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Abstract

The Angstréom exponent, a, is often used as a qualitative indicator of aerosol particle
size. In this study, aerosol optical depth (AOD) and Angstrdm exponent (@) data were
analyzed to obtain information about the adequacy of the simple use of the Angstrém
exponent for characterizing aerosols, and for exploring possibilities for a more effi-
cient characterization of aerosols. This was made possible by taking advantage of the
spectral variation of @, the so-called curvature. The data were taken from four se-
lected AERONET stations, which are representative of four aerosol types, i.e. biomass
burning, pollution, desert dust and maritime. Using the least-squares method, the
Angstrém-a was calculated in the spectral interval 340—-870 nm, along with the coef-
ficients a; and a, of the second order polynomial fit to the plotted logarithm of AOD
versus the logarithm of wavelength, and the second derivative of a. The results show
that the spectral curvature can provide important additional information about the differ-
ent aerosol types, and can be effectively used to discriminate between them, since the
fine-mode particles exhibit negative curvature, while the coarse-mode aerosols posi-
tive. In addition, the curvature has always to be taken into account in the computations
of Angstrc")m exponent values in the spectral intervals 380-440 nm and 675-870 nm,
since fine-mode aerosols exhibit larger ag75_g70 than aagy_s49 Values, and vice-versa
for coarse-mode particles. A second-order polynomial fit simulates the spectral depen-
dence of the AODs very well, while the associated constant term varies proportionally
to the aerosol type. The correlation between the coefficients a4 and a, of the second-
order polynomial fit and the Angstrém exponent a, and the atmospheric turbidity, is
further investigated. The obtained results reveal important features, which can be used
for better discriminating between different aerosol types.
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1 Introduction

Atmospheric aerosols are among the major climatic forcing agents. Their radiative forc-
ing, on a global average, is likely to be comparable in magnitude to the radiative forcing
of about 2.4 W m™2 by anthropogenic greenhouse gases (IPCC, 2001). Nevertheless,
their effect is difficult to estimate, mainly because there is incomplete knowledge of
their optical properties (Houghton et al., 1996; Hansen et al., 2000), resulting thus
in a large uncertainty regarding the aerosol overall radiative forcing (Granger Morgan
et al.,, 2006; Remer and Kaufman, 2006; Yu et al.,, 2006). This is due to the fact
that, opposite to well-mixed atmospheric gases, aerosols are highly inhomogeneous
and variable in space and time. Therefore, there is a need for global and continuous
monitoring of aerosol properties (physico-chemical and optical). The climatic effect of
aerosols depends strongly on their optical properties. The importance of these proper-
ties, namely the aerosol optical depth (AOD), the Angstrdm parameter, and the aerosol
size distribution functions, is also high for atmospheric and remote sensing studies,
apart from other fields as well. All these, emphasize the need for extensive measure-
ments and analyses of aerosol optical properties at as many locations on earth as
possible (Ogunjobi et al., 2004). These measurements have to be taken at as many
wavelengths as possible, given the strong spectral dependence of both aerosol prop-
erties and radiation. Measurements of aerosol optical properties involve in-situ, and
satellite remote sensing data. These data sets are complemented with those of field
campaigns (ground-based and airborne), for calibration and validation of satellite data.

The satellite remote sensing technique provides nonintrusive measurements and
global coverage. However, radiation measured from satellites depends on the earth’s
surface reflectance, and extraction of the aerosol contribution presently has a limited
accuracy (Kaufman et al., 1997; King et al., 1999). Although many problems related
to satellite observations of aerosols have been resolved by sophisticated instruments
nowadays, there are still problems as shown by discrepancies between different satel-
lite products (Zhao et al., 2005). On the other hand, the ground-based aerosol remote
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sensing does not provide complete global coverage. Nevertheless, the performance
of surface based spectral measurements of sun and sky radiation is best suited for
reliably and continuously deriving the aerosol optical properties. To this aim, worldwide
efforts have been undertaken since the 1980s, and especially since the early 1990s, to
establish ground-based networks (e.g. Aerosol Robotic Network, AERONET) for moni-
toring the aerosol optical properties in selected key locations. In spite of the incomplete
global coverage of surface measurements, and the high temporal and spatial aerosol
variability, there is a rather limited number of general categories of aerosol types with
distinct optical properties. In general, aerosols can be classified into the following four
aerosol types, which are associated with different sources and emission processes,
and they exhibit significantly different optical properties: 1) biomass-burning aerosols,
produced by forest and grassland fires, 2) urban/industrial aerosols from fossil fuel
combustion in populated urban/industrial regions, 3) desert dust blown into the atmo-
sphere by wind, and 4) aerosols of maritime origin. Detailed knowledge of the optical
properties of these four key aerosol types is needed for deriving the respective radia-
tive forcings (Dubovik et al., 2002). Beyond this, it is also important to improve the
accuracy of satellite-retrieval algorithms, which rely on assumptions about the optical
properties of different aerosol types (Kaufman et al., 1997; King et al., 1999).

The aerosol optical depth (AOD), which is the integral of the atmospheric extinction
coefficient from the surface to the top of the atmosphere, is an important parameter
for visibility degradation (due to atmospheric pollution), solar radiation extinction, cli-
mate effects, and tropospheric corrections in remote sensing (Dubovik et al., 2002).
The AOD constitutes a unique parameter to remotely assess the aerosol burden in the
atmosphere from ground-based equipment, which constitutes the simplest, most ac-
curate, and easy to maintain monitoring system (Holben et al., 2001). Knowledge on
the spectral dependence of AOD is important for adequately modeling the effects of
aerosols on the radation budget of the Earth-atmosphere system or for accurately re-
trieving the aerosol optical parameters from satellite-remote sensors (Eck et al., 1999).
The wavelength dependence of AOD varies between different aerosol types because of
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their different physical and chemical characteristics. This AOD wavelength dependence
is suitably expressed by the Angstrém-exponent a (Angstrom, 1929). The derivation of
a in different wavelength regions is a useful tool for distinguishing and characterizing
the different aerosol types (Eck et al., 1999).

The use of Angstrdm exponent a has significantly increased in the last years, be-
cause this parameter is easily estimated using automated-surface sun photometry,
while it is becoming increasingly accessible to satellite retrievals (Schuster et al., 2006).
In addition to being a useful tool for extrapolating AOT throughout the shortwave spec-
tral region, the value of Angstrom exponent is also a qualitative indicator of aerosol
particle size or fine mode fraction (Kaufman et al., 1994). Furthermore, there is also
a relationship between this parameter and aerosol size distribution (Schuster et al.,
2006). The a values have been used to characterize biomass burning aerosols in
South America and Africa (Reid et al., 1999; Eck et al., 2001a, 2001b, 2003; Keil and
Haywood, 2003), urban aerosols (Eck et al., 1999; Kaskaoutis and Kambezidis, 2006),
maritime aerosol component in islands (Smirnov et al., 2002; 2003) and desert-dust
aerosols in Sahara and East Asia (Eck et al., 1999, 2005; Masmudi et al., 2003). Ex-
tensive analyses based on spectral aerosol measurements indicate that the Angstrém
exponent varies with wavelength, and that the spectral curvature of the least-squares
fit to the Angstrom exponent contains useful information about the aerosol size dis-
tribution (King and Byrne, 1976; O’ Neill and Royer, 1993; Eck et al., 1999, 2001a,
b, 2005; O’ Neill et al., 2001a, b, 2003; Kaskaoutis and Kambezidis, 2006). Eck et
al. (1999) established a curvature in the INAOD versus InA curve, which is very sensitive
to the aerosol type and to the fine-to-coarse mode fraction. More recently, Schuster et
al. (2006) explored the relationship between the spectral dependence of extinction and
the size distribution of atmospheric aerosols. More specifically, they investigated the
sensitivity of Angstrom exponent to both monomodal and bimodal aerosol size distri-
butions by using multiwavelength Mie computations, and they explored the information
content in the curvature of a. They found that different values of the fine-mode fraction
strongly modify the curvature changing its sign from negative to positive. Furthermore,
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they have shown that these theoretical Mie calculations were in agreement with AOD
measurements from AERONET sites.

