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Atmospheric aerosol observed in Estonia in summer 2002 was classified with different
methods. The aim of the investigation was to identify and characterise the main aerosol
types and components in order to facilitate modelling of the regional aerosol. The clas-
sification scheme used enabled to identify aerosol types proceeding from the optical char-
acteristics of aerosol in the UV region. The optical and size distribution characteristics
were specified for the following aerosol types: marine clean mixed with continental clean,
marine polluted mixed with continental average, continental polluted, and continental pol-
luted mixed with smoke. Another classification method was based on the decomposition of
the measured aerosol size distributions to basic aerosol components. It enabled a flexible
linking of aerosol size distribution, composition, and optical properties. Percentages (mean
+ SD for 17 days) of the basic components in the aerosol volume was estimated as follows:
soot = 1.2% = 1.4%, insoluble = 23.1% =+ 8.3%, water-soluble = 44.0% + 10.8%, accumu-
lation mode sea salt = 31.6% + 6.2%.

Introduction

Atmospheric aerosols may strongly affect the
solar radiation reaching the Earth’s surface in
absence of clouds. In extreme cases, the aerosol
effect may exceed the cloud effect. Decrease in
the surface solar irradiance by up to 75% has
been observed in the regions heavily loaded with
the aerosol from biomass fires (Tarasova et al.
2000). Atmospheric aerosol complicates the cor-
rect prediction of photo-biologically effective
exposures that are vital for natural ecosystems
and health care. A short-term variability of aero-
sol optical depth (AOD) may induce variations
in the surface UV irradiances comparable with
the changes caused by the stratospheric ozone
variations of 40—-80 DU (Reuder and Schwander
1999). Although the satellite data have greatly

improved the knowledge about atmospheric aer-
osols, high uncertainties of the direct aerosol
effect still exist due to high spatial and temporal
variation of aerosol optical properties and com-
position (Myhre et al. 2005)

The radiative effect of aerosol depends on
spectral optical properties of aerosol. The critical
characteristics for modelling of aerosol opti-
cal properties are the aerosol size distribution,
complex refractive index, hygroscopic growth
factor, particle shape, mixing type, and vertical
profile (d’Almeida et al. 1991, Hess et al. 1998,
Koepke et al. 1998). Characterisation of aerosols
in the radiative transfer algorithms and climate
models is a sophisticated task because of a high
number of the required aerosol parameters, and
the high variability of those parameters. The var-
iability can be reduced in models by introducing


https://core.ac.uk/display/157588338?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

104

the aerosol types or components with the pre-
defined microphysical and optical characteris-
tics. A component-based aerosol model is widely
used as a parametrisation tool in radiative trans-
fer algorithms, e.g. for calculation of the TOMS
and ENVISAT aerosol products. As an exam-
ple, a Synergetic Aerosol Retrieval (SYNAER)
method (Holzer-Popp et al. 2002) can deliver
the boundary layer AOD and aerosol type both
over land and over ocean. The AODs are derived
for 40 boundary layer aerosol mixtures of six
representative aerosol components. Introducing
of components is necessary, since the retrieved
values depend strongly on the aerosol micro-
physical properties. The methodology selects the
most plausible type of aerosols from the remote
sensing observations in each pixel, whereas the
type selection is a mathematically ambiguous
solution. This method is adapted to ENVISAT
SCIAMACHY and AATSR, and is also applica-
ble to METOP GOME-2 and AVHRR (Holzer-
Popp et al. 2004). The major aerosol types
— stratospheric, volcanic, continental, maritime,
urban, desert dust, biomass burning, etc. — have
been defined on the basis of long-term investiga-
tions. However, the classification schemes and
the type characteristics vary by models and by
geographic regions (Smirnov et al. 2003, Penner
et al. 2001, Torres et al. 1998). Better knowl-
edge on regional aerosol types is required for
validation of satellite-based aerosol products,
and improved prediction of aerosol impact on
solar radiation transfer in different seasons and
locations.

This article deals with the characterisation
and classification of aerosol over Estonia in
summer 2002, when a dramatic variation in
atmospheric turbidity was observed in cloudless
days. The investigation was based on the in situ
measurements of aerosol and UV radiation, and
the remote sensing data provided by the AER-
ONET and TOMS systems (http://aeronet.gsfc.
nasa.gov/, http://toms.gsfc.nasa.gov/).

