the reference wind

velocity (run R) the modifications range between -10 and +100%. This means

that, locally, the wind speeds changed when the sea salt DRE was accounted

for. The mean mass density, differences (run F-run R) range between -
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(a) ΔU10. (b) ΔU10.

Figure 6.47.: Simulated change (run F-run R) in the 10 m level wind velocity,
averaged over 3 days.

(a) Change in mass density. (b) Change in mass density.

Figure 6.48.: Simulated change (run F-run R) in sea salt mass density, aver-
aged over 3 days.

(a) Change in number density. (b) Change in number density.

Figure 6.49.: Simulated change (run F-run R) in sea salt number density,
averaged over 3 days.
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10 and +25 μg m−3. Mass density changes can be seen to correlate with

modifications in the wind velocity e.g. over the Central Mediterranean. The

relative change compared to the reference mass densities in run R, where

no interaction with radiation is accounted for, ranges to values of +50%.

The greatest changes are seen for areas of low mass densities. Small changes

contribute to large changes in per cent for these regions, such as over land.

The largest modification of mass (25 μg m−3) was seen south of Spain and

over the Atlantic off the African coast. These differences correspond to about

1-5% of the mass density in the case of no interaction with the atmosphere.

The number density of sea salt is locally modified by about -2 to +3 cm−3 on

average over three days. North of Corsica the increase of 3 cm−3 corresponds

to an increase of up to 20% of the reference number density. As for the

mass density an area of increase aerosol densities is seen stretching from the

south of Italy to the North of Africa. This area coincides with an area of

slightly increased wind velocities. Along the North West African Coast, the

number density increases. Relative to the reference number density these

values of about 1 cm−3 correspond to less than 1%. The modifications in

both wind and aerosol size distributions demonstrate the importance of the

online coupled treatment of aerosol and atmospheric variables in atmospheric

models.

6.5 Comparison with Simulated Anthropogenic DRE

The relative importance of sea salt aerosol DRE for this region is investigated

by comparing the effect to that of anthropogenic aerosol. In simulations Fant

and Fall the feedback between anthropogenic and composite aerosols, respec-

tively, with the atmosphere are considered. Composite aerosol is referred to

as the sum of anthropogenic and sea salt aerosol. Organics and mineral dust

particles are assumed to play a minor role for this region and time period,

respectively. For this reason these aerosols are not considered in this compar-

ison. The term anthropogenic is not completely correct since the nucleation

155



6. 3-D Simulation with the Extended Model System COSMO-ART

of sulphuric acid from DMS sources enters the nucleation mode. The largest

fractions of the aerosol modes are however still anthropogenic and the term

anthropogenic is for simplicity used anyway.

In this section the simulated anthropogenic horizontal surface near concen-

trations and the anthropogenic optical depth are first presented. The optical

depth of anthropogenic aerosol is compared to the composite optical depth

when both sea salt and anthropogenic aerosols are accounted for. Thereafter,

the differences in the solar and thermal radiation budgets and the 2 m level

temperature fields are presented. The effect of the anthropogenic aerosol is

compared to the case when both sea salt aerosol and anthropogenic aerosols

are taken into consideration.

6.5.1. Simulated Fields of Anthropogenic Aerosol

The anthropogenic sub micron aerosol is described by five modes in COSMO-

ART (Vogel et al., 2009). Two modes represent secondary aerosol containing

internally mixtures of sulphate, ammonium, nitrate, and water. One mode

represents pure soot and two more modes represent aged soot particles, con-

taining mixtures of soot, sulphate, ammonium, nitrate, and water. All these

modes are subject to condensational and coagulation processes. The mean

number and mass densities of these five modes, averaged over three days are

depicted in Figure 6.50 and 6.51, respectively for the lowest ca. 40 m.

Very high number densities in the soot free modes are simulated in the North

of Spain. This is a result of the excessively high emissions of SO2 in this area

(Ch. Knote, 2010, personal communication). The emitted SO2 is oxidised to

sulphuric acid, which in turn nucleates and forms sulphate particles. Thus,

what is seen here is a nucleation event which probably is the effect of an

error in the emission data base for which a solution has until now not been
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(a) Internally mixed aitken mode without soot. (b) Internally mixed accumulation mode without
soot.

(c) Internally mixed aitken mode with soot. (d) Internally mixed accumulation mode with soot.

(e) Pure soot mode.
(f) Total number density.

Figure 6.50.: Simulated anthropogenic number densities near the surface for
the lowest approx. 40 m.

provided. For this reason, not too much focus should be put on the number

densities in this area. The pure soot mode is directly emitted and shows

pattern of the shipping routes and larger cities. When the emitted soot

particles age due to the condensation of sulphuric acid and coagulation with
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the other modes they enter the mixed soot modes. Due to advection to the

south from the shipping routes, high number concentrations are seen over

water in the southern part of the domain. In general, anthropogenic number

densities are on the order of 1000 cm−3 in most of the domain. Values of

more than 1600 cm−3 are simulated over the continent near areas of high

gaseous or particulate emissions.

