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[1] In view of both the climatic relevance of aerosols and the fact that aerosol burdens
in central Europe are heavily impacted by anthropogenic sources, this study is focused on
estimating the regional-scale direct radiative effect of aerosols in Austria. The aerosol
data (over 80 samples in total) were collected during measurement campaigns at five
sampling sites: the urban areas of Vienna, Linz, and Graz and on Mt. Rax (1644 m,
regional background aerosol) and Mt. Sonnblick (3106 m, background aerosol). Aerosol
mass size distributions were obtained with eight-stage (size range: 0.06—16 pm diameter)
and six-stage (size range 0.1-10 pm) low-pressure cascade impactors. The size-
segregated samples were analyzed for total carbon (TC), black carbon (BC), and inorganic
ions. The aerosol at these five locations is compared in terms of size distributions, optical
properties, and direct forcing. Mie calculations are performed for the dry aerosol at

60 wavelengths in the range 0.3—40 pm. Using mass growth factors determined earlier,
the optical properties are also estimated for higher relative humidities (60%, 70%, 80%,
and 90%). A box model was used to estimate direct radiative forcing (DRF). The
presence of absorbing species (BC) was found to reduce the cooling effect of the aerosols.
The water-soluble substances dominate radiative forcing at the urban sites, while on Rax
and Sonnblick BC plays the most important role. This result can be explained by the
effect of the surface albedo, which is much lower in the urban regions (0.16) than at the
ice and snow-covered mountain sites. Shortwave (below 4 pm) and longwave surface
albedo values for ice were 0.35 and 0.5, while for snow surface albedo, values of

0.8 (shortwave) and 0.5 (longwave) were used. In the case of dry aerosol, especially for
urban sites, the unidentified material may contribute a large part to the forcing. Depending
on the sampling site the estimated forcing gets more negative with increasing

humidity. When humidity changes from 50% to 90%, the factor of forcing change for Graz
is about 3 times larger than that for Linz (3.8) and about 5 times greater than that for
Vienna (2.4). At the mountain stations the change in forcing with increasing humidity is
much less pronounced because of the high surface albedo. The influence of the aerosol
mixing state on the single-scattering albedo as well as on DRF is investigated for all
sampling sites. As expected, the single-scattering albedo was found to have lower values

for internal mixture than for external mixture.

Citation: Iorga, G., R. Hitzenberger, A. Kasper-Giebl, and H. Puxbaum (2007), Direct radiative effect modeled for regional aerosols
in central Europe including the effect of relative humidity, J. Geophys. Res., 112, D01204, doi:10.1029/2005JD006828.

1. Introduction

[2] The effect of tropospheric acrosols on global climate
is usually discussed in terms of the direct and the indirect
effect, and most recently, the semidirect effect. In the direct
effect, light scattering by aerosol particles results in a
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negative radiative forcing (cooling effect), as part of the
solar flux is scattered back to space. If the particles contain
absorbing material, total forcing can become positive (heat-
ing effect), as the energy absorbed by the particles leads to
an increase of thermal radiation [e.g., Haywood and Shine,
1995]. Aerosol particles acting as cloud condensation nuclei
can change the radiative properties of a cloud as well as the
cloud’s lifetime (indirect effect, [Twomey, 1977; Albrecht,
1989; Pincus and Baker, 1994]). If absorbing particles are
present in elevated layers, radiative heating in these layers
can perturb the temperature profile, which can lead to
evaporation of low-level clouds (semidirect effect [Hansen
et al., 1997; Ackerman et al., 2000]).

[3] In order to be able to formulate reliable policy
recommendations in the context of climate protection, a
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quantitative understanding of the role of absorbing and
nonabsorbing aerosols is required. The /PCC [2001] report
shows estimates of the global and annual mean direct
radiative forcing for the period from preindustrial (1750)
to present day (2000) due to sulfate (—0.4 W/m?), biomass
burning (—0.1 W/m?), fossil fuel OC (—0.1 W/m?) and
fossil fuel BC (+0.2 W/m?) as well as the uncertainties of
these values. The distribution of radiative forcing calculated
by the global models necessarily has a limited spatial
resolution with typical grid sizes between 1 and 5 degrees
in latitude or longitude. In a study of an external mixture of
black carbon (BC), organic carbon (OC) and sulfate, Penner
et al. [1998] reported that aerosols originating from biomass
burning act to cool the earth/atmosphere system causing a
radiative forcing between —0.16 and —0.23 W/m?, while
BC and associated OC from fossil fuel combustion could
heat the system through a radiative forcing between +0.16
and +0.20 W/m>. Annual average negative forcing by
aerosols ranges from —0.53 to —0.81 W/m? and dominates
the positive forcing by BC from fossil fuels, particularly in
the Northern Hemisphere summer. On the other hand, an
internal mixture of BC and sulfate would increase the
amount of absorbed radiation, and could decrease the
overall net forcing by 20 to 60% [Haywood and Shine,
1995]. Comparisons of forcing predictions with sun pho-
tometer measurements [Sato et al., 2003] show that forcing
by total BC aerosols (i.e., including BC from biomass
burning) are rather of the order of +0.5 W/m?. Chung
and Seinfeld [2002] give the forcing by BC as +0.51 and
+0.8 W/m? (for externally and internally mixed BC). All
global studies of the radiative effects of BC aerosols use BC
concentrations obtained from emission inventories [e.g.,
Bond et al., 2004; Cooke and Wilson, 1996]. It should be
noted, however, that these concentrations often do not agree
with measured data that are consistently larger by factors of
about 2 [e.g., Schaap et al., 2004] or 3—4 [Chung and
Seinfeld, 2002].

[4] Apart from the geographical resolution and uncertain-
ties of emission inventories, major uncertainties in the
estimates of radiative forcing by aerosols are caused by
insufficient knowledge of the physical (size, shape, size
distribution and refractive index) and chemical character-
istics of tropospheric aerosols. Consequently, an improve-
ment of the estimates of the aerosol direct forcing requires
extensive observations, including physical (such as number
or mass size distributions) and chemical (such as composi-
tion) measurements of the aerosol that can be obtained from
field campaigns in selected regions. Although information
on the chemical composition of bulk aerosol samples has
improved over the last decade (for European aecrosols, see
e.g. the overview given by Putaud et al. [2004]), measure-
ment data on BC, its size distribution and mixing state are
still rather scarce.