The classification of aerosols according to the
different schemes is described. The first one pro-
ceeded from the comparison of the AERONET
AODs with the TOMS aerosol index (Torres et
al. 1998), and enabled assessment of the optical
and size distribution characteristics of different
aerosol types. Another method presumed aerosol
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to consist of a limited number of basic aerosol
components (Hess et al. 1998, Shettle and Fenn
1979), and enabled the apportionment of those
components in aerosol.

Methodology
Approach

The investigation was conformed to a classifica-
tion scheme (Hess et al. 1998) that relates aero-
sol types to principal aerosol emission sources
and pollution level in a source area. The aerosol
types like maritime clean, continental polluted or
urban average can be specified in this classifica-
tion. The aerosol types, in turn, are composed
of a mixture of basic aerosol components with
known microphysical and chemical properties.
Each component combines an ensemble of par-
ticles, which are similar in their optical charac-
teristics. Each component represents aerosols
of a certain origin (soot, sea salt, desert dust,
water soluble, etc.), and is an internal mixture
of all chemical substances of the similar origin
(Shettle and Fenn 1979). The components may
be externally mixed. The used approach enabled
to specify the aerosol types occurring during
the measurement period, and to apportion the
basic aerosol components in the in situ measured
aerosol.

Identifying of the aerosol types started with
the comparison of the TOMS aerosol index (AI)
and the AODs measured by the AERONET sun
photometer. The Al is a TOMS product, char-
acterising the aerosol burden in the atmosphere.
The TOMS aerosol index is a dimensionless
measure of the change in the spectral contrast in
the near UV spectral region due to the aerosol
effect (Torres et al. 1998). For the absorbing
aerosols, the Al is approximately proportional
to the aerosol optical depth, but also depends
on single scattering albedo and the height of the
aerosol layer. The aerosol optical depth 7, can
be calculated from the aerosol index as follows:
7, = C X Al, whereas the proportionality factor
C should vary with the aerosol type (Herman et
al. 1999). The values of C evaluated from the
TOMS and AERONET data were therefore used
for the initial grouping of aerosol. Subsequently,
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other characteristics of groups were compared,
and difference of groups was tested with the
statistical analysis of variance. Additionally, the
back trajectory analysis was performed for asso-
ciation of the groups with aerosol types.

Another method was used for the apportion-
ment of the basic aerosol components in the
measured surface aerosol. The in situ measured
aerosol volume distributions were decomposed
to a set of log-normal distributions, each of
which represented a basic aerosol component in
real atmospheric conditions (D’Almeida et al.
1991, Holzer-Popp et al. 2004). Mathematically,
such decomposition is an incorrect procedure,
resulting in a non-unique solution. The ambigu-
ity of the solution may be reduced by defining
initially the number of components and by set-
ting the external constraints about the aerosol.
The decomposition results were verified with the
surface UV measurements, whereas the calcula-
tions of aerosol optical properties with the OPAC
code (Hess et al. 1998), and the radiative transfer
calculations with the LibRadtran model (Mayer
and Kylling 2005) had been included. A detailed
description of the methodology was published in
Reinart et al. 2006.

Data

Measurements of UV radiation and aerosol were
carried out in Parnu, Estonia (58.38°N, 24.51°E)
in July—September 2002. The aerosol size distri-
butions were measured with the electric aerosol
spectrometer EAS of the University of Tartu
(Tammet et al. 2002). The instrument measures
the electric mobility-equivalent size distribu-
tion of the aerosol in 12 size fractions, equally
divided in the logarithmic diameter scale. The
fraction-average diameters were 13, 24, 42, 75,
130, 240, 420, 750, 1300, 2400, 4200 and 7500
nm. The averaged aerosol size distributions for
+2 hours around the respective UV measurement
time were used.

The global (direct + diffuse) UV radiation
spectra (for wavelenths 300—400 nm) were
measured with the UV spectrometer PC2000
(Ocean Optics Inc), calibrated with the FEL-type
standard light source with traceability to NIST
(Veismann and Kiibarsepp 2000). The colum-
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nar aerosol AODs were obtained from the clos-
est AERONET station in Toravere (58.27°N,
26.47°E, http://aeronet.gsfc.nasa.gov/), the aver-
aged values around +3 hours of the correspond-
ing UV measurement time were used.

