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Abstract

Aerosols have a significant regional and global effect on climate, which is about equal

in magnitude but opposite in sign to that of greenhouse gases. Nevertheless, the

aerosol climatic effect changes strongly with space and time because of the large vari-

ability of aerosol physical and optical properties, which is due to the variety of their5

sources, which are natural, and anthropogenic, and their dependence on the prevailing

meteorological and atmospheric conditions. Characterization of aerosol properties is

of major importance for the assessment of their role for climate. In the present study,

3-year AErosol RObotic NETwork (AERONET) data from ground-based sunphotome-

ter measurements are used to establish climatologies of aerosol optical depth (AOD)10

and Ångström exponent α in several key locations of the world, characteristic of differ-

ent atmospheric environments. Using daily mean values of AOD at 500 nm (AOD500)

and Ångström exponent at the pair of wavelengths 440 and 870 nm (α440−870), a dis-

crimination of the different aerosol types occurring in each location is achieved. For

this discrimination, appropriate thresholds for AOD500 and α440−870 are applied. The15

discrimination of aerosol types in each location is made on an annual and seasonal

basis. It is shown that a single aerosol type in a given location can exist only under

specific conditions (e.g. intense forest fires or dust outbreaks), while the presence of

well-mixed aerosols is the accustomed situation. Background clean aerosol conditions

(AOD500 <0.06) are mostly found over remote oceanic surfaces occurring on average20

in ∼56.7% of total cases, while this situation is quite rare over land (occurrence of

3.8–13.7%). Our analysis indicates that these percentages change significantly from

season to season. The spectral dependence of AOD exhibits large differences between

the examined locations, while it exhibits a strong annual cycle.
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1 Introduction

Atmospheric aerosols play an important role in global and regional climate. They have

through their direct and indirect effects a significant impact on solar radiation reaching

the ground, the energy budget and precipitation formation and distribution (Haywood

and Boucher, 2000; IPCC, 2001). The climatic effect of aerosols is closely related to5

their physical properties and size, the surface albedo and the relative altitude between

aerosol layers and clouds (Kinne and Pueschel, 2001; Abel et al., 2005). The various

aerosol types have a different effect on the sign and magnitude of the aerosol radiative

forcing (Satheesh and Krishna Moorthy, 2005). For example, the presence of absorb-

ing aerosols such as black carbon can change the sign of forcing from negative (cool-10

ing) to positive (heating) (Heintzenberg et al., 1997). They have played an important

role for the climate of the Earth-atmosphere system, while recent studies have shown

that aerosols can also affect atmospheric general circulation patterns (Kristánsson et

al., 2005; Lau et al., 2006) and biochemical cycling (Xin et al., 2005). However, the

quantification of the aerosol effects is difficult and more complex than the quantification15

of radiative forcing by greenhouse gases because aerosol mass and particle number

concentrations are highly variable in space and time, due to their much shorter atmo-

spheric lifetime compared with the important greenhouse gases. Aerosol properties

are difficult to measure without instrumental offsets or bias, making it difficult to es-

timate the aerosol radiative effects. Therefore, there is large uncertainty regarding20

the aerosol overall climatic effect (Granger Morgan et al., 2006; Remer and Kaufman,

2006; Yu et al., 2006). Better estimates of the aerosol radiative effects on a planetary

scale are required to reduce the uncertainties. To achieve this, it is necessary a bet-

ter characterization of aerosol physical and optical properties. Therefore, numerous

studies have been undertaken to characterize the aerosol properties on a global scale.25

To this aim, both surface- and satellite-based techniques have been developed and

they are extensively used for monitoring aerosol properties worldwide. Each technique

has advantages and drawbacks. Aerosol measurements from satellites progressed
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rapidly in the last few years, but there are still problems (e.g. Zhao et al., 2005). On the

other hand, surface-based aerosol measurements have also progressed with the es-

tablishment of ground-based monitoring networks, especially with the development of

the Aerosol Robotic Network (AERONET, Holben et al., 1998; 2001). These measure-

ments are very important since they are complemented with those of field campaigns5

(ground-based and airborne), for calibration and validation of satellite data.

At the global scale, the dominant aerosol types are biomass-burning particles from

the extensive forest fires in Amazonia (Eck et al., 1998; Reid et al., 1999) and South

Africa (Eck et al., 2001b, 2003), urban/industrial aerosols mainly over densely pop-

ulated areas of North America (Eck et al., 1999), Europe (Dubovik et al., 2002) and10

Southeastern Asia (Kim et al., 2004; Latha and Badarinath, 2005) and desert-dust

particles originated from the arid areas of North Africa (Smirnov et al., 1998; Mas-

mudi et al., 2003), Arabian peninsula (Smirnov et al., 2002a) and East Asia (Kinne

and Pueschel, 2001; Ogunjobi et al., 2004). On the other hand, remote oceanic areas

are usually unaffected from continental aerosols and, therefore, present a clean back-15

ground atmosphere mainly consisting of sea-salt and natural-sulfate particles (Smirnov

et al., 2002b, 2003).

Biomass burning in the tropical broadleaf and cerrado forested regions of Brazil cre-

ates a smoky haze that covers much of the South American continent from August

to September (Artaxo et al., 1994; Holben et al., 1996). After the end of the fire event20

particle coagulation, gas-to-particle conversion, heterogeneous reactions in hazes, and

cloud processing, influence the size distribution of the particles causing a decrease in

the Ångström exponent as the particles age (Reid et al., 1998).

The increase of pollution due to growing of population and density of industries has

a direct impact on climate conditions, especially the increase of haze, fog, and cloudy25

conditions (Mukai et al., 2006), which decrease the visibility especially under high tur-

bidity conditions. Aerosols in urban areas regions are chemically and substantially

different from aerosols in remote areas with the most obvious differences being the

high concentrations of sulfur, black carbon and heavy metals in urban aerosols (Latha
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and Badarinath, 2005). Nowadays, the characterization of aerosol properties in urban

environments is important due to the rapid growth of both population and economy ac-

tivities, with associated increases in fossil-fuel combustion, and the possible regional

and global climatic impacts from aerosol emissions.

Mineral dust, which is a major component of natural aerosols, often has been ne-5

glected in anthropogenic climate change considerations (Andreae, 1996). Dust plays

an important role in radiative processes and its optical properties are significant for

various estimations of radiative forcing. Its influence on climate change is very im-

portant, but with considerable uncertainties (Claquin et al., 1998). Despite the long

history of dust aerosol studies our knowledge of dust optical properties is still far from10

being sufficient (Sokolik and Toon, 1999). They also showed that aerosol extinction,

single scattering albedo, and the asymmetry parameter are very sensitive to the in-

dividual minerals and their mixtures in dust composition. Several extensive scientific

experiments of dust aerosols were carried out, such as ACE-2 and ECLATS in Sahara,

HEIFE in Northwestern China, and the Mediterranean Israeli Dust Experiment (MEI-15

DEX). Especially, the Saharan aerosol influence in Mediterranean Sea and continental

Europe has extensively been monitored (Balis et al., 2004; Barnaba and Gobbi, 2004;

Antoine and Nobileau, 2006; Pace et al., 2006).

The maritime aerosols can be divided into two groups (Satheesh and Krishna Moor-

thy, 2005): the say-spray, produced by the wave break to the coasts or by the strong20

winds and the natural sulfate particles released from the phytoplankton. In general, are

coarse particles, especially the sea spray, with diameters above 0.8µm and constitute

the main aerosol type in remote Ocean. Their physical and optical properties have

extensively been monitored by Smirnov et al. (2002b, 2003).

Despite the general knowledge about aerosol properties over the world, there are still25

uncertainties and incomplete knowledge in many aspects. For example, the characteri-

zation of aerosols from space cannot still be considered to represent the truth, since al-

though many problems related to satellite observations of aerosols have been resolved

by more sophisticated instruments, there are still problems as shown by discrepancies
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between different satellite products (Zhao et al., 2005). On the other hand, surface-

based measurements are continuously growing. Especially, the AERONET monitoring

network is expanding rapidly, encompassing nowadays more than 300 stations world-

wide. Nevertheless, the majority of these stations was established only recently thus

not providing long-term data. This is a problem since the aerosol properties change5

with time. The selection of AERONET stations is made based upon their location, in

order to assure the most complete possible coverage of the different climatic types of

the globe.