The present study focuses on the detailed investigation of the curvature effect of
Angstrém exponent for different aerosol types. This is essential since encountered
differences in the curvature of Angstrdm exponent of different aerosol types makes
possible the discrimination between those aerosol types. The study is performed us-
ing data taken from four selected AERONET sites in key locations around the world,
which are representative of different aerosol environments. This was shown in the work
by Kaskaoutis et al., 2007) where the aerosol properties (AOD and a) over the four
AERONET sites were characterized on an annual and seasonal basis. In this study,
the main goal is to quantify the magnitude of the curvature for each aerosol type, and
its relationship with the atmospheric turbidity and the Angstré')m exponent. The com-
putations of the Angstrom exponent are performed at different wavelength pairs, as
suggested by Schuster et al. (2006) in order to make possible qualitative assessments
about aerosol characterization. This aerosol characterization, based on the spectral
dependence of AOD and a, is useful for refining aerosol optical models, reducing un-
certainties in satellite-aerosol observations and aerosol retrievals, and for improving
the modeling of aerosol impacts on climate.

2 Study regions and data used

The AOD and Angstrom exponent values used in the present study were taken from
four AERONET stations (Fig. 1) located in regions which are representative of four
major aerosol regimes: biomass burning, urban, desert dust, and maritime. The sta-
tions are: a) Alta Floresta (Brazil), a rural site directly influenced by biomass burning
smoke during the fire season (August-September), b) Ispra (ltaly), an urban/industrial
area with significant anthropogenic and industrial activities, ¢) Nauru, a remote island
in the tropical Pacific characterized by very small aerosol loading, and d) Solar Village
(Saudi Arabia), a continental remote site with significant contribution of desert parti-
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cles. The AERONET data are provided in three categories: cloud contaminated (level
1.0), cloud-screened (level 1.5) following the methodology described by Smirnov et
al. (2000), and cloud-screened and quality-assured (level 2.0). In this study, the level-2
daily mean cloud-screened data were used to ensure high quality. This, together with
the availability of enough (3-year) data, constituted the criterion for the selection of the
four AERONET stations. More details on the characterization of aerosol particles at
the four selected AERONET sites of the present work can be found in the study by
Kaskaoutis et al. (2007).

The measurements reported in this paper were obtained with the CIMEL sun-sky
scanner spectral radiometers used in the AERONET global network. The instrumen-
tation, data acquisition, retrieval algorithms, calibration procedure and accuracy are
described in a series of papers (e.g. Eck et al., 1999, 2001a, b; Smirnov et al., 2000;
Holben et al., 2001;) and therefore, only a brief description is given here. In brief,
the solar extinction measurements taken every 15 minutes within the spectral range
340-1020 nm (Holben et al., 2001) are used to compute AOT at 340, 380, 440, 500,
675, 870, 970 and 1020 nm. Sky radiance almucantar measurements in conjunction
with direct Sun measurements of AOT at 441, 673, 873 and 1022 nm are used to re-
trieve columnar size distributions (from 0.05 to 15 um), single scattering albedo, and
refractive indices of the aerosols Dubovik and King (2000). The Angstrom parameter
is computed from AOT at the available wavelengths by AERONET. The overall uncer-
tainty in AOT data, under cloud-free conditions, is £0.01 for 1>440 nm, and +0.02 for
shorter wavelengths. The error in aerosol volume size distribution is estimated to be
~15-25% for radii between 0.1 and 7 um (see Dubovik et al., 2000, 2002).

The period of measurements and the total number of daily values for each station
are given in Table 1. The larger number of data for Solar Village than for the other three
stations is probably due to more stable and sunny weather in this site, permitting thus
continuous measurements over long periods, especially in spring and summer. Given
that sun-photometer measurements can be made only for meteorological conditions
involving low-cloud cover or conditions in which the sun is visible through cloud gaps,
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the measurements are naturally biased towards atmospheric high-pressure systems.
Therefore, in Alta Floresta and Ispra there are less measurements than in Solar Village,
due to the smaller number of measurements during cloudy and rainy periods (winter),
when the maximum rainfall and cloud cover occurs. It is likely that ground level in-
situ sampling performed on rainy days would record lower aerosol concentrations due
to washout and wet deposition of aerosols and that this may result in lower seasonal
mean concentrations during months of high rainfall. The number of measurements
in Nauru is the smallest compared to other sites due to the rapid filter degradation
occurring in harsh environmental conditions (sea salt, dust mixture and high humidity).
The number of data used allows the evaluation of the variability of AOD and Angstrém
exponent for the four sites. Note that care has been taken to ensure the representativity
of the seasonal variation of aerosol properties (AOD and Angstrdm exponent) based
on the criterion of existence of a minimum number of data for each season (16 to 36%
of the total number of data, see Table 1).

3 Theoretical background and methodology
3.1 Theoretical background

Angstrém (1929) proposed an empirical formula to approximate the spectral depen-
dence of atmospheric extinction (scattering and absorption) caused by aerosols:

AOD, = p1~° (1)

where AOD, is the approximated aerosol optical depth at the wavelength A, G is the
Angstrom’s turbidity coefficient which equals AOD at A1=1um, and a is the widely
known Angstrom exponent. Although in this definition a and 8 are assumed indepen-
dent to the wavelength, it is well known that both parameters depend on wavelength.
Shifrin (1995) gave a general definition of the Angstrbm formula with Eq. (1) being a
special case under certain assumptions. This detailed description can be found in the
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work by Cachorro et al. (2001). Junge (1955) was the first to explore a relationship
between the Angstrom exponent a and the aerosol size distribution by assuming a
power-law relationship for the number density (N) of aerosols as function of radius (r):

dN v
d(nr) =< @

where dN is the number concentration of particles with radii between r and r+dr, and
¢ and v are fitting parameters characterizing the size distribution. The exponent v is de-
termined by the slope of the radius- distribution curve and c is a constant related to the
total mass of particles and their physical characteristics. Using Mie theory for spherical
particles in the range 0.1 um<r<1 um, Junge (1955) was able to show that a =~ v-
2 for nonabsorbing aerosols with a>1. Particles in smoky hazes over Brazil tend to
display a single submicron mode, with count median diameter of ~0.12—-0.25 um and
a volume median diameter of ~0.25-0.34 um (Reid et al., 1998). In this size range a
strong relationship is expected between a and v (Tomasi et al., 1983). However, it has
been suggested that a soil mode is sometimes present in the aerosol over Amazonia
(Artaxo et al., 1994; Remer, et al., 1998), which could reduce the relationship between
a and v. Although there is not a unique relationship between a and v for all submicron
mode particles, for a single fine-mode aerosol type, such as that produced by biomass-
burning aerosols, a can be a useful indicator of changes in the size distribution of the
smoke particles (Reid et al., 1999).

