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ABSTRACT

A high-resolution, regional climate model (RCA2) is employed to evaluate direct and indirect
radiative forcing patterns due to man-made sulfate aerosols over Europe and to examine the
sensitivity of the results to the choice of model resolution. A simulation encompassing the whole
year of 1993 is performed. The model includes an explicit parameterization of the atmospheric
sulfur cycle where predicted cloud and precipitation parameters are utilized at each time step.
The overall pattern of the monthly mean direct climate effect simulated by the regional climate
model is similar to that obtained using global climate models. Calculations over 0.4 and 4.0°
spatial resolution indicate that, for the climatic conditions simulated by the RCA2, correlations
between small-scale variations of relative humidity and aerosol loading do not contribute sub-
stantially to the magnitude of the monthly mean optical thickness.

For the monthly mean indirect climate effect, the finer grid spacing in the RCA2 results in a
pronounced spatial variability, not visible in global climate model simulations. An interesting
question is whether this variability affects the estimated magnitude of the indirect climate effect.
Calculations of the effective droplet radius (r,) for 0.4 and 4° spatial resolution indicate a minor
importance over the RCA2 model domain (the difference in r, is less than 7%). The model
generally underestimates the sulfate concentration within the boundary layer, whereas the mag-
nitude of the simulated CDNC and r, agrees well with aircraft measurements. Despite an
underestimate of the absolute magnitude, the regional pattern of the modeled r, resembles that
observed by satellite. A number of sensitivity simulations demonstrate that the magnitude of
the indirect radiative forcing is highly uncertain. In order to reduce the uncertainty, different
parameterizations of the indirect effect should be evaluated in more detail versus measurements
of, e.g., aerosol concentration and properties, CDNC, and r, at various locations.

1. Introduction

Aerosols can affect the climate directly by
scattering short-wave radiation back to space
(Charlson et al.,, 1991) and indirectly by altering
the cloud and precipitation processes to make the
clouds brighter and more long-lived (Twomey,
1974; Albrecht, 1989). The sign of the average
climate forcing due to anthropogenic sulfate aero-
sols is negative and the absolute magnitude has
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been estimated from global climate model simula-
tions to be as large as, or possibly even exceed,
the expected warming due to human-induced
greenhouse gases (IPCC, 1996). However, the
uncertainty in the estimates of sulfate aerosol
forcing is very large, particularly for the indirect
climate effect, since complicated microphysical and
chemical processes are involved in the formation
of cloud droplets (IPCC, 1996; Lohmann and
Feichter, 1997).

A number of global climate models have been
employed to study the direct and indirect radiative
forcing due to anthropogenic sulfate aerosols (e.g.
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for the direct effect: Charlson et al., 1991; Penner
et al., 1998; Koch et al., 1999; the indirect effect:
Jones and Slingo, 1996; both effects: Chuang et al.,
1997; Feichter et al., 1997; Kiehl et al., 2000). They
all show an unevenly distributed forcing pattern
with the highest values over, or in the vicinity of,
industrialized regions. Langmann et al. (1998)
compared the radiative forcing due to man-made
sulfate aerosols from two week-long regional
model simulations over Europe with the corres-
ponding radiative forcing obtained from year-long
simulations with a global model. Different predic-
tions of the local cloud amount between the
regional and global model modified the forcing
significantly. However, Langmann et al. did not
examine whether the difference in predicted cloud
cover between the regional and global climate
model simulations was caused by the choice of
horizontal resolution or by the difference in
integration time.

In the present study, a simulation encompassing
the whole year of 1993 is conducted with a high-
resolution regional climate model (RCA2). An
important aspect is to evaluate whether the simu-
lated magnitude and pattern of radiative forcing
due to man-made sulfate differ substantially from
previous results obtained by global climate
models. Haywood et al. (1997) and Haywood and
Boucher (2000) pointed out that sub-grid scale
(<2.8°) variations in relative humidity, sulfate and
clouds may contribute substantially to the direct
and indirect climate forcing. In order to study this
issue, aerosol optical depth and effective cloud
droplet radius are calculated for two different
spatial resolutions, 0.4 and 4°.

In the RCA2, simulated values of cloud liquid
water content, relative humidity and fractional
cloud cover are utilized in the calculations of the
atmospheric sulfur cycle and sulfate aerosol for-
cing at each time step. The model is evaluated
versus in-situ measurements of sulfate, cloud drop-
let number concentration and effective droplet
radius, as well as satellite observations of effective
droplet radius, in order to examine not only the
confidence in the estimated radiative forcing but
also the ability of the model to reproduce key
variables in the parameterizations over both daily
and monthly timescales. The uncertainty in the
pattern and magnitude of the indirect effect is also
examined by conducting a number of sensitivity
simulations.

A. M. L. EKMAN

2. Model

The calculations are carried out with the Rossby
Centre Regional Atmospheric Climate Model
(RCA2). RCA2 is a modified version of RCA1
(Rummukainen et al, 2001), which in turn is
based on the operational limited area forecast
model HIRLAM (Killén, 1996; Eerola et al.,
1997). The model is a hydrostatic, primitive equa-
tion grid-point model with Eulerian advection and
a leapfrog semi-implicit time integration (Simmons
and Burridge, 1981). Horizontal resolution in the
applied version is 0.4° and there are 16 vertical
levels. The model top is at 10 hPa. ECMWF
(European Centre for Medium-Range Weather
Forecasts) data are used at the lateral boundaries.
Sea surface temperatures are prescribed.

The main differences between RCA1 and RCA2
are a new cloud parameterization scheme (Rasch
and Kristjansson, 1998 for the stratiform con-
densation; Kain and Fritsch, 1990 for the convect-
ive part), a new turbulence parameterization
(Cuxart et al., 2000) and an updated radiation
scheme (Wyser et al., 1999, Réisédnen et al., 2000).
In the previous version of the radiation scheme,
radiative transfer depended only on the prognostic
water vapor and cloud fields, whereas the role of
CO,, ozone and background aerosol were incorp-
orated as constants. The modification by Rdisdnen
et al. allows for varying CO, and the addition by
Wyser et al. allows the radiative transfer to be
dependent on cloud droplet number concentration
(CDNC). The latter feature is especially important
for the present study of the indirect effect. The
direct scattering by aerosols is strongly para-
meterized in the model and this limits us in the
study of the direct climate effect, a matter to be
discussed further in Section 2.1.