The present study examines the aerosol optical properties over selected locations

worldwide. The aerosol properties are key parameters for the determination of aerosol10

climatic effects (e.g. Hatzianastassiou et al., 2004). The selection of the stations in this

study is made with the criterion of the ability that they represent the major different cli-

matic types of the world and the availability of reasonably complete time-series of data

(2002–2004). The data of aerosol optical properties were obtained from the AERONET

homepage, http://aeronet.gsfc.nasa.gov/, in the form of daily-mean values. The char-15

acterization and subsequent discrimination of different aerosol types (biomass-burning,

urban/industrial, clean maritime and desert dust) is achieved by establishing and apply-

ing a methodology based on the wavelength dependence of the aerosol optical depth

(AOD) and the Ångström exponent α. A similar study, but using different aerosol prop-

erties, i.e. aerosol single scattering albedo, size distribution and asymmetry factor, in20

key worldwide locations has been published by Dubovik et al. (2002). In this study,

we allow the characterization of aerosol properties for each location and season, per-

mitting thus the establishment of an aerosol climatology, which is possibly also rep-

resentative for the greater surrounding regions. The study aims at showing the large

variability in terms of aerosol optical properties between different key locations over25

the globe, and hence the strong contrasts between their climatic effects. In Sect. 2 we

describe the data used and the selected geographical locations, while in Sect. 3 the

analysis and applied methodology are presented. In Sect. 3 we discuss the obtained

results, and finally draw conclusions in Sect. 4.
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2 Study regions and data used

2.1 Regions of study

We have selected four AERONET stations located in regions which are representative

of the four major aerosol regimes (or environments), i.e. biomass-burning, urban, mar-

itime and desert. The four stations (see Fig. 1) are: a) Alta Floresta (Brazil), a rural site5

directly influenced by smoke produced by biomass burning during the fire season, b)

Ispra (Italy), an urban/industrial area with significant anthropogenic and industrial activ-

ities, c) Nauru, a remote island in the tropical Pacific characterized by very low aerosol

loading, and d) Solar Village (Saudi Arabia), a continental remote site with significant

contribution of desert particles. The AERONET data are provided in three categories:10

cloud contaminated (level 1.0), cloud-screened (level 1.5) following the methodology

described by Smirnov et al. (2000b), and cloud-screened and quality-assured (level

2.0), which was used in the present study. The selection of the stations was made

based upon the criterion of the availability of enough (3-year) cloud-screened (Smirnov

et al., 2000b) and quality-assured (level 2.0) aerosol data.15

The AERONET site of Alta Floresta is located in the tropical forested region of Ama-

zonia and is characterized by agricultural activities and biomass burning. Therefore,

this site is representative of nearly maximum aerosol loading levels in the biomass-

burning regions within the Amazon basin. It is characterized by low cloud fraction (Ar-

taxo et al., 1994) especially in the Amazonian dry season (August-September), when20

the majority of aerosol data were collected. Reduction in surface incident solar radi-

ation results in the heating of the lower troposphere thereby decreasing local cloud

cover, an effect that Hansen et al. (1997) called the “semi-direct” aerosol radiative

forcing effect. The Alta Floresta site in the south central Amazon basin is frequently

affected by smoke during the biomass-burning season and it is fairly typical among25

other sites dominated by heavy smoke in the Amazon Basin (Artaxo et al., 1994). In

addition to strong local sources, smoke is advected over Alta Floresta originating over

a 2500-km fetch. Therefore, the aerosols over the site are composed of both local and
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well-aged smoke particles (Reid et al., 1999).

Ispra is an urban/industrial area in North Italy and it is characteristic of continental

climate. The predominant aerosols are of local origin (anthropogenic activities), while

mixed-type aerosols can occur during periods of significant Saharan outflows, which

can affect this region especially in spring and summer (Barnaba and Gobbi, 2004;5

Antoine and Nobileau, 2006). Monthly variability of the AOD over Ispra has been in-

vestigated by Hauser et al. (2005) using AERONET, MODIS and AVHRR data, while

the diurnal AOD variability was investigated by Smirnov et al. (2002c).

The isolated island of Nauru is situated in the tropical western Pacific Ocean. The

island is very small with a total land area of about 25 km
2
. It lies ∼40 km south of10

the equator and the nearest island is 300 km away. Nauru is a good example of an

equatorial oceanic site and was chosen by the Atmospheric Radiation Measurement

(ARM) Program to set up a Cloud and Radiation Testbed site (Mather et al., 1998).

This site was selected because it can be assumed representative of clean background

conditions, since it is usually unaffected by long-range transport of pollutants like other15

remote sites in the Atlantic Ocean (Smirnov et al., 2002b). Previous results regarding

aerosol climatologies over Nauru can be found in the works by Smirnov et al. (2002b,

c, 2003).

A lot of studies have been conducted for desert aerosols in the Saharan and Gobi

deserts, but rather few for the Arabian Peninsula, which also constitutes one of the ma-20

jor world sources of desert particles. Smirnov et al. (2002a) investigated the aerosol

properties over the Persian Gulf, while Otterman et al. (1982) based on Landsat

data derived characteristics of desert aerosols in the Persian Gulf. Ground-based

or airborne data were acquired mainly in the spring or summer of 1991 (Hobbs and

Radke, 1992) and they have focused on the production of smoke from Kuwait oil fires.25

Desert aerosols have not been extensively studied in the continental Arabian Penin-

sula. Therefore, we have selected in the present study the AERONET Solar Village

as representative of desert aerosols. This site is located in the middle of the Arabian

Peninsula, far away from the Persian Gulf or other industrialized areas. The remote-
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ness of the area favors to study the optical properties of desert dust aerosols, since

the dust outbreaks are common especially in the spring period. The only existing study

using data from Sollar Village is that by Smirnov et al. (2002c) who investigated the

diurnal variation of AOD.

2.2 Instrumentation and aerosol data5

The measurements reported in this work were made with the CIMEL sunphotometers

(CE-318), which are automatic sun-sky scanning spectral radiometers. A very brief

description is given here since a large number of studies describe the instrumentation,

data acquisition, retrieval algorithms and calibration procedures which conform to the

standards of the AERONET global network, as well as the uncertainty of final released10

products and the applied cloud-screening procedures (Holben et al., 1998, 2001; Eck

et al., 1999; Smirnov et al., 2000b). The CIMEL radiometer takes measurements of the

direct sun and diffuse sky radiances every 15 minutes within the spectral range 340–

1020 nm and 440–1020 nm, respectively. The direct sun measurements are performed

in eight spectral channels: 340, 380, 440, 500, 675, 870, 940 and 1020 nm. Seven15

of the eight bands are used to acquire AOD, while that at 940 nm is used to estimate

total precipitable water content. The Ångström parameter is usually computed from

AOD at 440 and 870 nm, but it can be also computed at any other pair of wavelengths

(e.g. 380 nm–440 nm or 675 nm–870 nm). Sky radiance almucantar measurements in

conjunction with direct Sun measurements of AOT at 440, 675, 870 and 1020 nm are20

also used to retrieve aerosol columnar size distributions (from 0.05 to 15µm), single

scattering albedo, and refractive indices Dubovik and King (2000). The filters utilized

in these instruments are ion assisted deposition interference filters with a FWHM of

10 nm except for the 340-nm and 380-nm filters having a FWHM of 2 and 4 nm, re-

spectively. Calibration of field instruments is performed by a transfer of calibration from25

reference instruments, which were calibrated by the Langley plot technique at Mauna

Loa Observatory, Hawaii. The intercalibration of field instruments is performed both

predeployement and postdevelopment at Goddard Space Flight Center (GFSC), and
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a linear change in calibration with time was assumed in the interpolation between the

two calibrations. Typically, the total uncertainty in AODλ for a field instrument lies be-

tween about ±0.01 to ±0.02 (under cloud-free conditions, is ±0.01 for λ >440 nm, and

±0.02 for shorter wavelengths), and is spectrally dependent with the higher errors in the

UV band. The CIMEL instruments are not temperature stabilized. Applying the spec-5

tral temperature sensitivity of the instrument to the measurements in a temperature-

controlled chamber showed agreement with the manufacturers published temperature

sensitivity of the detectors. However, the 1020 nm channels showed significant voltage

temperature variation (0.25±0.05%
◦
C) warranting a correction to a reference temper-

ature (Holben et al., 1998; Smirnov et al., 1998).10

In this study, level 2.0 AERONET data are used; specifically, we analyze daily mean

values of spectral AOT and Ångström parameter of aerosol particles. The period of

measurements along with the total number of daily values for each of the four loca-

tions, and its seasonal variation, are all presented in Table 1. The largest number of

data (792) is for the Solar Village station, probably because of the stable and sunny15

weather conditions in this site, permitting continuous measurements over long periods,

especially in spring and summer. Taking into account all the calibration and instru-

mental problems, the accuracy of aerosol optical depth data employed in this study is

within ∼±0.02. Given that sun-photometer measurements can be made only for me-

teorological conditions involving low-cloud cover or conditions in which the sun is vis-20

ible through cloud gaps, the measurements are naturally biased towards atmospheric

high-pressure systems. Therefore, there are relatively few measurements taken in Alta