However, this approximation does not hold for small values of a (a<1.0) or for ab-
sorbing aerosols as shown by various studies (Junge, 1955; Tomasi et al., 1983; Del-
lago and Horvath, 1993; Cachorro and de Frutos, 1995). The results of these studies
have shown that the Angstrém formula is a special case of a more complicated law
valid for a limited range of values on the diameter of particles and for a limited inter-
val of wavelengths. The validity of this theory presupposes that the Junge power law
is valid for the particle-radius range, where significant extinction takes place and that
the spectral variation of the refractive index does not impose significant variations on
the Mie extinction factor. However, various works (King and Byrne, 1976) have shown
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that the size distribution of aerosols does not typically follow the Junge power law.
Moreover, King and Byrne (1976) have shown that aerosol size distributions do not
have radii extending from zero to infinity, so that the departures from the above con-
ditions introduce a curvature in the relationship between the logarithm of the spectral
aerosol optical depth and that of the wavelength. Consequently, Eq. (1) does not imply
a straight line in logarithmic co-ordinates:

INAOD; = —aln1+1Ing (3)

By ratioing Eq. (3) at two different wavelengths and then taking the logarithm, the
Angstrom exponent can be computed from spectral values of AOD as:

dInAOD,
" dInA

The Angstrém exponent itself varies with wavelength, and a more precise empirical
relationship between aerosol extinction and wavelength is obtained with a second-order
polynomial fit (King and Byrne, 1976; Eck et al., 1999, 2001a, b, 2005; O’ Neill et al.,
2001a, 2003; Pedros et al, 2003; Kaskaoutis and Kambezidis, 2006):

INAOD; = a, + a;In A + a,(In 1) (5)

where the coefficient a, accounts for a curvature often observed in Sun photometry
measurements. The second derivative is a measure of the rate of change of the slope
with respect to wavelength. From Eq. (3) and the second order polynomial fit given by
Eq. (5) the following relationship is obtained:

da d <d|n AODA/dInA)

Y=g dini =2 ©)

The curvature can be an indicator of the aerosol particle size, with negative curvature
indicating aerosol size distributions dominated by the fine mode and positive curvature
indicating size distributions with a significant contribution by the coarse mode (Eck et
al., 1999, 2001b; Reid et al., 1999; Schuster et al., 2006).
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3.2 Methodology

In this study, the values of Angstrém-parameter a were computed in the wavelength
interval 440-870 nm, using the AOD data of the selected four AERONET sites, applying
the least-squares method to Eq. (3) (Holben et al., 2001). The logarithmic linear fit is
the most precise method, although the results derived can also depend on the spectral
interval considered (Pedros et al., 2003). Thus, the same method was used for the
computation of a in the spectral interval 340-870 nm, aiming to compare the as4q_g79
values with the a,4_g7o9 Ones for different aerosol types. In addition, the Volz method
(Eck et al., 1999, 2001a) has been applied for the computation of a in two narrow
spectral intervals (380—440 nm) and (675-870 nm) using the AERONET AOD values
at the corresponding wavelengths. Errors and uncertainties in the determination of o
through the employed methods are reported by Pedrds et al. (2003).

The second-order polynomial fit (Eq. 5) was also applied to the AOD values at six
wavelengths (340, 380, 440, 500, 675 and 870 nm), although three of them are suffi-
cient for this computation as indicated by Eck et al. (2001a). The second-order polyno-
mial fit to the INAOD versus In1 data has been shown to provide excellent agreement
with measured AOD;, involving differences of the order of the uncertainty in the mea-
surements, opposite to the linear fit to INAOD versus InA, which yields significant differ-
ences with measured AOD (e.g. Eck et al., 1999; 2001a; Kaskaoutis and Kambezidis,
2006). Almost in all cases of the present study, the second order fit provides an excel-
lent agreement with measured AOD (coefficient of determination R220.98), although at
Nauru the R? values range between ~0.7 and 0.98. The errors of these computations
are further investigated in Sect. 4.4. Further, through the least-squares method, the
a values were computed in the spectral region 340-870 nm using the AOD values at
6 wavelengths. Note that the AODs at 1020 nm were not included in the linear and
second-order polynomial fits in this work because of possible water-vapor absorption
effects at that wavelength, resulting in inaccuracies in the computations of the second-
order polynomial fit and the estimations of the parameters a; and a, (see e.g. Eck et
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al., 2001a). The uncertainties in the AOD retrievals at 1020 nm are greater than for the
other non-UV wavelengths since the CIMEL silicon detector is temperature-sensitive at
that wavelength (~0.25% °C) (Eck et al., 2001a). Therefore, the inclusion of the AODs
at 1020 nm in the computations of the second-order polynomial fit and the estimations
of the parameters a; and a, causes more inaccuracies in the estimations. Possible
reasons for these inaccuracies are described in detail by Eck et al. (2001a). Hence-
forth the a values are referred to 440-870nm (AERONET a), while the curvature is
computed in the spectral interval 340-870 nm. Whenever different wavelength regions
are used in the computations, these will be reported at each instance.

4 Results and discussion
4.1 Spectral dependence of Angstrom exponent a

In this section, there are given the results of our analysis of the spectral dependence
of @ and its relationship with atmospheric turbidity. To accomplish this, the values of
a were computed in two narrow spectral intervals, 380—440nm and 675-870 nm by
applying the Volz method. The correlation between a values computed in short-and-
long wavelength bands, which do not overlap with each other, are given in Fig. 2 for
the four selected representative AERONET sites. Given the different type of aerosols
at each site (see Sect. 2 and Kaskaoutis et al., 2007) the results of Fig. 2 shed light on
the relationship between the spectral dependence of a and the aerosol type. We recall
that the traditional power law for aerosol extinction is a purely empirical relationship
(Eq. 1), and that the second-order polynomial (Eq. 5) describes more accurately the
wavelength dependence of aerosol extinction.

The points above and below the one-to-one line correspond to negative and posi-
tive a, values, respectively. In case of negative curvature (a,<0, convex type curves)
the rate of change of a is more significant at the longer wavelengths, while in case of
positive curvature (a,>0, concave type curves) the rate of change of a is more signif-

7358

ACPD
7, 7347-7397, 2007

Aerosol optical
properties

D. G. Kaskaoutis et al.

EG

C


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/7347/2007/acpd-7-7347-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/7347/2007/acpd-7-7347-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html

10

15

20

25

icant at the shorter wavelengths. Eck et al. (1999) reported the existence of negative
curvatures for fine-mode aerosols and positive curvatures for significant contribution
by coarse-mode particles in the size distribution. According to our results, in all sites
the regression between a in the two spectral intervals is not linear, as evidenced by
the very small fraction of total points lying on the one-to-one line. Points located in the
upper parts of the plots (negative curvature, a,<0) indicate the presence of fine-mode
aerosols; this is mainly the case in Alta Floresta and Ispra stations. Indeed, our analy-
sis (see Kaskaoutis et al., 2007) has shown that biomass burning or urban fine aerosols
are present in the atmosphere of these two stations in about 50% on a year basis, and
even more frequently in summer and autumn. Schuster et al. (2006) indicated that
negative curvatures can exist even for fine-mode volume fraction equal or less than
0.5. They also reported that the curvature decreases (i.e. approaches linearity) as the
fine-mode particle size increases, while negative curvature can also occur even in the
presence of a significant coarse-mode component. The curvature in Ispra is negative
(a,<0) in 58% of total cases, against 40% for Alta Floresta, whereas in the rest two
stations, Nauru and Solar Village, the curvature is rarely negative. Indeed, the values
of a, are positive in 97.5% and 87.5% of the cases, in Nauru and Solar Village, respec-
tively, indicating a strong contribution by the coarse-mode aerosols. These aerosols,
as shown by Kaskaoutis et al. (2007) are of maritime or desert dust, respectively.

