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[1] Empirical relations between aerosol mass concentrations and

Ångström parameters a were derived from simultaneous optical

and chemical measurements on the Baltic in March 1998. The

relations apply to mass concentrations of sea salt aerosol (SSA),

black carbon (BC) and organic carbon (OC), expressed in terms of

their ratio to the total particulate matter (TPM). Using these

relations to calculate the mass concentrations of these aerosol

components for a different season or a different area, yields

favorable results. The relations were obtained and verified for

Ångström parameters 0.2 � a � 1.43. INDEX TERMS: 0305

Atmospheric Composition and Structure: Aerosols and particles

(0345, 4801); 1640 Global Change: Remote sensing; 0365

Atmospheric Composition and Structure: Troposphere—

composition and chemistry

1. Introduction

[2] The aerosol optical thickness tA describes the attenuation of
radiation in the atmosphere, integrated from the Earth surface to the
top of the atmosphere. The Ångström parameter a describes the
variation of tA with the wavelength l

tA l1ð Þ=tA l2ð Þ ¼ l1=l2ð Þ�a; ð1Þ

and is related to the aerosol size distribution [Junge, 1963].
[3] In view of the dependence of the aerosol optical properties

on the size distribution and the chemical composition, and the
chemical speciation as function of particle size, a relation may be
expected between the Ångström parameter and the chemical
composition, cf. Kusmierczyk-Michulec et al. [1999, 2000, 2001].
For instance, Reid et al. [1999] showed that the Ångström
parameter for smoke particles in Brazil is well correlated with
their size, single-scattering albedo and the backscatter ratio. The
objective of this paper is to further investigate relations between
the Ångström parameter and the contribution of different chemical
components to the total aerosol mass (TPM).
[4] The analysis is based on simultaneous measurements of tA

and aerosol chemical composition undertaken at the Baltic in
March 1998. The results are tested versus an independent data
set obtained at the Baltic in July 1997. Additional tests were made
using data obtained over the Atlantic Ocean during ACE-2 (e.g.,
Raes et al. [2000]) and from Quinn et al. [2001].

2. Experimental Data

[5] Aerosol optical thickness and aerosol chemical composition
were measured during cruises at the Baltic Sea, in March 1998 and
July 1997 aboard two research vessels: r/v Alexander von Hum-

boldt and r/v Professor Albrecht Penck (from the Institute for
Baltic Sea Research, Warnemuende). The measurements and data
analysis procedures were extensively described in Kusmierczyk-
Michulec et al. [2001].
[6] Relevant for this paper are the measurements of tA and the

aerosol chemical composition. The aerosol optical thickness in
eight spectral channels (412, 443, 490, 510, 555, 670, 765 and 865
nm, bandwidth 10 nm) was measured with a shadow-band spec-
trophotometer [Olszewski et al., 1995]. The systematic error in tA
is less than 0.02 [Rozwadowska and Kusmierczyk-Michulec, 1998].
[7] Chemical composition was determined on filter (cut off

diameter 2 mm) and impactor (8 stages, 0.06–16 mm diameter)
samples as described in detail in Kusmierczyk-Michulec et al.
[2001]. Carbonaceous particles (black carbon (BC) and organic
carbon (OC)) and total particulate matter (TPM) were analysed in
parallel on filters with two independent sampling lines [see also
Rullean, 2000]. The sodium concentration (Na) in impactor
samples was determined by flame atomic emission spectroscopy
(F-AES) [see also Plate, 2000].

3. Empirical Relations Between Aerosol
Composition and the ÅÅÅngström Parameters

[8] Aerosol optical thickness measurements can only be made
in cloud free conditions, during daytime, and are instantaneous
snap shots of the column integrated atmospheric condition. The
sunphotometer measurements were repeated every 15 minutes. In
contrast, sampling of sufficient aerosol mass for reliable chemical
analysis usually takes on the order of half a day, and hence the
results will present averages over a relatively long time. For
comparison of these two types of measurements, Ångström param-
eters calculated from eq. (1) were averaged over the impactor
sampling period. In the analysis, only data were included for which
both averaged optical data and the chemical samples, including
both TPM and other aerosol components (Na, BC and OC), were
available. With these restrictions, 12 data points remained from the
March 1998 cruise and 3 for July 1997. The values of tA were up
to 0.6 at 555 nm and TPM varied between 4.4 mg m�3 and 38 mg
m�3, in conditions varying from clean marine to polluted (see
Kusmierczyk-Michulec et al. [2001] for details).
[9] Initially, only the March 1998 data were used to derive

empirical relations between aerosol components and Ångström
parameters. The aerosol components are expressed as the ratio of
each component to the total particular matter, i.e. X/TPM, where X =
Na, OC or BC.
[10] A scatter plot of Na/TPM versus a is shown in Figure 1.