Floresta and Ispra during cloudy and rainy periods (winter), when maximum rainfall

and cloud cover occur. It is likely that ground-level in-situ sampling done on rainy

days would record lower aerosol concentrations due to washout and wet deposition of25

aerosols, as this may result in lower seasonal mean concentrations during months of

higher rainfall. Rapid-filter degradation in the harsh environmental conditions of Nauru

(sea salt, dust mixture and high humidity) was a problem during the measurement pe-

riod and for this reason these data are fewer (total number of 363) than those from the
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rest of selected locations. Despite the differences in the total number of daily mean

values between the four stations, care has been taken to ensure the representativity

of the seasonal variation of aerosol properties (AOD and Ångström exponent) through

the existence of a minimum number of data in each season (percentages ranging from

16 to 36% of the total number of data, see Table 1).5

3 Results and discussion

3.1 Annual cycle of spectral AOD values

The aerosol optical depth is a strong function, of wavelength (λ). The spectral nature

of AODλ is determined by the aerosol sources, air masses, prevailing meteorological

conditions and mixing processes in the atmosphere, while it is affected by both natural10

(e.g. fires, dust outbreaks, sea spray and natural-sulfate emissions) and anthropogenic

processes, as well as aging processes (Schuster et al., 2006). Therefore, we relied

on spectral aerosol optical depth (AODλ) data to investigate the variability of aerosol

properties and possibly derive regional climatologies for the four selected locations.

Figure 2 displays the monthly variation of AODλ at three different wavelengths for each15

site. We have chosen to use spectral values at 380, 500 and 870 nm to cover the solar

spectrum for which aerosol properties are most relevant The computed mean annual

values of AOD500 and α440−870,over the whole period 2002–2004, are also given.

In Alta Floresta (Fig. 2a), a typical biomass burning area, the smoke AOD values dra-

matically increase during the biomass-burning season, i.e. in late summer and autumn20

months, against clean background conditions in the rest of the year. This strong sea-

sonal variation of AOD is in agreement with Duncan et al. (2003) reporting that biomass

burning in Amazonia exhibits inter-annual and seasonal variations. Note that there are

large differences in the rate of increase of AOD values at different wavelengths in the

biomass-burning season. Thus, the AOD at 380 (blue curve) increases by a factor of25

∼9.8 from June to September compared to 7.1 for AOD at 870 nm (red curve). This is
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due to the strong presence of fine biomass-burning aerosols, having a greater effect

on the AOD in the ultraviolet (UV) than in the near infrared wavelengths (e.g. Schus-

ter et al., 2006). The high AOD500 values during the biomass-burning months are

in agreement with those reported by Reid et al. (1999) and the Smoke, Clouds, and

Radiation-Brazil (SCAR-B) experiment conducted in Central Brazil. Our results for Alta5

Floresta agree well with those given by Holben et al. (1996) who reported averaged

AOD values at 440 nm ranging from ∼1.0 to 1.5 during biomass burning in Amazonia,

versus background AOD values of about 0.2 at 440 nm, results. Nevertheless, the com-

puted values of AOD500 seem to be smaller than those reported by Eck et al. (2001b,

2003) for African savanna fires, ranging from a minimum of ∼0.2 to a maximum of ∼2.110

at 440 nm.

The large AOD values in Ispra (Fig. 2b) during local spring (March–May) and secon-

darily in summer (June–August), especially at the shorter wavelengths, are attributed

to the increased loading of smaller-size continental aerosols produced by industrial

and anthropogenic activities as well as (during summer) to the secondary submicron15

aerosols produced by photochemical reactions. The role of fine aerosols is indicated

by the fact that the largest AOD380 value occurs in June, while the largest AOD870 one

in April. Note that the decrease of spectral AOD values is larger in summer than spring;

thus the ratio AOD380/AOD870 is equal to 3.8 in summer (June) against 2.4 in spring

(April). This is due to the presence of coarse, probably dust or well-mixed aerosols in20

spring over Ispra, Indeed, different studies have indicated significant contributions by

mixed aerosols in spring. Thus, Barnaba and Gobbi (2004) and Antoine and Nobileau

(2006) confirmed strong Saharan dust outbreaks in late spring. Our mean AOD500

value (0.34) compares well with the corresponding previous values reported for the

same site by Hauser et al. (2005) and Smirnov et al. (2002c), whereas it is generally25

larger than corresponding AOD500 values for other urban areas (e.g. GSFC, Buenos

Aires, Mexico City etc.) (Dubovik et al., 2002; Smirnov et al., 2002c).

Over Nauru (Fig. 2c), a pristine oceanic region, there is not a simple annual cy-

cle. In general, the values do not exceed 0.16, i.e. a value that corresponds to clean
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background conditions for the rest of examined sites. Moreover, the high AOD val-

ues around September may not be fully representative because of the small number

of data (15 daily means in September 2002–2003). This can be crucial since several

studies (e.g. Ramachandran et al., 2004) have shown that aerosol mass, number con-

centrations, optical depths and scattering coefficients at different marine locations are5

strongly dependent on surface wind speed. This is especially valid for the coarse mode

particles, which are most probably produced by sea-spray and blown dust) whereas the

fine mode particles are most probably produced by gas-to-particle conversion and sub-

sequent coagulation (Smirnov et al., 2002b, 2003). Note that in local spring and sum-

mer months (March to June) the AOD is larger at 870 nm than at 675 nm, implying thus10

negative α675−870 values in this spectral region (not shown here). Such negative val-

ues, indicative of coarse particles, have been also indicated by Adeyewa and Balogun

(2003) for Abisco, Sweden and Cachorro et al. (2001) for Central Spain . In Sect. 3.3

it will be shown that these AOD values are caused mainly by dust aerosols in these

seasons. Our AOD500 values in Nauru compare well with those reported by Smirnov et15

al. (2002b) for the same site, indicating also the absence of a strong seasonal cycle.

The AERONET station of Solar Village exhibits a clear annual cycle of AOD with a

significant increase in late spring towards values near 0.5 (Fig. 2d). This increase is

attributed to large concentrations of coarse-mode aerosols (desert dust), as indicated

by the slightly larger increase in AODs at the longer wavelengths, from background20

levels in January to turbid conditions in May. More specifically, the AOD380 increases

from January to May by a factor of 2.8, against a corresponding increase of 3.4 for

AOD870. Our results are in agreement with those reported by Smirnov et al. (2002a)

reporting the highest AOD and the lowest α440−870 values in Bahrain during spring. The

production of dust during this season is favored by increased wind speeds as reported25

by Liu et al. (2000) and Smirnov et al. (2002a).
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3.2 Spectral variation of aerosol optical depth

The spectral variation of AOD is important for modeling the radiative effects of aerosols

(e.g. Hatzianastassiou et al., 2006), correcting for the aerosol effects in remote sens-

ing applications and identifying the aerosol source regions and the temporal evolution

of aerosols (e.g. Masmudi et al., 2003). It is also important in both interpolating and5

extrapolating AOD beyond measured values for use in flux and energy balance com-

putations, as well as for obtaining aerosol size distribution (e.g. D’ Almeida, 1987;

Fouquart et al., 1987). In addition, the Ångström exponent allows estimation of key

aerosol optical parameters (Reid et al., 1999). Many studies on spectral variation of

AOD (e.g. Holben et al., 1991; Kaufman et al., 1992; O’ Neill and Royer, 1993; O’ Neill10

et al., 2001) rely on the Ångström exponent, α, which quantifies this spectral depen-

dence (Ångström, 1929). The wavelength dependence of AOD depends primarily on

the aerosol scattering efficiency and, to a much lesser extent, on the aerosol absorption

characteristics (Collaud Coen et al., 2004).

