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ABSTRACT

The direct radiative forcings due to tropospheric sulfate and fossil fuel soot aerosols are calcu-
lated. The change in the atmospheric sulfate since preindustrial time is taken from a recent
three-dimensional chemistry transport model calculation. A multistream radiative transfer code
and observed atmospheric input data is used. The direct radiative forcing due to sulfate is
calculated to −0.32 W/m2. Our results for global and annual mean radiative forcing have been
compared with results from other model studies. We have assumed a linear relationship between
the concentration of fossil fuel soot and sulfate aerosols. The resulting radiative forcing due to
soot particles is 0.16 W/m2. Two types of mixtures of sulfate and soot are further assumed. The
calculated single scattering albedo is compared to observations.

1. Introduction when clouds are taken into account the impor-

tance of soot increases. They estimate a warming
of about 0.2 W/m. Haywood et al. (1997a) andClimatic effects of aerosols have been subject of

much research over the last few years, and several Hansen et al. (1997) show that a mixture of soot

and sulfate aerosols may further increase theglobal estimates of the direct radiative effects due
to aerosols have been made (Charlson et al., 1991; importance of the absorption by soot aerosols.

The concept radiative forcing is introduced asKiehl and Briegleb, 1993; Taylor and Penner,

1994; Boucher and Anderson, 1995; Haywood and a simple tool to compare different radiatively
active components that influence the radiativeShine, 1995; Haywood et al., 1997a; Chuang et al.,

1997; Feichter et al., 1997). The magnitude of the balance. It is used e.g., in the IPCC assessments

(IPCC, 1995; IPCC, 1990). The radiative forcingindirect aerosol effect is very uncertain (IPCC,
1995), but not discussed further in this study. is usually calculated at the tropopause level after

allowing the stratosphere to adjust to radiativeIn the context of climate research most attention
has been paid to sulfate aerosols among the tropo- equilibrium. Ramaswamy and Chen (1997) and

Hansen et al., (1997) show that the radiativespheric aerosols. Most of the recent estimates yield

a cooling below 0.5 W/m2 from the sulfate aerosols forcing at the tropopause is a relatively good
measure of the change in the surface temperatureof a global scale (Haywood et al., 1997a; Chuang

et al., 1997; Feichter et al., 1997) due to scattering for different radiatively active components, how-
ever Hansen et al., (1997) show that the climateof solar radiation. Fossil fuel soot in contrast to
response depends also on spatial effects related tothe sulfate aerosols, also absorb solar radiation at
each individual radiatively active component.all wavelengths. Haywood et al. (1997a) show that

In this work we present new estimates of the
radiative forcing due to sulfate aerosols and soot* Corresponding author.
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aerosols. We use a new sulfate distribution calcu- a version of the 3D model including ozone chem-
istry (Berntsen and Isaksen, 1997). Two calcula-lated with a 3-dimensional (3D) chemistry-trans-

port-model (CTM) (Restad et al., 1998) for sulfate. tions were performed, one including only natural

emissions of sulphur dioxide and one includingThe sulfate distribution is also used to establish a
fossil fuel soot distribution. Unlike most other both natural and anthropogenic emissions. The

anthropogenic emission data for sulphur dioxidestudies of the radiative forcing due to aerosols,

we use a multistream radiative transfer code. represented 1985 conditions.
The modelled sulfate is in reasonable goodGeographical variation of the aerosol forcing is

investigated, and calculations are performed to agreement with surface observations. It reproduces

for instance the observed long range transport ofidentify the regions in which the radiative forcing
is most sensitive to changes in sulfate and soot sulfate from polluted regions to the Arctic during

the winter season rather well (Restad et al., 1998).concentration. Radiative transfer calculations of

mixtures of sulfate and soot are also performed, This model feature is in better agreement with
observations than what was obtained in Langnerand single scattering albedo from the mixtures are

compared to observations. We also include a and Rodhe (1991) and in Feichter et al. (1996).