[s] The aim of this research was to estimate the direct
radiative forcing caused by central European aerosols and to
investigate its variability with relative humidity and ground
cover (urban surface, ice, snow). The aerosol data we have
cover both urban and background regions as well as winter
and summer seasons with an additional campaign in spring
in Vienna. Instead of synthetic aerosol data obtained from
emission inventories, we used measured data collected at
five sampling sites in Austria (one large and two midsize
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urban areas as well as two mountain stations; all located
within one grid point of a global aerosol model). The
relevant optical parameters extinction, scattering and ab-
sorption coefficients as well as the optical depth and the
single-scattering albedo in the wavelength range from 0.3 to
40 pm were calculated from measured mass size distribu-
tions of inorganic ions, minerals and BC. These parameters
were used as input for a box model to estimate the direct
radiative effect of the dry aerosol under cloud-free con-
ditions. The effect of relative humidity on the total forcing
by the aerosol was investigated using measured aerosol
mass growth factors obtained earlier [Hitzenberger et al.,
1997]. The only input parameters that were not measured
were the wavelength dependent refractive indices of the
different chemical fractions. These data were taken from
the model by D ’Almeida et al. [1989], which is the basis for
the widely used OPAC model [Hess et al., 1998].

2. Experimental Methods and Data Preparation

[6] The aerosol data had been collected previously in
different studies. The most recent data (collected in 2001 in
Linz and Graz) belong to the AUPHEP study of the
Austrian Academy of Sciences [Hauck et al., 2004], while
the earlier measurement campaign in Vienna as well as the
Sonnblick and Rax campaigns were performed within
studies funded by the Austrian Science Fund. Because of
the different aims of the studies as well as the different
aerosol conditions at the sites, sampling schedules varied
from campaign to campaign. In this study, we use only
those data sets where we have a comprehensive set of size
selective chemical analyses. In total, we have 82 data sets
(19 for Vienna, 24 and 25 for Linz and Graz, and 7 each for
Rax and Sonnblick).

2.1. Sampling Sites and Methods

[7] Ambient aerosol samples were taken using two kinds
of Berner-type low-pressure cascade impactors. Table 1
shows an overview of the sampling sites and measurement
periods, while Tables 2a and 2b give the characteristics of
the impactors (cut sizes are given in terms of aerodynamic
equivalent diameter). In Vienna, all sampling times were
12 hours. In Linz and Graz, sampling times in winter were
12 hours, while summer sampling times were 24 hours. At
Sonnblick and Rax the sampling times were chosen depend-
ing on the weather situation to collect adequate sample
masses. At both mountain stations, sampling was performed
only under no-cloud conditions.

[8] The impactors were loaded with suitable sampling
substrates. Aluminium foils preheated for one hour at 500°C
were used for total carbon (TC) and elemental carbon (EC)
analysis. BC was analyzed from cellulose diacetate sub-
strates. Chemical analyses were mostly performed either
from the aluminium foils (Vienna, Sonnblick) or from
precleaned Tedlar foils.

[v] At the Vienna site, samples were collected at the roof
laboratory of the Institute for Experimental Physics in
central Vienna (population 1.8 million) at circa 35 m above
ground. The aerosol at that height is rather well mixed and
not impacted directly by sources [Hitzenberger and
Puxbaum, 1993]. Sampling was performed outside the
heating season, but even then, direct impacts from nearby
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Table 1. Overview of Sampling Sites
Number
Site Site Code Coordinates/Altitude Measurement Period Resolution of Samples
Vienna (urban, large) \Y 48°13'N 16°21'E/203 m above 29 April 1996 to 12 hours 19
mean sea level 12 May 1996
Linz (urban, midsize) L 48°19'N 14°17'E/266 m above 15 January 2001 to 12 hours/23 hours 24
mean sea level 23 January 2001 and
08 August 2001 to
14 August 2001
Graz (urban, midsize) G 47°04'N 15°30'E/545 m 15 January 2001 to 12 hours/23 hours 25
above mean sea level 23 January 2001 and
08 August 2001 to
14 August 2001
Mt. Rax (regional R 47°53'N 15°59'E/1644 m 07 March 2000 to variable 7
background) above mean sea level 24 March 2000
Mt. Sonnblick S 47°03'N 12°58'E/3106 m 23 May 1993 to variable 7
(background) above mean sea level 05 June 1993

chimneys (with effective stack heights above the height of
our sampling site) are not expected to have much influence
as most of the heating energy in Vienna is (data for 2003,
Hitzenberger et al. [2006]) provided by natural gas (32.2%)
and district heating plants (43.5%). The Vienna samples
were analyzed for inorganic ions, minerals, TC and BC.
[10] At both Linz and Graz sites the measurements were
performed during the project AUPHEP. Linz (population
203000) is located N of the Alps on the Danube. It has one
of Austria’s largest heavy industry conglomerates and is
therefore predominantly affected by industrial emissions
(iron and steel plants, chemical industry), which can cause
rather high pollutant concentrations during stagnant con-
ditions. The sampling site was situated within a large
residential area. Graz (population 240,000) is situated S of
the Alps in a semialpine basin. There is no heavy industry,
but the weak natural ventilation in this basin often causes
high pollution levels, especially in wintertime when long
lasting inversion situations are typical. The sampling site
was located in a mixed residential/commercial area and near
a road with medium traffic load. The AUPHEP samples
were analyzed for inorganic ions, minerals, TC and EC.
[11] At Mt. Rax a 4-week campaign was carried out in
March 2000. Mt. Rax is situated circa 100 km SSW of
Vienna. The sampling site was at an alpine shelter (Otto-
haus) at the eastern rim of the Rax plateau at 1644 m above
mean sea level. During the campaign, only the field team
stayed at the shelter, which was closed to the public all
winter. Electricity was used for cooking and heating in order
to keep local pollution at a minimum. The prevailing wind
direction was from the West, where the nearest upwind
anthropogenic sources (small villages in mountain valleys)
are more than 100 km distant. (Details of the site can be
found elsewhere; see Hitzenberger et al., 2001]. Wintry
conditions with frequent snowfalls and temperatures below
0°C prevailed, so the ground (alpine meadows and dwarf
pines) was covered with fresh snow. The Rax samples were
analyzed for inorganic ions, minerals, TC, BC and EC.
[12] Mt. Sonnblick (3106 m above mean sea level) is a
mountain peak located in the central range of the Austrian
Alps. Measurements there were performed during a 2-week
intensive campaign (May/June 1993) at the Sonnblick
Observatorium, which is located on a rocky outcrop above