The correlation coefficients between the a values of Angstrom exponent computed
at shorter (380—440 nm) and longer (675-870 nm) wavelengths for the four sites are
given below:

Qg75_g70 = —0.46(0.07) 380 _440 + 1.74(0.11)R? = 0.06 (AltaFloresta) (7)
Qg75_g70 = 0.34(0.04)A350_440 + 1.04(0.06)R? = 0.08 (Ispra) (8)
Qg75_g70 = 0.15(0.02)350_440 — 0.23(0.38)R? = 0.14 (Nauru) 9
Qg75_g70 = 0.39(0.02)350_440 + 0.17(0.02)R? = 0.39 (SolarVillage) (10)
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Our results indicate that there exist large differences between a values computed
in narrow spectral bands at shorter and longer wavelengths. These differences de-
pend strongly on the selected wavelength interval and the computation method used
(e.g. Cachorro et al., 2001; Pedrds et al., 2003; Kaskaoutis and Kambezidis, 2006).
Furthermore, no correlation was found between the curvature and the ag75_g70/@3g0-440
values at all stations. Therefore, it is concluded that the curvature does not depend on
the slope of the straight line of INAOD versus InA considered in narrow spectral bands
either at shorter or longer wavelengths. On the contrary, the curvature does depend
on the differences in @ computed at shorter and longer wavelengths.

In Fig. 2, for each station, the mean and standard deviation values of Angstrom
exponent are also given. Based on the computed a values, the four AERONET sites
can be divided in two categories: i) Alta Floresta and Ispra stations and ii) Nauru
and Solar Village stations. The ag75_g7¢ Values of the first group are larger or slightly
smaller than the aggq_449 ONes, while in the second group they are clearly smaller.
Note that the larger mean asgy_449 than ag75_g7gvalues in Alta Floresta are due to the
existence of very small (negative) ag;5_g7ovalues. According to our analysis, these
values correspond to AOD5y;,<0.1, not representing biomass-burning conditions. In
contrast, for AODgy,>0.5, the ag75_g7¢ Values are significantly larger than asgg_g40-
Thus, we can generalize the statement concerning the 1st group of stations, saying
that for this group the ag75_g7¢ values are larger than the a3gy_449 ONes. On the other

hand, in the 2" group of stations, i.e. Nauru and Solar Village, the values of ag75_g79
are smaller than.azgq_440 Yet, in Nauru there are very large differences, owing to some
very large 3gq_449 Values; which according to our analysis are attributed to significantly
larger AODgg, than AOD,,, values. In contrast, at the long wavelengths, the mean
Ug75_g70 Value is negative, associated with negative values in the majority of cases,
especially for very small AODs, values. In Solar Village, the a3g0_449 @and Qg75_g70
values correlate well for azgy_449<0.5, but not for azgg_g40>1.0.

The spectral variation of Angstrom exponent « is strongly dependent on the atmo-
spheric turbidity and aerosol type. In Fig. 3, the differences between the values of
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('3g0_440 ANd ag75_g7¢ are displayed as function of atmospheric turbidity by means of
AODgq,. Positive and negative differences are indicative of positive and negative cur-
vatures, respectively, while differences near zero indicate the absence of spectral vari-
ability in the Angstrom exponent. A common feature in all sites is the very large range
of differences for small AODg,, against decreasing magnitude of differences with in-
creasing AODgqy. In Alta Floresta, as the AODg, increases, i.e. under heavy turbid
conditions from biomass smoke, the differences are negative (ag75_g7¢ iS greater than
('3g0-440)- 1his confirms that for fine-mode particles, under turbid conditions, the curva-
ture becomes negative. In Ispra, similarly to Alta Floresta, for moderate-to-low AODg,
the differences a3gq_440— 675570 are either positive or negative to similar percentages.
In contrast, for AOD5,>0.7 the differences are always negative, indicating thus larger
fine-mode fraction, mainly of industrial origin. As far as it concerns Nauru, there are
generally large positive differences over the entire range of AOD values, indicating a
significant spectral variation of a at any AODgq, in this remote oceanic location. In
Solar Village, the differences are positive in most cases, while they tend to zero for
higher (AODgy,>0.5) values, associated with turbid dust conditions. Our results are in
agreement with Eck et al. (1999) who noticed a rather negligible spectral variation of o
for high turbid conditions in arid environments. On the other hand, they reported that
higher AODs accompanied with aerosol size distributions with a significant fine mode
fraction (smoke events) enhanced the spectral variation of a in agreement with our
results. Note that Kaskaoutis and Kambezidis (2006) reported also a small spectral
variation of a, and therefore, small curvature under turbid conditions in Athens. On the
other hand, the correlations between the differences and the values of AODjg, exhibit
significant scatter.

Based on the results of Fig. 2, it has been stated that in case of dagy_440>Q675-870
the curvature a, is positive. Therefore, positive and negative differences aagy_449 -
Ug75_g70iN Fig. 3 should correspond to positive and negative curvatures (a,), respec-
tively. According to this, it is expected that the scatter diagram (Fig. 4), which cor-
relates the differences aagy_440—a675_870 With @, values computed with Eq. (5), must
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include data points only in the first and third quadrant. However, the results for the
four AERONET sites exhibit a significant departure from this behaviour. This deserves
further investigation to identify possible reasons.

In Alta Floresta it is found that 15% and 26% of total number of data pairs lie in
the second and quarter quadrant, respectively. The corresponding percentages for
the stations of Ispra, Nauru, and Solar Village are equal to 4%, 2%, and 6% for the
2nd quadrant, and 17%, 6%, and 3% for the 4th quadrant. Our analysis shows that
the majority of these cases, especially for Alta Floresta and Ispra, correspond to small
magnitudes of both a, and asgy_440—Q675_870- Nevertheless, there are some cases
with large absolute values. These latter cases correspond to larger uncertainties in the
applied polynomial fit (F%2 <0.94). Therefore, the departure from the behaviour accord-
ing to which positive/negative curvatures are associated with positive/negative differ-
ences gzgg_440—As75-870, Can be attributed to the fact that the polynomial fit associated
with @, does not cover the same spectral range, since it includes the AOD values at
340 nm. It is probable that the inclusion of AODg,, in the polynomial fit strongly affects
the computed a; and a, values, resulting in significant errors.

