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Abstract. Detailed information on the chemical and physi-

cal properties of aerosols is important for assessing their role

in air quality and climate. This work explores the origin and

fate of continental aerosols transported over the Central At-

lantic Ocean, in terms of chemical composition, number and

size distribution, using chemistry-transport models, satellite

data and in situ measurements. We focus on August 2005, a

period with intense hurricane and tropical storm activity over

the Atlantic Ocean. A mixture of anthropogenic (sulphates,

nitrates), natural (desert dust, sea salt) and chemically aged

(sulphate and nitrate on dust) aerosols is found entering the

hurricane genesis region, most likely interacting with clouds

in the area. Results from our modelling study suggest rather

small amounts of accumulation mode desert dust, sea salt

and chemically aged dust aerosols in this Atlantic Ocean re-

gion. Aerosols of smaller size (Aitken mode) are more abun-

dant in the area and in some occasions sulphates of anthro-

pogenic origin and desert dust are of the same magnitude

in terms of number concentrations. Typical aerosol number

concentrations are derived for the vertical layers near shallow

cloud formation regimes, indicating that the aerosol number

concentration can reach several thousand particles per cubic

centimetre. The vertical distribution of the aerosols shows

that the desert dust particles are often transported near the

top of the marine cloud layer as they enter into the region

where deep convection is initiated. The anthropogenic sul-

phate aerosol can be transported within a thick layer and en-
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ter the cloud deck through multiple ways (from the top, the

base of the cloud, and by entrainment). The sodium (sea salt

related) aerosol is mostly found below the cloud base. The

results of this work may provide insights relevant for stud-

ies that consider aerosol influences on cloud processes and

storm development in the Central Atlantic region.

1 Introduction

Aerosols are complex mixtures of atmospheric constituents

that play a role in many environmental and climate issues,

ranging from air quality and human health impacts to po-

tential effects on the hydrological cycle (Ramanathan et al.,

2001; Lau and Kim, 2007). Aerosols originate from natu-

ral (desert dust, sea salt particles) and anthropogenic sources

(urban, industry, biomass burning), and can travel long dis-

tances from Europe and Africa reaching the Central Atlantic

Ocean (Prospero et al., 2001; Kaufman et al., 2002b; For-

menti et al., 2003; Kallos et al., 2006, 2007). Chemical aging

of dust aerosols occurs through heterogeneous interactions

between particles and gases of different origin. The aged dust

particles can have distinctly different physico-chemical prop-

erties and hygroscopicity than the primary emitted particles.

For example, desert dust particles being initially not very sol-

uble and ineffective cloud condensation nuclei (CCN) can

become coated with soluble material turning them into ef-

fective CCN (Andreae et al., 1986; Levin et al., 1996, 2005).

On the other hand, non-coated and less hygroscopic dust par-

ticles can act as ice nuclei (IN) (Levin and Cotton, 2009

and references therein). Anthropogenic aerosols can cause
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a direct radiative forcing of climate (Forster et al., 2007 and

references therein), and, acting as CCN, IN or by locally ab-

sorbing solar radiation, can interact with clouds and precip-

itation, thus causing indirect climate effects (Ramanathan et

al., 2001; Denman et al., 2007). The links between aerosols,

radiation, clouds and precipitation are a main subject of the-

oretical, experimental and modelling studies during recent

years. Many of these studies were summarized in the IPCC

4th Assessment Report (Forster et al., 2007); yet major un-

certainties remain.

During the warm season, polluted air masses from Eu-

rope and the Mediterranean region can be transported to-

wards the Inter-Tropical Convergence Zone (ITCZ, located

over N-Africa) and subsequently towards the Central At-

lantic Ocean by the trade wind easterlies (Millan et al., 1997;

Kallos et al., 1998, 2007; Gangoiti et al., 2006 and references

therein). The aerosols entering the Central Atlantic region,

where intense convective activity can develop, may influence

cloud formation through their CCN and IN activity depend-

ing on their number, size and chemical composition. Fur-

thermore, particulate air pollution, including desert dust, has

been indicated as potentially reducing the sea surface tem-

perature (SST) of the Mediterranean Sea (Lelieveld et al.,

2002) and the Central and Northern Atlantic Ocean (Lau and

Kim, 2007; Evan et al., 2009),and the latter affecting tropi-

cal cyclone activity (Evan et al., 2006). Aerosol and CCN

measurements near the Azores (Garrett and Hobbs, 1995)

have shown that polluted continental air can alter cloud struc-

tures through enhancements in the CCN number concentra-

tions and shifts in the droplet size spectra. More recent field

campaigns, such as the African Monsoon Multidisciplinary

Analysis (AMMA), were dedicated to understanding the role

of the African monsoon (Redelsperger et al., 2006) in the

West Africa region. A continuation of the AMMA project

has been the field campaign in the East Atlantic (NASA-

AMMA) to investigate the linkage between the African east-

erly waves, the Saharan Air Layer and tropical cyclogenesis

(Zipser et al., 2009). Although this is a complex and con-

troversial topic, encompassing a wide range of scales of at-

mospheric (micro)physics, chemistry and dynamics, there is

general agreement that changes in aerosols can affect clouds

and precipitation. The sign and extent of the aerosol influ-

ences is subject of ongoing field and modelling studies.

The subject of this work is the characterization of the

aerosols over the Central Atlantic Ocean in terms of num-

ber and size distribution and chemical composition. The

methods used involve chemistry-transport modelling, the use

of aerosol measurements and data retrieved from satellite

observations, focusing on August 2005, a month with in-

tense hurricane and tropical storm activity over the Atlantic

Ocean. Implementing state-of-the-art regional modelling

systems and satellite retrievals may be considered as a first

step towards the characterization of aerosols and their pos-

sible climate effects. It should be noted that the modelling

tools used here are not suited for studying the intricate mech-

anisms of aerosol/radiation/cloud processes, which therefore

are not directly addressed. The focus of this work is on

the chemical composition and number concentration of the

aerosols entering the eastern Central Atlantic Ocean tropical

storm genesis region. The models selected for this study, the

simulation period chosen and the input data implemented in

the model are detailed in Sect. 2. In the subsequent section,

the results are presented and discussed focusing on the num-

ber distribution of natural and anthropogenic aerosols near

the cloud formation areas, and the final section presents the

conclusions.

2 Models and data used

The modelling system used in the present study is the com-

bination of the latest versions of the SKIRON/Dust model

(Kallos et al., 1997, 2006, 2009; Nickovic et al., 2001)

and the Comprehensive Air Quality Model with Extensions-

CAMx (Environ, 2006), with additions/improvements to the

aerosol schemes (Astitha and Kallos, 2008). A recently up-

dated version of the SKIRON/Dust model includes the treat-

ment of dust particles using a lognormal size distribution par-

titioned into eight size bins from 0.1 µm to 10 µm diameter

(Kallos et al., 2009). It also includes the online calculation

of aerosol optical depth and its influence on radiative transfer

by utilizing look-up tables (Kaufman et al., 2002a). Since

the dust module is radiatively-dynamically coupled to the

atmospheric model, prognostic meteorological calculations

are expected to realistically treat the injection of dust into

the lower atmospheric levels. The performance of the SK-

IRON/Dust model has been tested in several recent studies

(Kallos et al., 2006, 2007; Astitha et al., 2008).

The Comprehensive Air Quality Model with Extensions-

CAMx (Environ, 2006) is a Eulerian chemistry-transport

model that includes gas and aerosol chemistry, wet and dry

deposition processes, aqueous phase processes, thermody-

namic partitioning of the inorganic aerosols (Nenes et al.,

1998) and secondary organic aerosol formation/partitioning.

The CAMx model includes wet deposition processes using

scavenging schemes for gases and aerosols. They treat the

uptake of gases and particles as a function of rainfall rate,

cloud water content, gas solubility and diffusivity and PM

size. Particulate matter (PM) is irreversibly scavenged di-

rectly by all precipitation forms via impaction and by up-

take into cloud water (liquid and ice) as condensation nuclei.

All in-cloud PM mass exists in cloud water (i.e., no “dry”

aerosols exist in the interstitial air between cloud droplets).

The meteorological fields that drive the air quality simula-

tions are taken from the SKIRON/Dust model in an offline

mode, with a time resolution of one hour. There is no feed-

back from the air quality simulation (CAMx) to the meteo-

rological model (SKIRON/Dust). Although the feedbacks of

chemical composition changes in the atmosphere can be im-

portant in altering the predicted meteorological fields (Alpert
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et al., 1998; Perez et al., 2006; Spyrou et al., 2010), this could

not be realized with the available modelling systems used

for this study. An online atmospheric-chemistry modelling

system would be the proper tool to investigate the above

feedback effects, which is in development for future work.

The version of CAMx implemented in the current study is

an updated version of the original model. New features in-

clude processes that adopt the desert dust fluxes from the SK-

IRON/Dust model, impacts of dust optical depth on photo-

chemical reactions, online production of sea salt and online

heterogeneous reactions on the surface of dust particles.