The modeled cloud field is an important para-
meter when climate effects due to human-induced
sulfate are considered. A preliminary evaluation
of the modeled monthly mean cloud cover versus
observed Climatic Research Unit (CRU, New
et al., 1999) data demonstrates that the difference
between observed and simulated average cloud
cover is in general less than 10% (Fig. 1).
However, over France, the cloud field is systemat-
ically underestimated by the model.

In the model of the atmospheric sulfur cycle
(Berge, 1993; Ekman, 2000) processes such as
transport, deposition and chemistry are calculated

Tellus 54B (2002), 2
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Fig. 1. Boxes showing designated regions (a) for which three-month running averages of monthly mean
two-dimensional cloud cover (%) are calculated (b). Dotted line = RCA2 model. The first point shows a mean of
Jan/Feb/March 1989 and the final point shows a mean of Oct/Nov/Dec 1993.
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within the RCA2. Prognostic variables are sulfur
dioxide in air (SO,(a)), aerosol sulfate (SO,(a)),
sulfate in cloud water (SO,4(aq)) and hydrogen
peroxide (H,O,). Emissions are obtained from the
EMEP inventory (EMEP: Co-operative pro-
gramme for monitoring and evaluation of the
long-range transmission of air pollutants in
Europe, Hjellbrekke and Hansen, 1998) and are,
following Hass et al. (1996), assumed to reach the
atmosphere as 95% SO,(a) and 5% SO,(a).
Advection of the tracer compounds is performed
with an Eulerian mass flux scheme (Bott, 1989a,b).
Vertical diffusion is included for SO,(a), SO,(a)
and H,0,, whereas it is omitted for SO,4(aq) since
it is not included for cloud water. Convective
vertical transport has not been included for any
of the tracer compounds. A comparison with
model simulations of 2?*Rn transport by
Mahowald et al. (1997) indicates that the absence
of convective mixing may in summer result in an
overestimate of SO,(a) in the boundary layer by
approximately 20% and an underestimate in the
free troposphere by 40-80%. For sulfate, the effect
of upward transport of aerosols inside the updraft
core of a convective cloud is counteracted by a
downward transport of unscavenged aerosol from
the environment, resulting in a net transport of
sulfate from the free troposphere to the boundary
layer (Rasch et al., 2000). However, judging from
Plate 3 in their paper, the supply of sulfate to the
boundary layer from above due to convection is
marginal compared to the production of sulfate
by aqueous- and gaseous-phase oxidation of SO,
in the same region.

Scavenging of dissolved SO, (a) and SO,(aq) is
dependent on the formation of precipitation at
each model level. The dry deposition flux of
S0O,(a), SO4(a) and H,O, to the surface is assumed
to be proportional to a dry deposition velocity
(which differs from compound to compound;
Table 1) and an estimate of the tracer compound
concentration at 1 m (Berge, 1990). In the gas
phase, SO,(a) is oxidized by the hydroxyl radical

Table 1. Dry deposition velocities in cm s~1

Land Water Snow
SO,(a) 0.6 0.8 0.1
SO,(a) 0.2 0.2 0.2
H,0, 0.5 0.5 0.5
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(OH) to form SO,(a). Dissolution of SO,(a) in
cloud water is calculated using Henry’s law. In
the aqueous phase, dissolved SO,(a) is oxidized
by ozone (O3) and H,O, to form SO4(aq). When
a cloud forms, all SO,(a) is incorporated into the
cloud water, and when a cloud evaporates all
SO,(aq) is released. H,O, is calculated according
to Barth et al. (2000) with an input of the monthly
averages of the peroxy radical (HO,), OH and
photolysis rate of H,O, obtained from simulations
with the ECHAM global climate model (Roelofs
et al.,, 1998). There is no diurnal variation of the
oxidants. Seasonally constant O3 concentrations
are assumed, both horizontally and vertically
(Berge, 1993). No natural emissions of sulfur are
included in the model. Instead, a background
concentration of 0.05pgSkg™! is prescribed
everywhere as SOy(a). At the boundaries, the
sulfur concentrations are set to zero. The sensitiv-
ity of the model to the boundary conditions is
examined in Section 4.3.

2.1. Direct climate effect

Since the RCA2 radiation scheme was designed
for computational efficiency, it only considers two
spectral ranges, one for the solar (short-wave, SW)
and one for the thermal (long-wave, LW) part of
the spectrum. The downward SW flux at the
surface for a clear sky is calculated as

Fw .o = S cos 0 {1 —0.024 cos(6)°°
—aa-0.11+uy(ps)°* — as x ps/Poo
x (0.28/(1+6.43 cos 0) —0.07x,)}, (1)

where S is the top-of-the-atmosphere (TOA) solar
flux, 0 is the solar zenith angle, p, is the surface
pressure, po, = 1000 hPa is a reference pressure,
and o, is the surface albedo. In the model, the net
TOA SW radiative flux is given by the total
amount of absorbed SW radiation (cf. Appendix).
The pressure-scaled slant water vapor path is

us(ps) = M(O, ps)/COS 0

P2

1 2
u(pl,p2)=*><f gx - dp. @

g e Doo
where ¢ is specific humidity (kg kg~ !). The second
and third terms on the right-hand side of eq. (1)
represent the effect of O absorption for a typical
total ozone column of 350 DU and the water
vapor absorption, respectively. The last term
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describes the effect of molecular Rayleigh scat-
tering. The coefficients aa and as (in the reference
version set to 1.2 and 1.25, respectively) represent
crude parameterizations of the average effects of
aerosol absorption and aerosol scattering. With
aa and as=1 (i.e. no aerosols), eq. (1) produces
the upper envelope of observations made in clean
air (Savijarvi, 1990). The values aa=1 and as=
1.9 are representative for areas with background
non-absorbing aerosols. Because of the crude rep-
resentation of the aerosol scattering in the RCA2
model, the present study is focused more on the
pattern rather than on the magnitude of direct
climate forcing. The sign of the forcing should be
correct since an increase of as in the model always
results in a reduced net surface SW radiation
flux.