In Fig. 3, the spectral variation of annual mean AOD values is given for each loca-15

tion. The red curves refer to 2002, blue ones to 2003 and green lines to 2004. No

clear indications on possible inter-annual trends can be derived from Fig. 3. The mean

annual AOD values in Alta Floresta are greatest in 2002 and lowest in 2003, while

in Ispra they are of similar magnitude for the same two years. In Nauru, the high-

est AODs are depicted in 2004, while in Solar Village in 2003. The corresponding20

annual mean α values are also shown in Fig. 3 for every year. Obviously, the wave-

length dependence of AOD is similar between Alta Floresta and Ispra, with α values

ranging from about 1.3 to 1.6. For both locations, the steep decrease towards larger

wavelengths indicates the strong presence of fine-mode particles. On the contrary, the

spectral decrease of AOD is smoother for Nauru and Solar Village (α values ranging25

between about 0.3 and 0.55) indicating the significant presence of coarse particles, on

a global mean basis. In general, there are small inter-annual differences in terms of

the spectral dependence of AOD, which is also indicated by the rather similar annual
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mean α values. Only in Nauru, there is a different pattern, not exhibiting the contin-

uous decrease of AOD with increasing wavelength as in the rest of examined sites.

Furthermore, there are inter-annual differences in terms of both AOD values and their

spectral dependence. In contrast to the other sites, the AOD values slightly increase in

the near-infrared (near-IR) wavelengths, implying thus negative α values. The spectral5

dependence of the AOD is mainly driven by the scattering efficiency, which is related to

the aerosol size distribution. Therefore, the fine-mode particles (biomass smoke and

urban aerosols) exhibit a clearly wavelength dependent scattering more pronounced at

shorter wavelengths, while the scattering due to coarse particles (sea-salt and desert

dust) is weakly dependent on wavelength. This was clearly established by Schuster et10

al. (2006) through Mie calculations.

Beyond examining the spectral dependence of AOD on an annual mean basis, more

information can be obtained by doing so on a seasonal or even better on a monthly

basis. Thus, Fig. 4 provides the spectral dependence of monthly values of AOD for

each selected site. In Alta Floresta (Fig. 4a), the spectrally resolved AOD exhibits a15

large variability from month to month, especially at the shorter wavelengths (values of

AOD380 ranging from about 0.1 to 1.8). Moreover, the spectral dependence of AOD is

extremely large in August and September due to the intense forest fires taking place

(see Sect. 3.1) and the strong presence of fine aerosols. As suggested by Reid et

al. (1999) the fine-mode particles cause about three-times larger increases in AODs at20

shorter wavelengths, while the coarse-mode particles cause almost identical increases

at both smaller and larger wavelengths. The results of Fig. 4a are in line with those of

Fig. 2a, indicating AOD1020 values which are larger in September than March by ∼4

times, while those of AOD340are larger by ∼11. Note that in the period from January to

May the spectral variation of AOD is small, indicating the presence of coarse aerosols25

in the region. These particles should be maritime or dust and can stand as mixtures

with fine particles. Over the period in term, the values of α vary between 0.92 and

1.27, i.e. below the annual mean values (1.32-1.5, see Fig. 2a).

In Ispra (Fig. 4b) the AOD wavelength dependence does not exhibit a significant
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monthly variability as that in Alta Floresta. Nevertheless, it shows a weaker wavelength

dependence during spring (March–May) with α values near 1.3. In addition, March and

April exhibit the highest AOD values at the larger wavelengths, indicating thus a contri-

bution by coarse-mode particles. On the contrary, in local summer (June–August), but

also in November, the spectral decrease of AOD with increasing wavelength is steeper,5

indicating a strong contribution by fine-mode aerosols. These aerosols originate from

the strong anthropogenic activity in the industrialized areas of North Italy, and their ac-

cumulation in summer is favored by the stable atmospheric conditions created under

the influence of the Azores anticyclone.

The wavelength dependence of AOD in Nauru (Fig. 4c) is quite similar throughout10

the year, being very small. The small intra-annual variability is indicated by monthly

values of Angstrom parameter varying within the range 0.12–0.75, i.e. not far from the

mean annual values of 0.31–0.51 (see Fig. 2c). Note the relatively higher AOD val-

ues in September, especially at the smaller wavelengths, which are associated with a

relatively steep spectral decrease of AOD (α value of 0.75). This indicates the pres-15

ence of fine particles in this month. However, the high AOD values presented on some

days in September 2002 are not in agreement with the MODIS data for the same days.

Also, back-trajectory analysis does not indicate air-masses originating from continental

areas. Therefore, these AOD and α values maybe include uncertainties due to in-

strumental inaccuracies under low turbid conditions. Note also the almost flat spectral20

profile of AOD in the wavelengths above 500 nm. This, as also indicated for the mean

annual profile (cf. Fig. 3c) is due to the presence of coarse maritime particles prevailing

in this remote oceanic location.

As far as it concerns Solar Village (Fig. 4d), the weak AOD wavelength dependence

is indicative of significant contribution from coarse-mode particles. This is also reflected25

in the small α values (range 0.19–0.83) over all seasons, but particularly in the period

from March to June (α values 0.19–0.34). The flat spectral profile of AOD in spring

and early summer, together with the occurrence of largest values in those months

for the specific site (0.4–0.55) suggest that the aerosol population is dominated by
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dust produced in surrounding areas under favorable weather conditions. On the con-

trary, during fall (October–November) the decrease in AOD with increasing wavelength

is more remarkable (α values of about 0.8) indicating a contribution from fine-mode

particles, produced by anthropogenic or natural sources. The aerosol seasonal vari-

ation over this site is mainly driven by natural sources closely related to the mete-5

orological patterns and the climatology of the area. The long-term climatology over

the Arabian Peninsula has enabled the following seasonal divisions: southwesterly

monsoon (June–September), fall transition (October–November), northeasterly mon-

soon (December–March), and spring transition (April–May). During the southwesterly

monsoon, a northwesterly flow occurs at all levels over the Arabian Peninsula bring-10

ing extremely dry air and dust from the Iraqi deserts. During the fall transition season,

winds remain northwesterly but speeds decrease, the frequency of occurrences of dust

storms decreases significantly, and air temperatures drop. The northeasterly monsoon

is characterized by a very complex airflow pattern, which can be a combination of land-

sea breezes, outflow from the Persian Gulf, and northeasterly flow off the Iranian coast.15

Dust is usually advected from Saudi Arabia, Iraq, or South Iran (Liu et al., 2000). In the

April-May period, winds are predominantly from northern to northwesterly directions;

and the frequency of dust storms increases. Similar seasonal differences in the spec-

tral profile of AOD values have also been reported over Korea by Ogunjobi et al. (2004).

More specifically, they reported that the wavelength dependence of AOD in April, when20

the region is strongly influenced by Asian dust, differs significantly from that in October,

when biomass burning is dominant.

3.3 Relationship between AOD and Ångström exponent

When attempting a realistic characterization of aerosol properties data of both aerosol

optical depth and Angstrom parameter have to be used (Holben et al., 2001) since they25

both depend strongly on wavelength (Reid et al., 1999; Kaskaoutis and Kambezidis,

2006). To this end, values of AOD at 500 nm are usually used, because they are in-

dicative of the turbidity conditions and aerosol type (Cachorro et al., 2001) together
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with α value in a wide range of wavelengths (440–870 nm). Thus, scatter plots of AOD

versus α can be obtained in order to determine different aerosol types for a specific lo-

cation through determination of physically interpretable cluster regions in the diagram.

In general, very different patterns in AOD-α scatter plots are reported in the literature

(e.g. Holben et al., 2001) making thus difficult any interpretation. Nevertheless, the5

Angstrom parameter α depends strongly on the pair of wavelengths used for its de-

termination. Therefore, the detailed spectral information given by the determination

of α in different spectral pairs can help in determining and discriminating between the

different aerosol types (Cachorro et al., 2001). In a first step, in Fig. 5, the relationship

between AOD500 and α440−870 is given for the four selected sites in a common scatter10

plot diagram in terms of comparison.

In Alta Floresta, there is a wide range of α values at low AOD500(<0.1), reflecting

thus continental conditions with strong variability in the dominant aerosol properties.

The increasing values of α with increasing AOD500 indicate the significant contribu-

tion of fine “fresh-smoke” particles in the atmospheric column, especially under high15

turbidity. The increasing trend of α with AOD500 is better simulated by a logarithmic

formula {α=0.178ln(AOD500)+1.711} associated with 17.2% of the variance. A similar

relationship between particle concentration (through AOD) and particle size (through

Ångström exponent) has been observed for a variety of fine-mode aerosols (Porter and

Clarke, 1997; Remer et al., 1998). Reid et al. (1999) suggested several reasons for20

the co-variance of α with optical depth in Brazil: i) the growth rate of the count median

diameter is roughly linearly related to the particle concentration; ii) the growth of the

particles by diffusion-limited processes (such as condensation) occurs more rapidly at

higher particle concentrations; iii) Reid and Hobbs (1998) showed that, for the same

combustion efficiency, large fires produce larger particles; iv) as particles grow in size,25

they become more efficient light scatterers.