The uptake of gaseous species by solid particulate mat-

ter is realized in two steps (Zhang et al., 1994; Dentener et

al., 1996; Saylor, 1997; Bauer and Koch, 2005). The gas

molecules are transported to the particulate surfaces by dif-

fusion, then cross the interphase between the gaseous and

particulate phases, and subsequently react at the solid sur-

face. A first-order kinetic relationship is used to represent

the change in gas and aerosol concentrations due to uptake

on dust particles as shown in Eq. (1):

dCg

dt
= −kg,rCg

δg,r = Cg(1−e−kg,rdt )

Cg = Cg −δg,r

Caero = Caero +δg,r

(1)

Where Cg is the gas concentration, Caero is the aerosol con-

centration and kg,r (s−1) is the removal rate of species g to a

particle surface with radius r . Following the formulation by

Fuchs and Sutugin (1970) and Saylor (1997) the removal rate

is calculated as shown in Eqs. (2) and (3). The assumptions

made for this calculation are that the particles are monodis-

perse, they have a spherical shape and the gas uptake is irre-

versible.

kg,r =
4πDgrNr

1+f (Kn,γ )Kn

(2)

f (Kn,γ )=
1.333+0.71K−1

n

1+K−1
n

+
4(1−γ )

3γ
(3)

where Kn is the Knudsen number, Dg the gas-phase molec-

ular diffusion coefficient in the air, Nr the particle number

density and γ is the reactive uptake coefficient. The reac-

tive uptake coefficient is usually determined through labo-

ratory experiments or approximated based on in-situ field

measurements and is different for each gas and solid ma-

terial available for the uptake. For sulphur dioxide uptake

at the surface of dust particles we have used the constant

value γ = 10−4 according to a number of studies on this

topic (Zhang and Carmichael, 1999; Goodman et al., 2001;

Usher et al., 2002; Tang et al., 2004; Bauer and Koch,

2005). The uptake coefficients for the other reactions are:

γ (NO2) = 10−4, γ (HNO3) = 0.1, γ (O3) = 5×10−5. Includ-

ing a constant uptake coefficient is first order approximation

for a more detailed numerical scheme to compute the coef-

ficient as a function of temperature, humidity and the level

of surface coverage of the particle by condensable species.

However, we do not expect a high importance of this pro-

cess. A schematic of the modeled reactions is given below:

SO2
dust−→ DSO4 (aerosol)

NO2
dust−→ DNO3 (aerosol)

HNO3
dust−→ DNO3 (aerosol)

O3
dust−→ O2

Another important new feature is the use of the desert dust

fluxes from the SKIRON/Dust model. These fluxes are con-

verted to emissions of crustal material and they are intro-

duced into the CAMx model for the simulation set up. The

mentioned new features are described in detail in Astitha and

Kallos (2008). Astitha and Kallos (2008) also performed a

statistical analysis of the model performance for the on-line

sea salt production. It should be noted that organic aerosols

(primary and secondary) are not accounted for in this study.

Even though we acknowledge their significance in the atmo-

spheric composition (Kanakidou et al., 2000), in this study

we emphasize inorganic aerosols and desert dust and their

interactions. This system is already complex to analyze, and

the inclusion of organics in the aerosol mixture is associated

with large uncertainties, and the analysis of their contribution

is a subject for future work.

Information on the input data and configuration of the

modelling system appear in Table 1 and are briefly dis-

cussed below. For the performed simulations with the SK-

IRON/Dust model, we used initial and lateral boundary con-

ditions (0.5◦ ×0.5◦) from the European Centre for Medium-

Range Weather Forecasts (ECMWF) at 16 isobaric levels.

Nudging has been performed on the lateral boundaries. Also,

daily SSTs are adopted from the ECMWF. The topogra-

phy and vegetation input fields were obtained from the U.S.

Geological Survey (USGS) 30×30 analysis dataset. The

soil texture was taken from ZOBLER and FAO/UNESCO at

30x30 resolution. The model horizontal resolution applied is

0.24◦ ×0.24◦, with 38 vertical levels up to 22 km altitude.

The chemistry-transport simulations with the CAMx

model used the 3-D meteorological fields from the SK-

IRON/Dust model as input (wind, temperature, pressure, wa-

ter vapour, clouds, precipitation, diffusivities). The initial

and boundary conditions are temporally and spatially con-

stant concentrations based on climatological data. For the

gas-phase chemical reactions the CBIV (Carbon Bond IV)

mechanism is chosen and for aerosol chemistry the multi-

section scheme (CMU) is used that includes ISORROPIA

and RADM for the thermodynamics and the aqueous phase

processes. The aerosol particles are partitioned into three

size sections: 0.03–0.1, 0.1–2.5 and 2.5–10 µm. These sec-

tions were chosen in accordance with the sea salt produc-

tion scheme, even though dust is produced from the SK-

IRON/Dust model using eight size bins. The emission fields

necessary for the model simulations are obtained from vari-

ous sources and are described below.
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Table 1. Configuration of the modelling systems.

SKIRON/Dust modelling system

Input data ECMWF initial and lateral boundary conditions (0.5◦×0.5◦) on 16 isobaric levels; Daily SST from

ECMWF; topography (30′′×30′′): US Geological Survey (USGS) dataset; vegetation (30′′×30′′): USGS

dataset; Soil texture (30′′×30′′) – ZOBLER and FAO/UNESCO

Horizontal resolution: 0.24◦×0.24◦ No of grid points: 294×313

No of vertical layers: 38 (up to 22 km)

Simulation Period 31 July–30 August 2005

CAMx v4.31 chemical transport model

Input Meteorological data 3-D meteorological fields from SKIRON/Dust

Input air quality data Gridded initial and boundary conditions, time/space constant concentrations based on climatological data

Input emission data Gridded area and point sources from TNO database (0.25◦×0.125◦). Gridded area sources from GEIA

(1◦×1◦) (www.geiacenter.org). Emissions from ships from EMEP database (www.emep.int).

Horizontal resolution: 0.5◦×0.25◦ No of grid points: 243×237

SW corner of the grid: (−60.25 W, −5.125 S) No of vertical layers: 24 (up to 10 km)

Chemical mechanism CB-IV with full aerosol chemistry (ISORROPIA, SOAP, RADM). CMU approach (3 size sections): 0.03–

0.1, 0.1–2.5, 2.5–10 µm. Sea salt production. Heterogeneous uptake of gases on dust particles.

Simulation Period 1–30 August 2005

Because of the large spatial area required for the present

simulations, ranging from Northern Europe to Southern

Africa and from the Arabian Peninsula to the Western At-

lantic Ocean, it was necessary to derive the emission in-

ventory from a combination of available sources. Specifi-

cally, the emissions for the European region are from TNO

(Netherlands Organisation for Applied Scientific Research)

in 0.25◦×0.125◦ horizontal analysis for the year 2000 (Viss-

chedijk and Denier van der Gon, 2005); the emissions for

the shipping sector are from the Convention on Long-range

Transboundary Air Pollution-EMEP (Vestreng, 2003) and

for the remaining areas they are adopted from the Global

Emissions Inventory Activity (GEIA) database. Neither

EMEP nor GEIA inventories cover the shipping sector in the

central and southern Atlantic Ocean. This has been a dis-

advantage due to the absence of a more complete dataset at

the time and it will lead to a possible underestimation of the

modelled sulphates and/or nitrates in the area. To accomplish

a uniform gridding of the different inventories, an interpola-

tion scheme is used to re-grid the different resolutions of the

databases. The emission input data include SO2, NH3, CO,

NOx, Non-Methane Volatile Organic Compounds (NMVOC,

speciated in seven species based on the requirements of the

CBIV chemical mechanism) and isoprene.

The time-period selected for simulation is August 2005.

This was a period of intense convective activity in the Central

Atlantic Ocean region, accompanied with tropical storms,

which in several occasions developed into hurricanes (Lau

and Kim, 2007). During August 2005, two severe hurricanes

(Irene, Katrina) and three tropical storms (Harvey, Jose, Lee)

developed according to the National Hurricane Center, with

more than 20 being identified for the period of June to

November 2005 (http://www.nhc.noaa.gov). This region ex-

periences the long-range transport of pollutants from natural

and anthropogenic sources during summer. Various studies

have investigated the intercontinental transport of desert dust

(Karyampudi, 1979; Perry et al., 1997; Karyampudi et al.,

1999; Prospero et al., 2001; Kallos et al., 2006), the radia-

tive influence of aerosols (Ramanathan et al., 2001; Lau and

Kim, 2007; Evan et al., 2009) and the chemical composition

of dust entering the Central Atlantic (Husar et al., 1997; For-

menti et al., 2003; Zipser et al., 2009). In fact, this is only a

subset of the studies performed for this region, emphasizing

the scientific interest and continued research interest in the

area. The transported amount of aerosols to the area of cloud

formation is an important aspect of the present study.

3 Results and discussion

In the absence of precipitation, fine mode aerosol particles

can travel thousands of kilometres from their origin. Further-

more, aerosols in this size range can potentially act as CCN.