The standard deviation of a, determined from the data for each
sampling period, is in the range of 5%–30% (see horizontal error
bars in Figure 1). The vertical error bars result from the uncertainty
in the measurements of both Na (detection limits of 0.8 nmol/m3)
and TPM (an absolute accuracy of 10 mg). A power law fit to the
data yields the relation (correlation coefficient r = 0.91):

Na

TPM
¼ 8:6� 3:3ð Þ � 10�3a �1:525�0:315ð Þ ð2Þ
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[11] Note that the uncertainties in the regression coefficients are
given for the 95% confidence level. This relation applies to a �
0.2, i.e. the minimum value of a available in the data set. If instead
of Na the total sea salt aerosol (SSA) mass concentration is
required, eq. (2) can be converted using SSA [mg/m3] = 3.257 �
Na+ [mg/m3]:

SSA

TPM
¼ 2:8� 1:1ð Þ � 10�2a �1:525�0:315ð Þ; ð3Þ

[12] Similarly, relations can be derived between the ratios of OC
or BC to TPM, and a. The results are:

OC

TPM
¼ 4:17� 0:42ð Þ � 10�1a 0:998�0:245ð Þ; r ¼ 0:88ð Þ ð4aÞ

and

BC

TPM
¼ 2:43� 0:56ð Þ � 10�2e 1:262�0:265ð Þa; r ¼ 0:84ð Þ ð4bÞ

[13] The relative error e of the empirical formulas (2)–(4)
was estimated using the relation e = (kcal � kmeas)/kmeas, where
k = Na/TPM, BC/TPM and OC/TPM, the subscript cal indicates
that k was determined from eqs. (2)–(4), and the subscript meas
refers to the experimental values. For the data of March 1998,
the mean e for eqs. (2)–(4) was between 3–4% and the standard
deviation in the relative error se did not exceed 30%. Applica-
tion of eqs. (2)–(4) to the July 1997 data shows that they also
hold for the few data available in the summer season. The mean
e was smaller than 15% and se smaller than 23%. In view of
this good agreement, both data sets were combined, yielding
mean values of e between 0.2% and 5%, and se between 24%
and 29%. Figure 2 shows a scatter plot of the calculated versus
the measured Na/TPM for both data sets.
[14] The variation of the aerosol composition with the Ång-

ström parameter is presented in Figure 3. The contributions of
SSA, OC and BC to TPM were computed using the empirical
relations (3), (4a), and (4b). Obviously, also other aerosol types,
such as water-soluble (e.g. ammonium sulphate and ammonium
nitrate), dust and biological particles, may contribute to the TPM.
For simplicity, the group of aerosols different from SSA, OC and
BC is defined here as the ‘‘residue’’.
[15] Identification of all aerosols, which are included in the

‘‘residue’’, would be difficult. For the Baltic Sea, the major
contribution to the ‘‘residue’’ comes from ammonium sulphates
and a relatively small amount of ammonium nitrate, especially for
0.56 < a � 0.97 [Kusmierczyk-Michulec et al., 2001]. For a = 0.97
all residue particles were ammonium salts; the aerosol mass was
composed of: 2.9% SSA, 40.4% OC, 8.3% BC and 48.4%
ammonium salts. In other cases the residue may also contain
aerosol types such as dust or biomass aerosol. Dust is often
observed in the maritime atmosphere, for example over the north-
eastern tropical Atlantic (e.g., Chiapello et al. [1999]), or over the

y = 0.0086x-1.525
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Figure 1. Relation between the ratio of sodium mass concentra-
tion and total particular matter (Na/TPM), and the mean values of
the Ångström parameters determined during each sodium measure-
ment. Min/max values of the Ångström parameters (mean value ±
std), marked by horizontal bars, indicate the daily variation.