The scatter plot of AOD500 versus α440−870 in Ispra, exhibits high dispersion for low

optical depths (<0.1), with values of α440−870 ranging from ∼0.5 to ∼2.5; this suggests

that under relatively clean atmospheric conditions very different aerosol types can be
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found over Ispra (from pure fine-mode pollutants to coarse-mode particles). There is a

slight reduction of α440−870 as AOD increases; this reflects the transition of fine-mode

particles to accumulation-mode through coagulation, condensation and gas-to-particle

conversion. A similar pattern has been observed at several locations and for different

aerosol types (e.g. biomass smoke, anthropogenic aerosols, desert dust) (Eck et al.,5

1999, 2001a, 2001b; Masmudi et al., 2003; Kim et al., 2004; Ogunjobi et al. 2004).

The majority of points in the scatterplot diagram for Ispra are confined in the area cor-

responding to α440−870>1.5 for AOD500≤1, indicating the presence of fine particles of

urban and industrial anthropogenic origin. However, there is also a large population

of points corresponding to a great range of AOD500 values (from close to zero up to10

∼1.5), which are characterized by intermediate values of α440−870 (between 0.5 and

1.5). These cases correspond to mixed aerosol types, making thus difficult the fur-

ther characterization of urban/industrial aerosols, because of the complex combination

of natural and anthropogenic factors (including relative humidity, cloudiness, altitude,

fuel types and emission characteristics) that influence aerosol formation and evolution.15

In conclusion, according to our analysis, the discrimination of aerosol types in Ispra

should be limited to cases with large AOD values (>1.5). Besides, this is the reason for

which the derivation of aerosol properties (single scattering albedo, asymmetry factor,

refractive index) is made through the algorithm of Dubovik and King (2000) only for

high AODs using the CIMEL sky-almucantar measurements (Eck et al., 1999; Dubovik20

et al., 2000; Schuster et al., 2006).

As far as it concerns Nauru, we see that all points are situated towards the left-hand

axis, close to zero AOD500 values, with α440−870 ranging from slightly negative values

(–0.06) up to 1.40. This results in a very weak anti-correlation between α440−870 and

AOD500 with a correlation coefficient equal to r=–0.26, explaining only 12% of the vari-25

ance. Nevertheless, the negative correlation between the two parameters reflects the

increasing influence of a fine-aerosol background on AOD in remote oceanic atmo-

spheric conditions. A large number of points (∼75%) are found in the area with small

values of α440−870 (≤0.5); these are mostly points with the relatively largest values of
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AOD500 in Nauru (up to 0.16, see Fig. 2c). These points are related to coarse maritime

aerosols. Of course, based only on α440−870, they could be dust particles as well, but

this is excluded since areas of dust are extremely distant and moreover, the occur-

rence of dust is associated with values larger than 0.1 (see Fig. 2). The rest of points

(∼25%) are situated in the area with α440−870 >0.5, corresponding to maritime aerosol5

conditions, but with influence from fine particles as well.

In Solar Village there is a negative correlation between AOD500 and α440−870, de-

spite the large scatter of data points. More specifically, there is a wide range of

α440−870values (from about 0.1 to 1.6) for moderate-to-low AODs (<0.5). Nevertheless,

for larger values of AOD500 (≥0.5) the Ångström parameter is always smaller than 0.5,10

indicating thus the presence of coarse particles, which correspond to dust aerosols.

The dominating presence of large particles (radius>0.6µm) in desert aerosol is the

principal feature differentiating the optical properties of dust from the fine-mode dom-

inated biomass-burning and urban/industrial aerosols (Dubovik et al., 2002). Apart

from clear dust conditions, there is a significant number of cases (∼50%) with α440−87015

values lying between 0.5 and 1.5. Such Ångström exponent values are indicative of

bi-modal aerosol size distributions, with significant contribution from both fine-mode

submicron (radius<1 µm) and coarse-mode supermicron (radius>1µm) aerosols (Eck

et al., 1999, 2001a). An interesting example of aerosol mixing has been discussed by

Eck et al. (1999). They showed a case with values of α and AOD500 of 1.0 and 0.43 re-20

spectively, resulting from the mixing of dust and industrial aerosols; the mixing led to a

size distribution having accumulation and coarse-mode particles of similar magnitude.

In Solar Village, the coarse-mode particles can easily be mixed with pollution aerosols

transported from the neighboring industrialized areas of the Persian Gulf or with smoke

from oil fires (see Smirnov et al., 2002a). Such a mixture has been reported (Dubovik25

et al., 2002) to increase the AOD wavelength dependence and strongly modify the

spectral single scattering albedo.

Our results show that the mixed-aerosol type is very common in the selected repre-

sentative world locations (with percentage of occurrences ranging from 40% to 51%)
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and thus it deserves further discussion. This mixed aerosol type can be the result of

independent processes. It can be caused from both primary fine-and coarse-mode

particles. In several cases, there are mixtures of both fine-and coarse-mode aerosols

resulting in decreasing α as the dust contribution increases. Relative humidity is a de-

termining parameter for the size of aerosol particles (e.g. effective radius), especially5

for the water-soluble industrial particles, as shown in Seinfeld and Pandis (1997) and

from extensive measurements campaigns (e.g. TARFOX). The hygroscopic growth at

high relative humidities increases the AOD, due to the enlargement of accumulation-

mode particles, such as sulfates, which are produced in coal combustions (Ferrare et

al., 2000). The growth is largest for hygroscopic and water-soluble particles (Day and10

Malm, 2001). On the contrary, both aircraft and ships in-situ measurements of fine-

mode (pollution) aerosols in the coasts of Korea and Japan during ACE-Asia showed

that the pollution aerosols are moderately-to-strongly hygroscopic (Carrico et al., 2003).

The urban conditions in Ispra are likely quite similar to those reported before. In addi-

tion to hygroscopic growth, the aging processes of coagulation, condensation and gas-15

to-particle conversion have also been reported to contribute to the growth of smoke

aerosols (Reid et al., 1998). Consequently, the presence of both fine- and coarse-

mode particles over Ispra leads to bi-modal size distributions and hence to intermediate

Ångström exponent values.

On the other hand, the coarse-mode particles in Solar Village can easily be mixed20

with pollution aerosols from the neighboring industrialized areas of the Persian Gulf

or with smoke from oil fires (Smirnov et al., 2002a), increasing the AOD wavelength

dependence and strongly modifying the spectral single scattering albedo (Dubovik et

al., 2002). Finally, the maritime aerosols can be mixed with the continental ones, both

natural and anthropogenic, transported over long-range distances. All the above pro-25

cesses contribute to the good mixing of the aerosols in the atmosphere. However, the

uncertainties of the aerosol impact on climate remain significant. In addition, the dif-

ficulties in radiative- transfer models to represent the real atmospheric conditions are

large, thus resulting in high inaccuracies in the prediction of the spectral irradiance at
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the surface of the earth.

In general, it has been reported (e.g. Schuster et al., 2006) that values of

Angstrom parameter <1.0 indicate size distributions dominated by coarse-mode

aerosols (radii>0.5µm) that are typically associated with dust (e.g. Solar Village in

our study) and sea salt (e.g. Nauru in our study). On the contrary, values of α >2.05

(e.g. in Alta Floresta and Ispra in our study) indicate size distributions dominated by

fine-mode aerosols (radii<0.5µm) that are usually associated with urban pollution and

biomass burning. Our analysis indicates that a classification scheme for aerosols in

the selected four representative AERONET sites is possible for discriminating between

different aerosol types. Therefore, we make a first attempt for classifying the aerosols10

as it follows. The aerosols are divided into four categories based on their AOD500 and

α440−870 values. The selected threshold values of AOD500 and α440−870 are the same

with those of Pace et al. (2006) who discriminated the aerosols over the Mediterranean.

According to this scheme: a) values of AOD500 <0.06 and values of α440−870 <1.3

represent clean maritime background conditions (type I, MT), characteristic of remote15

oceanic areas, b) values of AOD500 >0.1 and α440−870 >1.5 correspond to biomass-

burning and urban/industrial aerosols (type II, BU), and c) values of AOD500 >0.15 as-

sociated with α440−870 <0.5 are indicative of desert particles (type III, DD). The cases,

which do not belong to any of the above groups, are characterized as mixed-type (type

IV, MT) aerosols, which represent the fourth aerosol class.20

In the scatterplot diagram of AOD550 versus α440−870 (Fig. 5) the four aerosol classes

(types) have been divided by solid lines corresponding to the threshold values of

AOD500 and α440−870. It is characteristic that 100% of the particles in part I originate

from Alta Floresta and Ispra, whereas 97% of cases in part III originate from Solar Vil-

lage; these are the most well defined cases, with the absolute majority of cases being25

attributed to specific stations. On the other hand, the 57% of total cases (i.e. a relative

majority) in part II, i.e. clean maritime aerosol conditions, are attributed to Nauru. As

for type IV (mixed aerosol type), it is identified in all four representative stations.