The mass densities are seen to show stronger horizontal gradients than the

number densities. Over the Atlantic Ocean, the number densities are rela-

tively high, but the mass is generally lower than 1 μg m−3 due to the small

sizes of these particles. In the soot free modes, mass densities are on the

order of up to 1 μg m−3 over the Mediterranean and 1-5 μg m−3 over the

continent with maximum values of approximately 10 μg m−3. The soot con-

taining aitken mode mass density is in the order of 1 μg m−3, with maximum

values of 4 μg m−3. The aged accumulation soot mode dominates the total

mass density, on the order of 10 μg m−3 over most of the domain. The total

mass density ranges from 10 μg m−3 over most of the domain to more than

30 μg m−3 locally. Over the Atlantic Ocean mass densities are less than 1

μg m−3.

6.5.2. Simulated AOD and Impact on Atmospheric

Variables

For radiative calculations, the optical depth is one of the crucial aerosol

parameters. The optical depth of anthropogenic aerosol is now compared

to the composite AOD when both anthropogenic and sea salt aerosols are

considered. The aerosol optical depth at 550 nm is considered. The anthro-

pogenic and composite optical depth of sea salt and anthropogenic aerosols

are illustrated in Figure 6.52 for the 24th-26th July.
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(a) Pure aitken mode. (b) Pure accumulation mode.

(c) Internally mixed aitken mode. (d) Internally mixed accumulation mode.

(e) Pure soot mode. (f) Total mass density.

Figure 6.51.: Simulated 3-day averaged anthropogenic mass densities near
the surface for the lowest approx. 40 m.

The anthropogenic AOD is on average on the order of up to 0.25 over the

European continent. This is within the typical range of anthropogenic AOD

of 0.2-0.5 (Mulcahy et al., 2008, and references therein). By considering

anthropogenic aerosol only, and neglecting the sea salt aerosol, the average
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(a) Anthropogenic. (b) Composite.

Figure 6.52.: Simulated mean anthropogenic AOD550 and mean sea salt and
anthropogenic composite AOD550. Please note the different
scales.

AOD is underestimated for some parts over the continent and especially in the

western Mediterranean and over the Atlantic Ocean. When the contributions

of sea salt and anthropogenic aerosol to the composite AOD are accounted

for, the AOD reaches values of 0.35 over the continent. Above the oceanic

areas sea salt dominates the composite AOD with values exceeding 0.4 in

the most windy regions (northern part of the domain), and between 0.2-0.3

over the Atlantic Ocean off the African Coast. The western Mediterranean

is also dominated by the sea salt AOD, with values up to 0.2, compared to

approximately 0.1 for the pure anthropogenic scenario.

The impact of the anthropogenic aerosol is now compared to the case when

the effect of sea salt is also considered. The changes of the solar radiative

budgets at the surface and TOA are illustrated for the anthropogenic and the

composite cases in Figure 6.53. Due to the high amount of clouds over the

continent, the DRE of anthropogenic aerosols is difficult to detect. The most

significant difference between the anthropogenic case and the composite case

is the reduction in solar radiation over the less cloudy areas over water. This

is the effect of the sea salt aerosol, which is neglected only when anthropogenic

aerosol is considered.
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(a) TOA: ΔFSW (ant). (b) TOA: ΔFSW (ant+ssa).

(c) Surface: ΔFSW (ant). (d) Surface: ΔFSW (ant+ssa).

Figure 6.53.: Simulated changes in the solar radiative budget due to anthro-
pogenic aerosol and both anthropogenic and sea salt aerosol,
averaged over three days.

The changes in the net longwave radiation are illustrated in Figure 6.54 for

the surface and TOA for the anthropogenic case and the case when both

anthropogenic aerosol and sea salt aerosol are considered. At the TOA,

no significant change in the longwave radiation budget can be detected as

a direct result of the aerosol loading. The differences rather show spotty

behaviour, indicating that spatial shifts of clouds are their origin. Comparing

the pattern of the longwave radiative budget change at the surface with that

of the clouds (Figure 6.55), this also follows changes in cloudiness closely for

both cases. In addition, a slight warming (about 1 W m−2) due to sea salt is

simulated over the Atlantic Ocean for the composite case. On average, the

differences in cloud cover between the anthropogenic case and the composite

case are similar (Figure 6.55). Thus, the treatment of cloudiness in the model
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is about equally sensitive when anthropogenic aerosol is considered and when

both anthropogenic and sea salt aerosols interact with radiation.

(a) TOA: ΔFLW (ant). (b) TOA: ΔFLW (ant+ssa).

(c) Surface: ΔFLW (ant). (d) Surface: ΔFLW (ant+ssa).

Figure 6.54.: Simulated changes in the thermal radiative budget due to an-
thropogenic aerosol and composite aerosol, respectively, aver-
aged over three days.

The horizontal temperature changes at the 2 m level, induced by the direct

radiative effects, are depicted in Figure 6.56. The temperature decreases

show rather similar patterns over most of the continental parts of the do-

main for the two cases. In the case where the sea salt DRE is included, a

temperature decrease over the Mediterranean and the South Western part

of the simulation area occurs. These areas are characterized by water and

mostly grid cells with less cloudiness, and here the anthropogenic loadings

are negligible. For this region, the temperature difference is thus dominated

by the cooling caused by the sea salt aerosol particles. This cooling is at the

2 m level on the order of -0.01 K.
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6.5. Comparison with Simulated Anthropogenic DRE

(a) Difference in cloud cover (ant). (b) Difference in cloud cover (ant+ssa).