The origin of the synoptic air masses and the
prehistory of aerosol over Pdrnu and Toravere
were investigated with the 72-hour back tra-
jectories, calculated with the HYSPLIT model
(http://www.arl.noaa.gov/ready/hysplit4.html).
The local meteorological data of the Pdrnu har-
bour (http://ilm.transcom.ee/), the aerosol index,
and the total ozone data from the TOMS (http://
toms.gsfc.nasa.gov/) were also used.

Results and discussion
Variation of aerosol characteristics

In the Baltic region, the summer of 2002 was
extreme in terms of high air temperatures, little
precipitation, large number of cloudless days
and a drought in July—August. The clear-sky sur-
face irradiances were strongly influenced by the
atmospheric aerosol. Remarkable diminishing of
UV irradiances was observed in several cloud-
less periods (10-11 and 29-31 July; 15, 19-20
and 24-29 August). At the end of August, the
aerosol haze obscured the sky and decreased the
horizontal visibility. The range of AOD variation
in the Baltic Sea region was the highest in the
summers of 1997-2002 (Jaruslawski et al. 2003).
The value of AOD at 340 nm (AOD,, ) in Téra-
vere reached maximum values up to 2.2 (AOD,
up to 1.8), and the midday UV indices in Pdrnu
were diminished by up to 53% as compared with
those expected for the aerosol-free atmosphere
(Fig. 1). The observed variations in the aerosol
turbidity and the surface irradiances were obvi-
ously caused by changing aerosol properties.
The proportionality factor C between the
TOMS aerosol index and AERONET AOD
showed varying values which presumably exhib-
ited the alternation of aerosol types. A linear
dependence between the proportionality factor
C and the AOD was found for the turbid atmos-
phere (AOD,,, > 0.3) (Fig. 2). Thus, the scatter-
plot in Fig. 2 can be interpreted as a distribution
of the aerosol types according to their radiative
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Fig. 1. Variation of AOD in
Toravere.

Fig. 2. Dependence of the
proportionality factor C on
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effect in the UV region. For the clean atmos-
phere (AOD,, < 0.3), however, no correlation
between C and AOD was found, while the Al
showed enormous negative values. This discrep-
ancy can be explained by the high uncertainty
of the TOMS Al estimations in the clean atmos-
phere, affected by the surface reflectivity (Torres
et al. 2002). Four aerosol groups were distin-
guished from the above-described comparison
of the columnar aerosol optical characteristics.
Three groups represented the AOD values shown
in Fig. 2, the fourth group assembled the days
with the small AOD values (AOD,,, < 0.2).
Each group represented four to eight cloud-
less days from the period July—September 2002.
Although the grouping procedure was ambigu-
ous, it enabled a least arbitrary classification
of aerosol according to its optical effect. The
group-mean optical and microphysical charac-
teristics (Table 1) were obtained from the AER-
ONET and EAS measurements, and difference
between the groups was tested by the statistical
analysis of variance. Further, the groups were
associated with the prevailing air back trajecto-
ries, which enabled to assess the aerosol types. A

aerosol optical depth 7,,,.
The dashed lines indicate
95% confidence level.

continental clean/marine clean (CC/MC) aerosol
type was assigned to the aerosol from the Arctic
or the North Atlantic, carried over Scandinavia;
a continental average/marine polluted (CA/MP)
type to the aerosol from the Atlantic, transported
over the northern part of Europe (British Islands,
Denmark, the Baltic Sea); a continental polluted
(CP) type corresponded to the back trajecto-
ries over central and eastern Europe (Germany,
Poland, Ukraine, Russia); a continental polluted
with smoke (CP + smoke) to the aerosol trans-
ported from the eastern and north-eastern con-
tinental areas (Russia, Russian Arctic), and pol-
luted with the emissions from the biomass fires,
registered during this period.