Although the annual agreement with surfacecomparison with earlier model calculations of the
radiative forcing due to aerosols. observations is reasonably good in marine back-

ground atmosphere in the calculations by Restad

et al. (1998), sulfate levels seem to be somewhat
2. Models and methods

underestimated in the tropics and at higher latit-

udes during summer, up to 50%. Possible explana-
2.1. Sulfate data

tions are underestimated aqueous phase transfer
of SO2 in the boundary layer (SO2 levels wereThe sulfate distribution we have used in this

work is from Restad et al. (1998). A 3D CTM somewhat high), or underestimated sulfate forma-
tion from DMS.(Berntsen and Isaksen, 1997) with a horizontal

resolution of 10° in longitude and 8° in latitude

and a vertical resolution of 9 layers was used to
2.2. Radiative properties of aerosols

calculate this distribution. The adopted SO2 emis-
sions were based on the Geia data base (Benkovitz, The radiative properties of the aerosols are in

this work estimated taking into account three1996). In additon volcanic emissions as given by
Stoiber (1987) were included, with a source of factors; the specific extinction coefficient, the asym-

metry factor, and the single scattering albedo.8.7 TgS/yr which was found to affect the upper

tropospheric sulfate levels. The emission of DMS Calculations using Mie theory are performed to
calculate the radiative properties. Several para-was taken from Bates et al. (1992), which is the

same as the emissions used in the studies by meters are necessary in the Mie calculations, as

e.g., the refractive indexes and size distributionLangner and Rodhe (1991) and Feichter et al.
(1996). (Kiehl and Briegleb, (1993)) in order to describe

the three factors above. The dry sulfate is describedThe CTM calculations were performed with a

sulfur chemistry scheme incuding a simplifeid only as ammonium sulfate, as several studies have
shown that the direct sulfate aerosol forcing isparameterization of heterogeneous oxidation and

oxidation of SO2 in gas phase by OH. The para- relatively insensitive to whether the aerosols

consist of (NH4)2SO4, NH4HSO4, or H2SO4meterization of the sulfate formation in the liquid
phase, the wet and liquid phase removal was (Nemesure et al., 1995; Pilinis et al., 1995; Kiehl

and Briegleb, 1993; Haywood et al. 1997a). In thecalculated in a way similar to Rodhe and Isaksen

(1980). It was assumed that the process is irrevers- calculations of the radiative properties of ammo-
nium sulfate and soot aerosols we follow to aible and that it occurs in connection with cloud

formation. The data for removal were scaled to large degree the procedure in Haywood et al.
(1997a) and Haywood and Shine (1997).the optical thickness data from a general circula-

tion model to give longitudinal and temporal Refractive indexes are taken from Toon et al.

(1976) and WCP (1986) for ammonium sulfatedistribution (Berntsen and Isaksen, 1997; Restad
et al., 1998). The OH distribution was taken from and soot respectively. The size distributions are
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assumed to be lognormal, with geometric mean water refractive indexes are performed. For each
0.5% relative humidity Mie calculations are per-radii of 0.05 mm for dry ammonium sulfate and

0.0118 mm for soot aerosols. Both aerosols species formed using hydrated geometric mean radii from

Fitzgerald (1975) in the lognormal size distribu-have a geometric standard deviation of 2.0 (Kiehl
and Briegleb, 1993). tion (Haywood et al., 1997a). Fig.1 shows the

results of the Mie calculations for ammoniumAmmonium sulfate aerosols are hygroscopic,

and the parametrization in Fitzgerald (1975) is sulfate particles for several relative humidities. For
high relative humidities the specific extinctionused for relative humidities above 81% to describe

the growth of the aerosols. Large areas at high coefficient decreases at short wavelength and

increases with increasing wavelength compared tolatitudes (above 60° in the southern hemisphere
and 70° in the northern hemisphere) near the the dry ammonium sulfate aerosol. The specific

extinction coefficient is highest for particles for asurface have relative humidities above 81%, and

the maximum relative humidity is above 95%. radius close to the wavelength of the solar radi-
ation. At wavelengths below about 1 mm theThe ammonium sulfate aerosols are assumed to

be dry at relative humidities below 30%. Between increased radius for high relative humidity reduces

specific extinction coefficient, and vice versa atrelative humidities of 30% and 81%, a linear
growth factor for the particle radius is assumed. wavelengths above about 1 mm. The results shown

in Fig. 1 are for the specific extinction coefficient,Volume weighting of the ammonium sulfate and