Andreae et al. (2009) suggest that the typical number size

distribution for the aerosols activated as CCN at 0.3% super-

saturation (a typical median supersaturation in clouds) is in

the range of the Aitken to accumulation size mode. Dusek

et al. (2006) show that the critical size range for CCN acti-

vation is 0.04-0.12 µm at a supersaturation between 0.25 and

1.5%. Ramanathan et al. (2001) state that aerosols larger than

0.05 µm in diameter can provide the nuclei for most cloud

drops. Therefore, as size and chemical composition of the

aerosols are important aspects of the particle efficiency to

serve as CCN, the fine mode is selected for the investigation
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of the aerosol number density. It should be mentioned that

although fine aerosols are generally much more abundant in

terms of number concentration compared to the coarse par-

ticles, the latter can act as giant CCN (D >2 µm) with im-

portant effects on precipitation. These effects range from the

early development of large drops near the cloud base, the

formation of larger graupel particles and possibly accelera-

tion of the precipitation formation in the ice phase, to ef-

fects on the radiative properties of the cloud (Feingold et al.,

1999; Yin et al., 2000; Teller and Levin, 2006 and references

therein). In this work we emphasize the fine mode which in-

cludes the first two size sections of the chemistry-transport

model, with defined diameter ranges of 0.03–0.1 µm (Aitken

mode) and 0.1–2.5 µm (accumulation mode).

3.1 Meteorological conditions

During August 2005, the quasi-stationary anticyclone over

the Azores exhibited high variability with respect to its po-

sition and intensity. As indicated in Fig. 1, during the ninth

day of the simulation (9 August 2005) the anticyclone was

not present in the area, but by the 16 August (and during

most of the period) it was well established over the Atlantic

Ocean. A major feature of the Azores anticyclone was the

N-NE flow along the Western European coastline (from the

British Islands, Iberian Peninsula and the NW African coast).

This flow carried a relatively cool (for the warm season) air

mass over the East Atlantic waters and additionally caused

the transport of anthropogenic pollutants from Western Eu-

rope and the Mediterranean region to the area of interest

(Central Atlantic Ocean). A second important transport pat-

tern was from the Sahara towards the Eastern Atlantic, fol-

lowing the trade wind Easterlies. Through this path, Saharan

dust was transported but also anthropogenic pollutants could

mix in from Eastern Europe and the Mediterranean through

northerly and subsequent easterly transport.

3.2 Evaluation of the modelled aerosol mass and

number concentrations

Testing of the modelled aerosol mass concentrations is per-

formed using daily measurements from several European

sites provided by EMEP and the Airbase public air quality

database (European Environment Agency-EEA) for the pe-

riod 1–30 August 2005 (www.emep.int and http://www.eea.

europa.eu/themes/air/airbase). The available data used in this

work from EMEP includes PM10, PM2.5 and PM10 sulphate

daily mass concentrations for stations in Spain (ES07-ES16),

Italy (IT01, IT04), Turkey (TR01) and Cyprus (CY02). Mea-

surements from eight to ten stations were used, depending

on the availability of the data for the specific period. The

stations were selected based on whether the sites were influ-

enced by dust and/or sulphate transport and based on their

type; all the selected stations are rural background or semi-

rural as the coarse resolution of the model does not allow for

Fig. 1. 12 h accumulated precipitation and geopotential heights for

9 and 16 August 2005 at 12:00 UTC.

detailed representation of urban or suburban locations. Ad-

ditional stations providing daily PM10 measurements in the

Canary Island (ES0886A), Tenerife (ES1133A) and Madeira

(PT0133A and PT0135A) were obtained from EEA (airbase

database). Due to their location in the Atlantic Ocean, these

stations are important for identifying the dust transport to-

wards the west. Unfortunately, from the 37 available stations

in this region, only 11 provided PM10 data for August 2005

and from those only 4 could be used because the coarse res-

olution of the model included more than one station in a sin-

gle grid cell. The selection of the four stations was based on

their type, preferring the use of background and rural stations

when possible. Evaluating the total PM10 mass concentra-

tion helps testing the model performance mostly for desert

dust as it dominates the larger size section (coarse), while

speciated desert dust measurements are rather difficult to ac-

quire. The model performance for the PM2.5 mass concentra-

tions shows in particular its ability to simulate the secondary

aerosols (sulphates, nitrates, ammonium) keeping in mind

that the model does not account for organic aerosols which

can also play an important role in the fine mode aerosol mass

concentration. Finally, sulphates within the coarse mode are

evaluated as they are an essential part of the current study due

to their ability to travel long distances and their hygroscopic

nature.

The results of the model evaluation are presented in Ta-

ble 2 and Fig. 2. The performed statistical analysis includes

calculation of the mean predicted, mean observed, root mean

www.atmos-chem-phys.net/10/5797/2010/ Atmos. Chem. Phys., 10, 5797–5822, 2010
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Table 2a. Comparison of modelled versus measured daily mass concentrations of PM10, PM2.5, PM10 Sulfates for the period 2–30 Au-

gust 2005. Data adopted from the EMEP database (www.emep.int) for stations in Spain (ES07-ES16), Italy (IT01, IT04), Turkey (TR01),

and Cyprus (CY02). Additional PM10 data are obtained from the European Environment Agency Airbase public air quality database for

stations in Madeira (PT0133A, PT0135A), Tenerife (ES1133A) and the Canary Island (ES0886A).

Mean observed Mean predicted RMSE MB MAGE FAC2 NME NMB FB FE

(µg m−3) (µg m−3) (µg m−3) (µg m−3) (µg m−3) (%) (%) (%) (%) (%)

PM10 (386 data points) 23.8±12.4 16.6±12.4 13.2 −7.3 10.3 61.7 43.3 −30.6 −44.6 57.7

PM2.5 (200 data points) 10.6±5.8 6.9±4.5 6.5 −3.8 5.0 58.3 47.1 −35.7 −44.5 57.5

PM10 Sulphates 2.9±2.0 3.5±1.6 1.5 0.6 1.2 81.8 40.8 22.2 26.8 40.1

(274 data points)

Notes: RMSE=Root mean square error, MB=mean bias, MAGE=mean absolute gross error, FAC2=percentage within a factor of 2,

NME=normalized mean error, NMB=normalized mean bias, FB=fractional bias, FE=fractional error.

Table 2b. Comparison of modelled versus measured daily aerosol number concentrations for the period 2–30 August 2005. Data adopted

from the database maintained by the Norwegian Institute for Air Research (NILU-EBAS database) and through personal communication

with the data providers.

Stations Mean observed Mean predicted RMSE MB MAGE FAC2 NME NMB FB FE

(cm−3) (cm−3) (cm−3) (cm−3) (cm−3) (%) (%) (%) (%) (%)

FR030 and CH01 1175±735 1402±761 722 226 560 72 47.6 19.2 21.4 48.2

(677 data points)

Melpitz DE44 1979±1138 1898±1165 1130 −80 872 66.7 43.8 −4.1 −7.9 50.7

(348 data points)

Zugspitze 2020±1167 1899±1366 1226 −122 923 71.8 45.5 −6 −9.7 47

(326 data points)

square error (RMSE), mean bias (MB), mean absolute gross

error (MAGE), normalized mean error (NME), normalized

mean bias (NMB), fractional error (FE), fractional bias (FB)

and the fraction of data within a factor of 2 (FAC2) for a

series of model-observation pairs (Table 2). For the com-

parison with the measurements, values of the species mass

concentrations at the first model layer were used (0–50 m

above ground). The definition of each statistical metric is

provided in the Appendix (EPA, 2007). The above metrics

followed by the scatter diagrams in Fig. 2 provide a gen-

eral overview of the model performance for the particulate

matter mass concentrations. The PM10 model mass con-

centration is approximated by summing the modelled mass

concentrations of desert dust, sulphates and nitrates (anthro-

pogenic and formed on dust), ammonium, sodium and chlo-

ride aerosols of all size sections. PM2.5 model mass concen-

tration is approximated by summing the mentioned species

of the first two size sections (Table 1).

PM10 and PM2.5 are generally underestimated, as indi-

cated by the negative mean, fractional and normalized mean

biases (MB, FB and NMB) which are metrics sensitive to

systematic errors (MB= −7.3 µg/m3, NMB= −30.6% for

PM10 and MB= −3.8 µg/m3, NMB= −35.67% for PM2.5).

The underestimation of the measured mass concentrations is

expected, since the model simulation did not include organic

aerosols and because the coarse horizontal resolution of the

simulation hinders the validation effort. This is confirmed by

the scatter diagrams in Fig. 2a–b, where the correlation coef-

ficients are 0.47 and 0.60 for PM2.5 and PM10, respectively.

The linear regression of the PM10 scatter diagram shows a

relatively good model performance for the coarse aerosol,

possibly because the organic aerosol mass is only minor. The

mean absolute error (MAGE) is 10.3 µg/m3 for PM10 and

5.02 µg/m3 for PM2.5. The normalized mean error (NME) is

43.3% for PM10 and 47.09% for PM2.5. These metrics show

the overall discrepancy between predictions and observations

and the percentages below 50% are considered to represent

an acceptable performance. The fractional biases and errors

for both species are below ±60% (−67% and +67% are con-

sidered biased within a factor of 2) and this result confirms

the good model performance. The model predictions that are

within 2 and 0.5 times the observations (FAC2) are 61.7%

for PM10 and 58.29% for PM2.5. This statistical metric is

considered more robust than the traditional correlation coef-

ficient, since it is not sensitive to outlier data pairs (high or

low) as the correlation coefficient. Nevertheless, both metrics

are calculated and stated in Fig. 2 and Table 2. Time series of

the modelled and measured PM10 and PM2.5 for each station

are provided in the supplement that accompanies the article.
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The statistical analysis for the coarse sulphate aerosols

shows that the model also performs reasonably well for the

sulphates. The mean observed and modelled values are in

good agreement (Table 2), the RMSE (1.54 µg/m3), MAGE

(1.18 µg/m3) and MB (0.64 µg/m3) are quite low, as well as

all the other statistical metrics. 81.75% of the modelled val-

ues are within 2 and 0.5 times the observations (FAC2) and

the linear regression of the modelled versus observed values

(Fig. 2c) shows a good performance with a correlation coef-

ficient of 0.71. The metrics discussed above provide reason-

able confidence in the model performance.