Figure 6.55.: Simulated change in the total cloud cover due to anthropogenic
aerosol and composite aerosol, respectively, averaged over 24th-
26th July.

(a) T2m (ant). (b) T2m (ant+ssa).

Figure 6.56.: Simulated temperature change due to anthropogenic and com-
posite aerosol, averaged over three days.

A summary of the mean changes in the radiative budgets and temperature for

the run where sea salt and anthropogenic aerosol are considered is presented

in Table 6.4. The values of this table can be directly compared to Table 6.3,

where the effect of sea salt exclusively was considered.

The aerosol DRE for this region during the 24th-26th July 2007 was seen to

be small. The difference in the radiative budgets when both sea salt and an-

thropogenic aerosols are considered is larger than when only considering sea

salt. This is found for the whole domain, and also when looking at land and

ocean separately. The magnitude of the direct radiative effect is, however,
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6. 3-D Simulation with the Extended Model System COSMO-ART

Table 6.4.: Summary of the DRE of anthropogenic and sea salt aerosol. Mean
changes (run Fall-run R) in the solar and thermal net radiative
fluxes in W m−2 and temperature difference at 2 m level in K.
All values are averaged over the simulation period 24th-26th July
2007 and presented with the corresponding standard deviation.

Total Land Ocean

Whole Sky Clear Sky Whole Sky Clear Sky

AOD550 (tot) 0.095±0.111 0.082± 0.109 0.014± 0.009 0.114± 0.111 0.024± 0.010

AOD550 (ant) 0.028±0.042 0.040± 0.049 0.011± 0.006 0.010± 0.011 0.014± 0.005

AOD550 (ssa) 0.066±0.099 0.042± 0.081 0.003± 0.005 0.104± 0.113 0.010± 0.008

ΔFSW (sfc) -0.91±3.87 -0.79±3.94 -0.18 ±0.09 -1.10±3.75 -0.33±0.15

ΔFSW (TOA) -0.52±3.38 -0.44±3.51 +0.02 ±0.07 -0.65±3.19 -0.11±0.10

ΔFLW (sfc) +0.33±1.37 +0.34±1.59 +0.08 ±0.10 +0.33±0.94 +0.14±0.16

ΔFLW (TOA) +0.07±0.53 +0.09±0.65 +0.03 ±0.03 +0.05±0.24 +0.03±0.03

ΔT2m -0.014±0.055 -0.019±0.06 -0.007 ±0.013 -0.008±0.023 -0.006±0.007

the largest on the order of -1.1 W m−2 on average over the three days. This

was found over the cloudy ocean. By comparing the temperature differences,

the relative importance of sea salt to the composite DRE is achieved. The

mean temperature differences at the 2 m level are for this purpose compared

between run Fall and run F (cf. Table 6.3). The sea salt aerosol dominates

the temperature decrease in the clear sky marine atmosphere. In the clear

sky over the continent, the mean temperature decrease that is due to sea

salt is about 43% of the mean decrease when anthropogenic aerosol is also

considered. Hence, for the cloud free atmosphere over land the DRE of an-

thropogenic aerosols is the dominant. When looking at cloudy conditions,

the temperature difference due to the sea salt DRE is approximately equal to

that of the composite DRE. In the total domain the relative importance of

sea salt is also seen. Over land in cloudy atmospheres the impacts of sea salt

and the impacts of anthropogenic aerosol are about equal. This indicates a

relative importance of the induced difference in cloud cover of sea salt, also

over land, compared to anthropogenic aerosol. Thus, this study shows that

the sea salt aerosol DRE can be found in the same or greater magnitude
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as that of anthropogenic aerosols, also for situations of moderate sea salt

emissions.
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Chapter 7

Summary and Conclusions

The direct radiative effect (DRE) of sea salt aerosol has been investigated for

the regional scale. The non-hydrostatic online coupled regional scale model

system COSMO-ART (Vogel et al., 2009) was for this purpose extended

with respect to the treatment of the sea salt aerosol. Condensation of sul-

phuric acid onto the sea salt aerosol as well as the absorption of liquid water

were introduced to COSMO-ART. Hence, throughout this study sea salt was

treated as an internal mixture of NaCl, sulphate and water. Both natural

and anthropogenic sources for the sulphuric acid were considered. For this

reason, DMS emissions and the oxidation of DMS, through reactions with

OH and NO3 radicals, were taken into account. To calculate the water con-

tent the respective chemical constituents were partitioned into hypothetical

electrolytes and the binary molalities were determined as a function of the

ambient relative humidity (RH).

