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ABSTRACT

A series of sensitivity studies were performed with a spectral radiative transfer model using aerosol data from the Global
Aerosol Data Set (GADS, data available at http://www.meteo.physik.uni-muenchen.de/strahlung/aerosol/aerosol.htm)
in order to investigate and quantify the relative role of key climatic parameters on clear-sky ultraviolet—visible direct
aerosol radiative forcing at the top of the atmosphere (TOA), within the atmosphere and at the Earth’s surface. The model
results show that relative humidity and aerosol single-scattering albedo are the most important climatic parameters that
determine aerosol forcing at the TOA and at the Earth’s surface and atmosphere, respectively. Relative humidity exerts a
non-linear positive radiative effect, i.e. increasing humidity amplifies the magnitude of the forcing in the atmosphere and
at the surface. Our model sensitivity studies show that increasing relative humidity by 10%, in relative terms, increases
the aerosol forcing by factors of 1.42 at the TOA, 1.02 in the atmosphere and 1.17 at the surface. An increase in aerosol
single-scattering albedo by 10%, in relative terms, increased the aerosol forcing at the TOA by 1.29, while it decreased
the forcing in the atmosphere and at the surface by factors of 0.2 and 0.69, respectively. Our results show that an increase
in relative humidity enhances the planetary cooling effect of aerosols (increased reflection of solar radiation to space)
over oceans and low-albedo land areas, whilst over polar regions and highly reflecting land surfaces the warming effect
of aerosols changes to a cooling effect. Thus, global warming and an associated increase in relative humidity would
lead to enhanced aerosol cooling worldwide. The sensitivity results also demonstrate that an increase in surface albedo
due to, for example, a reduction in land vegetation cover, would lead to enhanced atmospheric warming by aerosols
leading to a reduction in cloud formation and enhancement of the desertification process. On the contrary, a decrease
in surface albedo over polar regions due to, for example, ice-melting associated with global warming, would reduce
the planetary warming effect of aerosols over polar areas. Aerosol forcing is found to be quite sensitive to cloud cover,
as well as to aerosol optical thickness and the asymmetry parameter, and to the wavelength dependence of the aerosol
optical properties.

1. Introduction

There is strong evidence that the Earth’s climate is being
changed. Changes in climate are the result of both internal feed-
back processes in the climate system and external factors (natural
and anthropogenic), whose influence is expressed by the con-
cept of radiative forcing. Apart from other factors (like clouds,
trace gases and solar irradiance) aerosols, both natural and an-
thropogenic, constitute a major factor leading to changes in ra-
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diative forcing. It has been recognized that aerosols affect the
Earth’s radiation budget both directly and indirectly, inducing
an average global negative radiative forcing (a cooling effect)
which may counteract global warming (positive forcing due to
increases of the well-mixed greenhouse gases), estimated to be
2.43 W m~2 (IPCC, 2001) since the beginning of 19th century.
Aerosols exhibit strong temporal and spatial variability, produc-
ing globally uneven patterns of radiative forcing (compared with
greenhouse gases). Besides, there is a large uncertainty in the
crucial aerosol radiative parameters (e.g. optical thickness and
single-scattering albedo), which along with the small residence
time of atmospheric aerosols (a few days to weeks) and their
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variable concentrations, makes it difficult to characterize
aerosols as climate-forcing agents and quantify their radiative
forcing. Although significant progress has been achieved to bet-
ter characterize the direct aerosol forcing of different types of
aerosols (e.g. sulfate but also carbonaceous or organics), climate
forcing due to aerosols remains one of the largest uncertainties
in climate variability and climate change studies (Hansen et al.,
1997; Tegen et al., 2000; Harvey, 2000). The level of scientific
understanding relevant to direct forcing is still very low, thus
producing large uncertainties. The range of estimates, guided
by the spread in the published forcing values, is comparable to
or even larger than their magnitude (IPCC, 2001). Much work
and many modelling studies are required in order to improve our
understanding of aerosol forcing mechanisms.

Hatzianastassiou et al. (2004) presented a model for es-
timating the global distribution of direct aerosol forcings in
the ultraviolet—visible (UV-VIS) range of wavelengths (0.2—
0.85 wum) at the top of the atmosphere (TOA), within the at-
mosphere and at the Earth’s surface, arising under clear skies.
The model accounts for the effect of relative humidity (RH)
on the aerosol optical properties by computing the extinction
aerosol optical thickness (AOT), single-scattering albedo (w )
and asymmetry parameter (g..:), which were taken originally
from the Global Aerosol Data Set (GADS, Koepke et al., 1997),
for computed mean monthly values of ambient RH within the
aerosol layer. The values for scattering and absorption aerosol
optical thickness are derived from the AOT and w,,. These com-
putations were performed, as explained by Hatzianastassiou et al.
(2004), by using water vapour and vertical temperature profiles
from the National Centers for Environmental Prediction and Na-
tional Center for Atmospheric Research (NCEP/NCAR) Global
Reanalysis Project. The aerosol forcings were computed for ac-
tual clear-sky fractions, based on cloud cover data taken from
the International Satellite Cloud Climatology Project (ISCCP)
D2 series (Rossow and Schiffer, 1999). A complete description
of the model and input data is given in detail in Hatzianastassiou
et al. (2004).