When addressing issues of transport and transformation of

pollutants, it is common to use the mass concentration of

species or the integrated mass load or both. When the aim

is to address the complex interactions between aerosols and

clouds, it is preferable to use the number concentration. The

conventional use of mass does not account for the chemical

and physical characteristics of the aerosols which are impor-

tant in assessing their effects on clouds and/or precipitation

(Andreae et al., 2009). The number distribution for each size

section is calculated with the use of the modelled mass con-

centration fields, the mass of a single particle (assumed to be

spherical) and the geometric mean diameter of each size sec-

tion (dg =
√

di ×di+1, where i is the lower size cut point of

each section bin).

Consequently, in addition to the aerosol mass concen-

trations, a comparison has been performed between the

calculated aerosol number concentrations and measurements

publicly available for August 2005 (Fig. 3). The number of

stations providing such data for 2005 is limited and we ac-

quired hourly data from four stations in France, Switzerland

and Germany from the database maintained by the Norwe-

gian Institute for Air Research (NILU-EBAS database) and

through personal communication with the data providers.

Since the model produced 2 h average output fields, the

comparison between modelled and observed values was re-

alized on a 2 h average basis. The station in France is Puy de

Dome (FR0030R, 45.77 N–2.97 E, 1465 m a.s.l.) and the one

in Switzerland is Jungfraujoch (CH0001G, 46.55 N–7.985 E,

3580 m a.s.l.). They both used a condensation particle

counter instrument (CPC TSI 3010) for the aerosol number

distribution, covering aerosol sizes larger than 0.01 µm

for FR0030 and in the range 0.005–10 µm for CH0001

(diameter). The comparison with the total number concen-

tration calculated from the modeled mass gave a reasonable

agreement with a correlation coefficient of approximately

0.6 (within a total number of 677 pair values) as shown in

Fig. 3a. The modeled aerosols used for calculating the to-

tal number concentration are dust (density=2.6 g/cm3),

sodium (density=2.0 g/cm3), nitrate and nitrate on

dust (density=1.5 g/cm3), sulfate and sulfate on dust

(density=1.5 g/cm3), and ammonium(density=1.5 g/cm3).

The statistical analysis of the aerosol number concentration

appears in Table 2b, using the same metrics as for the

PM10, PM2.5 comparison. Average and standard deviation
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Fig. 2. Comparison between modelled and measured mass concen-

trations of (a) PM10, (b) PM2.5 and (c) PM10 Sulphates for the

period 2–30 August 2005. The stations used are adopted from the

EMEP and EEA (Airbase) databases. In each panel the linear re-

gression and the correlation coefficient (r) are shown.

www.atmos-chem-phys.net/10/5797/2010/ Atmos. Chem. Phys., 10, 5797–5822, 2010



5804 M. Astitha et al.: Modelling the chemically aged and mixed aerosols over the Atlantic Ocean

Aerosol Number Distribution - 2 to 30 August 2005
(2 stations: CH01(0.005-10�m), FR030(>0.01�m))
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Fig. 3. Comparison between modelled and measured number con-

centrations (cm−3) for four stations during the period 2–30 Au-

gust 2005: (a) Jungfraujoch station (CH01, 3580 m a.s.l., black

dots) and Puy de Dome (FR030, 1465 m a.s.l., grey squares) sta-

tion. The linear regression line refers to data from both stations,

(b) Melpitz (DE44, 87 m a.s.l) station and (d) Zugspitze station

(2650 m a.s.l.).

values were 1175±735 cm−3 and 1402±761 cm−3 for

measurements and model values respectively. The RMSE

(722 cm−3), MB (226 cm−3), and MAGE(560 cm−3) are

not very low and this is explained by the high values

representing this field as the 90th percentile was 2123 cm−3

for the observations and 2512 cm−3 for the model number

concentrations and the 10th percentile was 365 cm−3 for

the observations and 609 cm−3 for he modeled values. Low

values can be seen in the normalized and fractional biases

and errors, which strengthen the reliability of the modeled

values. For the data pairs of the two stations the statistical

analysis has shown that 72% of the modeled data is within 2

and 0.5 times the observations (FAC2).

The small overestimation of the measured average number

concentration originates mostly from the comparison with

the Jungfraujoch station (CH0001G). For some days in Au-

gust the model overestimates the number concentration mea-

sured in this station, probably due to overestimation of the

fine particulate sulfate (the largest portion of the number con-

centration comes from the smallest size section). Jungfrau-

joch is an alpine research station located at 3580 m above sea

level, surrounded by highly industrialized regions at lower

altitudes. Cozic et al. (2008) analyzed time series of mea-

surements in Jungfraujoch station and have shown that the

PM1 mode mass concentration is mainly composed of or-

ganic matter and sulphates with a smaller contribution from

nitrates, ammonium and black carbon for August 2005. The

available number concentration measurements span a diam-

eter range of 0.005–10 µm, which does not enable evaluating

the model results based on the model’s diameter size bins. As

organic aerosols are not part of the current simulation, it was

expected that the comparison with the measurements would

exhibit deviations from a 1:1 relationship, especially near the

species source locations. Overall, the number concentration

calculated from the model for the first two stations which are

located in the heart of anthropogenic emission sources, can

be considered reasonable without large discrepancies.

The other two stations used for the comparison of the

aerosol number concentration are located in Germany. The

aerosol measurements from the Melpitz station (DE44,

51.53 N–12.90 E, 87 m a.s.l.) are obtained with the use of a

twin differential mobility particle sizer (TDMPS) (Engler et

al., 2007; Putaud et al., 2004). A Single Scanning Mobility

Particle Sizer (SMPS) was used for the measurements in the

Zugspitze station (47.42 N–10.98 E, 2650 m a.s.l.) (W. Bir-

mili et al., 2009a, b and personal communication, 2009).

These two techniques are similar but the size cut-offs of the

aerosols differ which enables different comparison plots and

metrics for these stations (Fig. 3b and c). The fine frac-

tion of the aerosol number distribution was available (0.028–

0.86 µm) in 40 size bins in the Melpitz station. To be in ac-

cordance with the model results, we added the size bins in the

range 0.032–0.1 µm (8 bins) and compared with the first size

section of the modeled number concentration (0.03–0.1 µm,

Aitken mode). As shown in Fig. 3b, the calculated number
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distribution correlates reasonably well with the measured

values (r =0.52). The average and standard deviation val-

ues for measured and modeled values are 1979±1138 cm−3

and 1898±1165 cm−3 respectively (total number of 348 pair

values). The RMSE (1130 cm−3), MB (−80 cm−3), and

MAGE (872 cm−3) are higher than the previous stations.

The 90th percentile was 3337 cm−3 for the observations and

3464 cm−3 for the model number concentrations and the 10th

percentile was 794 cm−3 for the observations and 607 cm−3

for he modeled values. Low values can be seen in the nor-

malized and fractional biases and errors. 66.7% of the mod-

eled values are within 0.5 and 2 times the observations (88%

of the modeled values are lower than 2 times the observed

values). The Melpitz sampling site in eastern Germany is

surrounded by populated areas with anthropogenic aerosol

sources (Engler et al., 2007).

For the alpine station on the Zugspitze the comparison

is also considered reasonable and the modeled number con-

centrations agree quite well with the observations (Fig. 3c).

The site is located at 2650 m a.s.l. and the aerosol num-

ber concentration is given for the diameter size range of

0.0115–0.585 µm in 40 size bins. The first size section of

the model is used (0.03–0.1 µm, Aitken mode) against the

summation of the first 23 size sections of the measurements

(0.0115–0.105 µm). The average and standard deviation val-

ues for measured and modeled values are 2020±1167 cm−3

and 1899±1366 cm−3 respectively (total number of 326 pair

values). The RMSE (1226 cm−3), MB (−122 cm−3), and

MAGE (923 cm−3) are higher than the previous stations and

this is evident also from the scatter diagram in Fig. 3c.

The 90th percentile was 3651 cm−3 for the observations and

3918 cm−3 for the model number concentrations and the 10th

percentile was 661 cm−3 for the observations and 690 cm−3

for he modeled values. The normalized and fractional biases

and errors are quite low as for the previous stations. 71.8%

of the modeled values are within 0.5 and 2 times the obser-

vations (90.8% of the modeled values are lower than 2 times

the observed values). For all the stations used in the evalua-

tion, the results from the comparison between calculated and

measured aerosol number concentrations show an acceptable

agreement. This result should be evaluated keeping in mind

that the calculated aerosol number concentration from the

modeled mass concentration is an assumption and it can not

produce values as detailed and accurate as a lognormal size

distribution. Also, an important issue for the underestimation

of the number concentration is the exclusion of the organic

aerosols (primary and secondary) which are part of the total

aerosol number concentration in the observations. Neverthe-

less, since it seems reasonable to assume an internal mixture

of the aerosol, the neglect of organics in the model is likely

to affect more strongly the mass than the number concen-

tration. Overall, the calculated aerosol number concentra-

tion compared to the observed values gives confidence in the

model’s ability to reproduce the number concentration. This

is important for the main goal of this work which concerns

the characterization of the aerosols over the Central Atlantic

Ocean in terms of number and size distribution and chemical

composition.