Figure 2. Values of Na/TPM calculated on the basis of the
Ångström parameters versus experimental data. Triangles corre-
spond to data collected in March 1998, stars to data collected in
July 1997, the line is a least squares fit to these data (eq. (2)). Also
included are data derived from Quinn et al. [2001] and Voss et al.
[2001]. Crosses represent data obtained in the regions of North and
South Atlantic marine air masses, the open circle, diamond and
square–data obtained in the presence of the African dust, the
mixed African dust and biomass burning, and biomass burning,
respectively.

Figure 3. Relative contributions of individual aerosol compo-
nents to TPM as a function of Ångström parameter, using the
empirical relations: (3), (4a) and (4b).
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North Sea (e.g., Ebert et al. [2000]), but their concentration will
depend on the meteorological situation and the presence of sources
upwind.

4. Discussion

[16] The results presented in section 3 show that empirical
relations (2)–(4) apply over the Baltic, in two different seasons
(winter and summer). Weather conditions were described in detail
in Kusmierczyk-Michulec et al. [2001].
[17] Generally, comparison between total column integrated

values and ‘‘surface’’ values is possible only for the well-mixed
atmospheric boundary layer. Apparently, in view of the good
agreement between measured and calculated values for the data
available, in this case tA over the Baltic is representative for the
surface aerosol properties.
[18] The next question was whether the obtained relations

could also be applied to another region. A literature search for
tA data in combination with simultaneous measurements of
aerosol composition led to the ACE-2 experiment conducted over
the Atlantic Ocean in July 1997 (cf. Raes et al. [2000]). BC and
Na data, collected at the Iza~na observatory (28.30�N, 16.50�W)
were published by Putaud et al. [2000]. Unfortunately no TPM
data were available, therefore eqs. (2)–(4) were evaluated using
BC/SSA as a function of a. Collocated sunphotometer data for 30
June, 1, 8 and 14 July were obtained from Smirnov et al. [1998].
The published Ångström parameters are coincident with the
chemical measurements. In addition, data collected on 12 July
on the research vessel Vodyanitskiy were used: black carbon
[Novakov et al., 2000] and sodium [Johnson et al., 2000]. The
Ångström parameter for this day was determined from ATSR-2
data, using the single view algorithm described by Veefkind and
De Leeuw [1998a]. To complete the number of experimental data
for this test, also measurements from the Baltic Sea in July 1997
for which TPM was not available, were added to the database. In
total the number of data points N used in the test thus increased
from 15 to 25. BC/SSA(meas), calculated from measurements, and

BC/SSA(cal), computed from the Ångström parameter using eqs.
(3) and (4b) (see Figure 4), are in a good agreement (r = 0.9, e =
18% and se = 54%, N = 25). Similarly, data from Quinn et al.
[2001] and Voss et al. [2001] obtained during a cruise from
Norfolk (Virginia) to Cape Town (South Africa) in January/
February 1999 were used to test the relations found for sodium
(eq. (2)). The results, included in Figure 2, show that eq. (2)
applies also for this data set except in the case where biomass
aerosols are present.
[19] These empirical relations can be useful to obtain informa-

tion on the spatial distribution of the aerosol composition using
satellite data. As a test, the relative BC concentrations over an area
in Western Europe were calculated from tA fields retrieved for 12
August 2000 from ATSR-2 data, using the dual view algorithm
described by Veefkind et al. [1998b]. Application of eq. (4b)
resulted in the BC/TPM ratios, which were compared with ground
observations available for two Belgium cities. Values of BC/TPM
for Ghent and Waasmunster, based on satellite retrieval, are 18%
and 16%, respectively, as compared to in-situ measurements in the
urban site in Ghent (19%) and the rural site in Waasmunster (14%)
[Maenhaut and Cafmeyer, 1998]. These results indicate that
empirical relations such as derived here could also be valuable to
obtain information on the aerosol chemical composition over land.
However, more measurements are required, in particular including
aerosol components other than those indicated above.

5. Conclusions

[20] The presented analysis shows a strong and consistent
relationship between aerosol quantities that can be measured from
satellites and the aerosol chemical composition. Results are com-
plementary to relations between Ångström parameters and physical
properties [Reid et al., 1999]. The current parameterisations apply
to the regions for which they were derived and obviously need to
be evaluated for other areas. Although the application of the
derived formulas does not give the complete aerosol composition,
only the contributions of the specified components, the results
indicate the potential of such equations. Further research is
required to develop similar equations for other major components
such as sulphate, nitrate, dust, bio mass particles, volcanic ash, etc.
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