Evaluation of the effects of various key climatic parameters
on aerosol forcing is very important when attempting to draw
conclusions, especially given the uncertainties related to these
parameters used as input data for models. The radiatively impor-
tant aerosol properties are determined at the most fundamental
level by the aerosol composition and size distribution. However,
for the purposes of direct forcing calculations and for assess-
ment of uncertainties, aerosol-related or other surface and atmo-
spheric properties can be subsumed into a number of parameters.
Such parameters are the mass light-scattering efficiency, the de-
pendence of light scattering and absorption on RH, the single-
scattering albedo, the asymmetry parameter, the non-sphericity
and the nature of the external mixture of aerosols, the particle
composition, the albedo of the underlying surface, the cloud frac-
tion, the vertical distribution of aerosol and cloud, the aerosol
loading (optical depth), the solar zenith angle, the size distri-
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bution and the height of the boundary layer. The climatic role
of some aerosol properties, surface and atmospheric parameters
for aerosol radiative forcing is investigated in this paper. Even
though there have been many studies on short-wave aerosol forc-
ing (e.g. Koepke and Hess, 1988; Charlson et al., 1992; Kiehl
and Briegleb, 1993; Penner et al., 1994; Boucher and Anderson,
1995; Nemesure et al., 1995; Hansen et al., 1997; Haywood et al.,
1997; Haywood and Shine, 1997; Schult et al., 1997; West et al.,
1998; Penner et al., 1998; Haywood and Ramaswamy, 1998;
Myhre et al., 1998; Kay and Box, 2000; Ramanathan et al., 2001;
Wendisch et al., 2001), they all agree that the magnitude of forc-
ing is still uncertain, with the main cause of uncertainty being
the aerosol properties used as input to the models.

In this study, the relative role of key climatic parameters on
direct aerosol forcing is investigated through a series of sensi-
tivity tests. With this aim, each parameter is modified and the
resulting aerosol forcing is compared with that corresponding
to a reference case with specific parameter values. The param-
eters examined are: RH, surface albedo (R,), cloud cover (A.),
AOT, w,er and g, as well as ozone (O3) concentration, incom-
ing solar radiation and the wavelength dependence of aerosol
optical properties. The importance of each parameter was eval-
uated through comparison of the sign and magnitude of induced
changes on aerosol forcing at the TOA, within the atmosphere
and at the surface. Furthermore, possible climatic feedback, due
to the presence of aerosols in the atmosphere, is assessed and
discussed, based on the results of the sensitivity tests.

2. Methodology

A series of sensitivity tests were performed to investigate the
relative role of the various key climatic parameters that deter-
mine the aerosol UV-VIS radiative forcing AF = F; — F cjeari
(where F; and F e, ; are the solar radiative fluxes with and with-
out the presence of aerosols, respectively, Hatzianastassiou et al.,
2004), namely: the aerosol-induced changes in the outgoing so-
lar radiation at the TOA (A F1oa), the solar atmospheric absorp-
tion (AF ymoab) and the downward solar radiation at the surface
(AFsoqn)- The results of the sensitivity tests are given in terms
of absolute and percentage (egs. 1 and 2, respectively) changes,
AAF and AAF (%) respectively, in the aerosol radiative forc-

ings as
AAF; = AF; — AF,; M
AE - AFref.i
AAF; % = ——— - 100 2)
AFref,i

where AF ., are the aerosol radiative forcings for the refer-
ence case study and AF; are the corresponding forcings for each
sensitivity study, where i refers to the various aerosol forcings
defined above.

The forcing computations were performed on a mean monthly
basis and 2.5° x 2.5° longitude—latitude resolution, using a
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deterministic spectral radiative transfer model described in detail
by Hatzianastassiou et al. (2004). The model computes theoret-
ically the incoming solar flux at the TOA at 115 wavelengths
ranging from 0.20 pm to 0.85 pm. For each wavelength, a set of
monochromatic radiative flux transfer equations is solved for
an absorbing/multiple-scattering atmosphere, using the delta-
Eddington method of Joseph et al. (1976) which is an extension
of the Eddington method described in Shettle and Weinmann
(1970). The atmosphere is divided into three layers allowing
for scattering and absorption of aerosol particles, atmospheric
molecular absorption and Rayleigh scattering. Reflection of in-
cident solar radiation from the Earth’s surface is accounted for
in the model, while the dependence of aerosol optical properties
on RH is taken into account in GADS (Shettle and Fenn, 1979;
D’Almeida et al., 1991; Koepke et al., 1997) and in our model
(Hatzianastassiou et al., 2004). The aerosol radiative forcing is
computed by running the radiative transfer model with and with-
out aerosols and the forcings are subsequently averaged over the
UV-VIS range by weighting with the spectrally resolved incom-
ing solar radiation. A full description of the model and input data
is given in Hatzianastassiou et al. (2004).

3. Model sensitivity studies

3.1. Reference forcings

The global distribution of model computed UV-VIS aerosol
forcings for the reference case are shown in Fig. 1 for January
(a) and July (b) respectively (white areas in the figures corre-
spond to areas with no sunlight during local winter or to miss-
ing ISCCP-D2 data). For brevity, the term “solar radiation” is
used throughout the study, meaning the UV-VIS range of wave-
lengths. Reference forcings were taken to be the global distri-
bution of aerosol forcings for the year 1992, computed by using
realistic input data (RH, cloud cover, surface albedo, incoming
solar radiation, atmospheric molecules) as described in detail by
Hatzianastassiou et al. (2004). In this reference case, we used
aerosol optical properties (AOT, wqer, gaer) Originally taken from
GADS, given at 11 wavelengths ranging from 0.25 to 0.8 um
(UV-VIS) and at eight classes of RH ranging from 0% to 99%,
that were used to calculate the aerosol properties for actual val-
ues of RH for the year 1992, based on NCEP/NCAR humidity
data.

The effect of aerosols on the outgoing solar radiation at
the TOA (AF'1oa, case i), on the solar atmospheric absorption
(AF ymoan» case ii) and on the downward solar radiation at the
surface (AFan, case iii) are given separately. Aerosols cause
a cooling (A Froa > 0) over oceans (low surface albedo) and a
warming (A Foa < 0) over deserts or ice (high surface albedo).
They can modify the planetary reflection of solar radiation by up
to 10 W m~2. They can produce a planetary warming through
absorption of solar radiation by mineral components over deserts
(e.g. the Sahara, Arabia) or soot particles over continental areas

(e.g. Europe, North Asia, North America). The importance of the
reflectance of the surface underneath the aerosol layer, as well as
of the aerosol particle composition (reflected in w,, ), is shown by
the computed negative AFoa values (planetary warming) over
Antarctica and Greenland (Arctic haze) as well as by negative
values over Siberia in winter, which are changed to positive val-
ues (cooling) in summer. The atmosphere is found to be heated

by aerosols by as much as 25 W m™2

, with the highest values
over areas characterized by strongly absorbing mineral particles
and high surface albedo (e.g. the Sahara). Quite large values are
also found over Europe, North America, South and Southeast
Asia, the Amazon basin and Australia. The downward solar ra-
diation at the surface is drastically reduced due to the presence
of aerosols by up to about 30 W m~2. The largest decreases
are found over regions with high aerosol loadings (AOT values);
therefore, AF i, 14n values are generally larger over continents than
oceans. A thorough discussion of patterns of spatial and seasonal
variation of aerosol forcings is given in Hatzianastassiou et al.
(2004).