Correlations between AOD500 and Angstrom wavelength exponent computed at
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short (380–440 nm) and long (675–870 nm) wavelengths are helpful for parameterizing

aerosols in climate models and satellite-remote sensing. Presenting spectral aerosol

optical properties, such as Angstrom exponent, as regressions with spectral AOD for

different aerosol types helps to outline the dynamics of the aerosol optical properties

associated with the growth of the aerosol mass and aerosol processes (aging, particle5

size and composition transformations) stimulated by the accumulation of aerosols in

the atmosphere (Reid et al., 1999). Previous studies (e.g. Reid et al., 1999; O’ Neill

et al., 2001; Schuster et al., 2006) have shown that Angstrom parameter, α, computed

from AODs at visible-to-near-infrared wavelengths can provide information on the rel-

ative influence of coarse-versus accumulation-mode aerosols, while α computed in10

the UV-to-visible wavelengths is much more sensitive to the size of the accumulation-

mode aerosols with less influence from the coarse-mode ones. Many previous studies

(e.g. Reid et al. 1999; Schuster et al., 2006) have shown the usefulness of plotting

AOD500 versus α380−440 or α675−870. The same plots for each representative AERONET

station are given in Fig. 6. Although both the wavelength exponent α and the turbid-15

ity coefficient β in the Ångström empirical formula
1

are assumed to be independent

from each other and from wavelength, it is well known that both parameters depend

on wavelength (Shifrin, 1995). This introduces a curvature effect in the lnAOD plotted

versus lnλ (Eck et al., 1999, 2001a, 2001b; O’ Neill et al., 2001). In each panel of Fig. 6

there are given the computed mean and standard deviation values of α (for both pairs20

of wavelength, blue for 380–440 and red for 675–870). In all sites, there is a large scat-

ter of both α380−440 and α675−870, for moderate-to-low AOD500 values (<0.5) against

converging values of Angstrom parameter towards larger AODs. Based on α values,

the sites can be divided in two groups: a) Alta Floresta and Ispra, and b) Nauru and

Solar Village. In the first group, in general, the α675−870 values are larger than those25

of α380−440, while the opposite is found for the second group. However, note that the

computed mean α675−870 value for Alta Floresta (1.15) is smaller than that of α380−440

(1.31). This is due to the very small α675−870 values for AODs<0.1, which are not typical

1
tαλ = βλ

−α
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of biomass-burning conditions, and it is also indicated by the large standard deviation

(0.8). In contrast, for AOD500 >0.5 the α675−870 values are clearly larger than those of

α380−440. The larger values of α675−870 (at longer wavelengths) than α380−440 (at shorter

wavelengths) are characteristic of fine-mode particles, thus leading to a negative cur-

vature (convex type) of lnAOD plotted versus lnλ (Eck et al., 1999, 2001b). In Ispra,5

the differences between the α675−870 and α380−440 values are smaller than those in

Alta Floresta, implying thus a weaker wavelength dependence of Ångström parameter,

and hence a smaller curvature effect of spectral AOD values. For both sites, the differ-

ences in α values are bigger for larger AOD500 values. This implies that the spectral

dependence of α and, therefore, the curvature effect, is stronger for higher concentra-10

tions of fine-mode aerosols, as also stated by Eck et al. (1999, 2005) and Schuster

et al. (2006). On the other hand, in Nauru and Solar Village the α380−440 values are

larger than those of α675−870,implying thus a positive curvature effect (concave type) of

lnAOD plotted versus lnλ. This indicates the presence of coarse-mode aerosol parti-

cles (e.g. Eck et al., 1999; Schuster et al., 2006). The ratio of mean α380−440/α675−87015

values is larger in Nauru (even becoming negative) than in Solar Village, indicating thus

a quite stronger effect in the former site than in the later. In Nauru, the computed mean

α380−440 value (1.38) is quite large compared to that in Solar Village (0.86); this is due to

the existence of high AOD values at 380 nm (see Fig. 4c) in Nauru. On the other hand,

note that the α675−870 value in Nauru (–0.02) is negative, against a corresponding value20

equal to 0.5 in Solar Village. In general, despite the large scatter of data points in both

locations (Figs. 6c and d), the α380−440 values decrease with increasing AOD500. As far

as it concerns α675−870, itis practically independent from turbidity in Nauru, whereas in

Solar Village it decreases with AOD500, indicating thus that coarse aerosols dominate,

and also that the ratio of coarse/fine aerosols increases, under conditions of high tur-25

bidity. The differences between α675−870 and α380−440 values are generally small, and

they become practically zero for AOD500 >0.7. This implies a weak spectral depen-

dence of the Angstrom parameter α, and therefore, a better efficiency of the empirical

Ångström formula for obtaining spectral AOD values.
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3.4 Seasonal discrimination of aerosol types

The methodology described in the previous sub-section was applied to discriminate

and classify aerosol populations over the selected four representative AERONET sites

into the defined aerosol types. The analysis was performed on a monthly basis, and

the results are given in Table 2 on a year and seasonal basis.5

In Alta Floresta, on a year basis, the mixed-type (MT) of aerosols occurs most fre-

quently, i.e. in 51.5% of total cases. In particular, during winter and spring the frequency

of occurrence of MT becomes maximum (75–77%). Only in summer and autumn

(i.e. the burning season) the frequency of MT is not dominant, the majority of aerosols

being of biomass-urban (BU) type, with frequencies up to 59 and 64%, respectively.10

However, even in these seasons, a considerable fraction (∼36%) of aerosols is MT.

Our analysis on a monthly basis, revealed that the majority of these cases occurs in

the pre-burning (June–July) or post-burning (October-November) seasons. It is worth

noting that during August and September (the burning season) the frequency of BU

aerosol type is as high as 92.4%. During winter and spring, the frequency of BU is15

very small (<11%) related to aged-smoke particles given that the associated AOD500

values are above 0.5. Desert dust (DD) is practically absent in Alta Floresta, whereas

the frequency of clean maritime (CM) aerosol conditions is small (6% on a year basis)

being largest in winter (∼7%) and spring (∼15%).

In Ispra, the majority of cases (47.2% on a year basis) corresponds to the BU aerosol20

type, with mixed aerosols (MT) being the secondarily most frequent (38.5%). Desert

dust aerosols are absent, whereas clean maritime conditions appear in 13.7% of total

cases. The frequency of BU aerosols becomes maximum (∼65%) in summer, i.e. when

there are stable atmospheric conditions and absence of wet removal processes, but

also in autumn (∼53%). Aerosols of clean maritime type are found throughout the year25

(frequencies between 6 and 26%), with the highest frequency in winter, i.e. when pre-

cipitation removes efficiently aerosols. The mixed aerosol type is common throughout

the year (frequencies within the range 27–59%), whereas there is a systematic ab-
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sence of desert dust (frequencies <2%) due to the large distance of Ispra from the

exporting source desert areas of Sahara in north Africa, so that DD particles are ef-

ficiently mixed with aerosols emitted from local sources during their transport up to

Ispra.

In the remote ocean area of Nauru, the majority of cases (56.7% on a year basis) are5

of CM aerosol type, as expected. Nevertheless, there is also a significant contribution

(40.3%) by MT aerosols. The predominance of CM to other aerosol types exists over all

seasons, but it is less remarkable in the spring-summer period, when the continental

aerosol contribution is larger. Especially during spring, 4.6% of the aerosols are of

DD type corresponding to aerosols transported from the arid areas of East Asia and10

Australia. Especially, during this season, strong Asian dust outflows to the Pacific

Ocean have been reported in literature (e.g. Smirnov et al., 2002b; Kim et al., 2004;

Eck et al., 2005). Note that the BU type is totally absent in this remote oceanic site.

In Solar Village, the majority of aerosol types are DD (47%), and MT (50%) on a

year basis. However, the frequencies of MT are even higher in winter, late summer and15

autumn, when moderate turbidity conditions prevail (see Fig. 2). Although the presence

of CM aerosols is rare (3.7% on a year basis) this becomes significant in winter, when

the fraction of cases characterized as CM is about half of that for DD aerosols. The

frequency of occurrence of DD aerosols becomes as high as about 80% in spring,

whereas our analysis revealed frequencies of DD as large as 97.7% in May, when the20

majority of dust outflows occurs. The BU aerosol type is absent in this site, which is

too far to be practically unaffected from any industrial activities or possible oil fires in

the Persian Gulf (Smirnov et al., 2002a).