To verify this, the computations of a,values were repeated using the polynomial
fit, but in the 380-870 nm spectral range instead of 340-870 nm, and the results are
given in Fig. 4b. Obviously, the change of spectral range for the computation of a,
results in largely different results; almost no data point are found in the second and
fourth quadrant anymore. Moreover the scatter of points is drastically reduced by not
considering the AOD values at 340 nm in terms of the polynomial fit. Consequently,
the statement that the positive or negative a, are associated with respective spectral
differences in the values of Angstrom exponent a, derived from the results of Figs. 2
and 3, and also reported by Schuster et al. (2006) has to be supplemented by that
it is valid only when consistent spectral intervals are used in the computation of the
polynomial fit.

The values of the second derivative of a (Eq. 6) computed from the polynomial fit
to the AOD values at 340, 380, 440, 500, 675 and 870nm as a function of AODg,
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are depicted in Fig. 5 for the four selected AERONET sites. Positive values of typically
occur in predominately fine-mode bimodal size distributions with the value of increas-
ing as the fine-mode increasingly dominates over the coarse-mode ones (Eck et al.,
1999; Reid et al.,, 1999; O’ Neill et al., 2001a). Large positive values of are char-
acteristic of fine-mode dominated aerosol size distributions (Eck et al., 1999, 2001b),
while near zero and negative values of are characteristic of size distributions with a
dominant coarse-mode or bimodal distributions with coarse-mode aerosols having a
significant relative magnitude (Eck et al., 1999; O’ Neill et al., 2001a; Kaskaoutis and
Kambezidis, 2006). Indeed, in Alta Floresta and Ispra, i.e. sites which are charac-
terized by fine-mode biomass burning and urban aerosols (Kaskaoutis et al., 2007),
there is a tendency toward larger positive values of , especially as AODg, increases,
due to the strong optical influence of fine-mode particles at the higher optical depths.
Therefore, positive values typically occur in predominately fine-mode bimodal size dis-
tributions with the value of increasing as the fine-mode increasingly dominates over the
coarse-mode ones (Eck et al., 1999; Reid et al., 1999; O’ Neill et al., 2001a). On the
contrary, Solar Village has values near zero or slightly negative, indicating the presence
of coarse particles, which is the case since this site has a strong influence of desert
dust. Near-zero or slightly negative values associated with desert dust, have been also
reported by Eck et al. (1999) and O’ Neill et al. (2001a). Note that negative values
(down to —4) are also found in Nauru, which are associated with maritime coarse parti-
cles. The use of polynomial fit is important since in cases with positive , the application
of a simple linear Angstrom fit to the INAOD versus InA for all wavelengths, results in
an overestimation of AOD at the short and long wavelengths, against an underestima-
tion at the middle wavelengths, and vice-versa for negative (Eck et al., 1999, 2001a;
Kaskaoutis and Kambezidis, 2006). Only when is equal to zero, there is no curvature
in the INAOD versus InA relationship and, therefore, the Angstrém formula fits the AOD
data adequately. However, this is not the case, as indicated by the relatively large scat-
ter of values. The largest departure from linearity in the INAOD versus InA relationship
appears for Nauru.This is in agreement with the results by Eck et al. (2001b) according
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to which the largest departures exist for weakly absorbing aerosols and/or aerosols
having relatively large-size accumulation mode.

For small aerosol optical depths at 500 nm there is a large range of values, both
negative and positive (from —5 to 2). This is an indication of the existence of bimodal-
size distributions at relatively low optical depths, with fine-mode particles determining
the wavelength dependence of AOD at the shorter wavelengths, and coarse-mode
particles similarly the wavelength dependence at longer wavelengths (O’ Neill et al.,
2001a). The large negative values for very small AODs indicate a significant departure
from linearity (Eq. 3) under clean atmospheric conditions. Such a departure was re-
ported by Kaskaoutis and Kambezidis (2006) for an urban site (Athens), while in this
work is found to occur at other aerosol environments as well, i.e. clean maritime, desert
and biomass burning. A similar relationship between AOD and has been also reported
in several studies (Eck et al., 1999, 2001a, b, 2003, 2005) for different aerosol types
(e.g. biomass-burning, urban/industrial, desert dust). Note that the negative values at
the small AODs, associated mainly with coarse desert-dust and sea-salt particles, ap-
proach zero as AODg, increases, in contrast to the positive values (fine particles, Alta
Floresta and Ispra) not approaching zero with increasing AODg.

4.2 The second-order polynomial fit

In this section, the coefficients a; and a, obtained through application of the 2nd-
order polynomial fit in the spectral region 340-870nm are further analyzed for the
four representative AERONET sites. More specifically, they are correlated with the
AERONET a and AODg, values.

These coefficients exhibit a wide range of values in each site proportionally to the
dominant aerosol type. Therefore, their values exhibit strong seasonal variation, es-
pecially in sites where a specific aerosol type dominates over specific time periods
(e.g. biomass burning in Alta Floresta in August-September and desert dust in Solar
Village in May). The monthly means, and the associated standard deviations of a;
and a, are shown in Figs. 6 and 7, respectively, along with the corresponding yearly
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values. In all sites, except for Nauru, the a4 values are mostly negative, as expected.
The annual cycle of a; in Alta Floresta, Ispra, and Solar Village, exhibits larger values
in summer and autumn and lower in winter and spring. This is mainly attributed to
the dominant aerosol type at each site, i.e. biomass smoke in Alta Floresta and ur-
ban in Ispra (highly negative a4, especially during summer and autumn, respectively)
and desert dust in Solar Village (a4 near zero, especially in spring). However, the an-
nual cycle in Ispra is not too distinct. The near-zero a4 in January and February is
attributed to some positive a4 values in these months in Solar Village. In Nauru, there
is a large month-to-month variability, resulting in the absence of a clear annual cycle.
This variability is due to the concurrent presence of positive and negative a4 values.

The seasonal variation of a, (Fig. 7) permits an assessment about the dominance of
fine-or coarse-mode aerosols for each month and site. The small mean annual values
in Alta Floresta and Ispra (0.004 and —0.07, respectively) do not involve small curva-
tures, since they result from both positive and negative values (ranging from about
—0.6 to 0.4). In Alta Floresta, negative a, values occur from June to November, due
to the predominance of fine-mode smoke particles (see also Kaskaoutis et al., 2007),
whereas positive a, values occur in the rest of the year, i.e. when there is also influ-
ence of coarse-mode particles mainly of maritime origin. In Ispra, negative a, values
persist from March to November, associated with urban fine-mode aerosols, against
positive values in the rest of the year. However, the standard deviations indicate that in
all months but November and December, both positive and negative curvatures exist.
In Nauru and Solar Village, the significant contribution of coarse-mode sea-salt and
desert-dust aerosols, respectively, throughout the year (Kaskaoutis et al., 2007) leads
to positive mean a, values over all months.

In Fig. 8, the coefficient a; is correlated with AODs, for each site. In Alta Floresta,
Ispra, and Solar Village the a; values are mostly negative, as expected (a;~ — Q).
On the contrary, this is not the case for Nauru (a site with clear atmospheric condi-
tions, AOD5,;<0.18), where in the majority of cases (75.9%) a; is positive. In Alta
Floresta and Ispra only 7 and 9 cases, respectively, exhibit positive a4, whereas in So-
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lar Village, the 13.2% of total a4 values are positive. For all three sites (Alta Floresta,
Ispra, and Solar Village) the positive a; values appear under low-turbidity conditions
(AODjg(y<0.5). Our analysis has shown that the positive a; values in Alta Floresta and
Ispra are associated with significant uncertainties in the polynomial fit, R?<0.92, result-
ing in large errors in the determination of both a4 and a,. Besides, the linear fit in these
cases is highly inaccurate and therefore, the Angstrdom formula is unable to describe
the spectral variation of the AOD (Kaskaoutis et al., 2006). Note also the wide range of
a, for small AODg, values against a reduction of this range with increasing AODg.