3.2. Relative humidity

The RH is the single most important parameter that determines
the direct aerosol forcing, since the increase in aerosol mass
as a result of water uptake is the most important driving process
(Pruppacher and Klett, 1997). RH significantly affects AOT, w e,
and g,; by modifying the aerosol liquid water content, size and
hence extinction coefficient and refractive indices. The effect of
changing RH on aerosol forcing is a function of the size and
number distribution, total concentration and composition of the
aerosol particle spectrum, which are highly variable. The strong
effect of RH on the microphysical, optical and radiative proper-
ties of the aerosol has also been reported by other investigators
(e.g. Pilinis et al., 1996; Koepke et al., 1997; Penner et al., 1998;
West et al., 1998; Kondratyev, 1999).

To examine the effect of RH on aerosol radiative forcing, the
computed RH within the tropospheric aerosol layer, for the ref-
erence case, was decreased or increased by +10%, in relative
terms, within the limits 0% and 90%, to avoid pre-condensation
conditions, and the computed aerosol forcings were compared
with those of the reference case (see Fig. 1). The sensitivities
of the aerosol forcing are expressed here in terms of percentage
modification of the reference forcing values, and they have to
be combined with those forcing values to yield absolute forcing
changes (in W m~2). The changes in aerosol forcings, AAF;,
produced by changing the RH, were found to increase in a non-
linear way with increasing RH values, as also reported by other
investigators (e.g. Box and Trautmann, 1994; Pilinis et al., 1996;
Haywood and Shine, 1997; Haywood et al., 1997, 1998; Penner
et al., 1998). Increasing the RH by a certain relative percentage
has in general the opposite effect on aerosol forcings to decreas-
ing RH by the same amount, but with a larger magnitude. In-
creasing the RH by 10% of its reference value strongly modifies
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Fig 1. Global distribution of the reference case ultraviolet—visible (UV-VIS) aerosol radiative forcings (AF in W m~2) computed using aerosol
optical thickness, single-scattering albedo and the asymmetry parameter from the Global Aerosol Data Set for actual climatic conditions (cloud
cover, surface albedo, RH) for (a) January, and (b) July of the year 1992: (i) Aerosol forcing on the outgoing UV-VIS solar radiation at TOA
(AFT0A), (i) forcing on the absorption of UV-VIS solar radiation within the atmosphere (AF 4moap) and (iii) forcing on the downward UV-VIS

solar radiation at the surface (AF so1dn)-

the aerosol forcing, as shown in Figs. 2a and b. The computed
changes in forcing AAF;, expressed as percentage changes of
the reference forcings given in Fig. 1, are as large as £200—
300% for AFtoa, larger than 150% for AF ymean Over extended
regions, while they are equal up to about 50% for AF o1y In gen-
eral, increasing the RH values increases (amplifies) the aerosol
forcings in absolute terms (increase in magnitude regardless of
sign). The increase in RH increases the outgoing solar radia-
tion over oceans through increased aerosol scattering from about
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1 W m~2 up to 2 W m~2. Over highly reflecting polar regions
the warming effect, i.e. reduced outgoing radiation, changes to
a cooling effect. There is also amplification of the cooling of the
ocean surface due to aerosols (cf. Figs. 2iii-a and iii-b). Thus,
global warming and an associated increase in RH would lead to
enhanced worldwide aerosol-induced radiative cooling which,
however, might be overwhelmed by other effects such as con-
vection and cloud radiative effects or infrared heating which are
not considered here.
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Fig 2. Global distribution of percentage differences (AAF in %) in the reference aerosol forcings (Fig. 1) induced by increasing the RH by 10% of
its reference value for (a) January and (b) July. The aerosol forcings are explained in Fig. 1.

The sensitivity of aerosol radiative forcing to changing RH
differs from one region to another due to differences in AOT
values, as a function of RH, which are in turn attributed to the
different capacities of aerosols for water uptake (Flossmann,
1998) due to their differing composition, number concentration
and size and number distribution of aerosol spectra. The differ-
ences from one region to another are also due to differences in
the reference RH conditions in the aerosol layer, which range
roughly between 20% and 90% worldwide, given that aerosol
properties are mostly sensitive to higher humidity values. Thus,
there are some regions (e.g. North Africa, Australia, Eurasia,
North America) which show a systematically smaller sensitivity

of aerosol forcing to changes in RH than others (e.g. the Indian
Ocean, the windy oceanic zone of the Southern Hemisphere, the
Pacific Ocean). Nevertheless, note that large forcing sensitivities
expressed in percentage values do not necessarily involve large
forcing modifications in absolute values. Thus, quite large abso-
lute changes (in W m~2) in aerosol forcings are found over areas
such as Europe, the Mediterranean Basin, Central Africa, Central
and South America, the Gobi desert or the Western Pacific.

It should be noted that changing the RH significantly affects
AOT, w,; and g, which is the case in this sensitivity test. For
example, an increase in RH results in an increase in particle size,
and hence in more forward scattering associated with higher g,e,
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Fig 3. Global distribution of percentage differences (AAF in %) in the reference aerosol forcings (Fig. 1) induced by increasing the surface albedo
by 10% for (a) January and (b) July. The aerosol forcings AF are explained in Fig. 1.

values, as shown in the GADS data. Thus, the sensitivity tests
that are presented in Sections 3.5 and 3.6, which deal with the
effects of modified AOT, w,; and g, conditions on the aerosol
forcing, for example due to anthropogenic or natural activity, are
independent single assumptions, and part of their effect is shown
in this sensitivity test.