All four aerosol types differed from each
other (at 95% confidence level) in major opti-
cal characteristics (AODs t, f\ngstr(')'m coeffi-
cient a, real part of the refractive index n), and
aerosol volume concentration (Vol, and V) in
the optically active diameter range (Table 1). In
general, the aerosol optical depth increased with
the increasing fine aerosol number concentration
N, and volume concentration V, at the surface,
and in the total aerosol column (Vol). However,
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Fig. 3. Dependence of
aerosol scattering coeffi-
cients per unit mass on
aerosol diameter for differ-
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of component mixtures by the OPAC model.
Seven aerosol components were initially con-
sidered as probable in our geographic region
(Shettle and Fenn 1979, Penner et al. 2001,
Holzer-Popp et al. 2002, Myhre et al. 2005).
The component characteristics (Table 2) present
the properties of the dry aerosol (for relative
humidity < 40%), whereas the modal radiuses of
hygroscopic components change with the ambi-
ent relative humidity. In the decomposition pro-
cedure the component parameters were modified
according to the actual relative humidity with the
help of look-up tables of the OPAC model (Hess
et al. 1998). Differencing between the hygro-
scopic and non-hygroscopic aerosol components

Table 2. Properties of dry aerosol components (Hess
et al. 1998, Penner et al. 2001), where r, 0, r, are the
parameters of lognormal size distribution: the number
distribution modal radius, the geometric standard devi-
ation, the volume distribution modal radius; p is the
particle density.

Component r(m) o r,(um) p
(g cm™)

Soot 0.012 2 0.05 1

Insoluble 0.471 251 6 2

Water-soluble 0.021 2.24 0.15 1.8
Sea salt (acc. mode) 0.209 2.03 094 22
Sea salt (coarse mode) 1.75 2.03 7.90 22
Mineral transported 0.5 22 8 2.6
Biomass regional haze 0.08 1.9 026 1.8

| ent aerosol types at inci-
10 dent wavelengths 300 nm
and 550 nm.

was one of the advantages of the component-
based approach.

The decomposition of in situ aerosol volume
distributions (Fig. 4) was tested with 6, 5 and 4
components, in order to seek the most appropri-
ate composition of components. Two concur-
rently good decomposition results were obtained
(Table 3): a set of five components, including
biomass haze, and a set of four components (with
the parameters varying within +10%). Since the
method itself cannot differentiate between the
two solutions, external information was used.
Comparison of the two solutions showed dis-
advantages of the five-component model. The
water-soluble and the biomass-haze components
were overlapped at relative humidity of 50%—
80%. In the fitting procedure those components
were competing for the same aerosol volume:
the percentage of the water-soluble component
remarkably decreased when the biomass haze
was included (Table 3). The biomass-haze con-
tent was permanently high even in beginning of
July, when no biomass fires were registered. The
four-component solution was therefore selected
as the most relevant to the meteorological and
back trajectory data. It enabled to attribute the
temporal variation of the total aerosol volume
during 17 days to the variation of the follow-
ing components (Fig. 5): soot (1.2% + 1.4%),
insoluble (23.1% =+ 8.3%), water-soluble (44.0%
+10.8%) and accumulation mode sea salt
(31.6% + 6.2%). The apportionment showed a
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bution to aerosol compo- 0.001
nents defined by Hess et 0.01

al. (1998).

high share of the hygroscopic aerosol (the water-
soluble and sea-salt components) in the region.
The hygroscopic aerosol is sensitive to varia-
tions in the relative humidity, and participates in
the cloud formation processes.

The decomposition results were validated
by comparison of the measured surface UV
irradiances with the calculated ones. The calcu-
lations were performed with the UV radiative
transfer code LibRadtran (Mayer and Kylling
2005) using two different aerosol entries: (1)
the aerosol optical properties calculated for the
mixture of decomposed aerosol components, and
(2) the aerosol retrievals obtained from AERO-
NET. Both model approaches yielded agree-
able surface UV irradiances (R? = 0.91), which
indirectly proofed similarity of the EAS-based
and AERONET aerosol properties. However, the
modelled UV irradiances were remarkably over-
estimated against the measurements. The differ-
ence between the measured and the modelled UV
irradiances depended also on aerosol type: it was
generally higher for the continental aerosol. The

0.1 1 10
Particle diameter (um)

discrepancy between the modelled and measured
UV irradiances can only partly be explained by
UV measurement errors (Kikas et al. 2004). A
part of the difference may occur because of the
increased extinction of UV radiation (especially
UV-B radiation) in continental aerosol, not con-
sidered in the model.