The correlation between a, and AODs, (Fig. 9) provides information on the atmo-
spheric conditions under which the spectral variation of a is negligible, so the spectral
variation of AOD can be accurately described by the simple Angstrém formula (4=
—a). The data lying on or near the a,=0 line correspond to bimodal lognormal aerosol
size distributions without curvature. Based on the results of Fig. 9, it can be stated that
in general, the error in using the simple linear fit becomes smaller with increasing tur-
bid atmospheric conditions, especially for maritime and desert aerosol environments
(Nauru and Solar Village). Moreover, it is interesting to note the existence of negative
curvatures in sites characterized by aerosol size distributions dominated by the coarse-
mode, i.e. desert-dust and sea-salt in Solar Village and Nauru, respectively, and also
the occurrence of positive curvatures in sites characterized by aerosol size distributions
dominated by fine-mode particles, in Alta Floresta and Ispra. Both cases occur mainly
for low atmospheric turbidities. In all the four AERONET sites, there is a decreasing
trend of a, with increasing AODyg, in line with the results of Fig. 3. This is expected,
since that the coefficient a, is strongly correlated with the differences between a com-
puted at shorter and longer wavelengths, as shown in Fig. 3. Nevertheless, the above
relationship is weak, because of the significant scatter of data points, especially at low
AODg.

Based on the results of Fig. 9, it is possible to assume that there is negligible curva-
ture within range —0.01< a,<0.01. In Alta Floresta, 14 cases, corresponding to 2.5%
of total cases, fall into this interval. In Ispra and Solar Village, there are 13 and 16
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cases, respectively, corresponding to 2% and 2.1% of total cases. For those cases,
the linear fit (Eq. 3) is evaluated as greatly accurate (R2>O.98), while the relationship
between a,and a is very strong (R2=0.82, 0.85 and 0.96 for Alta Floresta, Ispra and
Solar Village). Note that the very small a, values do not occur for a specific AODgq in-
terval; they appear for values of AOD5, ranging from 0.04 up to 0.55. On the contrary,
in Nauru none case satisfies the above criterion and, therefore, the curvature is always
significant in this clean atmosphere. Below, we give the estimated equations relating o
and a4, and the associated correlation coefficients:

ay = - —0.89(0.05)a - 0.11(0.12), R? = 0.82 (AltaFloresta) (11)
a; = -1.13(0.03)a + 0.38(0.05), R = 0.85 (Ispra) (12)
a; = —0.96(0.03)a — 0.03(0.01), R? = 0.96 (SolarVillage) (13)

In Fig. 10, the correlation between the Angstrom exponent a (Eqg. 3) and the coefficient
a4 (Eq. 4) is displayed in a common diagram for the four representative AERONET
sites. For intermediate values of a, i.e. in cases of rather mixed aerosol types with
particles originating from different source areas, the figure is zoomed for a clearer
presentation. As expected, there is an anti-correlation between a and a; in all sites,
with a significant scatter. These anti-correlations were evaluated to be statistically
significant at the 95% confidence level only in Alta Floresta and Ispra. Below, we give
the estimated equations relating @ and a4, and the associated correlation coefficients:

a; = —1.44(0.05)a + 0.69(0.07), R? = 0.64 (AltaFloresta) (14)
a; = —1.12(0.05)a + 0.26(0.08), R? = 0.44 (Ispra) (15)
a, = —0.34(0.08)a + 0.43(0.04), R® = 0.04 (Nauru) (16)
a; = —0.44(0.03)a — 0.01(0.02), R? = 0.22 (SolarVillage) (17)
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The relationship differs from a site to another, whereas it includes significantly larger
errors and uncertainties than those for a, values in the range +0.01, as expected. Def-
initely, the coefficient a4 is significantly different from a, especially in the maritime and
desert aerosol environments (Nauru and Solar Village, respectively). Consequently,
including spectral curvature in analyses enhance the knowledge about the volume frac-
tion and effective radius of fine-mode aerosols at intermediate values of the Angstrém
exponent (Schuster et al., 2006).

The coefficient a; computed in the spectral interval 340-870 nm versus the Angstrom
exponent a4¢_g7o is given in Fig. 11 for the four representative AERONET sites. Obvi-
ously, for a specific value of a,49_g79, @ great range of a, occurs. This is in agreement
with the findings of Schuster et al. (2006), who showed that different size distributions
with the same a can produce large differences in curvature, and verifies that solely cur-
vature is not enough for describing aerosol particle size, as stated previously (e.g. Eck
et al., 1999, 2001b; Reid et al., 1999). Yet, it is possible to discriminate between dif-
ferent aerosol types by plotting a vs a,. This is more clearly shown in the zoomed
scatterplot for intermediate values of a,49_g79- Thus, the maritime aerosols (in blue)
can be clearly identified, since they have large positive a, values, while the desert
dust particles (in yellow) have also positive values of a,, but with smaller magnitude
(mostly <0.6). Within the a449_g79 interval 0.5-1.5, the biomass burning and the ur-
ban aerosols exhibit both positive and negative a, values; this is because they have
bimodal distributions with significant coarse fraction due to coagulation, condensation,
gas-to-particle conversion and humidification processes (e.g. Eck et al., 2005). Cases
with negative curvatures are associated with high fine-mode volume fractions, while
positive curvatures are related with low fine-mode fractions at these intermediate val-
ues of a, in agreement with Schuster et al. (2006).

However, the discrimination of aerosols is difficult in some cases. For example, for
440-870<1.0 it is hard to discriminate between biomass-burning or urban aerosols and
the desert dust particles. This is due to the fact that the former particles are quite large
in size, because of swelling of water vapor and aging processes, exhibiting thus similar
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characteristics to the latter particles produced in arid areas. Nevertheless, despite this,
our results indicate that in general, plotting a vs a5, is useful for discriminating between
different aerosol types. Thus, curvature can be used to improve the information about
aerosol size distributions and types at intermediate values of a, as stated by Schuster
et al. (2006).

For aerosols dominated by large particles (sea salt, desert dust) there is a trend of
increasing a, with a, while the opposite exists for aerosols with a large fine fraction
(biomass burning, urban). Especially in Alta Floresta, for a values above 1.8 almost all
a, are negative implying negative curvatures for the fine-mode aerosols. In contrast,
positive a, values are usually expected for moderate to low (<1.3) a values, proba-
bly aged smoke or mixed aerosols with a significant coarse fraction. Mie calculations
(Schuster et al., 2006) indicate that increasing the concentration of coarse-mode par-
ticles reduces the Angstrém exponent and dampens its sensitivity to the fine-mode
effective radius. As a consequence, for lower a values the curvature can be positive
or negative exhibiting larger scatter especially in Ispra. Nevertheless, the correlations
between a and a;, given in the following expressions are not statistically significant and
have high scatter.

a, = —0.48(0.04)a + 0.69(0.05), R? = 0.25 (AltaFloresta) (18)
a, = —0.22(0.04)a + 0.26(0.05), R? = 0.04 (Ispra) (19)
a, = 0.48(0.07)a + 0.54(0.04), R? = 0.11 (Nauru) (20)
a, = 0.37(0.03)a + 0.05(0.02), R? = 0.18 (SolarVillage) (21)

The Angstrém formula (Eq. 1) refers to the extinction of aerosols (scattering and ab-

sorption). Therefore, the question arises: how much can the absorption efficiency

affect the Angstréom exponent? This is significant for the accuracy of the above com-

putations. Schuster et al. (2006) examined the sensitivity of a to the imaginary part

of aerosol refractive index, and found that it was negligible for aerosols with low fine-

volume fractions. This is because the spectral dependence of absorption is similar
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to the spectral dependence of extinction for coarse-mode particles and, therefore, the
bulk-absorption coefficient has little effect on the extinction exponent of these particles.
However, the bulk-absorption coefficient does have an impact on the Angstrém expo-
nent for large-volume fraction of fine-mode aerosols, although this sensitivity is small
and does not affect the a values and the above regressions.