Continuing with the ability of the model to simulate the

columnar aerosol mass load, a qualitative comparison is

made between predicted values and those inferred from ob-

servations by the Moderate Resolution Imaging Spectrora-

diometer (MODIS) aboard the National Aeronautics and

Space Administration’s (NASA) Aqua and Terra satellite plat-

forms. Tropospheric columnar aerosol mass loads are ob-

tained from the MODIS Collection 5 Level-3 global 1×1 de-

gree dataset. They are based on the weighted combination of

retrieved fine and coarse mode aerosol optical depths and the

mass concentration coefficients of the aerosol models used

in the Collection 5 retrieval algorithm (Remer et al., 2006).

Whereas the aerosol optical depths are considered to be “val-

idated”, the aerosol mass loads are derived products since

they do not represent solutions to the retrieval inversion pro-

cedure. Hence, their usefulness for a direct pixel-to-gridbox

comparison is rather limited, but for spatial structures and

relative magnitudes they do provide a useful means for as-

sessing the model performance.

In Figs. 4 and 5 (left column panels) the aerosol mass loads

represent a composite of retrievals based on both the land and

ocean algorithms. Gaps in the data are primarily caused by

clouds or the inability of the algorithm to perform retrievals

over bright surfaces. To maximize the number of observa-

tions for a given day, data from both Terra during the morning

and Aqua in the afternoon are used. Where valid retrievals

are available for the same pixel for the two different observa-

tional times, the value provided represents an average of the

two retrievals. The satellite data are available for the whole

period of August 2005; however specific days are selected

for discussion in August 2005: 14th–16th in Fig. 4; 27th and

28th in Fig. 5. It should be noted that the aerosol optical

depth is not a standard model output field; hence it could not

be used in the evaluation procedure.

The modelled daily PM10 values are determined by the

sum of sulphates, nitrates, dust, sodium chloride, and the

chemically aged and mixed aerosols (sulphates and nitrates

on dust). The modelled mass load represents the vertical inte-

gration of the simulated atmospheric column from 0–10 km

whereas the satellites cover the entire atmospheric column.

As can be seen from Figs. 4 and 5 the model calculated

aerosol plumes over the Central Atlantic region follow sim-

ilar spatial patterns compared to the satellite-based data. In

particular, the model agrees very well with the observations

for the aerosol plume structure as it expands out into the At-

lantic. The weaker match for the 14th along the coast and

the spatial dislocation on the 28th may be related to temporal

mismatches since the satellite observations occur in the mid-

dle of the day and the model output represents daily averages.

Also, there is a strong maximum in the satellite data on 15

and 16 August, close to the Canary Islands (Fig. 4), which is

underestimated by the model. The maximum in the model is
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Fig. 4. Daily average mass load of aerosols from MODIS satellite (left) and from the model simulation (right) ( µg/cm2) for 14–16 Au-

gust 2005. The grey areas in the satellite images are areas with no satellite data.

inland and rather close to the coast while the satellite shows

the maximum above the sea. There may be two reasons for

this difference; one is spatial dislocation of the simulated

aerosol mass load and the second could be the underestima-

tion of aerosols like dust and sulphates (together with the ab-

sent organics and DMS fluxes from the sea). While the peak

values are of the same magnitude, the model generally pro-

duces higher mass concentrations than those inferred from

the satellite observations (as for the 20 h of August in Fig. 5).

This result is not unexpected since the satellite based esti-

mates rely on a mass concentration coefficient that is set to a

fixed value for the aerosol models used in the retrievals and

e.g. do not vary with humidity. Overall, this comparison to-

gether with the previous statistical analysis gives reasonable

confidence of the ability of the modelling system to simulate

the production, transformation and transport of aerosols.

3.3 Case selection for the typical aerosol number

concentrations

For a few selected days of August 2005 we perform a de-

tailed analysis based on the triple criterion that in the storm

genesis region (the area of the Central Atlantic Ocean where

cloud formation and convective activity are initiated), clouds,

aerosols and small amounts of rain coexist. These days are

identified by examining the integrated aerosol column mass
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Fig. 5. As in Fig. 3, for 20, 27 and 28 August 2005.

load and the cloud water content in the model vertical lay-

ers. Cloud water content is used instead of the cloud cover,

since it is explicitly calculated by the atmospheric model SK-

IRON/Dust. Cloud cover in the CAMx model is diagnosed

during the simulation. Sub-grid scale clouds are not repre-

sented in the model. Clouds are either occupying the entire

cell or are absent, depending on the condensed cloud water

content (CWC) values. When the CWC is above the thresh-

old of 0.05 g/m3 the grid cell is designated as cloudy. As indi-

cated in Seinfeld and Pandis (2006) the liquid water content

of a cloud varies approximately from 0.05 to 3 g/m3, with the

most frequent observed values in the range 0.1–0.3 g/m3. In

some cases, such as in deep convective clouds over the ocean

it can exceed 3 g/cm3. Also, the CWC has a characteristic

range of values for different cloud types. Hence, the CWC is

selected as the marker of cloud formation in the region under

investigation.

Two days were selected for the extended discussion about

the atmospheric conditions during the second half of Au-

gust 2005, the 16th and 27th. On the 16 and the 27 Au-

gust 2005, cloud formation was evident, beginning with low

clouds in the area of interest, and expanding in the vertical

direction as they were travelling west towards the Central

Atlantic Ocean. Concentrating on the CWC and the aerosol

mass load in two vertical layers of the model (300–450 m

and 450–600 m), two interesting areas were found, one for
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Fig. 6. Hourly condensed cloud water content (CWC) during (a) 16 and (b) 27 August 2005 (g/m3) at 12:00 UTC. The left to right panels

indicate two vertical layers, 300–450 m and 450–600 m respectively. The domain shown is the one indicated with a rectangular box in Fig. 8.

(c) Daily cloud fraction from MODIS Terra v.5 for 16 August 2005. The black dots denote the approximate position of the locations P1 to

P3. (d) Daily cloud fraction from MODIS Aqua v5.1 for 27 August 2005. The black dots denote the approximate position of the locations

P4 to P6.

each day (Fig. 6a and b). The CWC reached 0.8 to 0.9 g/m3

in these areas (denoted with a black circle in Fig. 6) and an

aerosol plume enters the area of interest (from the daily av-

erage mass load of the species under investigation in Fig. 7).

The region illustrated in Figs. 6 and 7 is a zoomed area of

the simulation domain, indicated with the rectangular box

in Fig. 8. The daily cloud fraction (during the day) from

MODIS satellite is also shown in Fig. 6c and d, denoting the
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Fig. 7. Integrated column mass load (µg/cm2) for desert dust (crustal), sea salt aerosol, sulphate on dust and anthropogenic sulphate particles.

The left column is for 16 August 2005 and the right for 27 August 2005.
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Fig. 8. Location of the points used for the vertical profile of

the aerosol number distribution (the green points are for 16 Au-

gust 2005 and the red points for 27 August 2005) (image from

Google Earth). The rectangular box denotes the area under inves-

tigation for the chemical composition and vertical number distribu-

tion of the aerosols.

presence of cloud formations in the respective locations dis-

cussed previously. The locations P1 to P6, shown in these

plots, are the chosen locations for the analysis of the number

concentration vertical profiles, which will be analyzed in the

next section.

The maximum daily average mass loads for each aerosol

type in the zoomed area of Fig. 7 are quite similar for the

two days (16 and 27 August). The mass load refers to the in-

tegrated aerosol column mass load (an integral over height).

The desert dust maximum is 255 µg/cm2 on the 16th and

301 µg/cm2 on the 27 August. The sea salt maximum is

6.2 µg/cm2 and 7.5 µg/cm2 for the two days, respectively.

The sulphate on dust maximum mass load is 0.09 µg/cm2

on both days and anthropogenic sulphate is 2.8 µg/cm2 and

2.2 µg/cm2, respectively. Large differences occur among the

different aerosol types, with desert dust having the largest

daily average mass load as mentioned above. This result, in

conjunction with the total daily values in Figs. 4 and 5, shows

that the maximum values are related to desert dust and the

rest of the species contribute with smaller mass loads. Dur-

ing all simulated days, daily mass loads of desert dust reach

200–300 µg/cm2 along the West African coastline. Over the

Atlantic Ocean the maximum daily sodium chloride mass

load is approximately 9 µg/cm2. For the daily anthropogenic

aerosols in this region (sulphates and nitrates) the mass load

reaches 8–9 µg/cm2 and for the chemically aged and mixed

dust aerosols 3–4 µg/cm2 is computed. The contributions by

the various aerosol types appear rather different when we

consider number distribution, as analyzed below.

3.4 Aerosol vertical profiles – aerosol number

distribution

The vertical profiles are shown for the lowest 5 km of the at-

mosphere, as significant aerosol transport towards the cloud

layers takes place. During the simulation days, no deep con-

vective activity was evident in the areas of high aerosol con-

centrations. Our study mainly associates the aerosols with

stratus, stratocumulus and cumulus cloud types, according to

the CWC vertical profiles. As expected, the aerosols in the

smaller size section – Aitken mode (0.03–0.1 µm) – exhibit

higher number concentrations than the ones in the range of

0.1–2.5 µm (accumulation mode). To examine the time evo-

lution of the aerosol/cloud coexistence, vertical profiles were

derived every 6 h for all the selected locations in the domain

of interest. These locations are shown in Fig. 8 with the green

points indicating profiles for 16 August (P1–P3) and the red

ones showing locations for 27 August (P4–P6). The locations

were selected using the criterion of simultaneous presence of

cloud, all of the studied aerosol types and the absence of rain.