Fig. 1. Specific extinction coefficient, asymmetry factor, and single scattering albedo for ammonium sulfate for several
relative humidities. The colour code is the same in all panels. Notice that our results for the specific extinction
coefficient are given relative to the total mass of the particle (sulfate+water), whereas previous results have most
frequently been given relative to the mass of sulfate only.
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and are given per unit mass. The mass of the The model includes absorption by H2O, CO2 , O2 ,
and O3 , Rayleigh scattering, and absorption andaerosols increases substantially with increasing

relative humidity, e.g., for relative humidity of scattering by clouds and aerosols. Absorption data

for H2O, CO2 , O2 , and O3 in the infrared region99.5% the mass of the wet ammonium sulfate
aerosols is a factor 30–40 higher than that of a are taken from the HITRAN-92 database

(Rothman et al., 1992), where temperature depend-dry aerosol. Correspondingly, the optical depth

increases by more than a factor 10. Therefore the ence is included for H2O and CO2 . Cross sections
for O2 and O3 in the ultraviolet and visible regionincrease in relative humidity influences the optical

depth in two different ways: (i) through increase and Rayleigh scattering are from WMO (1985).

The extra terrestrial solar spectrum is taken fromin the size of the particles which reduce the specific
extinction coefficient, and (ii) through increase in Frohlich and London (1986). Three cloud layers

are assumed in the calculations, where no overlapthe mass of water, which dominates over (i).

The asymmetry factor increases with increasing between the cloud layers are taken into account.
We follow the approach of Lacis and Mishchenkorelative humidity. This means that the larger par-

ticles will scatter more radiation into the forward (1995) in the calculations of the specific extinction

coefficient, the asymmetry parameter, and thedirection and reduce the effect of larger aerosol
particles somewhat. The single scattering albedo single scattering albedo in the presence of several

scattering media (e.g., for clouds and aerosols).increases somewhat at long wavelengths in the

solar spectrum but this is of minor importance for The spectral resolution varies over the solar spec-
trum, with a relatively high resolution below 2 mmthe radiative effects of the ammonium sulfate

aerosols, as there is a low specific extinction and a lower spectral resolution above 2 mm, alto-
gether dividing the solar spectrum into about 70coefficient and also low incoming solar energy at

these wavelengths. intervals. Calculations using this spectral reso-

lution are in good agreement with control calcula-We assume that the fossil fuel soot aerosols are
hydrophobic, therefore no growth with increasing tions which we have performed using a spectral

resolution of 1 nm, with a deviation less thanrelative humidity is taken into account. In lack of

emission data for soot and a model describing the 1–2%. Thermal infrared calculations of the aero-
sols have not been performed as the infraredtransformation, transport, and deposition of soot,

we use a linear relationship between concentra- contribution was shown in Haywood et al. (1997a)

to be less than 3% of the total ammonium sulfatetions of soot and ammonium sulfate. The mass
ratio between fossil fuel soot and ammonium aerosol forcing.

Relative humidities, temperatures, albedo, andsulfate is chosen to be 0.075. This assumption is

based on limited information and uncertainties cloud distributions are monthly averaged. Relative
humidities and temperatures are taken fromtherein are discussed in Haywood et al. (1997a).

We have adopted the procedure for calculation of ECMWF (European Centre for Medium-Range

Weather Forecasts). The atmospheric distributionradiative properties of soot from Haywood and
Shine (1997). Our results are very similar to their of ozone is based on satellite and sonde observa-

tions (Liang and Wang, 1991). Surface albedo andresults and therefore not shown here.

cloud data are taken from ISCCP (International
Satellite Cloud Climatology Project) (Rossow and

2.3. Radiation scheme and atmospheric input data
Schiffer, 1991). Haywood and Shine (1997) show

that the radiative forcing due to the aerosols isA model using the discrete ordinate method
(Stamnes et al., 1988) is used in the radiative highly dependent upon zenith angle, therefore we

have performed radiative transfer calculationstransfer calculations. The calculations are per-

formed with 8 streams. The scattering from aero- every third hour in order to obtain diurnal aver-
ages representing the conditions of each of thesols and clouds are therefore calculated in a more

accurate way than the usual 2-stream approxi- four months January, April, July, and October.
For short-wave forcing due to change in tropo-mation. We have performed test experiments with

our model in a 2-stream mode, finding that differ- spheric ozone the selection of these 4 months has

been shown to represent within 1% accuracy theences between the 8-stream and 2-stream
approaches could lead to differences up to 20%. 12 months of the year (Berntsen et al., 1997).
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3. Results of the radiative transfer calculations forcing at the TOA is small compared to the

deviations between previous aerosol radiative for-
3.1. Ammonium sulfate cing estimates based on different models.