a glacier. Because of its height, this site receives free
troposphere air most of the time, but under daytime no-
cloud conditions in summertime, boundary layer air masses
are transported upwards by the valley wind systems [e.g.,
Seibert et al., 1998]. Details on the site and sampling
procedures are described elsewhere [Hitzenberger et al.,
2000]. The Sonnblick samples were analyzed only for
inorganic ions, minerals, and TC. BC (or EC) was not
measured, so the contribution of BC had to be estimated. As
both Rax and Sonnblick are background sites, the BC/TC
ratio as well as the size distribution of BC should be rather
similar, so we used the average BC size distribution
measured for the Rax aerosol as representative for the
Sonnblick BC size distribution and estimated the total BC
mass for the Sonnblick samples from the measured TC mass
(with BC/TC = 0.478 at Rax). This value is also in the range
found at other background sites influenced by anthropogenic
pollution. In the INDOEX experiment, e.g., BC/TC values
were between 0.5 and 0.7 over the Indian Ocean when air
masses came from the Indian Subcontinent [Quinn et al.,
2002]. During the NEAQS study off the New England
coast, however, EC/TC ratios were much lower (circa
0.09; [Bates et al., 2005]; particulate organic matter even
dominated over sulfate under some flow conditions). The
BC/TC values measured at Rax are very similar to BC/TC
values for fossil fuel combustion (0.5, [Novakov et al.,
2000]).

2.2. Chemical Analysis

[13] The size-segregated samples were analyzed for total
gravimetric mass on a Mettler ME3 microbalance (accuracy

Table 2a. Impactor Types Used at the Sites for Collecting
Samples for Chemical Analyses®

Site Impactor
Vienna Six-stage
Linz Eight-stage for PM Six-stage for EC and ions
Graz Eight-stage for PM Six-stage for EC and ions
Mt. Rax Six-stage
Mt. Sonnblick Six-stage

“If only one impactor type is given for a site, parallel sampling with up to
three identical impactors was performed.
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Table 2b. Nominal Lower Cut Sizes of the Stages of the Two
Impactor Types®

Lower Cut Diameter d,., ym

Stage Six-Stage Eight-Stage
1 0.1 0.06
2 0.212 0.13
3 0.464 0.26
4 1.0 0.51
5 2.12 1.0
6 4.64 2.0
7° 10.0 -
7 4.0
8 8.0
9P 16.0

?All sizes are given as aerodynamic equivalent diameters.

PStages 7 and 9 (of the six-stage and eight-stage impactors, respectively)
are only used as preprecipitators of large particles. Deposits on these stages
are not analyzed.

+3 pug). Total carbon (TC) was determined using a com-
bustion method [Puxbaum and Rendl, 1983]. For black
carbon (BC) an optical method (integrating sphere method
originally developed by Heintzenberg [1982]; description of
current method is by Hitzenberger and Tohno [2001]) was
used. Soluble ions (NHj, Na*, K", Ca**, Mg”*, SO, NO5
and Cl™) were analyzed by ion chromatography.

[14] For the ion determination, an aliquot of each impac-
tor foil was extracted with ultra pure water in an ultrasonic
bath. Analysis was performed with standard procedures
(anions: Dionex ASI2A, electrochemical suppression
SRAS, sodium carbonate/bicarbonate eluent, eluent flow
1,5 mL/min; cations: Dionex CS12A, electrochemical
detection CSRS, methansulfonic acid eluent, eluent flow
I mL/min). Detection limits for the ions were in the ran%e of
5-30 pg/mL extract, which translates to 10—600 ng/m” for
12 hour samples and half as much for the 24 hour samples.
Ca”" and Mg”>" were assumed to be present as carbonates,
even though we have no information on insoluble Ca and
Mg. The concentrations of these ions were multiplied by
3.47 and 3.5 respectively to account for the CO; mass.

[15] TC was determined with a combustion method based
on the setup described by Puxbaum and Rendl [1983]. An
aliquot of each impactor foil was combusted in an oven at
1000°C in an oxygen stream. The evolving CO, was
determined with a NDIR analyzer (Maihak UNOR 6B).
EC was determined from another aliquot of the substrate by
a two-step combustion method using the operational param-
eters (2 hour treatment at 340°C in O, atmosphere)
described by Cachier et al. [1989]. Afterwards the pretreated
filters are combusted at 1000°C, just as for TC analysis.
The absolute detection limit of the method is 0.2 ug TC,
determined from 3¢ of standards with low concentration.

[16] For the BC analysis, the loaded sampling substrates
were put into PE vessels, rinsed with 5 mL of a mixture of
ultrapure water and isopropanol (80:20) and then dissolved
in 20 mL acetone. The resulting liquid suspensions were put
into the integrating sphere. The signal loss (at 550 nm)
caused by the presence of light absorbing material
was attributed to BC using a calibration curve obtained
with a commercial carbon black (Elftex 125, Cabot Corp.).
Details of the analysis method can be found in the study
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by Hitzenberger and Tohno [2001]. The detection limit is
2 pug BC, which translates to 40 ng/m> for typical impactor
sampling times.

2.3. Calculation of Optical Parameters

[17] The optical parameters necessary as input for the
forcing calculations (see below) were calculated using
the Mie routine BHMIE [Bohren and Huffman, 1983].
The absorption coefficient o,,5(A) of spherical particles at
wavelength )\, e. g., is obtained from the absorption effi-
ciency factor Q,ps(A, d, m) using

rane(N) = / %Qabs(A, d, m)n(d)dd 0

where d denotes the particle’s diameter (spherical particles),
m the complex refractive index and n(d) the number size
distribution of the aerosol. The scattering coefficient oy is
obtained in the same way using the scattering efficiency
factor Qg.(\,d,m). Calculations were performed for
60 wavelengths in the range from 0.3 to 40 um.
Wavelength-dependent refractive indices were taken from
the MIM model [D’Almeida et al., 1989], which are the
same as for the OPAC code [Hess et al., 1998].