The main interest was that all the different aerosol types enter

the region of cloud formation, and we selected areas where

aerosol/cloud interaction processes commence. For each lo-

cation and time two vertical distributions are presented; one

for the Aitken and one for the accumulation mode (Figs. 9–

14). The numerical scale in the Figs. 9–14 for each mode is

different because the values can differ up to 1 or 2 orders of

magnitude for the same species.

At the first location P1 (lat 23.5◦ N, lon 18.5◦ W) the verti-

cal profile for the Aitken mode (Fig. 9, left panels) shows

a clear stratification above the cloud top mostly for sul-

phates, whereas the other species exhibit a much smoother

vertical distribution. Dust (CRST 1), sodium containing sea

salt (NA 1), anthropogenic sulphates (PSO4 1) and sulphate

on dust (DSO4 1) have maximum number concentrations of

188, 9.4, 1260 and 30 particles/cm3, respectively. The accu-

mulation mode does not indicate significantly enhanced ac-

cumulation mode aerosols in the vicinity of the cloud for-

mation (Fig. 9, right panels). Desert dust (CRST 2), sodium

dominated sea salt (NA 2), sulphate (PSO4 2) and sulphate

on dust (DSO4 2), reach 26, 2.5, 45 and 0.6 particles/cm3 re-

spectively. For both modes, it appears that the aerosols are

mostly affecting the cloud layers with high number concen-

trations from above. This result is in agreement with some

observations in other parts of the world that found anthro-

pogenic particles also above the clouds (Levin et al., 2005).

A most interesting vertical distribution is of the anthro-

pogenic sulphates (PSO4 1), being stratified above the cloud

top, having a maximum of 1260 particles/cm3 at 1.3 km alti-

tude.

The second location P2 (lat=21.0◦ N, lon=18.2◦ W) is

closer to the coast and the time evolution of the vertical

profile indicates larger amounts of Aitken mode aerosols

towards the clouded area (Fig. 10, left panels). CRST 1

reaches 1400 particles/cm3 comparable to PSO4 1, which
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Fig. 9. Vertical profile of the condensed cloud water content CWC (g/m3) and the aerosol number concentration (particles/cm3) at location

P1 (lat, lon)=(23.5◦ N, 18.5◦ W). The left panels show the aerosols in the size section 1: 0.03–0.1 µm. The right panels show the aerosols in

the size section 2: 0.1–2.5 µm. Day: 16 August 2005.
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Table 3. Typical ranges of number concentrations for desert dust, sulphates and sodium aerosols (cm−3) in the vertical column of 0–5 km.

Model results for the 16 and 27 August 2005 (2 h average values).

Location CRST 1 CRST 2 DSO4 1 DSO4 2 PSO4 1 PSO4 2 NA 1 NA 2

P1 ≤ 188 ≤ 26 ≤ 30 ≤ 0.6 42–1260 ≤ 45 ≤ 9 ≤ 2

P2 ≤ 1400 ≤ 170 ≤ 24 ≤ 0.5 82–1460 ≤ 57 ≤ 12 ≤ 4

P3 ≤ 466 ≤ 77 ≤ 24 ≤ 0.46 110–1400 ≤ 51 ≤ 9 ≤ 3

P4 2–1430 ≤ 203 ≤ 28 ≤ 0.6 33–626 ≤ 14 ≤ 6 ≤ 1

P5 12–850 3–84 ≤ 38 ≤ 0.7 35–451 ≤ 33 ≤ 9 ≤ 3

P6 ≤ 1400 ≤ 153 ≤ 33 ≤ 0.6 40–519 ≤ 34 ≤ 12 ≤ 3

Other local maxima 3000 600 47 0.9 5500 68 42 4

Notes: (1) The notation 1 refers to diameters 0.03–0.1 µm and the notation 2 refers to diameters in the range 0.1–2.5 µm. (2) The “other” in the

location column refers to generic maximum values of aerosol number density regardless of the location and time. (3) CRST=crustal material

(desert dust), DSO4=sulphate produced on dust surface, PSO4=anthropogenic sulphate with the contribution of ss-sulphate, NA=sodium

aerosol. (4) Maximum values for each species are denoted with bold font.

exhibits a maximum at about 1460 particles/cm3 but not si-

multaneously with the non-sulphate-coated dust. The NA 1

maximum is approximately 12 particles/cm3 near the cloud

base and the DSO4 1 particles have only a limited vertical

extent (max=24 particles/cm3). Both the desert dust and the

anthropogenic sulphate aerosols in the Aitken mode can po-

tentially influence the clouds at the top with high number

concentrations, although the sulphate quickly decreases with

time. In contrast, the accumulation mode sulphate decreases

at a slower rate throughout the day. The sulphate aerosol in

both modes exhibits a different vertical structure which can

be explained from the different processes that govern each

mode. The accumulation mode has a contribution from sea-

salt sulphate (not present in the smaller size section) which

can explain the higher number concentration up to 1 km from

the surface. In the Aitken mode, the sulphate aerosol ex-

hibits a vertical layering throughout the previous day (15 Au-

gust) which disappears at the beginning of the 16th. Since

the species did not undergo wet deposition (absence of rain

during that specific period from the atmospheric model SK-

IRON/Dust which has been verified with the TRMM 3 h

rainfall archives), the main reasons for the different vertical

structure can be the advection/diffusion process and conse-

quently the long-range transport pattern and/or the nucleation

process that assigns the nucleated mass to the first section of

the distribution (the Aitken mode for this simulation). For

the accumulation mode, the number density (Fig. 10, right

panels) of CRST 2 reaches 170 particles/cm3 at 800 m alti-

tude, and the highest values for NA 2, PSO4 2, DSO4 2 are

4, 57, 0.5 particles/cm3, respectively. The transport of dust

into the cloudy area seems to occur at the cloud top, whereas

the other aerosol types mix in from below the cloud base, and

their number density diminishes with height.

Location three P3 (lat=23.5◦ N, lon=17.5◦ W) is also close

to the coast and the time evolution of the vertical profile is

quite similar to that at the previously discussed location for

the accumulation mode (Fig. 11). Vertical profiles can be

discerned for sulphates and desert dust, exhibiting a max-

imum mostly above the cloud top. The maximum values

reached are 466, 9, 1400 and 24 particles/cm3 for CRST 1,

NA 1, PSO4 1 and DSO4 1, respectively (Fig. 11, left pan-

els). Likewise, for the accumulation mode, the maximum

values are 77, 2.7, 51 and 0.46 particles/cm3 for CRST 2,

NA 2, PSO4 2 and DSO4 2, respectively.

During the second selected day, 27 August 2005, cloud

formation events were much less frequent near the Cape

Verde region and along the West African coast. In general,

the dense cloud formation during this day occurred mostly

over the open ocean towards the west (western part of the

domain in Fig. 6). The area investigated with the locations

P4–P6 represents the entrance of the aerosols (mainly dust

and sulphate on dust) into the oceanic region and in all lo-

cations the clouds are shallow. In location P4 (lat=17.0◦ N,

lon=17.0◦ W), CRST 1 reaches 1430 particles/cm3 (Fig. 12,

left panels) and the CRST 2 maximum is 203 particles/cm3

(Fig. 12, right panels). All other aerosol types have a lower

number density compared to the conditions discussed above,

with PSO4 1 being almost absent in the Aitken mode. An-

other important feature that differs from the previously dis-

cussed locations is the transport of dust. It typically occurs

throughout the lower kilometres with a maximum towards

the surface and a strong influence throughout the cloud layer,

as the P4 location is very close to the continental outflow re-

gion.

The final two locations P5 (lat=15.3◦ N, lon=22.5◦ W) and

P6 (lat=17.0◦ N, lon=23.0◦ W) are very close to the Cape

Verde Islands. For both sites, we compute transport of desert

dust towards the layers near the cloud top, with similar num-

ber concentrations for the accumulation and Aitken modes

as those discussed previously (Figs. 13 and 14). DSO4 has

the same vertical structure as mentioned earlier for dust, and

is present at rather low number densities. The Saharan dust
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layer extends from approximately 500 m to 3 km, in agree-

ment with that reported by Formenti et al. (2003). The flight

measurements by Formenti et al. (2003) took place in the

same area during September 2000 and showed that the Saha-

ran Air Layer (SAL) base was between 0.5 and 1 km. The

top of the layer reached 4–4.5 km in some locations. These

findings and the ones in the present work are also in accord

with Karyampudi et al. (1999) and Kallos et al. (2006). An-

thropogenic sulphate (PSO4) and sodium (NA) containing

particles can influence the cloud formation from below the

cloud base and their number density is lower than before for

the sulphates and similar for the sodium aerosol. In terms of

number distribution, the predominance of the Aitken mode

over the accumulation mode is also a finding in common with

Formenti et al. (2003) and Garrett and Hobbs (1995).