In order to let the short-wave radiation calcula-
tions be dependent on the aerosol concentration
in the model, the coefficient as is parameterized
according to

as =1+ ac x (1 — ¢~ Taerosot), (3)

where 7,..0501 1S the optical thickness due to all
aerosols. The sulfur model only predicts anthropo-
genic sulfate and it is assumed that

Taerosol = Tbg + Tsulfates (4)

where T, and Ty, are the optical thicknesses
due to the background and man-made sulfate
aerosols, respectively. The coefficient ac in eq. (3)
is included in the model since test simulations
have shown that if as is only made dependent on
e~ faerosol the resulting forcing is unrealistically low
compared to previous simulations of the direct
climate effect (Charlson et al., 1991; Chuang et al.,
1997; Feichter et al., 1997; Langmann et al., 1998;
Penner et al., 1998; Koch et al, 1999; Kiehl et al.,
2000). The magnitude of ac is chosen to give a
TOA clear-sky SW radiation of the RCA2 at
various locations similar to that obtained using
a ‘stand-alone’ version of the radiation param-
eterization applied in the NCAR Community
Climate model CCM3 (Kiehl et al, 1998; the
one-dimensional  version is available at
http://www.cgd.ucar.edu/cms/crm/). In particular,
the formulation of ac is adjusted to give an
accurate representation of the change in TOA
clear-sky SW radiation for a doubling of the
optical thickness at 50° latitude with a surface

Tellus 54B (2002), 2
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albedo of 0.2:

ac = 12.7(bsoz- + Tog/®)
+ 5.7(b50§— + Tpg /o) + 2.1, )

where bgoz- is the column burden of sulfate (in
g m~2). It is difficult to choose a unique value for
Tpg, SiNCE its magnitude is dependent on many
factors, e.g. time of the day, season, volcanic
activity, location etc. From the World Climatic
Program (1986) we have chosen 1y, =0.1 to be
representative of a background value for the atmo-
spheric aerosol. The total optical depth due to
sulfate aerosols is given by

Ztop
Tsulfate — Gsp dZ’ (6)

0

where o, = amgoz- and mgo2- is the mass concen-
tration of SO4(a) and SO4(aq) in g m 3. Various
magnitudes of the scattering efficiency o have been
suggested, but most values at low relative humidity
(RH<60%) and 550 nm wavelength fall in the
range 3.6-7.5m? g~! (Charlson et al., 1999). The
scattering efficiency is highly dependent on relative
humidity. As an example, the direct radiative
forcing by aerosols at 80% RH for the mid-
Atlantic coast of the United States was roughly
twice that of the dry aerosol (Kotchenruther et al.,
1999). In the present study, the model denoted 2
in Kotchenruther et al. has been selected to
describe the humidity factor for the scattering by
aerosols:

— 1 E ’ 7
cx—otdry|: +a<100> }, (7)

where o4, is prescribed as 5m?g~' and the
coefficients a and b are tuning parameters. For
clean air, a and b are equal to 1.7 and 34,
respectively. For polluted air, a is equal to 3.2 and
b is equal to 3.8. The air mass is in the model
considered ‘clean’ (corresponding to northerly or
southerly flow in Kotchenruther et al.) if the sulfate
aerosol concentration is less than 2 ug m 3 S-SO,.

2.2. Indirect climate effect

The indirect climate effect is calculated by relat-
ing the sulfate mass to the scattering and transmis-
sion of short-wave radiation in clouds through
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the effective cloud droplet radius:

INLWC  \'3
Tewvater =\ 400k x CDNC)

where LWC is the cloud liquid water concentration
(calculated by the dynamical model at each time
step and weighted by the cloud fraction), k is
equal to 0.81 over sea and 0.69 over land (Martin
et al, 1994). A minimum r, ,;, = 4 pm is prescribed
in the model to avoid spurious effects for low
cloud liquid water concentrations. CDNC is the
cloud droplet number concentration that in the
atmosphere is equal to the number of activated
aerosol particles per unit volume. As in most other
global and regional sulfur models, RCA2 does not
predict aerosol number. Instead the CDNC (cm ~3)
is parameterized to be dependent on the aerosol
mass. In the present study, the relationship derived
by Glantz and Noone (2000) is used:

(8)

M 2
_ HPamp
CDNC—87><10g10[1+<0.32> } 9)
where M is total accumulation mode aerosol

amp

mass concentration (ug m~3), in the present study
equal to an aerosol background mass m, plus
the mass of the man-made sulfate aerosols, which
are assumed to be in the form (NH,),SO,. This
parameterization resembles others used in previ-
ous climate modeling studies (e.g. Hegg, 1994;
Jones et al., 1994; Martin et al., 1994; Boucher
and Lohmann, 1995; Jones and Slingo, 1996), but
that of Glantz and Noone has the advantage of
using a physically based conversion algorithm (cf.
Fig. 7 in the paper by Glantz and Noone for a
plot of the relationship and a comparison versus
previous studies). Values of my, over land and sea
are based on measurements of aerosol background
concentrations and are chosen to be 200 cm 3
(Pirjola et al., 1998; Patterson et al., 1980) and
50 cm 2 (Curry, 1986; Herman and Curry, 1984;
Covert et al., 1996), respectively. The concentra-
tions decrease with a scale height of 2 km over
land and 1 km over ocean. The sensitivity of the
model results to m,, is examined in Section 4.2.

3. Results

Simulations have been undertaken for the whole
year of 1993 with a 2-month spin-up time for the
sulfur chemistry. In order to calculate the net
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radiative forcing caused by the man-made sulfate
emissions, as defined by IPCC (1996), no feedback
is allowed between the altered radiative flux and
the model climate system. Hence, we only calculate
the change of the top-of-the-atmosphere short-
wave radiative flux due to the presence of anthro-
pogenic sulfate aerosols while keeping all other
climatological variables fixed. During the simula-
tion, the radiation scheme is called twice at each
time step; the first time with both background
concentrations of aerosols and anthropogenic sulf-
ate and the second time with only background
aerosols (as a reference). The radiative fluxes
obtained from the second call are used by the
climate model. In Section 3.1, an evaluation of the
sulfur model as well the parameterizations of the
direct and indirect climate effects is first presented.
After this, the calculated direct and indirect climate
effects are evaluated in Sections 3.2 and 3.3,
respectively.