[18] Lognormal functions for the mass size distributions
were obtained from the size segregated impactor samples
using an iterative procedure [Liirzer, 1980]. A lognormal
distribution function was fitted first to the data in the
submicron range, where a distinct mass mode was always
present. Subtracting the calculated contribution of this mode
from the mass deposits on the stages in the coarse size range
yielded the basis for fitting a lognormal function also for the
coarse mode. The contribution of this coarse mode to the
acrosol in the fine particle range was calculated and sub-
tracted from the mass deposits on the relevant stages.
Another lognormal function was fitted through the remain-
ing mass deposits, etc. The procedure usually converges
after three iterations and the characteristic parameters (mass
median diameter, geometric standard deviation and total
modal mass) of the fine and coarse modes do not change by
more than a few percent in further iterations. At the end of
the fitting procedure, the fitted size distributions are
checked against the measured data for consistency and mass
conservation. The parameters of the nucleation mode could
not be obtained from the impactor measurements, because
the size range below 0.1 um was either beyond the lower
cut size of the impactor or the impactors had too little size
resolution in this range.

[19] In some cases, only one distinct mode (the one in the
fine particle size range) was found for the samples collected
with the six-stage impactors, so only this mode was used in
the calculations. As the coarse aerosol contributes only little
to the total scattering and absorption coefficients of the
aerosol, neglecting the coarse particles gives only slight
underestimations of the optical parameters in the shortwave
part of the spectrum.

[20] Lognormal distribution functions were fitted to all
impactor samples. As the wavelength dependent refractive
index data of the MIM model [D Almeida et al., 1989] are
given only for “water soluble”, “mineral”, “soot”, and
“water”, we added all soluble ions (SO, NO3, CI~, NH4,
Na’ and K") to create a synthetic impactor histogram of
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water-soluble material and used this to obtain the lognormal
function for the water soluble fraction. For the integration in
the Mie calculations, 200 logarithmically evenly spaced size
intervals were chosen (in the size range 0.03 to 10 pm). For
each of these intervals, the masses of the components were
calculated from the lognormal functions. The difference
between the sum of the masses of all these species and of
the total (gravimetric) mass was assigned to ‘““unidentified
material”, which was assumed to have both the refractive
index and the density of water. This “unidentified material”
contains also all of the OC. Although we had measured OC
data for all sites except Sonnblick, we did not use these data
because of the lack of information on the wavelength
dependent refractive index. For each interval, the mass
concentrations of the species were converted to number
concentrations using the geometric mean diameter of the
size interval and the density of the components. The
densities we used were 1000 kg/m® for both unidentified
material and BC (a usual assumption for the density of BC),
2800 kg/m? for the minerals and 1530 kg/m® for the water
soluble component, which corresponds e.g. to the apparent
density found by Pitz et al. [2003]. The densities are also
comparable to those used by other models (see the model
intercomparison by Kinne et al. [2003] and the study by
Quinn et al. [2001]).

[21] Part of the unidentified material certainly was water.
Even if substrates are weighed at 50% humidity, which is
the required humidity for PM measurements, water is still
present in the aerosol deposits. In a recent study on the
chemical mass closure of particulate matter, 7syro [2005]
reported that particle-bound water contributes on average
20-30% to the annual mean PM,;, and PM, s concentra-
tions for the European aerosol. For two Austrian sites,
Vienna and Streithofen (rural site, near Vienna), the calcu-
lated PM, 5 water content was found to be 75—80% of the
unidentified PM, s. In a similar study of PM,, and PM, 5 in
Switzerland, Hueglin et al. [2005] found that on average
10.6% of PM, and 13-23% of PM, s mass was water.

[22] Mie calculations were performed for assumed exter-
nal and internal (homogeneous) volume mixtures of the
components. Previous studies had shown that the Vienna
aerosol is partially internally mixed with respect to both BC
[Hitzenberger and Tohno, 2001] and TC [Hitzenberger and
Puxbaum, 1993]. For the case of an internal mixture, we
assumed a homogeneous volume mixture instead of par-
ticles consisting of a light-absorbing core with a nonabsorb-
ing shell. The error introduced by this assumption is
estimated at 20% at the most [Seinfeld and Pandis, 1998].
Lesins et al. [2002] found a difference of about 25% in
forcing calculations for the assumptions of a homogeneous
mixture and coated particles. Jacobson [2000] performed a
study of the effect of mixing type of BC on radiative
forcing. A core/shell type mixture gave a 50% higher
forcing than a completely external mixture, and a 40%
lower forcing than the homogeneous volume mixture. The
assumptions on mixing type used in our study therefore give
lower (external mixture) and higher (volume mixture)
boundaries of forcing by BC containing aerosols.

[23] For the homogeneous volume mixture, the refractive
index of the material in each small size interval was
obtained by weighting the refractive index of each compo-
nent with its mass fraction. Although the Maxwell-Garnett

IORGA ET AL.: RADIATIVE EFFECT OF EUROPEAN AEROSOL

D01204

mixing rule should be used for internally mixed particles
consisting of solid inclusions (BC) in a scattering medium
(sulfates, etc.), we use the volume mixture because the
study by Lesins et al. [2002] gave only small differences in
forcing calculated with these two mixture rules. The mass-
averaged density was also obtained in this way. For the
external mixture assumption, the contribution of each com-
ponent to the optical parameters was calculated separately.

[24] Water-soluble aerosol particles grow under condi-
tions of elevated humidity. During humidity growth, the
size, density and refractive index of the particles changes.
We modeled the humidity growth by applying the mass
growth factors measured earlier for the ambient aerosol in
Vienna [Hitzenberger et al., 1997] to the mass size distri-
butions. These growth factors had been measured for 60, 70,
80 and 90% relative humidity (the “dry”” sample mass had
been determined at 50% humidity). In that study, the mass
growth factors of the size segregated aerosol samples were
rather independent of size in the fine size range (e.g., 2.4 at
90% humidity) and the coarse size range (1.4 at 90%
humidity). Converted to growth factors in terms of particle
diameter, they are in the range of factors used in other
models [e.g., Takemura et al., 2002; Kinne et al., 2003].

[25] As the mass deposits on the impactor stages in our
study had been weighed at humidities between 40 and 50%,
the impactor-derived size distributions were taken as “dry”
mass size distributions. In order to simulate the effect of
elevated humidities on radiative forcing, we used the growth
factors obtained by Hitzenberger et al. [1997] for the fine
and coarse size ranges for particles of the fine and coarse
modes, respectively, but only for calculations assuming an
internally mixed aerosol. For a simulation of the humidity
effect of an externally mixed aerosol, substance-specific
growth factors would have been needed, which are not
available.