Plate1 shows the annual mean global distribu-
The global and annual mean radiative forcing

tion of the radiative forcing due to ammonium
at the tropopause level is −0.32 W/m2, see Table 1.

sulfate. As found also in the previous studies, the
The instantaneous radiative forcing at the tropo-

forcing is mostly localized in eastern part of north
pause level is only 1% stronger than the adjusted

America, Europe (particularly southern part), and
forcing. The calculations of the adjusted forcing

east Asia. In the southern hemisphere local
are performed with a thermal infrared broad band

maxima over south America and south Africa
model (Myhre and Stordal, 1997). Previous studies

around 30° are calculated. The maximum forcing
have used the instantaneous radiative forcing at

is over southern Europe, and is about −2.5 W/m2the top of the atmosphere (TOA), which in our
annually, and close to −5 W/m2 in July.work is 2–3% weaker than the adjusted forcing

As described in Haywood and Shine (1997)at the tropopause. The weaker forcing at the TOA
there is no simple relationship between the radiat-is due to absorption of scattered radiation in the
ive forcing in cloudy regions and the total forcing,stratosphere. This absorbed radiation increases
the clear sky forcing, and the cloud amount. Usingthe temperature in the stratosphere. Thereby the
the procedure from Haywood et al. (1997a),thermal infrared emission from the stratosphere
where the total forcing was subtracted from thedown to the troposphere/surface system increases.
forcing from the cloud free regions, we find thatThe difference between the adjusted radiative for-
the forcing from cloudy regions is −0.087 W/m2cing at the tropopause and the instantaneous
or about 27% of the total sulfate forcing. This

contribution from the cloudy regions are substan-
Table 1. Aerosol radiative forcing

tially higher than in Haywood et al. (1997a), but
probably closer to Boucher and Anderson (1995)Global NH SH
and Coakley et al. (1983).Aerosol type (W/m2 ) (W/m2 ) (W/m2 )

To study the effect of the growth of the aerosols
ammonium sulfate −0.32 −0.55 −0.08 in humid regions we have performed a calculation
soot 0.16 0.28 0.03

for dry ammonium sulfate. The results show that
external mixture −0.16 −0.26 −0.05

the growth factor increases the forcing with onlyinternal mixture 0.10 0.19 0.01
a factor of 1.2, which is much lower than in the

calculations of Haywood et al. (1997a) andNH: northern hemisphere; SH southern hemisphere.

Plate 1. Yearly average radiative forcing due to sulfate aerosols.
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Boucher and Anderson (1995). Haywood et al. high forcing over the whole Eurasia continent.
Local maxima are also found similar to for sulfate(1997b) showed that due to a large nonlinear effect

in the growth of particles with relative humidity, over eastern part of North America and south

east Asia. Maximum radiative forcing is aboutsubgrid scale variation can be important for the
sulfate forcing. Monthly mean relative humidities 1 W/m2 for the annual mean and more than

2 W/m2 in July. At high latitudes the radiativeare used in our calculations, and variation of

relative humidity during the month would prob- forcing for soot are relatively stronger than for
sulfate. The seasonal variation is large withably increase the sulfate forcing. The effect of

averaging of relative humidity on the radiative 0.10 W/m2 in January and 0.25 W/m2 in July.

The clouds increase the soot forcing substan-forcing due to aerosols both in spatial and tem-
poral resolution is subject of a present study. tially. Using the procedure described above for

sulfate, we obtain a forcing which is 0.05 W/m2The seasonal variation in radiative forcing is

rather large with almost a factor 2 stronger forcing without clouds compared to 0.16 W/m2 when
clouds are included. Low clouds contribute within July compared to January, with values of −0.46

and −0.24 W/m2, respectively. The seasonal vari- about half of the forcing in cloudy regions.