3.1. Evaluation versus in-situ measurements and
satellite data

3.1.1. Evaluation of simulated sulfate concentra-
tions. Figure 2 shows scatter-plots of monthly
averaged SO,(a) concentrations measured at
approximately 60 different EMEP-stations in
Europe for the year 1993 (Hjellbrekke and
Hanssen, 1998), versus the corresponding simu-
lated values at the lowest model level and nearest
grid-point. The model generally underestimates
the SO,(a) concentration giving the largest devi-
ation from the one-to-one line in April and July.
Ekman (2000) concluded that errors in the simu-
lated cloud cover and precipitation are likely to
be the largest contributors to the scatter seen in
these figures. An additional oxidation process that
converts SO, (a) to SO,4(a) would decrease the bias.
The decrease in sulfur emissions over Europe
between 1993 and 1996 (approximately 17%, cf.
Mylona 1999) also partly contribute to the under-
estimate of sulfate by the RCA2.

Unfortunately, no observations of sulfate were
available to examine the model performance in
the free troposphere and in the planetary bound-
ary layer above the surface. Fig.3 shows the
simulated annual mean vertically integrated sulf-
ate mass column for the model domain. The
background value is approximately equal to
2mgSO, m~? and the maximum value over

Tellus 54B (2002), 2
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Fig. 2. Scatter plots between observed (surface) and simulated (lowest model level in the nearest grid-point) S-SO,4(a)
concentrations during (a) January, (b) April, (c) July and (d) October. Concentrations are given in pg S kg~ !, the
x-axis is the model and the y-axis is the observations. The 1:1 line (solid) and the 1:2 and 2:1 lines (dashed) are
also shown.

Europe is estimated to be 7.0 mgSO, m ™2 These
values are approximately a factor two lower than

Charlson et al. (1991), Roeckner et al. (1999),

Lohmann et al. (1999a,b) and Kiehl et al. (2000),
mainly due to a large discrepancy in free tropo-
spheric sulfate concentrations. One reason may be
that the boundary values of sulfate are set to zero
in the reference version of the RCA2 and that no
convective vertical transport of sulfur compounds
is included. Furthermore, the global climate
models referred to above use emission data repres-
entative of the year 1985, or earlier, whereas the
emission database utilized in the present study
represents the year 1996. The anthropogenic sulfur
emissions over Europe have been reduced substan-
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tially during the latest decades, from 1985 to 1996
by approximately 45% (Mylona, 1999).

3.3.2. Evaluation of modeled CDNC and 7, ;-
A number of different parameterizations of the
CDNC have been used in previous model studies
(e.g. Hegg, 1994; Jones et al., 1994; Martin et al.,
1994; Boucher and Lohmann, 1995; Jones and
Slingo, 1996). They all assume, just as Glantz and
Noone (2000) do for the parameterization used in
the present study, that the aerosol or sulfate mass
is uniquely related to the number of cloud drop-

Table 2 shows the average of one surface series
(Jennings et al., 1997) and two aircraft series of
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Annual mean SO A burden (mg SO A m"z)
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Fig. 3. Spatial distribution of the simulated annual mean
anthropogenic sulfate aerosol burden (mg m™?2).

measured CDNC and 7, ., (hereafter denoted
1.) (Choularton et al., 1998; Paul Field, personal
communication) together with the corresponding
modeled values. For the April case, the aircraft
measurements took place between 97 and 127
and an average between the model results at 06Z
and 127 is used for the comparison. For the
October case, the measurements were conducted
over a shorter time period and we make use of
the model output at 12Z. We have interpolated
the CDNC to coincide with the average flight
track height and thereafter chosen the concentra-
tion at the nearest grid-point. For the modeled r,

A. M. L. EKMAN

(r™) , we chose the nearest model level with clouds.
The surface measurements, representing a weekly
average, are compared with the corresponding
model average at the lowest model level nearest
grid-point. All values of r* and simulated CDNC
correspond very well with the observations, cf.
Table 2.

The three series of measurements of CDNC and
r. were all conducted over the British Isles and
may not be representative for the rest of the model
domain. In order to evaluate the model perform-
ance over regional scales, we compare rI* with
satellite retrieval of r, (7). Unfortunately, r2*
cannot be evaluated in the same way as the
observations. As seen by the results, this fact is
problematic, and efforts should be made in the
future to compare model results and satellite
observations in a more consistent way.

The satellite data are obtained from the polar
orbiting NOAA-11 satellite which passes over
various parts of Europe at approximately 13.30
(local time) every day. Calculations of 1} are
performed for clouds where the cloud tops
are warmer than 273 K, ie. generally low-level
liquid water clouds not covered by ice clouds
(Kawamoto et al., 2001). Cloud pixels with partial
cloud cover and large cloud inhomogeneity are
not included in the observations. Data with a 0.5°
resolution are obtained by the satellite, but in
order to emphasize the large-scale features, in the
present study the data are averaged over 1° x 1°.
From the model, estimates of r3* are obtained at
every time step provided that the grid-box cloud
fraction is larger than 1%. In each grid-column,
the monthly mean rg* at the highest cloudy model

Table 2. Observed and modeled (at 0.4° resolution) effective droplet radius, r., and cloud droplet number
concentration, CDNC®*® (for further explanations, see text)

CDNC (cm™3) Fe (Lm)
Average Average Average
Date latitude longitude height (m) Obs Model Obs Model
02/04/1993¢ 54.8°N 2.5°W 1423 1722 185 3.9* 4.6
28/10/19934 51.0°N 6.1°W 1212 119* 125 6.2% 6.3
1/12/93-7/12/93¢ 53.2°N 9.5°W Surface 96° 83 — —

#*Observations from Knollenberg forward scattering spectrometer probe.
®Observations from Twomey thermal diffusion chamber, CCN at 0.3% supersaturation.
°Field, personal communication.
dChoularton et al. (1998).

¢Jennings et al. (1997).

Tellus 54B (2002), 2
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pm

Fig. 4. Spatial distribution of satellite retrieved average effective droplet radius r, (um) for liquid water clouds
(=273K) for (a) April, (b) July and (c) October. From Kawamoto et al. (2001). The area marked with black lines is

suitable for comparison with the model simulation.

level, with a monthly average temperature warmer
than 273 K, is used for the comparison.

Figures 4 and 5 show the geographical distribu-
tion of r§ and r for April, July and October.
January is not shown since for this month the
number of satellite retrieved data points over the
model domain is low. The values of 7§ are generally
larger than the modeled. Thus, the plotted scales
are different in order to make it easier to compare
the patterns. We will return to the discrepancy
in absolute magnitude of r, later on in this
subsection.