3. Calculations of Radiative Forcing

[26] For purely scattering aerosols and cloud-free con-
ditions, the box model proposed by Charlson et al. [1992]
can be used to estimate the radiative effect. In our study,
however, we estimated the regional direct forcing using the
model proposed by Haywood and Shine [1995] for mixtures
(internal or external) of absorbing and nonabsorbing species
and cloud free conditions:

AF(N) = —Eo(WT2(A)(N)57()
5 ZRS(/\) 1
-<<I—RS<A>>7 . (mfl)) @

where F, denotes the incident radiative flux at the top of the
grid box, T, the fractional transmittance of the atmosphere,
w the single-scattering albedo, ( the fraction of radiation
scattered upwards by the aerosol, 7 the aerosol optical
depth, R, the surface albedo of the ground and A the
wavelength.

[27] For the calculation of the optical depth 7, the vertical
distribution of the aerosol throughout the whole atmosphere
should be known. As these data are unavailable, we used the
concept of aerosol scale height. Modeling studies usually
use scale heights of 2 km [e.g., Schwartz, 1996]. The recent
studies by Feczko et al. [2002] and Feczko et al. [2005]
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investigating the direct aerosol effect for nearby Hungary
also use a scale height of 2 km (based on measurements by
Varhelyi [1978]). We do not have data on acrosol scale
height for our stations, but measurements of the annual
variation of planetary boundary layer height (which con-
tains most of the aerosol, but is lower than the scale height)
in southern Germany [Kreip/, 2006] show average values
between 1 (winter) and 3 km (summer). Under fair weather
conditions in summer, the orographic convection systems
carry boundary layer aerosols upslope, resulting in an alpine
boundary layer height of 1-1.5 km above the mountain
peaks [Carnuth et al., 2002; Carnuth and Trickl, 2000;
Nyeki et al., 2002]. The sensitivity study, which is also
included in the Feczko et al. [2005] paper, shows that
radiative forcing is not strongly dependent on the assumed
values of aerosol scale height (and errors in the value of the
solar constant Fy). For this reason, we assumed a homoge-
neous aerosol distribution in a box with constant 2 km
height even for the mountain stations and calculated the
optical depth 7 of this layer as a function of wavelength A

H
r(\) = /0 Tex(N)dz = Tex (NH (3)

with 0.y the extinction coefficient obtained from the Mie
calculations.

[28] For the incident solar flux at the top of the atmo-
sphere, i.e., the incoming radiative flux we used Fy = 1/4 S,,.
The values for the solar constant S, and the fractional
transmittance T, were set to 1368 W/m? and 0.79, respec-
tively [e.g., Lesins et al., 2002]. The wavelength depen-
dence of the incoming solar radiation was assumed to
follow Planck’s equation for a black body with a tempera-
ture T = 6000 K. For the wavelength range above 4 um,
solar radiation provides hardly any input. The incident
radiation in this wavelength range comes from the black-
body radiation of the surroundings, so the radiation emitted
by a black body with a temperature of 288 K (the global
annual average surface temperature) was assumed.

[29] The upscatter fraction ( (fraction of light scattered
into the upward hemisphere relative to the local horizon)
depends on the particle size, wavelength and solar zenith
angle [e.g., Pilinis et al., 1995; Nemesure et al., 1995].
Calculations of 3 are described by Wiscombe and Grams
[1976] as an integral over the scattering phase function.
Charlson et al. [1992] proposed an average value for
G = 0.29 and Haywood and Shine [1995] suggested that
the average value of [ has to be reduced to 0.21, as a
result of their Mie calculations for an aerosol number
size distribution with mode radius 0.05 um and standard
deviation of 2, and for a wavelength of 700 nm. In the
IPCC [2001] report, average values of 5= 0.22 for polluted
continental aerosols and § = 0.21 for background aerosols
(with bimodal size distributions) are given. We used
these values for the urban and mountain sites (regional
background aerosol), respectively.

[30] A different surface albedo Ry was chosen for the
sites. For the urban sites, Ry was assumed to be 0.16
(independent of wavelength). At the mountain sites, the
ground was covered with snow or ice, so we chose Ry =0.35
and 0.5 for the shortwave (below 4 pm) and longwave part
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of the spectrum for ice and Ry = 0.8 and 0.5 for the two
wavelength ranges for fresh snow (all albedo values taken
from Roedel [1994]). The influence of solar zenith angle on
surface albedo was not taken into account.

[31] For each aerosol component, the scattering and
absorption coefficients and single-scattering albedo are
calculated for spherical particles at the 60 wavelengths
and for dry conditions. For the internal mixture, calculations
were also performed at four different relative humidities
(60%, 70%, 80%, and 90%).

[32] Using all these input parameters, the model provides
an estimate of the spectrally averaged radiative forcing AF
(in W/m?) due to scattering and absorption by the aerosol

S AF(X)- AX-E(Ts, )

AF = AFgy + AFpy = =40 .
oTyg
> AF(A) - AXN-E(TL, A)
A)4pm
4
+ oT ﬁ “)

with o the Stefan-Boltzmann constant and T the temperature
(Ts = 6000 K for shortwave and T} = 288 K for longwave
forcing).

4. Results and Discussion
4.1. Chemical Composition

[33] As background information, Table 3 shows both the
average chemical composition of the aerosol at all sites in
percent of total mass and seasonal averages for Linz and
Graz, where measurements were made both in winter
(January) and summer (August). The contributions of the
substances were calculated from the lognormal distributions
fitted through the impactor data and not the impactor
histograms themselves, because the lognormal functions
were the basis for the calculation of the optical parameters.
The large fractions of unidentified mass at all sites contain
also organic carbon (OC). As no data on the wavelength-
dependent refractive index were available, no estimation of
OC was performed. TC and BC measurements at the sites,
however, indicate that BC/TC fractions are of the order of
0.6 for the urban sites [e.g., Puxbaum et al., 2004], and
0.478 at Rax (Hitzenberger, private communication, 2003),
so the BC fractions can be used to estimate the contribution
of OC to total acrosol mass at the sites if necessary. For the
conversion of OC to particulate organic matter, Puxbaum et
al. [2004] suggest a value of 1.3 for urban sites and 1.7 for
background aerosols in Austria.