Significant information about aerosol types and size distribution can be deduced from
the correlation between the coefficients a4 and a, (Fig. 12). Similar distributions based
on both theoretical computations and experimental data, have been shown by Schus-
ter et al. (2006). The results of Fig. 12 reveal the possibility of clearly discriminating
between different aerosol types, and they are in agreement with the findings of Schus-
ter et al. (2006). Large negative a, and a, values correspond to biomass-burning or
urban/industrial fine-mode aerosols (Alta Floresta and Ispra, respectively), while posi-
tive a,and near zero or positive a4 values are indicative of large particles (desert dust,
sea salt for Solar Village and Nauru, respectively). Note that there are positive a; val-
ues, which may seem “unrealistic’. The majority of these cases belongs to Nauru, and
corresponds to clean atmospheric conditions (AOD5,;,<0.05). According to Schuster
et al. (2006), positive a4 values accompanied by positive curvature can be theoretically
derived for very low fine fraction (0.3 or even less). Note however that these values in
Fig. 12 are associated with large errors and uncertainties in their computations.

According to Schuster et al. (2006), the absolute value of the coefficient a, de-
creases with increasing particle size for fine monomodal aerosols. Based on this, for
negative curvature, as a4 tends to zero the particle size should increase. This corre-
lation is more sensitive for monomodal size distributions, while as the coarse fraction
increases the correlation is rather neutral, and, therefore, a possible increase in par-
ticle size has no effect on a; values. However, this is not the case when significant
coarse-mode aerosols are present and the curvature is positive. Hence, according to
our results, for a,>0 the coefficient a; decreases with increasing particle size. For a
fixed a, value the fine-mode median radius as well as the fine-mode volume fraction
increases as the absolute a4 values increase.
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4.3 Derivation of the Angstrom exponent a from its second derivative

According to Schuster et al. (2006) to a first approximation, the Angstrom exponent
a can be taken from the difference a,—a4. In this section, we attempt to verify the
validity of this statement. As already noted in Sects. 4.1 and 4.2, when the curva-
ture is negligible (a, ~0) then a=—ay, which is consistent with a=a,—a;. Schuster et
al. (2006) reported that a,—a4 >2 corresponds to size distributions dominated by fine-
mode aerosols and a,—a; <1 corresponds to size distributions dominated by coarse-
mode particles, whereas intermediate values of a,—a4 correspond to a wide range of
fine-mode fractions.

In Fig. 13, the differences a,—a, are plotted versus AODg, for the four AERONET
sites. Two dashed lines were included in Fig. 13, i.e. a,—a4=1 and a,—a,=2, which rep-
resent the traditional guidelines for the Angstrém exponent. According to our results,
values of a,—a4>2 are found only in Alta Floresta (8.2%) and Ispra (21%), whereas
the corresponding values for Nauru and Solar Village do not exceed 1.3 and 1.5, re-
spectively. In contrast, the majority of values for Nauru and Solar Village, i.e. the 96%
and 94.6%, respectively, occur for a,—a4; <1, indicating the significant coarse-mode
fractions in the size distributions of sea-salt and desert-dust particles; The correspond-
ing percentages for Alta Floresta and Ispra are equal to 21.7% and 15.5%. For clean
conditions, i.e. small AODg, there is a wide range of a,—a, values for all aerosol
types. However, for AODgy,> 0.5, the range of a,—a; values reduces to 0.1-0.5 for
desert-dust, 1.0-1.8 for urban/industrial, and 1.8-2.1 for biomass-burning aerosols.
Our results, which are in agreement with those from other investigators (e.g. Cachorro
et al., 2001; Holben et al., 2001; Ogunjobi et al., 2004; Reid et al., 1999; Smirnov et al.,
2002), indicate that it is possible to achieve a discrimination of aerosols based on cor-
relations between a,—a; and AODs, values, which is an extension to similar findings
based on correlations between Angstrom exponent a and AODg.

The correlations between the Angstrém exponent @ and the differences a,—a; are
shown in Fig. 14 for the four selected AERONET sites. The a values presented in this
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figure, were obtained from AERONET in the spectral interval 440-870 nm. Note that
the a4 and a, values in this graph were obtained from the polynomial fit including the
AOD values at 340 and 380 nm. Obviously the two parameters are strongly correlated,
as indicated by correlation coefficients ranging from 0.77 to 0.87. Data points lying
onto the one-to-one line or closely around it, indicate the validity of a,—ay=a. Our
results indicate that only few points are significantly scattered. According to our anal-
ysis, these points correspond to cases for which the second-order fit does not provide
with high accuracy (R2<0.92). In Alta Floresta and Ispra, the scatter of data points be-
comes more significant for a,4q_g70>1.3, while in Nauru and Solar Village this occurs
for a,49_g70<0.8. Consequently, the assertion a=a,—a; can be considered as valid
for intermediate values of a,,40_g79- These findings are in agreement with Schuster et
al. (2006) reporting that a=a,—a4 can be considered as valid for bimodal size distribu-
tions with similar contribution from fine-and coarse-mode having 0.8< a<1.3 (Eck et
al., 1999, 2005). In Ispra, the Angstrém exponent a mostly overestimates a,—a,, while
for the other three sites not a systematic overestimation or underestimation is found.
The linear regressions for the three representative AERONET sites (Fig. 13) are:

a, - a; = 0.953a + 0.017(R? = 0.72) (AltaFloresta) (22)
a, — a; = 0.904a + 0.004(R? = 0.70) (Ispra) (23)
a, — a; = 0.819a + 0.106(R? = 0.78) (Nauru) (24)
a, — a; = 0.804a + 0.058(R? = 0.75) (SolarVillage) (25)

Note that these linear regressions have larger coefficients R? than the regressions
shown in Fig. 10, for all aerosol types. This underlines that the curvature plays an
important role in the spectral variation of AOD and a and, therefore, should always be
considered.
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4.4 Errors and uncertainties in the computations

In this section, the computed a349_g79 Values are compared with those obtained by
AERONET htip://aeronet.gsfc.nasa.gov/. In addition, an extensive analysis is per-
formed on the errors in the computations of a depending on turbidity.