In the satellite data, a pronounced difference
for all three months is seen between droplet radii
over land and over ocean with higher values over

Tellus 54B (2002), 2

the latter region. This pattern is also evident in
the model simulations. Other interesting similarit-
ies between the modeled and satellite-retrieved
large-scale patterns are that r, generally is smaller
over the North Sea than over the remote Atlantic,
at least during April and October, that the largest
r. are found over the remote North Atlantic area
and that the smallest r, are found close to the
eastern boundary of the marked area in the figures.

On smaller scales, there are some obvious dis-
crepancies between model and observations. For
example, in the model polluted air is advected
from France and Spain out over the Atlantic
Ocean in April and October resulting in small
values of r* over the Bay of Biscay and the eastern
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Fig. 5. Spatial distribution of simulated average effective droplet radius r, (um) for the highest model level with
liquid water clouds for (a) April, (b) July and (c) October. The area marked with black lines is suitable for comparison
with satellite observation.

Atlantic. This pattern is not evident in the satellite
data. A closer look at the prevailing wind direction
west of France and Spain shows that there are
easterly or northeasterly winds approximately
15% and 50% of the days in April and October,
respectively. Satellite data over the same region
were only obtained for less than 2 of these days
while the total number of days with data varied
between approximately 4 and 12. Hence, a distri-
bution with low values of r{ over the Bay of Biscay
and eastern Atlantic may have been obscured by
the dominance of observed days with westerly
winds. In July, a maximum 2, due to high cloud
liquid water concentrations can be seen north of
Scotland and Ireland. This maximum is not evid-
ent in the satellite data. There are no obvious

reasons for the disagreement, but July 1993 was a
period when a large number of low-pressure sys-
tems moved in from the Atlantic Ocean towards
Europe. Errors in the modeled intensity and
direction of these storm tracks may result in an
erroneous distribution of liquid cloud water.

As noted earlier and seen in Figs. 4 and 5, the
values of r§ are generally larger than the modeled.
There are mainly two reasons why the magnitude
of r, differs between the two data sets. First of all,
the model data show droplet radii from a certain
model level whereas the satellite data show droplet
radii representing the absolute top of a cloud. Due
to the limited amount of vertical levels in the
model, the altitude from which r* are collected
can be systematically lower compared to the

Tellus 54B (2002), 2
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altitude where r{ are observed. Since r, generally
increases with height (e.g. Rosenfeld, 2000),
the lower altitude of r' compared to ri should
result in an underestimate bias by the model.
Furthermore, cloud pixels with partial cloud cover
and large cloud inhomogeneity are not included
in the satellite observations, whereas they are
considered in the model calculations. Low cloud
fractions are generally associated with small drop-
let radii. Hence, the fact that the model in the
calculations of I considers all types of clouds is
also likely to result in an underestimate bias. In
addition to the model domain averages of r{ and
r® for the reference case, Table 3 shows July
estimates of ry* where model data are collected at
the highest model level warmer than 263 K
(instead of 273 K) and from grid-boxes with cloud
fractions larger than 95% (instead of 1%). If these
new conditions are employed, a large part of the
discrepancy between the absolute value of ¢ and
12 can be explained (cf. Table 3).

3.2. Direct climate effect

The direct climate forcing is dependent on the
solar insolation and the difference between the
sulfate column burden in the polluted atmosphere
and that of the reference atmosphere. Due to the
distribution of clouds and a larger sulfate burden
compared to the other months, the maximum
average forcing over the model domain occurs in
May (Fig. 6). The calculated monthly and annual
means in Fig. 6 and maxima in Table 4 are sub-
stantially lower (by a factor of 2—4) than those
obtained in previous model studies (e.g. Charlson
et al., 1991; Chuang et al., 1997; Feichter et al.,
1997; Langmann et al., 1998; Penner et al., 1998;
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Fig. 6. Annual and monthly average direct, indirect and
direct + indirect forcing (W m~2) due to anthropogenic
sulfate aerosols averaged over the RCA2 model domain.

Table 4. Simulated maximum difference in net top-
of-the-atmosphere short-wave radiation budget over
the RCA2 model domain

Maximum Maximum
direct forcing indirect forcing

(Wm™?) (Wm™?)
January —0.8 —33
April —-20 —-53
July —1.6 —144
October —1.1 —4.5
Annual mean —13 —4.4

Koch et al, 1999; Kiehl et al., 2000). This discrep-
ancy is caused by the large difference in free
tropospheric concentrations of sulfate between the
RCA2 and the other models (cf. Section 3.1.1). As
mentioned before, we therefore focus our study on

Table 3. July average effective droplet radius (um) derived from satellite (15 ) and from model (12')

pm

Clcov> 1%

e re re
T>273K Clcov> 1% Clcov = 95% Clcov =95%
re? (reference) T>263K T>273K T>263K
RCA2 domain 10.6 6.0 6.8 6.8 8.8
Ocean 11.2 6.0 6.6 6.9 9.1
Land 10.1 5.9 7.0 6.5 8.4

2 is shown for four different conditions. T is monthly average temperature. Clcov is total cloud cover in each grid-

box at each time-step of the model.
*From Kawamoto et al. (2001).

Tellus 54B (2002), 2
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-1.5

Fig. 7. Spatial distribution of the simulated annual mean direct climate forcing (W m~2) due to anthropogenic

sulfate aerosols.

the overall spatial pattern of the direct forcing
rather than on the absolute value. Figure 7 shows
the simulated annual mean geographical distribu-
tion of the direct aerosol radiative forcing due to
human-induced sulfate. The maximum forcing is
found close to the emission regions but it is
extended towards the east because of the prevailing
westerly winds. In the vicinity of the continental
coastline, the radiative forcing is generally larger
over ocean than over land, even though the land
area is closer to the main emission areas. This
phenomenon, which is especially evident north of
Spain, is due to the dependence of the scattering
efficiency on relative humidity [eq. (7)] and due
to the difference in surface albedo over land and
water. The gross pattern in many ways resembles
that obtained in the global climate model study
by Kiehl et al. (2000), which like the present study
considers year-long averages of radiative forcing.
In addition, the regional model is able to resolve
some smaller-scale phenomena. For example, the
annual mean direct forcing over the snow-covered
Alps is very low because of the high surface albedo.
This reduced forcing over mountain areas was

also found in the regional climate model study by
Langmann et al. (1998).