[34] BC contributions in Vienna (spring) are lower
(approx. 4%) than in Linz (circa 6%) and Graz (around
10%). The percentage of BC at Graz and Linz varies only
slightly with the season, although in winter a higher
contribution of BC might be expected because of the
necessity of space heating. The dual-site study in the area
of Vienna by Puxbaum et al. [2004], however, showed that
the contribution of space heating to BC is quite small (i.e.,
less than 30% maximum) nowadays because of the wide-
spread use of “clean” fuels with low BC emissions (e.g.,
natural gas or district heating). Some seasonal difference
was found for Graz and Linz in the percentage of uniden-
tified mass, part of which might be explained by a higher
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Table 3. Average Contribution of Chemical Analytes to Total
Aerosol Mass Concentration in Percent”

Site Tons BC Minerals Unidentified
Vienna 35.9 3.9 11.0 49.0
Linz, all data 33.6 6.4 2.9 57.1
Linz, winter 38.9 6.4 3.1 51.7
Linz, summer 13.63 6.7 2.1 77.6
Graz, all data 353 10.4 1.9 52.5
Graz, winter 43.8 11.0 1.28 43.9
Graz, summer 18.2 9.4 33 69.2
Sonnblick 423 3.9 8.2 56.0
Rax 50.7 6.3 9.8 33.3

?Only those analytes used for the forcing calculations.

fraction of OC in the aerosol. The AUPHEP database
(Puxbaum, private communication, 2004) gives monthly
means of the OC fraction in total mass as 16% and 12%
for August and January in Linz, while at Graz hardly any
change in OC fraction was found (16.2 in August and
15.5% in January).

[35] The composition of the aerosol at the mountain sites
is quite comparable to that at the urban sites. Similar
findings exist from other background [e.g., Puxbaum et
al., 2004; Hueglin et al., 2005] and mountain sites in central
Europe. At the Jungfraujoch, e.g., the BC content of the
aerosol in summer is comparable to values measured at
lower elevations [e.g., Lavanchy et al., 1999; Krivacsy et
al., 2001]. Earlier measurements at Sonnblick [Kasper and
Puxbaum, 1998; Seibert et al., 1998] showed that during
summer (the time of our measurement campaign), Sonn-
blick also receives PBL air masses rather than air from the
free troposphere. Measurements at Rax were performed
under wintry conditions in March, but due to the relatively
low elevation (1644 m) the site also received PBL air most
of the time.

4.2. Direct Radiative Forcing, Dry Aerosol, Urban
Sites

[36] For the comparison between the sites, median values
were calculated for each measurement campaign. Table 4
shows these values for all sites and assumptions on mixing
state for the dry aerosol. In the urban aerosol and under the
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assumption of internal mixing, the largest negative
forcing was found for the Linz campaign (total forcing
—3.56 W/m?), followed by Vienna (—2.16 W/m?) and Graz
(—0.77 W/m?).

[37] As an example of the variability, Figure 1 gives the
forcing for each day of the Vienna campaign both for
the internally and externally mixed aerosol. For the exter-
nally mixed aerosol, forcings are even more negative (Linz:
—5.83 W/m?, Vienna —3.07 W/m? and Graz —4.46 W/m?).
All these forcings are much larger than the global average
given by the IPCC report for sulfate aerosols alone
(—0.44 W/m?). As total forcing depends linearly on the
total aerosol concentration, this difference could be
explained by the much higher aerosol load at the urban
sites compared to global average concentrations.

[38] Although no similar calculations (using measured
size distributions and chemical composition of the aerosol)
are available for European aerosols, some data on radiative
forcing based on aerosol measurements in Europe exist.
Feczko et al. [2002] calculated shortwave forcing by sulfate
at a Hungarian background site as —2.4 W/m® and short-
wave forcing by carbonaceous aerosols as —1 W/m? in
summer. For fall aerosol at the same site, Feczko et al.
[2005] give similar values for sulfate, but a positive value of
+0.4 W/m? for shortwave forcing by carbonaceous particles.

[39] Estimations for aerosol forcing in Europe are avail-
able from global models (e.g., Takemura et al. [2002] give
values of —5 W/m” to —10 W/m? for summer aerosols in
Europe, North America and East Asia). For urban aerosols,
some data are available for Asia. Based on aerosol measure-
ments in Bangalore, India, Babu et al. [2002] calculated a
top of the atmosphere forcing of +5 W/m? for an aerosol
with a large fraction of BC in submicron mass (23%). A
similar study in Pune, India found top of the atmosphere
shortwave forcings between —7 W/m” and +9 W/m*. A
study conducted on Mt. Gibbes in North Carolina, USA [Im
et al., 2001], gave a 15% reduction of the aerosol cooling
effect caused by light absorption by BC in the aerosol
(forcing values from this study are given per unit optical
depth and are consequently not comparable to our data
here).

Table 4. Total Forcing, All Sites, for the Assumption of Internally and Externally Mixed Aerosols®

Forcing Wm ™2, Dry Aerosol

Forcing Wm ™2, 90% Humidity,

Site Internal Mixture External Mixture Surface Albedo Internal mixture
Vienna —2.16 —3.07 0.16 —5.18
Linz, all data —3.56 —5.83 0.16 —13.42
Linz, winter —3.80 —6.24 0.16 —13.42
Linz, summer —2.53 —3.78 0.16 n.d.
Graz, all data —0.77 —4.46 0.16 —9.12
Graz, winter —1.11 —6.93 0.16 —13.98
Graz, summer 0.20 —1.29 0.16 —2.89
Sonnblick 1.61 0.01 0.35 0.16

4.82 1.5 0.5 5.82
9.86 4.18 0.8 11.63
Rax 0.95 0.3 0.35 0.6
1.95 1.1 0.5 1.99
3.87 2.53 0.8 4.52

“The last column gives the forcing calculated for a relative humidity of 90%. All other values were calculated for the dry aerosol. For Linz, summer, no
median value was calculated for 90% humidity, as only few valid data points were available (the other data points were rejected because of problems in
calculating the optical parameters). All of the data for the direct radiative forcing are based on the assumption that at every site the boundary layer height

above that site is equal to 2 km.
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Figure 1. Total forcing by the Vienna aerosol during the

whole campaign. The full symbols denote the forcing
calculated assuming an internal mixture, while the open
symbols show the results obtained with the assumption of
an external mixture.

[40] The less negative forcing in the case of internally
mixed aerosols is expected, because BC gives a larger
specific absorption coefficient [Ackerman and Toon, 1981,
Martins et al., 1998; Jacobson, 2000] and consequently a
lower single-scattering albedo when it is mixed internally to
the aerosol, creating a positive contribution to total forcing.
The relatively low negative forcing calculated for the
internally mixed Graz aerosol can be explained by the large
contribution of BC to the total aerosol (10.43% of total
mass) and the low mass median diameter of BC (average:
0.43 pm). The Vienna and Linz aerosols contained less
BC (3.91 and 6.43%, respectively) with larger mass median
diameters (0.48 and 0.46 um, respectively). Single-
scattering albedo at 0.55 um, a wavelength usually
considered representative for the total spectrum [Lesins et
al., 2002] was consequently lowest in Graz (0.74 and 0.86
for the internally and externally mixed aerosol), followed by
Linz (0.834 and 0.92) and Vienna (0.889 and 0.931).