Absorbing particles are very efficient over highation is in good agreement with what is found in
Chuang et al. (1997). albedo areas, as clouds, making the low clouds

most important for soot aerosols. The clear sky

forcing due to soot is 0.12 W/m.
3.2. Soot

Global annual mean radiative forcing due to
3.3. Geographical variations of the radiative

soot has been calculated to 0.16 W/m2 as shown
forcing

in Table 1. Like sulfate, the difference between the

radiative forcing due to soot at the tropopause From the geographical distributions of the radi-
ative forcing due to sulfate and soot it was foundand at the TOA is small. Likewise, the effect of

stratospheric temperature adjustment is negligible. large regional gradients. The regions that were

found to be most affected by radiative perturba-The annual mean radiative forcing due to soot
aerosols is shown in Plate 2. The soot aerosols tions differ in the two cases. To investigate the

role of variability in atmospheric parameters asgive a positive radiative forcing as the absorption

effect dominates the scattering effect. The max- humidity, clouds and solar zenith angle on the
forcing we have performed global experimentsimum forcing is displaced somewhat eastward

compared to the maximum sulfate forcing, with using constant vertical distribution of aerosols for

Plate 2. Yearly average radiative forcing due to soot aerosols.

Tellus 50B (1998), 5



    469

the entire globe. Two profiles were used; one which anthropogenic sulfate aerosols using the constant
describes global averages in the case of natural global mean sulfate amount. Haywood and Shine
emissions only and one in which also anthropo- (1997) found that sulfate aerosol forcing is weak
genic emissions are included, as shown in Fig. 2. over regions with high albedo and that the soot
We have compared the distribution of sulfate used forcing is strong over regions with high albedo.
in this work to the results of Langer and Rodhe This is also found in our results. The sulfate
(1991), as shown by Haywood et al. (1997a). We forcing is weak over regions with deserts or large
found that globally and annually averaged concen- cloud amounts. Strong forcing is found over
trations used in this work were higher than those regions with small cloud amounts and low surface
of Langner and Rodhe (1991), by up to 35% in albedo, as over oceans, especially eastern Pacific
the lower troposphere and up to 20% between ocean 0–30°S, eastern coasts of south and central
600 and 200 hPa. However, in the 800–600 hPa America, south Africa and south east Asia, and
region, the sulfate concentrations used in this work partly the Mediterranean ocean. The maximum
is 15% lower than in Langner and Rodhe (1991).

forcing due to sulfate over the south of Europe
Plate 3 shows the radiative forcing due to

using the 3D CTM calculated distribution is a

combination of high mass of sulfate and favourable

conditions for high forcing.

The radiative forcing due to soot assuming

constant soot amount over the globe is shown in

Plate 4. Generally, the soot forcing is strong when

the sulfate forcing is weak and vice versa, with

very high values over the Arctic and especially

Antarctica. In the regions with strong soot forcing

over land the surface albedo is relatively high.

Clouds increase the soot forcing in general, but

over high surface albedo areas as in the Arctic,

clouds reduce the soot radiative forcing. The vari-

ation of the forcing over oceans is mostly due to

clouds. The west coasts of south and centralFig. 2. Global mean vertical distribution of natural and
anthropogenic ammonium–sulfate. America, south Africa, and Australia all have large

Plate 3. Yearly average radiative forcing due to sulfate aerosols using a constant global mean sulfate concentration.
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Plate 4. Yearly average radiative forcing due to soot aerosols using a constant global mean soot concentration.

forcing. In these regions there are also high Plate 5 shows the annual mean spatial distribu-

tion of the radiative forcing for the external mixing.amounts of low clouds and small amounts of
middle and high clouds. At 60°S the cloud amount Two distinct maxima (negative forcing) areas in

southern Europe and east northern America areis very high, but a large fraction of these clouds

are middle and high clouds. Therefore, the clouds very pronounced, whereas the maximum over
south east Asia resulting from the sulfate particlesare above most of the soot, giving a smaller

forcing. The maximum soot forcing shown in is not so pronounced. The western part of Asia

has weak forcing which coincides with the highPlate 2 coincides with one of the regions with
most favourable conditions for high soot forcing. soot forcing in this area. At high latitudes the

external mixing radiative forcing is positive. TheThe global seasonal variation in the radiative