3.3. Surface albedo

To examine the effect of surface albedo, R,, on aerosol radia-
tive forcing R, was increased by 10%, in relative terms, up to a
limit of 100%. This decreased the magnitude of aerosol forcing
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at the TOA by up to 100% (e.g. in Arctic summer, Fig. 3(i-b)),
but in some cases it increased the forcing magnitude by up to
100% (e.g. over Antarctica in summer, Fig. 3(i-a)). Increasing R,
by 10% resulted in a general increase of aerosol forcing A F ymoan
by up to 10% (enhanced atmospheric warming), while it de-
creased the aerosol forcing at the surface AF 4, (i.€. less sur-
face cooling) by less than 5%. Therefore, aerosol forcing at the
TOA is found to be more sensitive to changes in R,, especially
over regions with high surface albedo, than the forcing within
the atmosphere or at the surface. Over Antarctica and the Arc-
tic there is enhanced planetary warming due to aerosols under
conditions of increased surface albedo, arising from enhanced
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multiple scattering between the aerosol layer and the surface. Ac-
cording to our model sensitivity test, there is enhanced aerosol-
induced planetary warming over the Sahara if the surface albedo
is increased. This would enhance desertification of the surround-
ing regions. The model sensitivity demonstrates that, over areas
threatened by desertification, an increase in surface albedo due
to a reduction in land vegetation cover would lead to enhanced
atmospheric warming and surface cooling due to aerosols, re-
sulting in a reduction in cloud formation (Kaufman et al., 2002)
and an enhancement of the desertification process. The results
of the sensitivity test given here assume an increase in surface
albedo. Nevertheless, sensitivity tests were also performed, as-
suming decreasing surface albedo values, and their results have
shown that the effect of decreasing R, is equivalent, but opposite
in sign, to that of increasing R, by the same amount (e.g. 10%
in relative values). Thus, a decrease in surface albedo over po-
lar areas due to, for example, ice-melting associated with global
warming would induce decreased planetary warming over polar
areas due to aerosols.

3.4. Cloud cover

The effect of cloud cover, A., was examined by decreasing the
total A, by 5%, in relative values, to a limit of 0%. In gen-
eral this increased the magnitude of aerosol forcing, AF;, by
up to 100% locally, as expected (Figs. 4, ii, iii), since this im-
plies an increased clear-sky fraction and hence clear-sky direct
aerosol forcing at the TOA, within the atmosphere and at the
surface. Thus, for decreased cloud cover there is a larger clear-
sky effect of aerosols on the outgoing solar radiation at the TOA
(higher planetary cooling), and more atmospheric warming and
surface cooling, i.e. reduced downward solar radiation at the sur-
face. This mechanism can exacerbate desertification processes
in aerosol-polluted semi-arid regions, like the Mediterranean
Basin, through reduced evaporation and precipitation. Neverthe-
less, other conditions must also be taken into account, and they
have to be combined in order to draw definite conclusions on
climatic issues. For example, increased RH would lead to more
cloud, with opposite effects to the current sensitivity test. Thus,
in a sensitivity test, increasing the total A. by 5%, with a limit of
100%, was found to produce an equivalent, but opposite in sign,
effect to decreasing A. by 5%, i.e. a decrease in magnitude of
aerosol forcing.

3.5. Aerosol optical thickness

Increasing the extinction aerosol optical thickness (AOT) by 10%
in relative terms generally increased the magnitude of aerosol
forcing at the TOA by up to 30% (Fig. 5-1), thus producing en-
hanced planetary cooling or warming at the TOA. Thus, over
areas characterized by aerosol-induced planetary warming (e.g.
the Sahara, the Antarctic plateau, Siberia in winter), the magni-
tude of AF10, is found to increase by up to 30%. This involves

a further decrease in outgoing solar radiation at the TOA in these
regions compared with the reference case, i.e. the warming effect
of aerosols is found to be amplified, which might seem initially
paradoxical since an increase in AOT is usually thought to in-
duce more light scattered upwards. However, for a fixed e,
increased extinction AOT involves a corresponding increase in
aerosol scattering and absorption optical thickness values, which
in the case of strongly absorbing aerosols over highly reflecting
surfaces underneath can result in an even stronger aerosol warm-
ing effect at the TOA. There are some limited areas over which
the forcing AFtoa changes sign, for example over the Antarctic
coast in January or over the Beaufort Sea in July. This indi-
cates that the sign of aerosol forcing is determined not only by
the aerosol composition (particle absorptivity) and the albedo of
the surface underneath, but also by the amount of aerosol load.
Increasing AOT by 10% amplified both the solar atmospheric ab-
sorption due to aerosols and the reduction in the downward solar
surface radiation due to scattering. Over the Sahara, the 30 W
m~? decrease in downwelling flux due to aerosols was increased
by 3 W m~2. In Antarctica, the aerosol-induced reduction in
downwelling flux by 3 W m~2 was increased by 0.5 W m~2. In
general, the dependence of aerosol forcing on AOT was found
to be linear. It should be noted that, in our sensitivity studies, the
effect of modified aerosol optical properties (AOT, @ e, aer) ON
the aerosol forcing was attributed to the total aerosol population.
Nevertheless, it is possible to obtain the modification of forcing
by anthropogenic aerosols separately, by using the GADS data.

3.6. Aerosol single-scattering albedo
and asymmetry parameter

The largest effect of increasing w,; by 10% (with an upper limit
of 1) is found to be on AF ymeas (Fig. 6), as expected, since it cor-
responds to decreased particle absorption. The forcing AF ymoan
decreased through latitudes and seasons, since increased w e, val-
ues involve smaller particle absorption, leading to less absorption
of solar radiation within the atmosphere, ranging mainly from
60% to 100%. The forcing A Froa values increased (more plane-
tary cooling) by up to 100%. In areas with planetary warming in
the reference case, such as the Sahara, Antarctica and northern
mid-latitudes in winter, increasing w,.; decreased the magnitude
of this warming by up to 100%. The forcing AF 4, is found to
decrease in magnitude, i.e. the downward solar radiation at the
surface increases, because of decreased solar atmospheric ab-
sorption. The larger changes in A F1oa, AF ymoan, and AF g4,
are found over continental rather than maritime regions.