The component-based modelling of aero-
sol properties was successfully applied for the
processing of the SeaWiFS and MODIS satellite
images of the Baltic Sea (Reinart et al. 2004).
The capability of the method can be increased
by justification of the atmospheric properties
of the basic components. The parameters of the
lognormal components are still under scientific
discussion. This work demonstrated the need for
more flexible definition of component size dis-
tributions. The best results were obtained when
the variation of the size distribution parameters
within £10% was tolerated.

The most disputable are the characteristics
of the soot component. A small modal radius of
0.05 um was specified according to the extinc-

Table 3. Average percentages of aerosol components in the measured aerosol volume distributions. Mean values
and standard deviations of mean for 17 days are presented.

Soot Insoluble Water- Sea salt Biomass Fitting Fitted

soluble acc. mode haze error (%) volume (%)
Variable r,, 0+ 10% 12+14 23.1+83 44.0x+108 31.6+6.2 0 7.6 98.4
Fixed r,, 0 + biomass haze 1.9+1.8 23.0+10.1 142+82 23.7+128 36.6+12.6 5.9 99.5
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tion properties of elementary soot particles,
which, however, can aggregate during atmos-
pheric processing. Aged soot aerosol may there-
fore have an optical effect, equivalent to the
elementary soot particles, but the number and
volume size distributions may be consistent to
the aggregated soot (Schnaiter et al. 2003, Rei-
nart et al. 2006). Recent investigations have
shown also different absorption properties of
diesel and biomass burning soot (Holzer-Popp
et al. 2004). Justification of the soot component
parameters requires further investigation of soot
emission, transfer and aging in the atmosphere.
Improvement of the knowledge on the hygro-
scopic growth of aerosol with changing chemical
composition is also required.

Conclusions

Atmospheric aerosols strongly decreased the
surface solar irradiances in cloudless periods in
summer 2002. The midday UV irradiances and
daily UV exposures were diminished by up to
50% as compared with those typical for the aero-
sol-free atmosphere. The investigation specified
the optical and microphysical characteristics of
the atmospheric aerosol over Estonia in this
period.

A method, based on comparison of the TOMS
aerosol index and the aerosol optical depth

Reinart etal. + BOREAL ENV. RES. Vol. 13

Fig. 5. Variation of the
content of aerosol com-
ponents in total aerosol
volume in cloudless days.
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resulted in the identification of four aerosol
types: continental clean/marine clean (CC/MC);
continental average/marine polluted (CA/MP);
continental polluted (CP), and continental pol-
luted including smoke (CP + smoke). Each type
represented the air back trajectories over certain
geographic regions, and therefore, corresponded
to a specific prehistory of aerosol. The types dif-
fered in their radiative properties (aerosol optical
depth, Angstrom coefficient «), but also in their
microphysical properties (real part of refrac-
tive index, total aerosol volume, particle size
distribution, size dependence of scattering effi-
ciency) (Table 1). The continental aerosol types
CP and CP + smoke caused higher turbidity of
the atmosphere, and a higher (relative) decrease
in the surface UV irradiances. The obtained typi-
cal aerosol characteristics would be helpful for
modelling the aerosol radiative effects in the
region.

The component composition of aerosol was
also investigated. The decomposition of the
measured aerosol size distributions resulted in the
average apportionment of the basic aerosol com-
ponents as follows: soot (1.2% =+ 1.4%), insoluble
(23.1% = 8.3%), water-soluble (44.0% = 10.8%)
and accumulation-mode sea salt (31.6% =+ 6.2%)
of the total aerosol volume. The refractive index
(for the wavelength of 440 nm) calculated for
the component mixture was 1.42 —0.013i, which
is close to the refractive index of 1.38 —0.019i
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obtained from the AERONET retrievals. While
the decomposition method provides a flexible
way for modelling the aerosol optical properties
from the in situ size distribution measurements,
it has disadvantages because of the ambiguity of
the mathematical solution.

Classification of aerosol with the independent
methods enabled to assess the characteristics of
aerosol types, and reduce the aerosol variability to
the variation of basic aerosol components with the
known characteristics. Matching of the obtained
types and components, unfortunately, failed due
to insufficient data for statistical linking.
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