For the intention of investigating the DRE of sea salt aerosol, the aerosol

optical properties are required. For this purpose, a new sea salt optical

parameterisation was developed based on detailed Mie theory. This new op-

tical parameterisation is valid for both solar and thermal ranges (0.25<λ<30

μm) and describes the optical properties of wet sea salt aerosol, containing
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7. Summary and Conclusions

the often measured internal mixture of NaCl and Na2SO4. Input variables

for the Mie-calculations were wavelength dependent refractive indices and

pre-simulated sea salt size distribution fields from COSMO-ART. Thus, in-

formation of the sea salt aerosol composition was specified. The effective

refraction index of the aerosol was determined as a function of wavelength

and composition with the partial molar refraction method (Stelson, 1990;

Tang, 1997). This approach makes this parameterisation special, as the vol-

ume mixing rule usually is used. The new optical parameterisation provides

the extinction coefficients, single scattering albedos, and asymmetry factors

for the three sea salt aerosol modes in both sub micron and super micron

sizes, and for eight spectral intervals.

The total extinction in the solar range was dominated by scattering, whereas

the relative contribution of absorption became more important for longer

wavelengths within the thermal range. The absorption within the thermal

range was explained by the large fractions of water in all three modes. In

addition to water, especially the film mode contained sulphate that also con-

tributed to absorption in the thermal range. These absorbing components

caused a decrease of the single scattering albedo from close or equal to 1

in the solar regime to less than 1 in the thermal regime. The mass spe-

cific extinction coefficient was largest for the film aerosol mode in the solar

spectrum, and that of the spume mode was smallest. The extinction by the

spume mode was also the least important in the thermal spectrum, whereas

the relative importance of the jet mode compared to the film and spume

mode increased. Thus, except for the spume mode, the extinction was seen

to be the most important in the solar range. Even though the mass fraction

of sea salt in the sub-micrometer range was low, compared to the large aerosol

modes, this aerosol size was seen to contribute significantly to radiative ex-

tinction due to relatively larger mass extinction coefficients. The asymmetry

parameter increased with increasing aerosol size and was positive, implying

forward scattering. The extinction was found to depend linearly on the to-
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tal wet sea salt mass density for all the spectral intervals and aerosol modes.

Thus, the optical parameterisation for the extinction coefficient was based on

the mass specific extinction coefficient, which was achieved from the output

of the Mie-calculations, and on the simulated sea salt aerosol mass density.

The asymmetry factor and single scattering albedo were seen to remain ap-

proximately constant within each respective spectral interval and regardless

of the respective aerosol composition of each sea salt mode. The asymmetry

parameter and single scattering albedo were represented by constants within

each spectral interval and aerosol mode, respectively. This parameterisation

is applicable for a wide spectrum and for variations in aerosol composition.

Simulations were performed with the extended version of COSMO-ART for

a case study in July 2007. The considered area included most of the Mediter-

ranean, parts of the North East Atlantic Ocean and South and Central Eu-

rope. During the considered days the Mediterranean was influenced by typi-

cal summer day conditions, moderate wind speeds and clear skies. The North

East Atlantic was affected by a low level pressure system passing by in the

northeast direction, causing high wind speeds and cloudy conditions both

over the ocean and most of the continent.

In this study, sea salt radiative effects were investigated for the case of not

participating in cloud droplet formation. This assumption led to overesti-

mated mass and number densities in cloudy areas. The smallest aerosol, rep-

resented by the film mode, contributed the most to the total sea salt number

density and the least to the total mass density. The spume mode contributed

least to the number density and the jet mode comprised the largest fraction of

mass relative to the other two modes. Simulated number and mass density

fields showed large horizontal gradients towards lower concentrations over

land. The film mode aerosol was the most efficiently transported, both hor-

izontally and vertically. In the vertical, mean sea salt densities of >1 cm−3

were found up to altitudes of 2.5 km under cloud free atmospheric conditions
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over the Mediterranean. Under cloudy conditions, heights of up to 4 km were

reached due to effective vertical transport in connection to the cyclone, when

no formation of cloud condensation nuclei was accounted for. The effective

vertical transport and elevated aerosol layers situated a few 100 m above

ground indicate the importance of taking the whole sea salt column burden

into consideration in for instance radiation calculations.

Due to the strong wind dependence of the DMS emissions, these emissions

were strongest over the Atlantic Ocean during the simulation period. The

relative importance of DMS compared to the anthropogenic emissions for SO2

formation was found to be greatest for oceanic regions without anthropogenic

emissions. Over windy areas in the Mediterranean Region DMS oxidation

and anthropogenic emissions contributed with 50% each to the total SO2.

Anthropogenic emissions from shipping routes together with transport from

continental sources were the dominant SO2 sources for the Mediterranean.

The anthropogenic SO2 emissions consequently dominated the sea salt aerosol

sulphate content over most of the Mediterranean. DMS oxidation was the

dominant source for sea salt aerosol sulphate over the Atlantic Ocean in

this study. The DMS oxidation locally contributed up to 40% of the sea

salt aerosol sulphate over the Mediterranean. The condensation of sulphuric

acid lead to largest amounts of sulphate in the sub micron sea salt mode,

compared to the larger modes. Sulphate contributed the least to the total

mass density in all the three sea salt modes. In this study, no wet-phase

chemistry was considered, through which aerosol sulphate may efficiently

form. This is currently introduced to COSMO-ART and the possible effect

on the aerosol sulphate contents on the regional scale will be investigated in

the near future. Water was the completely dominant chemical component

of the sea salt aerosol for the whole size range for areas with RH exceeding

47%.