An increase in g, by 10%, corresponding to a de-
crease/increase in aerosol backward/forward scattering, gener-
ally decreased the magnitude of aerosol forcing (Fig. 7). Over
oceans (low surface albedo) this leads to a decrease in outgo-
ing radiation at the TOA (planetary warming) by as much as
30%, as more forward scattering results in higher ocean absorp-
tion. Above polar regions or desert areas (high surface albedo),
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Fig 4. Global distribution of percentage differences (AAF in %) in the reference aerosol forcings (Fig. 1) induced by decreasing the cloud cover by

5% for (a) January and (b) July. The aerosol forcings AF are explained in Fig. 1.

planetary warming is enhanced by more than 50% because of in-
creased surface absorption. The magnitude of forcings AF ymoab
and AF ian generally decreased by up to 10% and 25%, respec-
tively. Nevertheless, an increase in the magnitude of AF yyoub,
for a g, increased by 10%, is found over areas of high surface
albedo such as polar regions, or areas which are characterized
by significantly absorbing aerosols.

3.7. Other parameters

The sensitivity of aerosol forcing to ozone (O3) concentration
and to incoming solar radiation was also investigated by increas-
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ing the concentration of O3 by 10%, and the incoming UV-VIS
radiation by 1%, in relative terms. In both cases the magnitude of
aerosol forcing was found to change within 5%. Only the forcing
AF ymoan changed (decreased) by up to 10%, even reaching val-
ues of 100% over limited areas for an O; concentration increased
by 10%. Aerosol forcing was found to be much more sensitive to
wavelength. In a sensitivity test, the spectral GADS aerosol prop-
erties were averaged over the UV-VIS range of wavelengths,
weighted by the spectrally resolved incoming solar flux, and
the resulting mean aerosol optical properties were used in the
model instead of the spectral ones (cf. Section 2). This mod-
ified locally the forcings A F1oa, AF amoab and AF g an by as
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Fig 5. Global distribution of percentage differences (AAF in %) in the reference aerosol forcings (Fig. 1) induced by increasing the extinction
aerosol optical thickness (AOT) by 10% (see Section 3.5) for (a) January and (b) July. The aerosol forcings AF are explained in Fig. 1.

=2 in absolute terms.

much as 100%, or by as much as 3 W m
This highlights the importance of performing detailed spectral
model computations using spectrally resolved aerosol proper-
ties to study aerosol radiative forcing, due to the strong spectral
variation of aerosol optical properties, i.e. AOT, Waers Gaer» €5-

pecially in the UV-VIS range of wavelengths for most aerosol
types.

4. Mean annual hemispherical and global results

Table 1 gives the mean hemispherical and global average values
for the reference aerosol forcings at the TOA (AFrtoa), in the

atmosphere (AF ymoay) and at the surface (AFso4n), ON @ mean
annual basis. The reference aerosol radiative forcings were com-
puted for conditions described by the GADS aerosol data in
combination with data on surface albedo, RH and amount of
cloud valid for the year 1992. Globally, aerosols increase the
outgoing solar radiation at the TOA by 0.72 W m~2, while they
increase the solar atmospheric absorption by 0.83 W m~2, and
decrease the downward solar radiation at the Earth’s surface by
2.0 W m~2. There are significant interhemispherical differences
for AF ymear and AF g4, and larger values for the Northern than
the Southern Hemisphere. The largest effect of aerosols on so-
lar radiation is found at the Earth’s surface, where it is about
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Fig 6. Global distribution of percentage differences (AAF in %) in the reference aerosol forcings (Fig. 1) induced by increasing the aerosol
single-scattering albedo by 10% for (a) January and (b) July. The aerosol forcings AF are explained in Fig. 1.

three times larger than at the TOA and about twice that in the
atmosphere.

The computed changes AAF in the above forcings that re-
sulted from the various model sensitivity tests are given in
Table 2. Increasing the RH by 10%, with a limit of 90% (cf.
Section 3.2), significantly affected the aerosol forcings (by up to
40%), mainly at the TOA and surface. Our model results show
that increasing the RH by 10% increases the aerosol forcings by
factors of 1.42 for AFtoa, 1.02 for AF gmea» and 1.17 for AF 14
Jacobson (2001) reported a factor of 1.9 increase for AF'oa, cor-
responding to a general increase of 15% in their model-predicted
RH. Our values, and those of others, indicate that the largest
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effect of RH on aerosol forcings appears at the TOA, and sec-
ondarily at the surface, while the effect within the atmosphere
is smaller. Given that aerosols have a two-fold effect, namely
surface cooling and atmospheric warming which result in a net
planetary cooling, our sensitivity studies show that increasing
the RH of the tropospheric aerosol layer would lead to enhanced
aerosol cooling of the Earth—atmosphere system, in opposition to
the increased atmospheric temperature and water-holding capac-
ity values from global warming due to anthropogenically added
greenhouse gases (IPCC, 2001). The results of our model sen-
sitivity tests indicate that increasing RH can induce a change
in atmospheric dynamics by reducing the vertical atmospheric
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Fig 7. Global distribution of percentage differences (AAF in %) in the reference aerosol forcings (Fig. 1) induced by increasing the aerosol
asymmetry parameter by 10% for (a) January and (b) July. The aerosol forcings AF are explained in Fig. 1.

temperature gradient and thus causing a decline in evaporation
and thus cloud formation and precipitation (e.g. Satheesh and
Ramanathan, 2000; Kaufman et al., 2002).