To summarize these findings, typical ranges of number

concentrations for the different aerosol species for the six lo-

cations in the case studies are tabulated in Table 3. These

ranges refer to the values occurring at the different verti-

cal layers up to 5 km, except for the last row. When the

minimum number concentration was below one, the range

of values was substituted by the less-equal sign. The com-

mon characteristic of the six locations is the appearance of

clouds in the area. The last row in this table (named after

“other” in the location column) indicates the maximum val-

ues for each aerosol type found in the area under investiga-

tion (small box in Fig. 8), regardless of the CWC amount.

The values are indicative of the aerosols that can be found

in this region throughout the period addressed by this mod-

elling study. Typically, the Aitken mode (0.03–0.1 µm) par-

ticle numbers dominate over the accumulation mode (0.1–

2.5 µm). The Aitken number concentration ranges from 6

to 1400 particles/cm3, depending on the aerosol type. The

accumulation number concentration ranges from below 1 to

approximately 200 particles/cm3. These values refer to the

selected locations P1–P6. When looking at the generic local

maxima, the Aitken mode again dominates with a range of

42–5000 particles/cm3 and the accumulation mode is in the

range of approximately 1–600 particles/cm3. The most abun-

dant species are desert dust and anthropogenic sulphate with

comparable number densities in several cases. The third most

important is sulphate on dust and the fourth sodium contain-

ing sea salt aerosol.

4 Conclusions

In this study we focused on aerosol number distributions of

desert dust, sodium (representing sea salt), sulphate from

anthropogenic sources and sulphate produced on the sur-

face of dust particles in the Eastern-Central Atlantic Ocean

area. The modelling results suggest that rather small amounts

of accumulation mode desert dust, sodium and chemically

aged mixed aerosols entered the region where tropical storms

and/or hurricane genesis tends to take place (Central Atlantic

Ocean). Aerosols of smaller size (Aitken mode) are more

abundant in the area and in some occasions sulphates of an-

thropogenic origin and desert dust are of the same order in

terms of number concentration. Of all aerosols considered,

desert dust and anthropogenic sulphate exhibit the highest

mass and number concentrations although the other aerosol

types are non-negligible as well. Additional findings include:

– Desert dust is present in the cloudy area with a maxi-

mum number density around 1400 particles/cm3 in the

Aitken mode (0.03–0.1 µm) and 200 particles/cm3 in

the accumulation mode. These maximum values can be

higher in the extended area, reaching 3000 particles/cm3

and 600 particles/cm3 in the Aitken and accumulation

mode, respectively. The results are in good agreement

with measurements by Formenti et al. (2003) for the

Cape Verde region and Karyampudi et al. (1999) for the

Saharan Air Layer. In addition, dust reaches the cloud

layers mostly towards the cloud top, and sometimes

throughout the lower atmosphere, especially close to the

African coast. It is thus conceivable that in the case of

storm development more remote from the coast, the dust

enters the convective clouds in the active growth phase

by entrainment above the boundary layer. Since this is

a region where air parcels are likely to enter strong up-

drafts, the dust particles may serve as ice nuclei in the

mixed cloud phase and can potentially affect the cloud

water phase transitions and the latent energy budget.

– Sulphates of anthropogenic origin arrive at the East-

ern and Central Atlantic Ocean region in significant

amounts, reaching approximately 1400 particles/cm3 in

the Aitken mode and 60 particles/cm3 in the accumula-

tion mode. As with dust, these maximum values can be

higher in the extended area, reaching 5500 particles/cm3

and 70 particles/cm3 in the Aitken and accumulation

mode, respectively. Transport towards the stratiform

cloud formation area can occur either near the top or

the base of the clouds. This depends on the large scale

transport component that leads the aerosols to travel ei-

ther through or above the boundary layer. For the period

of August, the Azores anticyclone typically governs the

circulation in the area establishing a strong N-NE flow

from Western Europe along the West African coastline.

These air masses carry anthropogenic sulphate aerosols

above the boundary layer (as can be seen in the loca-

tions P1–P3 during the 16th of August). On the con-

trary, when the anticyclonic system weakens and shifts

slightly to the west (as occurred on the 27 August), the

sulphate aerosols show a different vertical pattern with

transport typically through the lower atmospheric lay-

ers up to 1 km. In both cases the transported particles

strongly enhance the number concentration of CCN as

compared to non-polluted and non-dust influenced con-

ditions.
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Fig. 10. Vertical profile of the condensed cloud water content CWC (g/m3) and the aerosol number concentration (particles/cm3) at location

P2 (lat, lon)=(21◦ N, 18.2◦ W). The left panels show the aerosols in the size section 1: 0.03–0.1 µm. The right panels show the aerosols in

the size section 2: 0.1–2.5 µm. Day: 16 August 2005.

Atmos. Chem. Phys., 10, 5797–5822, 2010 www.atmos-chem-phys.net/10/5797/2010/



M. Astitha et al.: Modelling the chemically aged and mixed aerosols over the Atlantic Ocean 5815

 

Vertical Profile
P3 - 160805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_1 DSO4_1 PSO4_1 NA_1

0:00-2:00UTC

Aitken Mode
Diameter: 0.03-0.1�m

Units:parts/cm3

CRST (*1500)
DSO4 (*100)
PSO4 (*1500)
NA (*10) 

Vertical Profile
P3 - 160805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_2 DSO4_2 PSO4_2 NA_2

0:00-2:00UTC

Accumulation Mode
Diameter: 0.1-2.5�m

Units:parts/cm3

CRST (*200)
DSO4 
PSO4 (*100)
NA (*10) 

Vertical Profile
P3 - 160805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_1 DSO4_1 PSO4_1 NA_1

6:00-8:00UTC

Aitken Mode
Diameter: 0.03-0.1�m

Units:parts/cm3

CRST (*1500)
DSO4 (*100)
PSO4 (*1500)
NA (*10) 

Vertical Profile
P3 - 160805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_2 DSO4_2 PSO4_2 NA_2

6:00-8:00UTC

Accumulation Mode
Diameter: 0.1-2.5�m

Units:parts/cm3

CRST (*200)
DSO4 
PSO4 (*100)
NA (*10) 

Vertical Profile
P3 - 160805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_1 DSO4_1 PSO4_1 NA_1

12:00-14:00UTC

Aitken Mode
Diameter: 0.03-0.1�m

Units:parts/cm3

CRST (*1500)
DSO4 (*100)
PSO4 (*1500)
NA (*10) 

Vertical Profile
P3 - 160805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_2 DSO4_2 PSO4_2 NA_2

12:00-14:00UTC

Accumulation Mode
Diameter: 0.1-2.5�m

Units:parts/cm3

CRST (*200)
DSO4 
PSO4 (*100)
NA (*10) 

Vertical Profile
P3 - 160805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_1 DSO4_1 PSO4_1 NA_1

18:00-20:00UTC

Aitken Mode
Diameter: 0.03-0.1�m

Units:parts/cm3

CRST (*1500)
DSO4 (*100)
PSO4 (*1500)
NA (*10) 

Vertical Profile
P3 - 160805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_2 DSO4_2 PSO4_2 NA_2

18:00-20:00UTC

Accumulation Mode
Diameter: 0.1-2.5�m

Units:parts/cm3

CRST (*200)
DSO4 
PSO4 (*100)
NA (*10) 

Fig. 11. Vertical profile of the condensed cloud water content CWC (g/m3) and the aerosol number concentration (particles/cm3) at location

P3 (lat, lon)=(23.5◦ N, 17.5◦ W). The left panels show the aerosols in the size section 1: 0.03–0.1 µm. The right panels show the aerosols in

the size section 2: 0.1–2.5 µm. Day: 16 August 2005.

www.atmos-chem-phys.net/10/5797/2010/ Atmos. Chem. Phys., 10, 5797–5822, 2010



5816 M. Astitha et al.: Modelling the chemically aged and mixed aerosols over the Atlantic Ocean

 

Vertical Profile
P4 - 270805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_1 DSO4_1 PSO4_1 NA_1

6:00-8:00UTC

Aitken Mode
Diameter: 0.03-0.1�m

Units:parts/cm3

CRST (*1500)
DSO4 (*100)
PSO4 (*1500)
NA (*10) 

Vertical Profile
P4 - 270805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_2 DSO4_2 PSO4_2 NA_2

6:00-8:00UTC

Accumulation Mode
Diameter: 0.1-2.5�m

Units:parts/cm3

CRST (*200)
DSO4 
PSO4 (*100)
NA (*10) 

Vertical Profile
P4 - 270805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_1 DSO4_1 PSO4_1 NA_1

12:00-14:00UTC

Aitken Mode
Diameter: 0.03-0.1�m

Units:parts/cm3

CRST (*1500)
DSO4 (*100)
PSO4 (*1500)
NA (*10) 

Vertical Profile
P4 - 270805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_2 DSO4_2 PSO4_2 NA_2

12:00-14:00UTC

Accumulation Mode
Diameter: 0.1-2.5�m

Units:parts/cm3

CRST (*200)
DSO4 
PSO4 (*100)
NA (*10) 

Vertical Profile
P4 - 270805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_1 DSO4_1 PSO4_1 NA_1

18:00-20:00UTC

Aitken Mode
Diameter: 0.03-0.1�m

Units:parts/cm3

CRST (*1500)
DSO4 (*100)
PSO4 (*1500)
NA (*10) 