[41] Seasonal differences in forcing can be investigated
for the Graz and Linz data. At both sites, a campaign was
conducted in January and one in August of 2001. Table 4
also shows the forcings obtained for the sites as seasonal
medians. Forcings in wintertime are more negative than in
summer at both sites, and forcings calculated for the
external mixture more negative than for internally mixed

Total forcing, Vienna

ions

unidentified
-1.41 Wim®
minerals BC §
L0410 wWim? 034 Wi
Figure 2a. Contribution of component classes to total

forcing at urban sites (Vienna, Linz, Graz); external
mixture, dry aerosol.
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Total forcing, Linz
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Figure 2b. As in Figure 2a.

aerosols. Surface albedo (see below) had no influence on
these calculations, as a fixed value of 0.16 was used at the
urban sites for all seasons.

[42] In the case of an externally mixed aerosol, calcula-
tions of the contributions of the component classes are
possible. Figures 2a, 2b, and 2c show the results for the
urban sites (dry aerosol). As expected, BC gives positive
forcings in all cases with a minimum value in Vienna
(+0.34 W/m?) followed by Linz (+1.18 W/m?) and Graz
(+2.14 W/m®), an order which corresponds to the BC
content of the aerosols at these sites (Table 3). Except for
Vienna, these forcings are larger than the literature values
(+0.2 W/m?, IPCC [2001]; +0.5 W/m?, Sato et al. [2003];
+0.51 W/m?, Chung and Seinfeld [2002]). In the region of
our study, BC seems to contribute more to total aerosol
forcing than the usual global average values. Simulations of
the annual direct radiative forcing of BC reported by
Takemura et al. [2002]2 for the Northern Hemisphere yield
a value of +0.32 W/m~, which is in good agreement with
our results. An extensive comparison of the total direct
aerosol forcing calculated at AERONET (Aerosol Robotic
Network) sites and simulated with seven 3-D models on a
seasonal basis [Kinne et al., 2003] shows direct radiative
forcing at the AERONET sites is usually larger than global
forcing averages because of the proximity of these sites to
aerosol sources, where many models underestimate the
aerosol source strength. As an example, direct radiative
forcing values estimated from AERONET measurements at
Ispra (Italy) range from —3 to —8 W/m? at the top of the
atmosphere, which is of the same order of magnitude as the
values calculated in the present study. Liepert and Tegen

Total forcing, Graz

ions
unidentified

-3.19 Wim®
-3.75 Wim' "
minerals BC
-0.01 Wim’ +2.14 Win®
Figure 2c.  As in Figure 2a.
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Figure 3a. Contribution of components to total forcing at
the mountain sites (Sonnblick, Rax). Assumptions: dry
aerosol, external mixture, ground albedo 0.8 (corresponding
to fresh snow).

[2002] also use AERONET data and find the variability of
optical properties within a grid point quite large.

[43] At all sites, the large fraction of unidentified mass,
which is assigned the optical properties of water in our
model, dominated the forcing estimates. The mineral com-
ponents gave only a small forcing, which is in keeping with
their low contributions to total mass.

[44] The study of Takemura et al. [2002] on the global
distribution of single-scattering albedo and radiative forcing
of various aerosol species using an aerosol transport model
coupled with an atmospheric general circulation model gave
values of single-scattering albedo for our region of interest
slightly over 0.9 and direct forcing values between —5 and
—10 W/m? at the top of the atmosphere. In this study,
however, values of surface albedo are much lower (0.07)
than the ones we used.

4.3. Direct Radiative Forcing, Dry Aerosol,
Mountain Sites

[45] At the mountain sites, different values of ground
albedo were used to account for the effects of ice or snow as
a ground cover. At Sonnblick, measurements were per-
formed in summertime, so the albedo of ice is appropriate
for this station, which is at the edge of a glacier. At Rax an
even higher surface albedo should be applicable because the
ground was covered with fresh snow all during the cam-
paign. Table 4 shows also the effect of ground albedo on
total forcing for both internal and external mixtures at the
background sites (dry aerosol).

[46] At the mountain sites, all forcings are positive. The
internal mixing assumption again gives more positive forc-
ings than the assumption of external mixing. With increas-
ing ground albedo, forcings become even more positive,
which means that the warming effect of the aerosol
increases. The extreme value is obtained at Sonnblick
(internal mixture: +9.86 W/m? for ground covered by snow,
and +1.61 W/m? for ground covered by ice).

[47] Such an extremely large positive forcing could be
caused by very high BC fractions in the aerosol. In our
study, BC fractions in the background aerosol are compa-
rable to those found at the urban sites (Rax: 6.3%, Sonn-
blick: 3.9%), so the large positive forcing is caused not only
by BC itself but by the combination of an absorbing aerosol
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above a highly reflective surface. Single-scattering albedos
at the sites were 0.841 and 0.918 (internal and external
mixture) at Rax and 0.88 and 0.94 at Sonnblick. In a study
of the radiative effect of a certain amount of BC in Arctic
aerosols, Coakley et al. [1983] showed that aerosol radiative
forcing can turn from negative to positive for a fixed single-
scattering albedo when ground albedo is increased. The
same effect is reported in the study by Roberts and Jones
[2004], who found a larger positive effect of BC over the
deserts (high surface albedo) surrounding the Mediterranean
Sea than over the sea itself (low surface albedo).

[48] Extrapolating these findings to wintertime urban
aerosol, the same effect can be seen in our data: the negative
forcings we found in the shortwave range for the urban sites
could turn to positive in wintertime when the ground is
covered with fresh snow, or when the ground reflects more
light than the dark urban roof or asphalt surfaces.

[49] As an extreme case, the contribution of the compo-
nents to total forcing is shown in Figures 3a and 3b for the
case of an externally mixed dry aerosol and a very high
ground albedo of 0.8 (fresh snow). At both mountain sites,
forcing is dominated by BC, and even the forcing by the
ions is positive. Above the highly reflecting ground cover,
the weak absorption of the ions in the longwave part of the
spectrum becomes noticeable. Even though the unidentified
mass is not so different at the mountain sites compared to
the urban sites (Table 3), its contribution to total forcing is
rather small because of the large effect caused by an
absorbing aerosol (BC) above a highly reflective ground.