Increasing AOT by 10% was found to increase AFtoa glob-
ally by 10%, and the forcings AF ymoa» and AF g, by 11%
and 9% respectively. Thus, increased AOT values, for example
due to increased dimethyl sulfide emission from oceans due to
increased surface temperature associated with global warming
(scenario of Charlson et al., 1987, 1991, 1992) or due to en-
hanced particulate matter in the atmosphere owing to increased
anthropogenic emissions (the “whitehouse” effect of aerosols),
would result in planetary cooling associated with a larger surface

cooling and a smaller atmospheric warming. Nevertheless, spe-
cific regional conditions must be known, since they determine
the type and distribution of aerosols as well as their interaction
with radiation. In addition, aerosols are not inert but undergo
transport, which may even be long-range, thus complicating any
investigation of climatic feedback.

The strongest effect of increasing w,.; by 10% was found on
AF ymoad (AAF ymoab €qual to about —80%), while the effects
at the TOA and surface are equal to about +30%. Thus, natu-
ral or anthropogenic changes in the composition and chemical
properties of atmospheric aerosols, and hence in w,,, for exam-
ple smaller w,, values due to increased burning of biomass or
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Table 1.
radiative forcings (in W m~2) used as reference forcings in this study.
NH is Northern Hemisphere, SH is Southern Hemisphere. The forcings

Mean annual hemispherical and global average aerosol

are given in terms of outgoing solar radiation at the TOA (AFT0A),
solar atmospheric absorption (AF atmoab) and downwelling solar
radiation at the surface (AF soldn)

AFTOA AFatmoab AFsr)ldn
NH 0.77 1.44 —2.91
SH 0.68 0.23 —1.08
Global 0.72 0.83 -2.0

Table 2. Differences (AAF) in model mean annual reference aerosol
radiative forcings AF (in W m~2) for the globe, induced by variation
(AV) of the variable V (RH, relative humidity, in %; AOT, extinction
aerosol optical thickness; wqer, aerosol single-scattering albedo; gger,
aerosol asymmetry parameter; R, surface albedo; A, cloud cover, in
%; O3, ozone concentration; Fj,, incoming UV-VIS solar radiation at
the top of the atmosphere; X, the wavelength dependence of aerosol
optical properties). The forcings are explained in Table 1. The
percentage variation AV is expressed in relative terms. The forcing
changes AAF in parentheses are given as percentage changes of the
reference case forcings as given in Table 1. Reference forcings (defined
in Table 1) are also given in W m~2

14 AV AAFT0A AAF atmoab AAF soldn
RH +10% 0.3(41.7) 0.02(2.4) —0.34(17.0)
AOT +10% 0.07(9.7) 0.09(10.8) —0.17(8.5)
Waer +10%  0.21(29.2) —0.66(—79.5) 0.62(—31.0)
Saer +10% —0.20(—27.8) 0(0) 0.26(—13.0)
R, +10% —0.06(—8.3) 0.02(2.4) 0.02(—1.0)
Ac —5% 0.09(12.5) 0.05(6.0) —0.15(7.5)
03 +10% 0.02(2.8) —0.03(-3.6) —0.03(1.5)
Fin +1% 0.01(1.4) 0.01(1.2) —0.01(0.5)
A a —0.01(—1.4) 0.13(15.7) —0.15(7.5)
Reference AF1oA =0.72 AFamoab =0.83 A Fgo1gn = —2.0
forcings

2The sensitivity of aerosol forcings to the wavelength dependence of
aerosol optical properties was investigated by using in the model the
averaged UV-visible GADS aerosol optical properties instead of the

spectral ones (cf. 3.7).

emission of black carbon aerosols from burning of fossil fuels
or a change in naturally produced mineral-dust aerosols, could
lead to a decoupling of the Earth’s climate; this may heat the at-
mosphere, simultaneously cooling the surface. These effects are
opposite and they occur together, even if they may give a local
net zero forcing at the TOA (Sinha and Harries, 1997). Besides,
although global surface warming due to greenhouse gases should
exceed the global cooling effect of aerosols, on a regional scale
the aerosol cooling effect may exceed the greenhouse warming
(Ramanathan et al., 2001). This could disturb the hydrological
cycle of a semi-arid region with inadequate water resources such
as the Mediterranean Basin, which now acts as a sink for aerosols
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from industrial areas to the north and Saharan dust from the south
(Lelieveld et al., 2002). Furthermore, a change in the water salin-
ity, associated with global warming (IPCC, 2001), would prob-
ably result in a more hydrophilic composition of aerosols in the
atmosphere (e.g. NaCl) involving higher w,., values and hence
less heating of the lower troposphere.

Increasing the aerosol asymmetry parameter by 10% in rela-
tive values was found to decrease the aerosol forcings at the TOA
and at the surface by 28% and 13%, respectively, on a global
scale, while it did not affect the forcing AF ymoa. Increasing R,
by 10% in relative values reduced the aerosol planetary cool-
ing by 8%, and amplified the aerosol atmospheric heating by
2%, while it did not significantly affect the aerosol forcing at
the surface. According to our model sensitivity tests, a decrease
in cloud cover by 5% increased all aerosol forcings by 6—12%,
with a larger effect at the TOA. A 1% increase in incoming solar
UV-VIS radiation affected the aerosol forcings by up to 1.5%.
Slightly larger changes in forcing (up to 4%) were computed for
a 10% increase in O3 concentration. A much larger sensitivity,
especially for the aerosol forcings AF ymown and AFggn, Was
found on the wavelength dependence of aerosol optical proper-
ties, equal to up to 16% on a global scale.