Vertical Profile
P4 - 270805

0,0

1,0

2,0

3,0

4,0

5,0

0,00 0,20 0,40 0,60 0,80 1,00 1,20

km

CWC(g/m3) CRST_2 DSO4_2 PSO4_2 NA_2

18:00-20:00UTC

Accumulation Mode
Diameter: 0.1-2.5�m

Units:parts/cm3

CRST (*200)
DSO4 
PSO4 (*100)
NA (*10) 

Vertical Profile
P4 - 270805

0.0

1.0

2.0

3.0

4.0

5.0

0.00 0.20 0.40 0.60 0.80 1.00 1.20

km

CWC(g/m3) CRST_1 DSO4_1 PSO4_1 NA_1

0:00-2:00UTC

Aitken Mode
Diameter: 0.03-0.1�m

Units:parts/cm3

CRST (*1500)
DSO4 (*100)
PSO4 (*1500)
NA (*10) 

Vertical Profile
P4 - 270805

0.0

1.0

2.0

3.0

4.0

5.0

0.00 0.20 0.40 0.60 0.80 1.00 1.20

km

CWC(g/m3) CRST_2 DSO4_2 PSO4_2 NA_2

0:00-2:00UTC

Accumulation Mode
Diameter: 0.1-2.5�m

Units:parts/cm3

CRST (*200)
DSO4 
PSO4 (*100)
NA (*10) 

Fig. 12. Vertical profile of the condensed cloud water content CWC (g/m3) and the aerosol number concentration (particles/cm3) at location

P4 (lat, lon)=(17◦ N, 17◦ W). The left panels show the aerosols in the size section 1: 0.03–0.1 µm. The right panels show the aerosols in the

size section 2: 0.1–2.5 µm. Day: 27 August 2005.
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Fig. 13. Vertical profile of the condensed cloud water content CWC (g/m3) and the aerosol number concentration (particles/cm3) at location

P5 (lat, lon)=(15.3◦ N, 22.5◦ W). The left panels show the aerosols in the size section 1: 0.03–0.1 µm. The right panels show the aerosols in

the size section 2: 0.1–2.5 µm. Day: 27 August 2005.
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Fig. 14. Vertical profile of the condensed cloud water content CWC (g/m3) and the aerosol number concentration (particles/cm3) at location

P6 (lat, lon)=(17◦ N, 23◦ W). The left panels show the aerosols in the size section 1: 0.03–0.1 µm. The right panels show the aerosols in the

size section 2: 0.1–2.5 µm. Day: 27 August 2005.
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– Sulphates produced on dust particles exhibit relatively

low number densities in the accumulation mode as

they enter the Central Atlantic Ocean region, with no

significant variability in their vertical distribution. In

particular, the maximum percentage of sulphate pro-

duced on dust is 0.035% of the dust number distribu-

tion in the accumulation mode for the six studied lo-

cations, which is a rather small fraction. On the other

hand, this aerosol type is represented by about 20–

40 particles/cm3 in the Aitken mode, with maximum

values reaching ∼50 particles/cm3. Sulphate on dust

in the Aitken mode represents a percentage of the to-

tal dust number distribution ranging from 1% to 55%

for the six studied locations and for number concen-

trations higher than 1 particle/cm−3 (average maximum

varies from 18% to 38%). This result applies only to

the methodology used for the current work and could

potentially change by taking into account cloud-aerosol

interactions, possibly leading to an increased number

of coated dust particles as indicated in previous studies

(Wurzler et al., 2000). The role of sulphate on dust in

the Aitken mode can be important because it turns the

particles from typically hydrophobic into hydrophillic

so that they can also serve as efficient CCN. Trans-

port occurs mostly through the upper atmospheric layers

and rarely through the lower layers, following the dust

movement in the area.

– Sodium containing sea salt aerosol is found to have

relatively small accumulation mode number concen-

trations (maximum ∼5 particles/cm3) and relatively

higher Aitken mode number concentrations (maximum

∼40 particles/cm3). The sea salt particles reach the

cloud formation area at the cloud base in all cases as

they are generated from below.

In general, aerosols with different chemical composition and

size reach the Eastern and Central Atlantic cloudy region

in different vertical layers. The size and composition is re-

lated to the origin of the air masses (anthropogenic or natural

sources) and the transformations occurring during transport.

The aerosol mixture, hygroscopicity (CCN and IN proper-

ties) and the altitude at which they arrive may crucially in-

fluence the microphysics and the life cycle of different cloud

types.

Appendix A

In the statistical metrics described below, the modelled mass

concentration is represented by Cm, the observed concentra-

tion by Co and N is the total number of data points used in

the calculations.

– Root Mean Square Error (RMSE):

RMSE=
√

1
N

∑

N

(Cm −Co)2

– Mean Bias (MB):

MB= 1
N

∑

N

(Cm −Co)

– Mean Absolute Gross Error (MAGE):

MAGE= 1
N

∑

N

|Cm −Co|

– Normalized Mean Bias (NMB):

NMB=

∑

N

(Cm−Co)

∑

N

Co
×100%

– Normalized Mean Error (NME):

NME=

∑

N

|Cm−Co|
∑

N

Co
×100%

– Fractional Bias (FB):

FB= 2
N

∑

N

(Cm−Co

Cm+Co
)×100%

– Fractional Error (FE):

FB= 2
N

∑

N

(
|Cm−Co|
Cm+Co

)×100%

– Percentage within a factor of 2 (FAC2):

The fraction of points within 0.5 and 2 times the obser-

vations. 0.5 ≤ Cm

Co
≤ 2.0

Supplementary material related to this

article is available online at:

http://www.atmos-chem-phys.net/10/5797/2010/

acp-10-5797-2010-supplement.pdf.

Acknowledgements. We would like to thank Wolfram Birmili

(Leibniz Institute of Tropospheric Research) for providing the

datasets of aerosol measurements for the Meplitz and Zugspitze

stations. We acknowledge the contribution from the Co-operative

Programme for Monitoring and Evaluation of the Long-range

Transmission of Air Pollutants in Europe (EMEP) and the Eu-

ropean Environment Agency Airbase public air quality database

for providing measurements of PM10 and PM2.5. The authors

would like to acknowledge the contribution of the European Union

(CIRCE project-contract #036961) and the European Research

Council (C8 project).

Edited by: X. Querol

References

Alpert, P., Kaufman, Y. J., Shay-El, Y., Tanre, D., da Silva, A.,

Schubert, S., and Joseph, J. H.: Quantification of dust-forced

heating of the lower troposphere, Nature, 395, 367–370, 1998.

www.atmos-chem-phys.net/10/5797/2010/ Atmos. Chem. Phys., 10, 5797–5822, 2010

http://www.atmos-chem-phys.net/10/5797/2010/acp-10-5797-2010-supplement.pdf
http://www.atmos-chem-phys.net/10/5797/2010/acp-10-5797-2010-supplement.pdf


5820 M. Astitha et al.: Modelling the chemically aged and mixed aerosols over the Atlantic Ocean

Andreae, M. O., Charlson, R. J., Bruynseels, F., Storms, H., Van

Grieken, R., and Maenhaut, W.: Internal Mixture of Sea Salt,

Silicates, and Excess Sulfate in Marine Aerosols, Science, 232,

1620–1623, doi:10.1126/science.232.4758.1620, 1986.

Andreae, M. O., Hegg, D. A., and Baltensperger, U.: Sources and

Nature of Atmospheric Aerosols, Chapter 3 in Aerosol Pollution

Impact on Precipitation-A Scientific Review, edited by: Levin, Z.

and Cotton, W. R., Springer, ISBN: 978-1-4020-8689-2, 2009.

Astitha, M. and Kallos, G.: Gas-phase and aerosol chemistry in-

teractions in South Europe and the Mediterranean Region, En-

vironmental Fluid Mechanics, 9(1), 3–22, doi:10.1007/s10652-

008-9110-7, 2009.

Astitha, M., Kallos, G., and Katsafados, P.: Air Pollution Model-

ing in the Mediterranean Region: From Analysis of Episodes to

Forecasting, Atmos. Res., 89, 358–364, 2008.

Bauer, S. E., Balkanski, Y., Schulz, M., Hauglustaine, D. A., and

Dentener F.: Global modeling of heterogeneous chemistry on

mineral aerosol surfaces: Influence on tropospheric ozone chem-

istry and comparison to observations, J. Geophys. Res., 109,

D02304, doi:10.1029/2003JD003868, 2004.

Bauer, S. E. and Koch, D.: Impact of heterogeneous sulfate for-

mation at mineral dust surfaces on aerosol loads and radia-

tive forcing in the Goddard Institute for Space Studies gen-

eral circulation model, J. Geophys. Res., 110(D17), D17202,

doi:10.1029/2005JD005870, 2005.

Birmili, W., Ries, L., Sohmer, R., Anastou, A., Sonntag, A.,

König, K., and Levin, I.: Fine and ultrafine aerosol particles at

the GAW station Schneefernerhaus/Zugspitze, Gefahrst. Reinh.

Luft, 69(1/2), 31–35, 2009a.

Birmili, W., Weinhold, K., Nordmann, S., Wiedensohler, A.,

Spindler, G., Müller, K., Herrmann, H., Gnauk, T., Pitz, M.,

Cyrys, J., Flentje, H., Nickel, C., Kuhlbusch, T. A. J., Löschau,
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