forcing of soot and sulfate aerosols using the seasonal cycle shows large variation with
−0.09 W/m2 in April and −0.20 W/m2 in July.global average vertical profile is small. However,

there is a strong seasonal variation in the forcing

in each of the two hemispheres, with about 50%
3.5. Internal mixture of ammonium sulfate and soot

higher forcing in summer than in winter.
Therefore, the calculated seasonal variation in the In an internal mixture of sulfate and soot they

are assumed to constitute one particle. Radiativeradiative forcing using the sulfate distribution
from the CTM is a combination of more solar properties of the particle are different from those

of an external mixture and new Mie calculationsradiation in July than in January in the northern

hemisphere and larger sulfate burden in July than are necessary. An internal mixture is shown to
give lower single scattering albedo than an externalin January.
mixture (Ackerman and Toon, 1981; Haywood

et al., 1997a).
3.4. External mixture of ammonium sulfate and

New Mie calculations are performed where
soot

refractive indexes from sulfate and soot are volume

weighted. When the relative humidity is aboveAn external mixture of sulfate and soot is
assumed to consist of sulfate and soot aerosols as 30% water is also taken into account, again using

volume weighting of the refractive indexes. Weseparate particles. Calculations of external mixture
of sulfate and soot as one calculation differ by less have adopted a procedure for an internal mixture

particle of sulfate and soot similar to what is usedthan 3% from separate calculation of sulfate and

soot. The global radiative forcing is −0.16 W/m2 in Haywood et al. (1997a). This follows up the
procedures that we have used for wet sulfateas shown in Table 1.
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Plate 5. Yearly average radiative forcing due to an external mixture of sulfate and soot aerosols.

particles. The results of the Mie calculation of the Europe and eastern part of north America is much

internal mixing for several relative humidities are weaker compared to the external forcing, and in
shown in Fig.3. For the specific extinction coeffi- south east Asia the forcing has changed sign
cient and the asymmetry factor there are only compared to the external forcing. Over western
small changes from the sulfate calculations. The Asia the maximum forcing is localized with values
specific extinction for a dry internal mixing aerosol close to 1.0 W/m2, and in the Arctic a strong
is only slightly higher than the specific extinction heating of about 0.5 W/m2 is found.
for a dry sulfate aerosol. The asymmetry factor is
somewhat higher in the dry internal mixture than
for the dry sulfate for short wavelengths. For high

relative humidities the differences are very small. 3.6. Sensitivity of the size of the soot particles
However for the single scattering albedo the

In the study of the internal mixture in thedifferences between the internal mixture and the
previous section the size of the particles aresulfate is relatively large, especially for the dry
assumed to be the same as for ammonium sulfate,aerosols. For high relative humidity the radiative
however the size of the internal mixture particlesproperties are more similar to the radiative proper-
are larger than what we assumed for the size ofties of water which has single scattering albedo of
the soot aerosols. Chylek and Wong (1995) have1 below 2 mm. At 550 nm the single scattering
shown that the forcing depends on the size of thealbedo is 0.77 for a dry internal mixture particle.
soot particles. We have therefore performed aThe global and annual mean radiative forcing
sensitivity experiment.for an internal mixture is 0.10 W/m2 as shown in

New Mie calculations of soot aerosols withTable 1. The higher degree of absorption has
geometric mean radius of 0.05 mm show that thechanged the sign from the external mixture forcing.
specific extinction coefficient above 550 nm, theThe seasonal variation is large, and the global
asymmetry factor, and the single scattering albedomean in July is 0.21 W/m2, whereas in January
increase in comparison with results for the smallerand October the values are close to zero. In the
soot particles. The resulting global and annualwinter hemisphere the global mean internal forcing
mean radiative forcing is 0.11 W/m2 or 33% loweris very low or negative, as the relative humidity
than for the geometric mean radius 0.0118 mm.generally is higher during the winter than in
The external mixture forcing using geometric meanthe summer.
radius of 0.05 mm for both ammonium sulfate andThe annual mean spatial distribution is shown

in Plate 6. The negative forcing over southern soot is then −0.21 W/m2.

Tellus 50B (1998), 5



.   .472

Fig. 3. As Fig. 1, but for an internal mixture of sulfate and soot.