5. Summary and conclusions

A series of sensitivity tests were performed with aradiative trans-
fer model to investigate the role of several key parameters of the
Earth—atmosphere climate system on aerosol radiative forcings
at the TOA, within the atmosphere and at the Earth’s surface.
RH and aerosol single-scattering albedo are found to be the most
important climatic parameters, strongly affecting aerosol forc-
ings. RH affects the forcings in a non-linear way, primarily at
the TOA and secondarily at surface. The computed changes in
aerosol forcings due to a change in RH by 10% in relative terms
are found to reach 300% on a local scale and 40% on global
scale. Increasing the RH generally increases the magnitude of
aerosol forcings, inducing more outgoing solar radiation at the
TOA (cooling effect). Thus, over the polar regions the aerosol
warming effect, i.e. reduced outgoing radiation, changes to a
cooling effect. On a global scale, increasing RH by 10% in-
creases the aerosol forcings by factors of 1.42 at the TOA, 1.02
in the atmosphere and 1.17 at the Earth’s surface. The effect of
aerosol single-scattering albedo on aerosol forcing is also very
important, involving forcing changes of up to 100% and 80%
on local and global scale, respectively. Increasing the aerosol
single-scattering albedo by 10%, in relative terms, increased
the aerosol forcing at the TOA by 1.29, while it decreased the
forcings in the atmosphere and at the surface by factors of 0.2
and 0.69 respectively. The role of AOT and the asymmetry pa-
rameter (or other climatic parameters such as surface albedo or
cloud cover) remains significant for aerosol forcings, although
of less importance, involving changes in forcing of up to 10%
on a global scale. The aerosol forcings were found to be quite



380 N. HATZIANASTASSIOU ET AL.

sensitive to the wavelength dependence of aerosol optical prop-
erties, whereas they do not show a large sensitivity to ozone
concentration or to incoming UV-VIS solar radiation.

According to the model sensitivity studies, an increase in
RH associated with global warming can result in increased re-
flected solar radiation at the TOA, increased solar atmospheric
absorption and decreased surface downward solar radiation due
to aerosols, thus decreasing the atmospheric temperature gra-
dient and possibly reducing cloud formation and precipitation.
Increased aerosol loads in the atmosphere, due to natural or an-
thropogenic activity, can provide a global cooling effect, with
important variability and contrasts on a regional scale. In ad-
dition, changes in aerosol single-scattering albedo, possibly re-
sulting from anthropogenic modifications of aerosol composi-
tion and properties (e.g. from burning of fossil fuel or biomass)
can have a significant impact, since a 10% increase/decrease in
wq.er Was found to decrease/increase the atmospheric solar ab-
sorption by 80% on a global scale. Our model sensitivity tests
have shown enhanced planetary warming over the Sahara desert
under conditions of increased surface albedo, implying that re-
duced land-vegetation cover would exacerbate desertification
processes. This would enhance desertification of the surround-
ing regions through reduction in cloud cover and precipitation,
constituting a positive aerosol feedback. Under decreased cloud
cover, aerosols were found to produce higher planetary cooling,
atmospheric warming and surface cooling, which can enhance
desertification processes in aerosol-polluted semi-arid regions
like the Mediterranean Basin through reduced evaporation and
precipitation. Nevertheless, more detailed studies are necessary
in order to investigate aerosol-related climatic issues in which
combined conditions and balancing effects of the climatic pa-
rameters examined here can be accounted for.

6. Acknowledgments

This research was funded by the European Commission
(contract EVK2-CT-2000-00055) under the thematic pro-
gramme ‘Preserving the Ecosystem; Key Action 2: Global
Change, Climate and Biodiversity’. The GADS data were
obtained from the Meteorological Institute of the Uni-
versity of Munich, Germany (http://www.meteo.physik.uni-
muenchen.de/strahlung/aerosol.htm). The ISCCP-D2 data were
obtained from the NASA Langley Research Center (LaRC) At-
mospheric Sciences Data Center (ASDC). The NCEP/NCAR
Global Reanalysis Project data were obtained from the National
Oceanic and Atmospheric Administration (NOAA) Cooperative
Institute for Research in Environmental Sciences (CIRES) Cli-
mate Diagnostics Center, Boulder, CO, USA.

References

Boucher, O. and Anderson, T. L. 1995. General circulation model as-
sessment of the sensitivity of direct climate forcing by anthropogenic

sulfate aerosols to aerosol size and chemistry. J. Geophys. Res. 100,
26 117-26 134.

Box, M. A. and Trautmann, T. 1994. Computation of anthropogenic
sulphate aerosol forcing using radiative perturbation theory. Tellus
46B, 33-39.

Charlson, R. J., Langner, J., Rodhe, H., Leovt, C. and Warren, S. 1991.
Perturbation of the northern hemisphere radiative balance by backscat-
tering from anthropogenic sulfate aerosols. Tellus 43AB, 152-163.

Charlson, R. J., Lovelock, J. E., Andreae, M. and Warren, S. G. 1987.
Oceanic phytoplankton, atmospheric sulphur, cloud albedo and cli-
mate. Nature 326, 655-661.

Charlson, R. J., Schwartz, S. E., Hales, J. M., Cess, R. D., Coakley,
J. AL, Jr, et al. 1992. Climate forcing by anthropogenic aerosols.
Science 255, 423-430.

D’Almeida, G. A., Koepke, P. and Shettle, E. P. 1991. Atmospheric
Aerosols: Global Climatology and Radiative Characteristics. A.
Deepak Publishing, Hampton, VA.

Flossmann, A. I. 1998. Interaction of aerosol particles and clouds.
J. Atmos. Sci. 55, 879-887.

Hansen, J., Sato, M. and Ruedy, R. 1997. Radiative forcing and climate
response. J. Geophys. Res. 102, 6831-6864.

Harvey, L. D. D. 2000. Constraining the aerosol radiative forcing and
climate sensitivity. An editorial comment. Clim. Change. 44,413—-418.

Hatzianastassiou, N., Katsoulis, B. and Vardavas, 1. 2004. Global distri-
bution of aerosol direct radiative forcing in the ultraviolet and visible
arising under clear skies. Tellus B 56B, 51-71.

Haywood, J. M. and Ramaswamy, V. 1998. Global sensitivity studies
of the direct radiative forcing due to anthropogenic sulfate and black
carbon aerosols. J. Geophys. Res. 103, 6043—-6058.

Haywood, J. M., Ramaswamy, V. and Soden, B. J. 1998. Tropospheric
aerosol climate forcing in clear-sky satellite observations over the
oceans. Science 283, 1299-1303.