Correlations between small-scale spatial vari-
ations of relative humidity (RH) and sulfate, not
resolved by global models, have been suggested
as an uncertainty in the predictions of direct
climate forcing (Haywood et al., 1997; Haywood
and Boucher, 2000). The possible advantage of
using highly resolved relative humidity and sulfate
fields in the estimates of the direct climate effect
is examined by calculating 7. [cf eq.(6)] for
two different spatial resolutions, 0.4° (as a refer-
ence) and 4°, respectively. The variables required
to calculate 7y, (RH and sulfate, where RH is
calculated using temperature and specific humid-
ity) at 4° resolution are obtained by averaging the
results from the 0.4° resolution simulation over
10 x 10 grid-points. If monthly and yearly aver-
ages are considered in the comparison, Ty at
4° resolution may deviate from 7y, at the finer
grid spacing by 10-20% in individual grid-points
(cf. the standard deviation in Table 5), Ty at
the higher resolution generally being larger than
Toufate At the lower resolution. However, averaged
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Table 5. Monthly annual mean/standard deviation of optical thickness (Teyeie ) and effective droplet radius
(r. ) over the RCA2 model domain, showing results at 0.4° and 4.0° resolution

Teuttate X 10° at 0.4°

Toutfate X 10° at 4.0°

r. at 0.4° (um) re at 4.0° (um)

ave + std ave + std ave + std ave + std
January 13.5+7.3 133+ 64 9.1+17 8.5+1.7
February 146 +8.9 144 +7.7 89+14 87+12
March 143+7.8 14.1+69 83415 8.14+14
April 14.7+8.0 147+75 8.6+ 1.6 84416
May 2034124 202 +11.7 83+ 1.1 8.440.8
June 1444+8.0 144+75 93+14 93+12
July 139+7.5 13.8+£7.0 95+15 95+13
August 14.6 + 8.5 14.6 + 8.1 9.74+1.5 974+12
September 13.9+6.3 13.9+59 944+ 1.7 944+ 1.6
October 13.0+5.5 129 +438 93+16 92+14
November 15.1+9.1 149+7.8 88+ 1.6 8.6+ 1.6
December 13.0+7.0 129 +6.2 9.6+22 92+22
Annual 149+7.0 14.8 + 6.6 89+14 88+1.4

over the model domain the difference is less than
5% (cf. Table 5). A possible cause of this small
discrepancy in Ty 1S that the difference in RH
standard deviation between the two resolutions is
less than 1%. The results indicate that for the
climatic conditions simulated by the RCA2, global
climate models may only slightly underestimate
the monthly mean direct climate effect due to
missing correlations between small-scale vari-
ations of sulfate and RH.

3.3. Indirect climate effect

The maximum of the model domain average
indirect radiative forcing due to man-made sulfate
occurs in June and July (Fig. 6). Figure 8 shows
the geographical distributions of the simulated
monthly mean radiative forcing in January, April,
July and October. Due to the low background
concentration of sulfate, the maximum forcing
during all months occurs over the ocean [cf.
eq. (9)]. Furthermore, the type of clouds is import-
ant for the sensitivity. The spatial small-scale
variations in forcing reflect largely the frequency
of low-level clouds. For example, the large differ-
ence in TOA net short-wave radiation over the
Norwegian Sea in July is a result of a prevailing
stratiform cloud cover in the model. Also, low-
level clouds occur more often well outside the
coast of France and Spain compared to over the
North Sea or the Baltic Sea.

One pronounced difference between the present

Tellus 54B (2002), 2

study and the global climate model study by Kiehl
et al. (2000), which also considers annual averages
of radiative forcing, is that the spatial variability
of the indirect climate effect is much larger in the
RCA2. The magnitude of the average indirect
forcing over Europe is however comparable. As
the spatial variability persists over a long time
period (more than a month), it should be the result
of the higher horizontal resolution in the regional
model rather than random variations. Langmann
et al. (1998) reported similar spatial variability in
their regional climate model calculations.
However, in the simulations by Langmann et al.
a part of the variability in the radiative forcing
pattern may have been caused by the short time
period considered (approximately a week).

In order to obtain an indication of whether
correlations of small-scale spatial variations of
liquid cloud water and sulfate (or CDNC) give a
substantial contribution to the indirect climate
forcing, the effective droplet radius, r, [cf. eq. (8)],
at the highest model level with liquid water clouds
is calculated with variables obtained at both 0.4
and 4° horizontal resolutions. As in the compar-
ison of Teynee (cf. Section 3.2), the variables neces-
sary to calculate r, for the 4.0° resolution are
obtained by averaging the results from the 0.4°
resolution simulation over 10 x 10 grid-points.
However, the comparison with different horizontal
resolutions in the calculations of r, is not as
straightforward as the corresponding one per-
formed for tyyp.. When the averaging over 4° is
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Fig. 8. Spatial distribution of the simulated monthly mean indirect climate forcing (W m~2) due to anthropogenic
sulfate aerosols for (a) January, (b) April, (c) July and (d) October.

conducted, some grid-boxes may be cloud-free and
values of LWC and r, are missing. Such grid boxes
are excluded in the calculations.

If individual grid-points are considered,
monthly averages of r, differ by up to 20-30%
between the two resolutions. Averaged over the
model domain the difference is less than 7%.
There is a tendency to underestimate r, when 4.0°
resolution is used instead of 0.4° resolution, but
the bias is not systematic. The change in reflectivity
of a cloud is not linearly related to changes in r,,
cf. Fig.2 in Wyser et al. (1999). Estimated from
this figure, a 13% change in r, from 7.5 to 8.5 um,
with a total cloud condensate amount equal to
30 gm~2 results in only a 5% relative change in
cloud reflectivity. In order to obtain a more accur-
ate quantification of the difference in net radiative

flux due to the differences in r, between the two
resolutions, complete simulations with a low-reso-
lution version of the RCA2 should be conducted
in the future.