[s0] The positive forcing of the aerosol at the mountain
sites might be interesting not merely for the direct effect on
climate, but also for the semidirect effect. The mountain
sites are at heights where clouds are formed. The Rax site,
e.g., is within cloud circa 50% of the time. At Sonnblick, in-
cloud conditions prevail circa 70% of the time (ZAMG,
personal communication, 2002). Under these circumstances
the effect of positive aerosol forcing on the ambient tem-
perature might already play a role in cloud formation and/or
evaporation.

4.4. Influence of Relative Humidity

[s1] Figure 4 shows the influence of relative humidity
on the forcings calculated for the aerosol at the urban
(Figure 4a) and mountain sites (Figure 4b). Campaign
median values at 90% humidity are given also in Table 4.
These calculations were performed only for the case of an

Total forcing, Rax
ground albedo=0.8

ions
+0.69 Wim®

unidertified
+0.17 Wim®
BC
T +1.39 Wim?
+0.02 Wim®
Figure 3b. As in Figure 3a.
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Figure 4a. Dependence of calculated total forcings on

relative humidity (assumption: internal mixture) for the
urban locations (Vienna: diamonds, Graz: squares, Linz:
circles).

internally mixed aerosol, as the mass growth factors we
used had been measured [Hitzenberger et al., 1997] on
deposited aerosol samples, which are necessarily internally
mixed. Identical growth factors were used for the aerosol at
all sites.

[52] The effect of humidity is different for the two types
of sites. At the urban sites, forcings become more negative
with increasing humidity. The forcing for the Vienna
aerosol, e. g. changes from —2.16 W/m? to —5.18 W/m?
when humidity changes from 50% to 90%. The factor of
change for Graz is about 3 times larger than that for Linz
(3.8), and about 5 times greater than that for Vienna (2.4).
At the mountain stations, a very small change is found in
the case of the high ground albedo (0.8, snow); the factor of
change is smaller than at the urban sites (about 1.2 for both
Rax and Sonnblick sites). In the case of the lower ground
albedo (0.35, ice), hardly any change is found in forcing
values with increasing humidity; the factor of change is 0.6
for Rax, and 0.1 for Sonnblick). Absorption by BC domi-
nates the forcing to such an extent that the change in particle

background locations
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Figure 4b. Dependence of calculated total forcings on
relative humidity (assumption: internal mixture) for the
mountain sites (Sonnblick: full symbols, Rax: open
symbols) for ground albedo values representative of ice
(diamonds) and fresh snow (squares).
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size and refractive index due to the uptake of water does not
affect the forcing.

[53] In Austria, humidities usually are intermediate to
high. Daily minimum values of humidity are measured at
14:00 Central European Time (i.e., UTC + 1 hour), while
mornings and afternoons are usually more humid. Long-
term monthly average humidities in Vienna at 14:00 range
between 50% in May and 75% in December. For Graz, the
14:00 average humidities are rather similar with 49% in
April and 84% in December (ZAMG, personal communi-
cation, 2002). For the urban sites, the forcings given in
Table 4 for the dry aerosol are therefore lower boundaries
under no-snow conditions. For spring and summer, radiative
forcing by the urban aerosol will be quite well represented
by the “dry” values in Table 4 or maybe the values for 60 or
70% in Figures 4a and 4b, while in wintertime the values for
90% humidity will be more appropriate under no-snow
conditions.

4.5. Combined Influence of Humidity and Ground
Albedo for the Mountain Sites

[54] The combined effect of ground albedo and relative
humidity is investigated further the for shortwave forcing
(spectral range 0.3—4.0 pum) in the case of mountain sites
(Figure 5a for Sonnblick, Figure 5b for Rax), where
shortwave forcing values obtained from calculations with
an intermediate ground albedo of 0.5 are also shown. A
humidity effect is seen only for the low ground albedo of

Rax
4
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‘B R
5 i
%0 "
-1 5 ' ' 5 |
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Figure 5b. As in Figure 5a.
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0.35, where forcings change from positive to negative at
both sites when humidity increases from 50% (dry aerosol)
to 90%. With increasing ground albedo, the humidity effect
becomes smaller and shortwave forcings are positive for all
humidities.

[ss] If these findings are extrapolated to the urban sites
with snow cover on the ground or to more arid sites,
humidity effects on total forcing will be smaller than
without snow or dry ground. A general conclusion about
the humidity effect on radiative forcing at a certain site
cannot be drawn without considering the effect of surface
albedo.

5. Summary and Conclusions

[s6] The results of our study show that the central
European aerosols have a much larger (negative) forcin%
than the global average values such as the —0.44 W/m
given by the IPCC report [/PCC, 2001] for sulfate aerosols.
For the urban areas, forcings were between —3.56 W/m>
(Linz) and —0.77 W#m? (Graz) under the assumption of
internal mixing and dry aerosol (50% humidity). The
assumption of external mixing led to even larger negative
forcings ranging from —5.83 W/m? (Linz) to —3.07 W/m?
(Vienna). At the mountain sites, BC plays a much more
important role because of the high ground albedo of ice
(shortwave albedo: 0.35, longwave: 0.5) and snow (0.8 and
0.5, respectively) compared to the urban surface albedo of
0.16. All calculated forcings for the mountain stations are
positive ranging up to +9.86 W/m? (Sonnblick, internally
mixed aerosol, dry conditions), although the BC content of
the urban aerosols was larger both in Linz (6.4%) and Graz
(10.4%) than at Sonnblick and Vienna (3.9%). Under
conditions of elevated relative humidity, forcings for the
urban sites become more negative. For Vienna, e. g., the
forcing calculated for internally mixed aerosol changes from
—2.16 W/m* at 50% humidity to —5.18 W/m* at 90%
humidity. If the aerosols are assumed to be internally mixed
rather than externally, negative forcings are smaller because
of the enhanced absorption by internally mixed BC. Even
though the chemical composition of urban and mountain
aerosols is rather similar, calculated forcings at the moun-
tain sites are much less negative or even positive because of
the higher surface albedo (snow or ice compared to dark
urban surfaces). If these findings are extrapolated to urban
areas in wintertime with high humidities and snow-covered
ground, the data presented here give an overview of the
range of forcings to expect under typical meteorological and
seasonal conditions in central Europe. The data presented in
this study also give an overview of the variation of radiative
forcing in a relatively small area, which is about the size of
a grid point of a typical global aerosol model.
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