The regressions between the computed values as49_g7o and those of AERONET
(a440-870) are given in Fig. 15 for the four representative AERONET sites. The mean
and standard deviation values of a together with statistics are given for each site. In
general, the two Angstrom parameters are highly correlated, and only in few cases sig-
nificant differences exist. Most of these differences appear in Nauru, where the com-
puted a values systematically overestimate the respective AERONET ones, in contrast
to the three other sites, where the agreement is better. The equations of the linear
regression fits are:

340-870 = 0.86(0.01)d440_g70 + 0.15(0.02)R? = 0.89 (AltaFloresta) (26)
Q340_870 = 0.89(0.01)a440_g70 + 0.04(0.02)R? = 0.90 (Ispra) (27)
Q340870 = 1.03(0.02)a449_g70 + 0.17(0.01)R% = 0.81 (Nauru) (28)
Q340870 = 0.99(0.01)a440_g70 + 0.04(0.004)R? = 0.96 (SolarVillage) (29)

Our analysis has shown that the overestimation of az4q_g7g values in Nauru are mainly
attributed to large AOD values at 340 nm and 380 nm, which are also responsible for
the large asgg_449 values shown in Fig. 2. The larger or smaller computed a34q_g79
than AERONET a,44_g79 Values are related to the shape of the curvature of the INnAOD
versus InA, or in other words to the value of its second derivative. Therefore, in cases
where the curve is concave (a, >0 or <0) the rate of change of a decreases with
increasing wavelength, so that including AODs at shorter wavelengths (e.g. 340 and
380nm) may result in an increase of ag4g_g79.- This is obvious in Nauru and Solar
Village (positive biases as49_g70 — @440-870), iN Which the coarse-mode sea-salt and
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desert-dust particles present concave-type curves (Eck et al., 1999). The opposite
occurs in Ispra and Alta Floresta (negative biases a'349_g7g — Q449_g70)- HoOwever, it
is noticeable that in Alta Floresta, for small values of « (i.e. for high concentration of
coarse-mode particles) the computed a34_g7gvalues are higher than the AERONET,
while for @ >1.5 the AERONET a values are higher.

The errors in computations of ay,q_g7 USing the least-squares method as a function
of turbidity conditions are shown in Fig. 16. These errors are attributed to the curva-
ture, which consists a measure of the departure from the linear relationship. For each
station the mean error with the standard deviation are also given. The larger errors
are produced for Nauru (0.15+0.07) and smallest ones for Solar Village (0.04+0.09).
It is thus expected that the smallest errors occur in Solar Village, since this site has
the smallest a, values, and the smallest differences between the computed values of
a in different spectral bands (see Figs. 2 and 15). Figure 16 reveals that the errors
in computations decrease with increasing AOD5,. This is more evident in Nauru and
Solar Village. This is explained by the fact that under clear conditions, the scatter in
the AOD values is larger, and the Angstrdm formula does not fit well (Pedrds et al.,
2003; Kaskaoutis et al., 2006). Therefore, to avoid such errors and uncertainties, the
aerosol computations based on data from the AERONET database should be limited
only under high-turbidity conditions, as also stated by other investigators (Dubovik et
al., 2000; Eck et al., 2005; Smirnov et al. 2002).

5 Conclusions

The wavelength dependence of Angstrdm exponent, @, which causes a curvature in
the relationship between the logarithm of the spectral aerosol optical depth, InAOD,
and that of wavelength, InA, was investigated in this study. The study was performed
using data from four AERONET sites, which are representative of different aerosol
types, namely biomass burning, urban/industrial, maritime and desert dust. The data
obtained from AERONET consisted in AOD at 6 wavelengths, 340, 380, 440, 500, 675
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and 870 nm, and values of a in the spectral interval 440—-870 nm. In addition, values
of @ were computed for each site in the 340-870 nm spectral interval using the least-
squares method. Subsequently, linear and second-order polynomial fits were applied
to the INAOD versus InA values. The main conclusions can be summarized as follows:

e Large differences were encountered between the a values computed in two differ-
ent narrow spectral bands, 380-440 and 675-870 nm, for the all aerosol types indicat-
ing a significant wavelength dependence of a. These differences, which are related
to the curvature a,, are especially large for low turbidity conditions whereas they de-
crease with increasing AOD.

* The values of a computed at shorter wavelengths (a3gq_440) are larger than those
at longer wavelengths (ag75_g79) in case of positive curvature (a,>0) or equivalently in
case of negative second derivative of the Angstrom exponent (<0) implying concave-
type curves, which are characteristic of aerosol size distributions with a significant
fraction of coarse-mode. The opposite, i.e. Q3g9_440<qs75-g70, EXiSts for convex type
curves, being characteristic of aerosol size distributions dominated by fine-mode. How-
ever, the spectral differences in a values, a3gy_440— 675870, are significantly correlated
with the curvature a, only when the latter is computed through a the polynomial fit ap-
plied in the same spectral interval with that covered by a'3gy_440 aNd @g75_g7¢, i.€. from
380 to 870 nm.

— The correlations between the coefficients a4 and a, of the applied 2nd-order poly-
nomial fits, and the values AODg, exhibit significant scatter for the four examined
aerosol types. Values of a, close to zero (range +0.01), implying no curvature,
were found only in very few cases (2%—2.5%). For turbid conditions, i.e. large
AODg, values, in Alta Floresta and Ispra, the a, values are negative indicating
the strong presence of fine-mode particles (smoke or pollution, respectively) im-
plying a strong curvature effect. In contrast, under high turbidities in Solar Village,
the spectral variation of a is smaller.

- It is difficult to identify specific aerosol types based solely on Angstrom exponent
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a values since a wide range of a, values exists for a specific value of a for the
four examined aerosol types. On the contrary, a better discrimination can be
achieved by using combined information of the coefficients a4 and a, (curvature).
Nonetheless, the values of a were found to be significantly correlated with the
differences a; — a,.

The common diagrams correlating values of a, a, with those of a can be effec-
tively used for discriminating between the four different aerosol types. Especially,
the curvature can be a useful tool to this aim at intermediate values of a. Fur-
thermore, important information on aerosol types can be obtained through corre-
lations between the coefficients a4 and a,.

The estimated a values using the least-squares method in the spectral band 340—
870nm were found to be significantly correlated with the AERONET Angstrom
exponent a values (correlation coefficients ranging from 0.81 to 0.96). Therefore,
the values of a should be determined in wide spectral intervals for better accuracy.

However, the errors in computations of Angstrom exponent significantly increase
under low turbid conditions. Under such conditions, the spectral variation of a can
be significant and therefore, the use of a polynomial fit is needed, since the simple
Angstrom formula is not appropriate for describing the spectral dependence of
AQOD.
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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
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data.
Location Period of Total Winter Spring Summer Autumn
measurements
Alta Floresta Jan/02-Dec/04 561 90 (16.0%) 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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Fig. 1. Global map of the four selected AERONET sites.
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Fig. 2. Regression between the values of Angstrdm wavelength exponent a computed
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Fig. 3. Correlation between the differences of Angstrdm exponent, Qagy_s40—Q675-870, and

AODyy.
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Fig. 5. Values of (da/dinA, Eq. 6) computed from instantaneous AOD values at 340, 380, 440,
500, 657 and 870nm as a function of AOD at 500 nm for the four representative AERONET

sites.
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Fig. 12. Correlation between the coefficients a; and a, computed in the spectral interval 340—

870 nm.
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Fig. 15. Correlation between the computed values a'34y_g7o and the values a,44_g;¢ Obtained
from AERONET for the four representative AERONET sites.
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