170



The simulations have also shown that the size distributions of the sea salt

aerosol, in all size ranges, were modified by the absorption of water. Due

to the additional water content, aerosol growth took place and in turn the

atmospheric residence time was modified. For the sub micron mode, i.e.,

the film mode, the amount of aerosols was seen to increase due to the larger

diameter. This was a result of less efficient deposition rates in this size range.

The growth mainly resulted in shorter atmospheric residence times for the

super micron modes, i.e., the jet and spume modes. For the largest sea

salt mode, a decrease of up to 40% of the mass density dry component was

achieved on average over three days. The number densities of the film and

jet modes both decreased by up to 13%. It is a well known fact that sea salt

effectively absorbs water, and here it was seen that this process impacts the

size distribution of the aerosol significantly.

There currently exists much interest in examining the dependence of the sea

salt aerosol optical depth and surface wind speed. There still exists no con-

sensus on the shape of this dependence, varying from weak linear relations

to strong exponential expressions (e.g., Smirnov et al., 2003; Jennings et al.,

2003; Satheesh and Krishna Moorthy, 2006; Huang et al., 2009; Lehahn et al.,

2010). In this study, a comparison between AOD and wind speed was per-

formed, for which both the parameters were based on the online coupled

model simulations. To the author’s knowledge, this is the first time as such a

comparison is made with model data. In most other studies, the information

on aerosols is obtained from satellite information and the wind speed is either

taken from ECMWF or QuickSCAT, which all are connected to various un-

certainties. The simulated sea salt aerosol optical depth at 550 nm (AOD550)

showed a strong wind speed dependence, which was best represented by a

power law fit. The comparison with wind dependences based on satellite

observations revealed that the simulated AOD550 under cloud free conditions

was in plausible order of magnitudes. In affinity with the satellite observa-

tions, the 10 m wind speed dependence was seen to offset at about 4 m s−1.
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This is the wind speed range, at which sea salt emissions set in as a result

of the whitecap formation. At low wind speeds a wind independent contri-

bution on the order of 0.02 was found from this study. As only sea salt is

considered, no other aerosol could impact the AOD550, this contribution was

proposed to result from elevated aerosol that, due to its altitude, showed no

correlation with surface wind speed. Since the simulated AOD550 compared

well with satellite observations, a reasonable estimation of the subsequent

sea salt DRE can also be expected.

By applying the new optical parameterisation within COSMO-ART, the feed-

back between the sea salt aerosol and the variables of the atmospheric state

was studied. The radiation module GRAALS was extended to account for

the optical properties of sea salt based on the currently simulated aerosol

size distributions. Hence, the prescribed mean values of the optical prop-

erties were replaced with the currently simulated size distribution for the

radiative calculations. The feedback loop was initialised by the extinction

of atmospheric radiative fluxes by the sea salt aerosol. Due to changes in

radiative fluxes, the atmospheric properties were altered in such a way that

differences in both wind and aerosol size distributions occurred. The wind

speed was modified with ±0.2 m s−1, and the mass and number densities with

up to 50% and 20%, respectively, with respect to the undisturbed reference

fields. These modifications demonstrate the importance of the online coupled

treatment of aerosol and atmospheric variables in atmospheric models.

Modifications in the thermodynamics of the atmosphere, induced by the sea

salt DRE, lead to non-linearity between the AOD550 and the differences in

the radiative budgets for cloudy conditions. By considering cloud free atmo-

spheres the non-linear behaviour was suppressed and a more evident depen-

dence of the radiative budget modifications on the aerosol optical depth was

detected. The dependence was approximately linear, with a negative corre-

lation for solar irradiance and positive for thermal fluxes. This dependence
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was seen more apparently above the ocean than over land. The mean effect

over the ocean exceeded that of over land, suggesting a more meaningful

effect above surfaces with lower albedo due to the relatively larger impor-

tance of the aerosol impact on the lower amount of reflected radiation over

such surfaces compared to those with high albedo. Due to the interaction

with thermal radiation a warming occurred at the surface, both during the

night and day. For clear sky conditions, the thermal and solar effects were

seen to be on the same order of magnitude. The net effect was consequently

approximately zero.

The temperature difference was seen to be small for the considered days and

area. The temperature decrease was on average over 3 days 0.006 K over clear

sky ocean and 0.003 K over clear sky land. When including cloudy areas, the

temperature decrease was at the highest on the order of 0.01 K. For high sea

salt mass densities a negative correlation with the temperature difference at

the 2 m level was detected. I.e., the cooling became more evident for larger

sea salt aerosol loadings. The dependence was most unequivocal over the

ocean, whereas any correlation above land was more diffuse. The correlation

was the weakest for cloudy atmospheres due to the non-linear response of the

atmosphere when spatial shifts of the cloud cover were included.