A small modification of the threshold values in the scheme for aerosol classification

can potentially lead to significant changes in the above percentages of occurrence of25

the four different aerosol types (BU, CM, DD and MT). To assess this, we changed a

bit the threshold values for the discrimination of the different aerosol types. The more

detectable changes were found for the BU and DD aerosol types. Thus, it was found

that a decrease of the threshold α440−870 value from 1.5 to 1.4 increases the yearly
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frequency of occurrence of BU from 41.8% to 46.2% in Alta Floresta and from 47.2%

to 54.6% in Ispra. Similarly, an increase of α440−870 from 0.5 to 0.6 increases the

frequency of DD aerosol type in Solar Village from 46.6% to 52.4%.

The seasonal discrimination and classification of aerosols was further investigated

using aerosol optical depth and Ångström parameter values. At first, a classification of5

aerosol types was performed based on AOD500 values. For each site and season the

frequency of occurrence of each aerosol type is given in Figs. 7, 8, 9 and 10. Similar

information was given in Table 2, but here further information is given for each interval

of AOD500. Second, the classification is also attempted based on the α values, and the

results are given for each season including the four sites (Figs. 11–14). Obviously, the10

frequency distribution of the four aerosol types is very different from site to site, whereas

it varies strongly with season. A similar classification of different aerosol types was

applied by Pace et al. (2006) at Lambedusa (central Mediterranean) based on AOD, α

values and air-mass trajectories. Also, Barnaba and Gobbi (2004) discriminated three

aerosol types (urban-continental, maritime and desert dust) over the Mediterranean15

based on the relationship between AOD and fine-mode fraction.

In Alta Floresta (Fig. 7) the BU type (in red) is dominant in summer and autumn, while

in winter and spring the MT dominates, as also indicated in Table 2. Nevertheless,

note that in summer, under clean background aerosol conditions (AOD500 <0.2) the

MT aerosol type dominates, In addition, note that in general, under clean background20

aerosol conditions the MT aerosols occur most frequently throughout the year. During

winter and spring, large AOD500 values (>0.8) are absent. In summer, for AOD500 >0.4,

the aerosols are always of BU type, opposite to autumn, when the occurrence of MT is

significant for all AOD500 intervals (frequency about half of that of BU). The CM aerosol

conditions occur only for small AOD500 values (<0.2) during winter, spring and summer,25

whereas DD aerosols occur extremely rarely during winter and spring, contributing to

large AOD500 values for the seasonal standards.

The aerosol classification is more complex for Ispra (Fig. 8). Large AOD500 values

(>1.0) occur in all seasons. In general, the BU aerosol type is prevalent in summer
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and autumn, whereas the MT aerosol type dominates in winter and spring. More-

over, MT aerosols are the most frequent for AOD500 >0.6, in all seasons. Apart from

this, there is a significant contribution of CM aerosols for clean atmospheric conditions

(AOD500 <0.2). Note the very low frequency of DD aerosols. For turbid atmospheric

conditions (AOD500 >1.0) the most prevalent (but at low frequencies) aerosol types are5

the MT and, to a lesser extent, the BU and DD ones.

The discrimination of aerosol types in Nauru (Fig. 9) is clear for all seasons. Thus,

for clean atmospheric conditions (AOD500≤0.06) CM aerosols dominate, while for more

turbid atmosphere (AOD500>0.06) MT aerosols are the most frequent. Therefore,

it appears that for clean background conditions, the aerosol population is consisted10

from maritime aerosols, which is reasonable given the location of the station. On

the contrary, when more pollutants are found in the local atmosphere, leading to rela-

tively larger AOD500 values, these pollutants are superimposed to background maritime

aerosols resulting in a mixture of aerosols (MT type). Note that for large aerosol loads

(AOD500 >0.14) there is a frequent occurrence of DD aerosols in all seasons. These15

aerosols are transported from the Australian or East Asian deserts, and their occur-

rence is dominant in all seasons except for autumn.

Similarly to Nauru, in Solar Village (Fig. 10) the discrimination of aerosols is sim-

ple. The only aerosol types occurring are those of DD and MT. It is only during

clean winter atmospheric conditions that CM aerosols are found. For turbid condi-20

tions (AOD500 >0.4 in winter and spring and AOD500 >0.6 in summer) the DD aerosols

dominate, especially in spring when the majority of dust outflows takes place. On the

other hand, for clean background atmospheric conditions, the aerosols are well mixed

(MT type) in all seasons. Especially, during summer and autumn, the MT aerosols

dominate even in more polluted atmospheres (AOD500 of up to 0.4–0.6).25

The classification of aerosol types based on Ångström α440−870 values instead of

AOD500, is given in Figs. 11 to 14. In Alta Floresta (Fig. 11) all aerosol types occur

during winter. The overall dominant MT type for this season (mean frequency of 77.8%

on a seasonal basis, see Table 2) occurs in a broad range of Ångström parameter
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values, extending from <0.3 (corresponding to coarse particles) to 2.4 (fine particles).

It is only in cases of large α440−870 values that BU aerosols (α440−870 >1.5) appear

as frequently as MT particles, whereas for small α440−870 values smaller than 0.6 the

DD aerosols are also present. The CM aerosols appear with low frequencies in cases

with α440−870 values between 0.6 and 1.2. During spring there is a rather complicated5

pattern, with all aerosol types occurring in Alta Floresta, which is very similar to that of

winter. On the contrary, the situation is more clear during summer and autumn, when

only BU and MT aerosols occur, with the BU particles being the most frequent, as also

stated in Fig. 7.

The seasonal patterns of aerosol discrimination in Ispra (Fig. 12) are very similar10

to those in Alta Floresta, with the difference that the BU aerosols dominate over MT

ones at large α440−870 values, during winter and spring (this is also valid in both Alta

Floresta and Ispra for summer and autumn). This difference is due to the nature of the

surrounding region in Ispra, which is a heavily industrialized area, probably among the

most industrialized ones in Europe.15

The aerosol classification is similar between Nauru (Fig. 13) and Solar Village

(Fig. 14) being at the same time very different than that in Alta Floresta and Ispra. More

specifically, over all seasons, there is no presence of BU aerosols at all; this is expected

since both stations are located at large distances from any source of anthropogenic or

biomass burning activity. Nevertheless, there are also differences between them. First,20

in general, smaller aerosols occur in Solar Village than in Nauru (α440−870 values up to

1.5 and 1.2, respectively); this is expected given that Nauru is a more remote station

than Solar Village. Besides, during winter and spring, the DD aerosols strongly dom-

inate in small α440−870 values (<0.6) in Solar Village, while in Nauru AERONET site

there are either mixed or CM aerosols that dominate. Furthermore, during summer25

and autumn, Nauru is strongly characterized primarily by the presence of CM aerosols

and secondarily by MT ones; on the contrary, in Solar Village, during the same sea-

sons there are whether desert aerosols which are prevalent, especially in summer and

for α440−870 values<0.3 (frequency of ∼96%) or the mixed aerosol type dominating for
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α440−870 values larger than 0.6.

4 Conclusions

In this paper, we analyzed spectral measurements of aerosol optical depth (AOD) and

Ångström parameter (α) obtained from ground based sunphotometers within the frame-

work of the global AERONET network. Four key locations were selected, which are5

representative of very different aerosol regimes worldwide. An appropriate method-

ology was created for discriminating between four different aerosol types: biomass

burning-urban (BU), clean maritime (CM), desert dust (DD) and mixed type (MT). The

methodology was built taking advantage of the use of aerosol optical properties at dif-

ferent available wavelengths, and the different spectral variability of AOD and Ångström10

parameter. Subsequently, the methodology was applied to the analyzed 3-year (2002–

2004) data in order to characterize the aerosol properties in each station, and clas-

sify the different aerosol types. The analysis was performed using daily aerosol data,

whereas the results are presented on a mean monthly, seasonal and annual basis for

each station. The main conclusions are summarized as follows:15

– There is a significant intra-annual variability of spectral AOD values, especially in

sites dominated by biomass smoke (Alta Floresta) and desert dust (Solar Village)

with maximum values in seasons of intense fires (August-September) or dust out-

breaks (May), respectively. In the urban/industrial site of Ispra and the remote

oceanic site of Nauru, the AOD values mainly depend on anthropogenic activities20

and long-range transport, respectively. Though there are significant differences

between the four sites in terms of AOD magnitude, in all sites the smallest AOD

values (transparent atmospheric conditions) occur in winter.