Plate 6. Yearly average radiative forcing due to an internal mixture of sulfate and soot aerosols.
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4. Comparison with observations of single
scattering albedo

The external and internal mixture calculations
showed that a major part of the uncertainty in
the radiative forcing by a mixture of sulfate and

soot is connected to the single scattering albedo.
This section will compare the surface single scat-
tering albedo from the external and internal mix-

ture Mie calculations with observed surface single
scattering albedo. At present the number of obser-
vations is relatively low, with sparse spatial

coverage. In addition the uncertainty in the obser-
Fig. 4. Modelled external and internal mixture versusvations is relatively large (Heintzenberg et al.,
observed single scattering co-albedo. The values for an

1997).
external mixture are shown with 1 and for an internal

Table 2 shows observed single scattering albedo mixture with V. The 1 : 1 relationship is marked with
from Heintzenberg et al. (1997) in addition to our a line.
Mie calculated single scattering albedo from the

external and internal mixtures. Fig. 4 compares
our model results with the Heintzenberg et al. entirely due to variation in relative humidity, as

we have kept the mass ratio constant, whereas in(1997) observations. Our model results are for a
mixture of sulfate and soot particles, whereas the the observed cases, the mass ratio between soot

and sulfate has probably varied, and the particlescomposition of the particles in the cases of obser-

vations is not well known. All values are surface may even have a different composition. In most
of the areas of these observations the modelsingle scattering albedo at 550 nm. Notice also

that in the model results for the external and relative humidity is low, which was also the case

in the actual observations. In spite of these caveats,internal single scattering albedo the variation is

Table 2. Comparison of observed (Heintzenberg et al., 1997) and modelled (this work) single scattering
albedo (v)

Obs Model

Locations Time v vext vint

Barrow annual 0.96 0.958 0.912 (71.2°N, 156.3°W)
Amundsen Scott annual 0.965 0.945 0.882 (90°S)
Mauna Loa June 0.95 0.948 0.890 (19.3°N, 155.4°W)
Mauna Loa July 0.96 0.945 0.884 (19.3°N, 155.4°W)
Ny Ålesund annual 0.948 0.962 0.922 (79°N, 12°E)
Kamchatka May 0.88 0.947 0.888 (56°N, 160°E)
Equator May 0.998 0.973 0.945 (0°, 100°E)
Wellington June 0.88 0.948 0.891 (41.17°S, 174.47°E)
West Australia June 0.998 0.943 0.879 (34.19°S, 115.09°E)
Tropical Atlantic Ocean August 0.8 0.948 0.891
Arctic annual 0.96 0.966 0.929
Alleghenny Mts. summer 0.935 0.948 0.889 (38.3°N, 80°W)
Shenandoah summer 0.949 0.949 0.890 (38°N, 78°W)
Mesa Verde Annual 0.91 0.927 0.837 (37.1°N, 108.3°W)
Abastumani Annual 0.89 0.939 0.868 (41.4°N, 42.5°E)
Anderson Mesa Annual 0.94 0.926 0.836 (35.12°N, −111.38°W)

The model results are for external (vext ) as well as internal (vint ) mixture.
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in general the observations are in better agreement 5. Comparison with previous global radiative
forcing estimateswith modelled external mixture than internal mix-

ture results. The disagreement between the
5.1. Sulfateobserved values and the external mixture values

are largest for low single scattering albedo (or a
Table 3 shows global estimates of the radiative

high single scattering co-albedo). The lowest pos-
forcing due to sulfate aerosols and the anthropo-

sible value of the single scattering albedo for the genic sulfate burden used in the radiative forcing
external mixture is 0.903 under the assumption calculations. Normalized forcing, which is the ratio
that the mass ratio between soot and sulfate is between the radiative forcing and the anthropo-
0.075, as the single scattering albedo at 550 nm genic sulfate burden, introduced by Boucher and
for soot and sulfate is 0.209 and 1.00, respectively. Anderson (1995) and used in Feichter et al. (1997),