The relative importance of the sea salt DRE was compared to the DRE of

composite aerosol, consisting of external mixtures of sea salt and anthro-

pogenic aerosol. The sea salt aerosol DRE was found to dominate the tem-

perature decrease in the clear sky marine atmosphere. The mean temperature

decrease over land for clear conditions due to sea salt was approx. 43% of

the mean decrease when anthropogenic aerosol also was considered. When

looking at cloudy conditions, the temperature difference due to the sea salt

DRE was about as large as that of the composite DRE. Over land in cloudy

atmospheres, the impact of sea salt and the impact of anthropogenic aerosol

were about equal. This indicated the importance of the induced difference
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in cloud cover of sea salt, also over land. Thus, this study shows that the

sea salt aerosol DRE can be found in the same or greater order magnitude

as that of anthropogenic aerosols, also for situations of moderate sea salt

emissions. It is often argued that sea salt dominates the backscattering of

sunlight in remote marine atmospheres. This study showed that the sea salt

aerosol can also dominate the aerosol direct effect in polluted oceanic and

coastal areas, and can contribute to the total DRE also over land.

Through this thesis, the COSMO-ART model system has made a major step

forward, in now being able to consider the DRE of internally mixed wet sea

salt aerosol. In the near future, both the direct and indirect radiative effect

of sea salt will be investigated at the regional scale with COSMO-ART for

various situations.
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Appendix A

Results from Mie Calculations

A.1 Extinction Coefficients

In the following, the calculated extinction coefficients for the sea salt aerosol

modes are presented for each of the eight spectral bands. More details are

given in Section 5.2.1.
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Figure A.1.: Extinction coefficient in km−1 for kb=1 as function of mass den-
sity mi of each mode i respectively.
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Figure A.2.: Extinction coefficient in km−1 for kb=2 as function of mass den-
sity mi of each mode i respectively.
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Figure A.3.: Extinction coefficient in km−1 for kb=3 as function of mass den-
sity mi of each mode i respectively.
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Figure A.4.: Extinction coefficient in km−1 for kb=4 as function of mass den-
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Figure A.5.: Extinction coefficient in km−1 for kb=5 as function of mass den-
sity mi of each mode i respectively.
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Figure A.6.: Extinction coefficient in km−1 for kb=6 as function of mass den-
sity mi of each mode i respectively.
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Figure A.7.: Extinction coefficient in km−1 for kb=7 as function of mass den-
sity mi of each mode i respectively.

182



A.1. Extinction Coefficients

0,000

0,002

0,004

0,006

0,008

0,010

b
in

km
8,

1
-1

0 20 40 60

m in g m1 μ -3

Band 8

(a) The sea salt aerosol film mode, i=1

0,00

0,01

0,02

0,03

0,04

0,05

b
in

km
8,

2
-1

0 50 100 150

m in g m2 μ -3

Band 8

(b) The sea salt aerosol jet mode, i=2

0,0000

0,0005

0,0010

0,0015

0,0020

0,0025

0,0030

0,0035

0,0040

0,0045

b
in

km
8,

3
-1

0 10 20 30 40

m in g m3 μ -3

Band 8

(c) The sea salt aerosol spume mode, i=3

Figure A.8.: Extinction coefficient in km−1 for kb=8 as function of mass den-
sity mi of each mode i respectively.
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A.2 Single Scattering Albedo

In this Section, the calculated single scattering albedo for the sea salt aerosol

modes are presented for each of the eight spectral bands. More details are

given in Section 5.2.2.
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Figure A.9.: Single scattering albedo for kb=1 as function of mass density mi

of each mode i respectively.
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Figure A.10.: Single scattering albedo for kb=2 as function of mass density
mi of each mode i respectively.
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Figure A.11.: Single scattering albedo for kb=3 as function of mass density
mi of each mode i respectively.
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Figure A.12.: Single scattering albedo for kb=4 as function of mass density
mi of each mode i respectively.
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Figure A.13.: Single scattering albedo for kb=5 as function of mass density
mi of each mode i respectively.
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Figure A.14.: Single scattering albedo for kb=6 as function of mass density
mi of each mode i respectively.
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Figure A.15.: Single scattering albedo for kb=7 as function of mass density
mi of each mode i respectively.
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Figure A.16.: Single scattering albedo for kb=8 as function of mass density
mi of each mode i respectively.
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A.3 Asymmetry Parameters

In the following, the calculated asymmetry parameters for the sea salt aerosol

modes are presented for each of the eight spectral bands. More details are

given in Section 5.2.3.
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Figure A.17.: Asymmetry parameter for kb=1 as function of mass density mi

of each mode i respectively.
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Figure A.18.: Asymmetry parameter for kb=2 as function of mass density mi

of each mode i respectively.
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Figure A.19.: Asymmetry parameter for kb=3 as function of mass density mi

of each mode i respectively.
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Figure A.20.: Asymmetry parameter for kb=4 as function of mass density mi

of each mode i respectively.
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Figure A.21.: Asymmetry parameter for kb=5 as function of mass density mi

of each mode i respectively.
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Figure A.22.: Asymmetry parameter for kb=6 as function of mass density mi

of each mode i respectively.
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Figure A.23.: Asymmetry parameter for kb=7 as function of mass density mi

of each mode i respectively.
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Figure A.24.: Asymmetry parameter for kb=8 as function of mass density mi

of each mode i respectively.