4. Sensitivity simulations

Several uncertainties are involved in the
modeling of the indirect and direct climate effects,
particularly in the former. As demonstrated in
Section 3.1.1, the sulfur cycle model element in
the RCA2 tends to yield sulfate concentrations
that are too low, at least close to the surface. This
underestimate is likely to result in too low CDNC
from the parameterization in eq.(9) and con-
sequently too large r, from the parameterization
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in eq. (8). On the other hand, the comparison with
measurements in Section 3.1.2 showed no sign of
an underestimate of CDNC or overestimate of r,
by the model, a result that in turn may be caused
by background concentrations of CDNC that are
too high. Ekman (2000) concluded that errors in
the simulated cloud cover and precipitation might
be partly responsible for the scatter in the relation
between modeled and observed sulfate concentra-
tions. The simulated cloud liquid water content
and cloud cover are also important factors
when determining the indirect radiative forcing
(cf. Section 3.3). Four sensitivity simulations for
the month of July are undertaken with the RCA2
in order to determine the sensitivity of the modeled
r. and indirect radiative forcing results in Section 3
to the uncertainties discussed above.

4.1. Sensitivity to sulfate concentrations

The sensitivity of the model to the sulfate con-
centration is examined by prescribing a doubling
of the sulfate concentration in the calculations of
r. [eq.(8)]. This type of change reduces a large
part of the bias shown in Fig. 2. The higher sulfate
concentration results in an 8% smaller r, averaged
over the model domain (Table 6). Thus, the uncer-
tainty in the sulfate burden does not seem to be
the main reason for the discrepancy between satel-
lite observed and modeled r, seen in Table 3. The
overall pattern of indirect radiative forcing due to
man-made sulfate remains the same as for the

Table 6. Calculated average effective droplet radius
and average and maximum change in top-of-the-
atmosphere short-wave radiation budget in July for
reference and sensitivity simulations

Average =~ Maximum
Average indirect indirect
re forcing forcing
Simulation (pum) (Wm™%) (Wm™?)
Reference 6.0 —2.6 —14.4
2 x sulfate 5.5 —4.5 —18.2
Low background
CDNC 6.4 —58 —21.5
High background
CDNC 5.8 —-1.0 —10.6
Boundary sulfur
from ECHAM 5.6 —43 —18.0

For explanations of the sensitivity simulations, see text.
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reference case (not shown), whereas the average
indirect forcing over the model domain increases
by almost 50%, and the maximum radiative
forcing is enhanced by 4 W m~2 (Table 6). The
magnitude of the forcing increase is largest
(2-8 Wm™?2) over the ocean, where the initial
background concentration is lowest. Over land,
the increase in indirect radiative forcing between
the reference and sensitivity simulation varies
between 0 and 2W m~2 A simulation is also
performed where the sulfate concentration is
halved in the calculations of CDNC. In this case,
the average radiative forcing over the model
domain decreases by approximately 50%.

4.2. Sensitivity to background CDNC and cloud
liquid water concentration

The sulfur model only predicts anthropogenic
sulfate aerosol mass, whereas the parameterization
of CDNC due to Glantz and Noone (2000)
requires that the total amount of aerosol mass be
known. In the model, background CDNC over
ocean and land (equal to 50 and 200 cm 3, respect-
ively) are assumed to which the contribution of
man-made sulfate is added. The background con-
centrations are estimated on the basis of measure-
ments (reported in Section 2.2) that show a large
variability. We examine the model’s sensitivity to
the magnitude of the aerosol background concen-
tration by increasing as well as decreasing myg jang
and Mg geean DY 50%. This interval encompasses
a large part of the variability in the data reported
in Covert et al. (1996). The effective droplet radius
is inversely proportional to the power one-third
of the CDNC and directly proportional to the
power one-third of the cloud liquid water content.
A 50% change in the CDNC concentration corre-
sponds to a 50% change in the LWC and thus
the sensitivity of the model to changes in the LWC
is examined at the same time as the background
CDNC is varied.

As in Section 4.1, the overall pattern of the
indirect radiative forcing due to anthropogenic
sulfate is almost unchanged in the sensitivity simu-
lations (not shown). The radiative forcing over the
ocean increases by 2-12 W m~2 for the lower
background concentration (or higher liquid water
content) and decreases by 2-7 Wm~ 2 for the
higher my,, (or lower LWC). Over land the increase
is between 0 and 4 W m ™2 for the low background
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CDNC and the decrease is between 0 and 2 W m ~2
when the background CDNC is enhanced by 50%.
The average change in radiative forcing over the
whole model domain is approximately doubled
for the lower background value of CDNC, whereas
it is halved when we use 50% higher background
concentrations as compared to the reference case
(Table 6). The change in maximum indirect radiat-
ive forcing for July is also substantial in the two
sensitivity simulations (Table 6).

4.3. Sensitivity to boundary conditions

It has been indicated that sulfur sources outside
Europe may be responsible for a substantial part
of the total sulfate column burden over the RCA2
model domain (Rasch et al., 2000). In order to
account for long-range transport, lateral boundary
conditions from a global climate model could be
used instead of the zero-boundary condition cur-
rently employed in the RCA2. The sensitivity of
the modeled sulfur cycle to the boundary condi-
tions of sulfur is tested by utilizing SO,(a) and
SO,(a) concentrations from the global climate
model ECHAM (Feichter and Lohmann, 1999).
Data from ECHAM are obtained with a 4-hour
time resolution for July 1993.

In the ECHAM simulation of July 1993, the
sulfate concentrations are clearly overestimated in
the boundary layer compared to the EMEP obser-
vations (cf. Feichter and Lohmann, 1999); one
reason may be that the simulations are performed
using emissions representative of the year 1985.
In the free troposphere the concentrations are
almost a magnitude higher than in the RCA2
simulation (cf. Section 3.1.1). This difference can
only partly be explained by the reduction in
emissions between 1985 (as used by ECHAM) and
1996 (as used by RCA2). Applying boundary
concentrations from ECHAM on the RCA2 results
in a substantial increase of the average sulfate
burden, from 2.4 to 9.8 mgSO, m~2 It is mainly
the concentration in the free troposphere that
increases, the tendency of the RCA2 to underesti-
mate sulfate in the boundary layer is not reduced.
As mentioned earlier, no observations are avail-
able to examine the model’s performance outside
the boundary layer and since global climate
models tend to overestimate the sulfate concentra-
tion in the free troposphere (e.g. Barth et al., 2000;
Chin et al, 2000), it is difficult to say if the
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application of lateral boundary conditions from
ECHAM actually improves the simulation of
sulfate.