– The wavelength dependence of monthly mean AOD varies largely between the

four sites, and it is strongly influenced by the existence and relative contribution of25

coarse-and fine-mode particles. Thus, on an annual basis, a strong decrease of
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AOD values with increasing wavelength was revealed for the sites of Alta Floresta

and Ispra, which are dominated by naturally or anthropogenically produced fine

particles, against a weaker spectral decrease for Nauru and Solar Village, char-

acterized by the presence of coarse maritime or desert particles. Apart from the

differences between the sites in terms of spectral variability of mean annual AOD5

values, significant differences were also discovered between different months and

seasons for a given site, which provide useful information on natural or anthro-

pogenic processes taking place.

– The correlation between the AOD values at 500 nm and those of α computed

at 440 and 870 nm, was found to constitute an appropriate criterion for charac-10

terizing and separating the different aerosol types that occur in each location.

Nevertheless, a significant number of cases (38%–51%) could not be charac-

terized as a pure-aerosol type, i.e. clean maritime (CM), biomass burning-urban

(BB) or desert dust (DD) due to the efficient atmospheric aerosol mixing pro-

cesses. These processes (e.g. coagulation, condensation, gas-to-particle con-15

version, aged processes, humidification, photochemical reactions, scavenging by

precipitation) make difficult to attribute aerosols to one of the previous specific

aerosol types, leading thus to their characterization as mixed aerosols.

– The aerosol types were classified based on AOD500 and α440−870 values, as fol-

lows: BU (AOD500>0.1 and α440−870>1.5), CM (AOD500<0.06 and α440−870<1.3)20

and DD (AOD500>0.15 and α440−870<0.5). The cases not belonging to any of

these types were characterized as of MT aerosol type. On an annual basis, in

Alta Floresta and Ispra AERONET sites, BU is the dominant aerosol type, occur-

ring in 41.8% and 47.2% of total cases, while in Nauru the CM (56.7%) and in

Solar Village the DD aerosol type (46.6%) were the most frequent aerosol types.25

– The annual frequencies of occurrence of different aerosol types were found to

vary strongly with season and month. Thus, for example, the BU aerosols in Alta

Floresta were found to occur at the extremely high frequency of 92.4% during
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the biomass-burning season (August-September) whereas the frequency of DD

aerosols in Solar Village is as high as 97.7% in May.

– The analysis was extended by performing the aerosol classification into the same

four aerosol types, but based on the spectrally resolved (in classes) values of

AOD and Angstrom parameter. The results reveal clear patterns regarding the5

frequency of a specific aerosol type in each spectral interval of the AOD or α

parameter. These patterns, which depend strongly on the world location and

season, provide further information on the aerosol characterization.

The results of our study confirm the large variability of aerosol optical properties with

space and time. They show, however, that using detailed spectral values of aerosol op-10

tical depth and Ångström parameter is possible to obtain a lot of information that can be

the basis for characterizing the aerosol properties, which is highly desired by radiative

transfer and climate models. Given that spectral information on aerosol properties is

being increasingly available all over the globe (through both ground- and space-based

sophisticated instruments, e.g. AERONET or MODIS, respectively) it is very hopeful15

that our knowledge on globally distributed aerosols will become much better soon.
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Table 1. Period of measurements of aerosol optical properties at four selected AERONET
stations and number of daily mean data in each site per season. In parentheses they are also
given the percentages of the total number of measurements to which correspond the seasonal
data.

Location Period of Total Winter Spring Summer Autumn
measurements

Alta Floresta Jan/02–Dec/04 561 90 (16%) 124 (22%) 181 (32%) 166 (30%)
Ispra Jan/02–Mar/04 653 148 (23%) 165 (25%) 217 (33%) 123 (19%)
Nauru Mar/02–May/04 363 78 (21%) 131 (36%) 79 (22%) 75 (21%)
Solar Village Jan/02–Aug/04 792 169 (21%) 242 (31%) 209 (26%) 172 (22%)
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Table 2. Seasonal frequency of occurrence (%) of different aerosol types identified at the
four representative AERONET stations of Alta Floresta, Ispra, Nauru and Solar Village, for the
3-year period 2002–2004. The frequencies are given for each season (winter, December–
January–February), (spring, March–April–May), (summer, June–July–August) and (autumn,
September–October–November) as well as on a year basis.

Site Season Biomass/
Urban

Clean Maritime Desert
dust

Mixed
type

Alta Floresta

Year
Winter

41.8
11.3

6.0
7.7

0.7
3.3

51.5
77.7

Spring 8.8 15.3 1.6 75.3
Summer 59.1 4.4 0 36.5
Autumn 63.8 0 0 36.2

Ispra

Year
Winter

47.2
31.8

13.7
26.2

0.6
2

38.5
39.8

Spring 33.9 5.5 1.2 59.4
Summer 64.5 8.3 0.5 26.7
Autumn 52.8 17 0.0 30.2

Nauru

Year
Winter

0
0

56.7
65.4

3.0
3.8

40.3
30.8

Spring 0 52.4 4.6 43.0
Summer 0 51.9 1.3 46.8
Autumn 0 60.3 1.4 38.3

Solar Village

Year
Winter

0
0

3.7
14.8

46.6
30.2

49.7
55

Spring 0 0 79.3 20.7
Summer 0 0 47.6 52.4
Autumn 0 0.6 16.3 83.1
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Fig. 1. Global map of the four selected AERONET sites.
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Fig. 2. Intra-annual variation of aerosol optical depth (AOD) for the AERONET sites: (a) Alta
Floresta, (b) Ispra, (c) Nauru, and (d) Solar Village, at 380 nm (blue lines), 500 nm (green lines),
675 nm (yellow lines) and 870 nm (red lines). The computed annual mean values of AOD at
500 nm (AOD500) and Angstrom parameter (α440−870) are also given for each station.
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Fig. 3. Spectral variation of the mean annual AOD (2002 in red, 2003 in blue, 2004 in green)
in the four selected AERONET stations: (a) Alta Floresta, (b) Ispra, (c) Nauru, and (d) Solar
Village. The computed annual mean values of Angstrom parameter (α440−870) are also given
for each station.
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Fig. 4. Spectral variation of 3-year (2002–2004) averages of mean monthly AOD in the four
selected AERONET stations: (a) Alta Floresta, (b) Ispra, (c) Nauru, and (d) Solar Village.
The computed monthly mean values of Angstrom parameter (α440−870) are also given for each
station.
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Fig. 5. Scatterplot of Angstrom parameter (α440−870) versus aerosol optical depth at 500 nm
(AOD500) for the AERONET sites: Alta Floresta, Ispra, Nauru, and Solar Village. The discrimi-
nated different aerosol types: biomass burning-urban (BU, type I), clean maritime (CM, type II),
desert dust (DD, type III) and mixed type (MT, type IV) are shown for each station.
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Fig. 6. Scatterplot of Angstrom parameter (α) versus aerosol optical depth at 500 nm (AOD500)
for the AERONET sites: (a) Alta Floresta, (b) Ispra, (c) Nauru, and (d) Solar Village. The
scatterplot for α380−440 (blue points) and α675−870 (red points) are given for each station.
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Fig. 7. Seasonal relative frequency of occurrence of different aerosol types (BU in red, CM
in blue, DD in yellow and MT in cyan) identified at the Alta Floresta AERONET station for the
3-year period 2002–2004 during (a) winter (December-January-February), (b) spring (March–
April–May), (c) summer (June–July–August) and (d) autumn (September–October–November).
The frequency of occurrence is given for each interval of AOD500, while seasonal mean AOD500

values are also given for each aerosol type.
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Fig. 8. As in Fig. 6, but for the Ispra AERONET station.
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Fig. 9. As in Fig. 6, but for the Nauru AERONET station.
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Fig. 10. As in Fig. 6, but for the Solar Village AERONET station.
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Fig. 11. Seasonal relative frequency of occurrence of different aerosol types (BU in red, CM
in blue, DD in yellow and MT in cyan) identified at the Alta Floresta AERONET station for the
3-year period 2002–2004 during (a) winter (December-January-February), (b) spring (March–
April–May), (c) summer (June–July–August) and (d) autumn (September–October–November).
The frequency of occurrence is given for each interval of α440−870, while seasonal mean α440−870

values are also given for each aerosol type.
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Fig. 12. As in Fig. 10, but for the Ispra AERONET station.
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Fig. 13. As in Fig. 10, but for the Nauru AERONET station.
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Fig. 14. As in Fig. 10, but for the Solar Village AERONET station.
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