Haywood, J. M., Roberts, D. L., Slingo, A., Edwards, J. M. and Shine,
K. P. 1997. General circulation model calculations of the direct ra-
diative forcing by anthropogenic sulfate and fossil-fuel soot aerosol.
J. Climate 10, 1562-1567.

Haywood, J. M. and Shine, K. P. 1997. Multi-spectral calculations of the
direct radiative forcing by anthropogenic sulfate and fossil-fuel soot
aerosols. Q. J. R. Meteorol. Soc. 123, 1907-1930.

Intergovernmental Panel on Climate Change (IPCC) 2001. Climate
Change 2001: The Scientific Basis (eds. J. T. Houghton et al.). Cam-
bridge University Press, New York.

Jacobson, M. Z. 2001. Global direct radiative forcing due to multicompo-
nent anthropogenic and natural aerosols. J. Geophys. Res. 106, 1551—
1568.

Joseph, J. H., Wiscombe, W. J. and Weinmann, J. A. 1976. The delta-
Eddington approximation of radiative flux transfer. J. Atmos. Sci. 33,
2452-2459.

Kaufman, Y. J., Tanré, D. and Boucher, O. 2002. A satellite view of
aerosols in the climate system. Nature 419, 215-223.

Kay, M. J. and Box, M. 2000. Radiative effects of absorbing aerosols
and impact of water vapor. J. Geophys. Res. 105, 12221-12234.

Kiehl, J. T. and Briegleb, B. P. 1993. The relative roles of sulfate aerosols
and greenhouse gases in climate forcing. Science 260, 311-314.

Koepke, P. and Hess, M. 1988. Scattering functions of tropospheric
aerosols: the effect of nonspherical particles. Appl. Opt. 27, 2422~
2430.

Tellus 56B (2004), 4



SENSITIVITY ANALYSIS OF AEROSOL DIRECT RADIATIVE FORCING IN UV-VIS 381

Koepke, P., Hess, M., Schult, I. and Shettle, E. P. 1997. Global
Aerosol Data Set, Report no 243, Max-Planck Institut fiir Meteo-
rologie, Hamburg. (Data available at http://www.meteo.physik.uni-
muenchen.de/strahlung/aerosol/aerosol.htm).

Kondratyev, K. Y. 1999. Climatic effects of aerosols and clouds.
Springer, New York.

Lelieveld, L. and co-authors, 2002. Global air pollution crossroads over
the Mediterranean. Science 298, 794-799.

Myhre, G., Stordal, F., Restad, K. and Isaksen, I. S. A. 1998. Estimation
of the direct radiative forcing due to sulfate and soot aerosols. Tellus
50B, 463-477.

Nemesure, S., Wagener, R. and Schwartz, S. E. 1995. Direct short-wave
forcing of climate by anthropogenic sulfate aerosol: sensitivity to par-
ticle size, composition, and relative humidity. J. Geophys. Res. 100,
26 105-26 116.

Penner, J. E., Charslon, R. J., Hales, J. M., Laulainen, N. S., Leifer, R, et
al. 1994. Quantifying and minimizing uncertainty of climate forcing
by anthropogenic aerosols. Bull. Am. Meteorol. Soc. 75, 375-400.

Penner, J. E., Chuang, C. C. and Grant, K. 1998. Climate forcing by
carbonaceous and sulfate aerosols. Climate Dyn. 14, 839-851.

Pilinis, Ch., Pandis, S. N. and Seinfeld, J. H. 1996. Sensitivity of direct
climate forcing by anthropogenic aerosols to aerosol size distribution
and composition. J. Geophys. Res. 100, 18 739—18 754.

Pruppacher, H. R. and Klett, J. D. 1997. Microphysics of Clouds and
Precipitation, 2nd revised and enlarged edition. Kluwer Academic
Publishers, Dordrecht.

Ramanathan, V., Crutzen, P. J., Kiehl, J. T. and Rosenfeld, D. 2001.
Aerosols, climate, and the hydrological cycle. Science 294, 2119—
2124.

Tellus 56B (2004), 4

Rossow, W. B. and Schiffer, R. A. 1999. Advances in understanding
clouds from ISCCP. Bull. Am. Meteorol. Soc. 80, 2261-2287.

Satheesh, S. K. and Ramanathan, V. 2000. Large differences in tropical
aerosol forcing at the top of the atmosphere and Earth’s surface. Nature
405, 60-63.

Schult, I., Feichter, J. and Cooke, W. F. 1997. Effect of black carbon and
sulfate aerosols on the global radiation budget. J. Geophys. Res. 102,
30107-30117.

Shettle, E. P. and Fenn, R. W. 1979. Models for the aerosols of the
lower atmosphere and the effects of humidity variations on their op-
tical properties, AFGL-TR-79-0214, Environmental Research Paper
no 675, U.S. Air Force Geophysics Laboratory, Hanscom Air Force
Base, Mass.

Shettle, E. P. and Weinmann, J. A. 1970. The transfer of solar irradiance
through inhomogeneous turbid atmospheres evaluated by Eddington’s
approximation. J. Atmos. Sci. 27, 1048-1055.

Sinha, A. and Harries, J. E. 1997. Possible change in climate param-
eters with zero net radiative forcing. Geophys. Res. Lett. 24, 2335—
2358.

Tegen, 1., Koch, D., Lacis, A. A. and Sato, M. 2000. Trends in tropo-
spheric aerosol loads and corresponding impact on direct radiative
forcing between 1950 and 1990: a model study. J. Geophys. Res. 105,
26971-26989.

Wendisch, M., Heintzenberg, J. and Bussemer, M. 2001. Measurement-
based aerosol forcing calculations: the influence of model complexity.
Meteorol. Z. 10, 45-60.

West, J. J., Pilinis, C., Nenes, A. and Pandis, S. N. 1998. Marginal direct
climate forcing by atmospheric aerosols. Atmos. Environ. 32, 2531—
2542.