The higher sulfate burden yields almost a doub-
ling of the average indirect forcing over the model
domain (Table 6). However, the overall forcing
pattern still resembles that of the reference
simulation.

5. Conclusions

A year-long simulation of the radiative forcing
due to man-made sulfate has been conducted with
a high-resolution regional climate model (RCA2)
including an explicit parameterization of the atmo-
spheric sulfur cycle. Simulated values of cloud
liquid water content, relative humidity and frac-
tional cloud cover are utilized in the calculations
of the atmospheric sulfur cycle and sulfate aerosol
forcing at each time step. No convective transport
of sulfur compounds is included in the model, and
lateral boundary values of sulfur are set to zero.
The main purposes of the study have been to
examine the patterns of anthropogenic sulfate
climate forcing over Europe, to evaluate modeled
key parameters versus observations and to exam-
ine the sensitivity of the simulated magnitude and
pattern of the indirect climate forcing to key
parameters in the parameterizations of the aerosol
climate effects.

The overall features of the direct climate forcing
in many ways resemble the forcing patterns
obtained by previous global and regional climate
model studies. However, in contrast to the global
models, the regional model is capable of resolving
smaller scale phenomena, for example a reduced
forcing over the European Alps. Haywood et al.
(1997) and Haywood and Boucher (2000) pointed
out that sub-grid scale correlations between relat-
ive humidity and sulfate not resolved by global
climate models may result in an underestimate of
the direct climate effect. In the present study, a
comparison between the calculated aerosol optical
depth at 0.4 and 4° spatial resolution indicates
that models with coarse resolution may misrepres-
ent the direct forcing substantially in individual
grid-points if sub-grid co-variability is excluded.
However, averaged over the model domain, the
bias in monthly mean 7, for the climatic
conditions simulated by the RCA2 is only a
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few percent, Ty,p being smaller at the lower
resolution.

One pronounced difference between our
regional model results and a previous global cli-
mate model simulation by Kiehl et al. (2000),
which also considers yearly averages, is that the
finer grid spacing in the RCA2 (0.4°) results in a
much higher spatial variability of the annual aver-
age indirect forcing. Similar variability was
reported in the short-term regional model calcula-
tions by Langmann et al. (1998). The present
calculations show that small-scale forcing maxima
exist even on longer time periods than a week. An
important question is whether the small-scale
indirect forcing variations simulated by the RCA2
are important for the regional temperature and
precipitation patterns. In order to obtain an
indication of this matter, the effective droplet
radius (r,) is calculated at 0.4 and 4° horizontal
resolutions. If individual grid-points are consid-
ered, the difference in r, is substantial between the
two resolutions. However, averaged over the
model domain, monthly mean values of r, differ
by less than 7%. The change in cloud reflectivity
is not linearly related to changes in r,, but calcula-
tions indicate that the smaller r, obtained with
low resolution compared to high resolution would
not result in a substantially different net radiat-
ive forcing.

An evaluation versus measurements indicates
that the model underestimates the sulfate concen-
tration, at least close to the surface. Calculated r,
and CDNC are in good agreement with a limited
number of aircraft and surface measurements over
the British Isles. A number of similarities can be
seen in the gross regional patterns of modeled and
satellite-observed r,. The values of r, are consider-
ably larger over the ocean than over land; smaller
values of r, are generally found over the North
Sea than over the remote Atlantic. The largest r,
are found over the remote Atlantic region and the
smallest r, over Eastern Europe. Satellite-derived
values of r, are considerably larger than modeled.
One reason is most likely that the model data are
systematically collected at a lower altitude com-
pared to the satellite data due to the limited
number of vertical model levels. Furthermore,
satellite observations of r, are not obtained for
pixels with partial or inhomogeneous cloud cover.

The magnitude of the average indirect climate
forcing over the model domain is highly sensitive
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to the prescribed background concentrations of
CDNC, simulated sulfate aerosol mass and liquid
water concentrations. However, the overall pattern
of radiative forcing is similar in all sensitivity
simulations. In order to reduce the uncertainty of
the indirect climate forcing, further evaluation of
the model parameterizations versus observational
data, especially in the free troposphere, have to be
conducted. More long-term, high-quality data on
the concentrations of sulfate, CDNC and cloud
liquid water are needed for such evaluation.
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7. Appendix A

Following Savijirvi (1990), the net short-wave
radiative flux divergence 0F, ,.,/0p over a certain
layer is proportional to the temperature tendency
0T/0t, according to

6T g an,net

(A1)

ot - ¢, Op

where g is the acceleration of gravity and c, the
specific heat capacity at constant pressure.
Furthermore,

or aT(l C )+6TC (A2)
at, ot W o, ™

where the first term on the right-hand side of the
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equation represents absorption in clean air and
the second term absorption in cloudy air. As an
approximation, the cloudy fraction of the grid-
box Cy is set to be equal to the maximum fraction
cloud cover of all levels in a vertical column.
The heating rate of the clear air is equal to
I8 P [y +1.670c0s 0 x V()]

Otsa B Cp Poo
+ 1.7¢10 cos 6°3, (A3)
¥iu) = {0.03%_0‘81, u, > 0.05 cm (A4)
: 0.05u7 %%, u,<0.05cm’

where u; is the pressure-scaled slant water vapor
path [cf. eq. (2)], S is the TOA solar flux, g is the
relative humidity, p is the pressure, py, is a refer-
ence pressure (1000 hPa), o is the short-wave
albedo of the ground, 0 is the solar zenith angle
and b,—b, are constants. The path length for
isotropically reflected beams is

u(0, ps) + 1.67u(p, p;), (A5)

u —
* cos 0
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where p, is the surface
absorption is given by

pressure. The cloud

or =T )al (A6)
o (P> p o
g 0 .
+ = F,. = A(p., D),
¢, ~Op

where index z denotes the uppermost cloud layer,
F,, is the solar flux density, T is the transmittance
factor for the cloudy atmosphere above and A is
the absorption factor. The following expressions
have been fitted to cloud absorption and transmis-
sion computations obtained from more detailed
schemes

A=0.013(1.4 + cos 6) x In(1 +0.10M,), (A7)
T U T; = 40(0.5 + cos 0) (A8)
=z, = . Cos ).
(T+M)

M, is the vertically integrated cloud water from
the top of the uppermost cloud layer to a level
below.
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