201





List of Symbols

Symbol Unit Description

Upper case letters

A1-A4 - parameters of the film mode

emission parameterisation

As,λ, Al,λ m3 mol−1 molar absorption, and partial molar

absorption

AOD - aerosol optical depth

B1-B4 - parameters of the film mode

emission parameterisation

B - parameter of the jet mode emission

parameterisation

C1, C2 - parameters of the spume mode

emission parameterisation

Cc - Cunningham slip correction factor

Ċsulph kg m−3 s−1 total production rate of sulphuric

acid

Cw mol L−1 DMS water concentration

Dg0,i, Dg0,i,mix m geometric median diameter with

respect to the aerosol number

density for mode i
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List of Symbols

Dg3,i m geometric median diameter with

respect to the third moment of the

aerosol distribution for mode i

Dgi,ini m geometric median diameter with

respect to the aerosol number

density for initialisation of mode i

D̂k m2 s−1 polydisperse diffusion coefficient of

the k:th moment of an aerosol

distribution

Dp m aerosol diameter

Dv m2 s−1 vapor diffusivity

F0 m−2s−1 aerosol number flux

EDMS kg m−3s−1 time rate of change of the DMS mass

density due to emission

Em,i kg m−3s−1 time rate of change of the mass

density of mode i due to emission

EN,i m−3s−1 time rate of change of the number

density of mode i due to emission

FDMS kg m−2s−1 DMS mass density flux

Fm,i kg m−2s−1 mass density flux in mode i

FN,i m−2s−1 number density flux in mode i

FSW , FLW W m−2 shortwave and longwave radiation

budgets

F↓
SW , F↑

SW W m−2 upward and downward directed

shortwave radiation fluxes

F↓
LW , F↑

LW W m−2 upward and downward directed

longwave radiation fluxes
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List of Symbols

ΔFSW , ΔFLW W m−2 difference in the shortwave and long-

wave radiation budgets initialised by

the sea salt direct radiative effect

FΨmi , FΨmi,l kg m−2s−1 turbulent flux of the mass density in

mode i and substance l

FΨNi m−2s−1 turbulent flux of the number density

in mode i

G3 s−1 mean total condensational growth

rates for the third moment

G
fm
3,i s−1 total mean condensational growth

rates for the third moment of mode

i for the free-molecular

G
nc
3,i s−1 mean condensational growth rates

for the third moment of mode i for

the near-continuum regime

G3,i s−1 mean condensational growth rates

for the third moment of mode i

Gm,i kg m−3 s−1 mean condensational growth rates

for the mass density of mode i

Inc3,i s−1 Integral for determining the third

moment condensational growth rate

of mode i for the near contiuum

regime

Ifm3,i s−1 Integral for determining the third

moment condensational growth rate

of mode i for the free molecular

regime
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List of Symbols

I3,i s−1 Integral for determining the third

moment condensational growth rate

of mode i

Kw cm hour−1 ocean-air interface gas transfer

velocity

Mk,i mk m−3 k:th moment of the aerosol

distribution for mode i

Mw,DMS kg mol−1 molecular weight of dimethyl

sulphide

Mw,j kg mol−1 molecular weight of specie j

Ṁ3,sulph m3 m−3 s−1 total rate of change of the third

moment of sulphuric acid due to

condensation

M3,i,mix m3 m−3 third moment of mode i for

internally mixed aerosol distribution

N m−3 total particle number density

NA mol−1 Avogadro’s number

Na m−3 total number density when including

air molecules

Ni, Ni,mix m−3 aerosol number density for pure

and internally mixed mode i,

respectively

Pl(cos(Θ)) - Legendre polynomials

Qe - extinction efficiency

R J K−1 mol−1 ideal gas constant

Rs,λ, Rl,λ m3 mol−1 molar refractive index

Si m2 m−3 aerosol surface area density of

mode i
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List of Symbols

Sv - saturation ratio of condensing

species

T, Tw K temperature, water temperature

ΔT, ΔT2m K temperature difference

U10 m s−1 horizontal wind speed at 10 meters

above ground

Vi m3 m−3 aerosol volume density of mode i

Vs m3 m−3 solution volume density

Ṽs m3 mol−1 solution molar volume density

Wm,i kg m−3 s−1 mass density loss rate due to

washout

WN,i m−3 s−1 number density loss rate due to

washout

Xs - sulphate ratio

YE,0-YE,4 - parameters of polynomial fits for cal-

culations of the binary electrolyte

molality

Lower case letters

aw - water activity equal to the relative

humidity in fractional form

b, ba, bs m−1 extinction, absorption, and

scattering coefficients

bkb, b̃kb,i m−1 total and ith mode extinction

coefficients within spectral interval

kb
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List of Symbols

c m s−1 kinetic velocity of vapor molecules

c, c’ m s−1 speed of light in vacuum and in

medium, respectively

cm,s, cm,l kg m−3 solution mass density

cn,s, cn,l mol m−3 solution number density

fl - volume fraction of specie l

g m s−2 gravitational acceleration

g - scattering assymetry parameter

gkb, gkb,i - total and ith mode scattering

assymetry parameters within spec-

tral interval kb
kB J K−1 Boltzmann constant

mλ - complex index of refraction at wave-

length λ

m0
E(aw) mol kg−1

solvent binary electrolyte molality as

function of the water activity

mi,mi,mix kg m−3 particle mass density of mode i

mi,l kg m−3 mass density of substance l of

internally mixed mode i

m∗
i (lnDp) kg m−3 aerosol mass density distribution of

mode i

mj kg m−3 mass density of ion j

mw kg m−3 aerosol liquid water content

nE mol m−3 mole concentration of electrolyte E

(NaCl, Na2SO4)

ni(Dp), n∗
i (lnDp) m−3 m−1, m−3 aerosol number density distribution

for mode i
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List of Symbols

nj mol m−3 mole concentration of ion j

pcosΘ - scattering phase function as function

of scattering angle Θ

ps Pa saturation vapor pressure of con-

densing species

ra s m−1 aerodynamic resistance

rd,k s m−1 canopy resistance

rp, rrh m dry aerosol radius, and radius at the

ambient relative humidity RH

u∗ m s−1 friction velocity

v, v̂ m s−1 horizontal wind vector and the

density weighted Reynolds averaged

horizontal wind vector

v′′ sub-gridscale value of the horizontal

wind

vdep,mi
, vdep,mi,mix m s−1 mean deposition velocity of the mass

density of polydisperse aerosol

vdep,Ni
, vdep,Ni,mix m s−1 mean deposition velocity of the num-

ber density of polydisperse aerosol

vsed,mi
, vsed,mi,mix m s−1 mean sedimentation velocity of the

mass density of polydisperse aerosol

vsed,mi,l m s−1 mean sedimentation velocity of the

mass density of component l of poly-

disperse aerosol

vsed,Ni
, vsed,Ni,mix m s−1 mean sedimentation velocity of the

number density of poly disperse

aerosol
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List of Symbols

w % solute weight percent

w∗ m s−1 convective velocity scale

xl - mole fraction of substance l

yq - dry solute mass fraction

Δzs m height of the lowest model layer

Δzh m height of the model layer h

Greek letters

α - accomodation coefficient

αp m−3 mean molecular polarisibility

γ - magnitude of charge of ion j

ηλ, ηs,λ, ηl,λ - real part of the complex refractive

index

Θ - angle between incident and scattered

radiation

κλ, κs,λ, κl,λ - imaginary part of the complex re-

fractive index

λ m wavelenth of radiations

λair m mean free path in air

μ kg m−1 s−1 dynamic viscosity coefficient of air

ν m2 s−1 kinematic viscosity coefficient of air

νa, νc mol respective number of moles of anion

a and cation c in electrolyte E

ρ0q kg m−3 density of electrolyte condensing q in

binary solution

ρa, ρa kg m−3
air total and mean density of humid air

ρl kg m−3 density of condensing specie l
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List of Symbols

ρi,mix kg m−3 aerosol density of internally mixed

mode i

ρNaCl kg m−3 density of sodium chloride

ρp, ρp,l kg m−3 aerosol density and density of aerosol

component l

ρsulph kg m−3 density of sulphuric acid

ρw kg m−3 density of water

σgi - geometric standard deviation of the

aerosol size distribution for mode i

τ - aerosol optical depth

τa, τs - absorption and scattering optical

depth

Φ m−2 s−1 particle flux per whitecap area

φa, φc - equivalent ion fractions for anions

and cations respectively

χl - lth expansion coefficient of the Leg-

endre polynomials

ΨT - size-independent portion of growth

law

Ψmi
, Ψ′′

mi
- normalised mass density and the sub

grid-scale value

Ψmi,l
- normalised mass density of

substance l

Ψ̂mi
, Ψ̂mi,l

- the density weighted Reynolds

average of the normalised mass

density
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List of Symbols

ΨNi
, ΨNi,mix

, Ψ′′
Ni

- normalised number density and the

sub grid-scale value

Ψ̂Ni
, Ψ̂Ni,mix

- the density weighted Reynolds aver-

age of the normalised number den-

sity

Ωi - partition coefficient for

condensational growth of mode

i

ω - single scattering albedo

ωkb, ωkb,i - total and ith mode single scattering

albedo for spectral band kb

Miscellaneous characters

a index for anions

c index for cations

E index for electrolytes (NaCl or

Na2SO4)

i subscript for each sea salt mode:

film, jet and spume mode

j index denoting ion type

(H+,Na+,Cl−,SO2−
4 or HSO−

4 )

k order of moment of aerosol

distribution

kb spectral band for radiative

calculation

Kng Knudsen number

l subscript for substances

s subscript for solution
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List of Symbols

Sck Schmidt number

Stk Stokes number
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This work aims to quantify the direct radiative effects of sea salt 
aerosol in the atmosphere. The online coupled regional scale model 
system COSMO-ART is extended for this objective. Furthermore, a 
new sea salt optical parameterisation is developed for both the short-
wave and longwave spectrum. Based on numerical simulations with 
the extended model system, the direct radiative effects of sea salt 
aerosol are investigated.The simulated sea salt aerosol optical depth 
is found to show strong dependence on the 10 m wind speed under 
cloud free conditions. This relation is best described by a power law 
fit and compares well with satellite observations. For clear sky condi-
tions, the simulated sea salt direct radiative effects on the shortwave 
and longwave radiative budgets are approximately in the same order 
of magnitude, but with opposite signs. This causes the net radiative 
effect to approach zero, which leads to a low impact on the tempe-
rature for this area. 
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