Fig. 4 demonstrates that the external mixture is also shown in the table. Several estimates are
single scattering co-albedo compare well with the performed; however, most of them use one of the
majority of observations, but deviates significantly distributions of Langner and Rodhe (1991),
for 4 locations with high observed single scattering resulting from two different assumptions regarding
co-albedo and one location with low single scat- SO2 oxidation. The differences in the normalized
tering co-albedo. The internal mixture single scat- forcing are somewhat smaller than the differences
tering co-albedo is higher than the observations, in radiative forcing estimates, especially between
except in 3 locations, and it is generally much the newer estimates, among which the normalized
higher than the observations. forcing still varies by almost a factor of 2. This is

The average values for the observed, and our not surprising, as there are presently large uncer-
modelled external and internal mixture single scat- tainties in parameterizations of many processes
tering albedo shown in Table 2 are 0.933, 0.948, controling the radiative effects of sulfate particles.
and 0.890 respectively. Global and annual mean The normalized forcing depends e.g., on the sea-
surface single scattering albedo at 550 nm calcu- sonal and spatial variation in the sulfate distribu-
lated in this work for external and internal mix- tion, aerosol optical properties, distribution and

optical effects of relative humidity, direct radiativetures are 0.947 and 0.888, respectively.

Table 3. Comparison of global estimates of the radiative forcing due to sulfate

Radiative forcing Sulfate burden Normalized forcing
Work (W/m2) (mg/m2) (W/g) Sulfate data

Charlson et al. (1991) −0.60 2.0 −300 Langner and Rodhe (1991)
Kiehl and Briegleb (1993) −0.28 1.76 −159 Langner and Rodhe (1991)
Taylor and Penner (1994) −0.95 1.75a −543 Penner et al. (1994)
Kiehl and Rodhe (1995) −0.66 3.23b −204 Pham et al. (1995)
Boucher and Anderson (1995) −0.29 2.32 −125 Langner and Rodhe (1991)
Haywood and Shine (1995) −0.34 1.8c −189 Langner and Rodhe (1991)
Haywood and Shine (1995) −0.33 1.75a −189 Penner et al. (1994)
Haywood et al. (1997a) −0.38 1.8c −211 Langner and Rodhe (1991)
Chuang et al. (1997) −0.43 3.23d Chuang et al. (1997)
Feichter et al. (1997) −0.35 2.23 −157 Feichter et al. (1997)
Graf et al. (1997) −0.26 1.70 −153 Graf et al. (1997)
This work −0.32 1.90 −168 Restad et al. (1997)

aJ. Penner, personal communication (1997).
bM. Pham, personal communication (1997).
cJ. M. Haywood, personal communication (1997).
dThe sulfate burden includes anthropogenic as well as natural sulfate. The contribution of the anthropogenic sulfate
burden to the total sulfate burden varies between the models estimates, e.g., 69% in Pham et al. (1995), 64% in
Restad et al. (1997), and 37% in Graf et al. (1997).
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effects of sulfate aerosols in cloudy areas, as well Europe and the western part of Asia. At high
latitudes in the northern hemisphere the sootas cloud distribution, surface albedo, and finally

the radiative transfer code used in the calculations. forcing is relatively high due to high surface

albedo. There are also other favourable regionsThe anthropogenic sulfate burden and the normal-
ized forcing in this work are in both cases close for high soot forcing, mostly in the southern

hemisphere. However, the soot amounts there areto median values of the compared values in

Table 3. low. The calculated single scattering albedo for
mixtures of sulfate and soot are compared with
surface observations at 550 nm. The single scat-

5.2. Soot
tering albedo using an external mixture of sulfate
and soot is always above 0.9 in our calculationsTwo previous global estimates of the soot for-

cing are performed (Haywood and Shine, 1995; for a mass ratio between soot and sulfate of 0.075.

Observed surface single scattering albedo in someHaywood et al., 1997a). Haywood and Shine
(1995) calculated only the clear sky soot forcing, regions is below 0.9, indicating that the linear

relationship between soot and sulfate has severalwhile Haywood et al. (1997a) included clouds like

in our calculations. They calculated 0.20 W/m2 limitations or that at least some mixtures of sulfate
and soot are not external. Another cause of devi-which compares well with the estimate of

0.16 W/m2 in this work. ation between modelled results and the observa-

tions is that the observed single scattering albedo
also reflects compostion of particles other than

5.3. Sulfate and soot mixtures
sulfate and soot. The internal mixture single scat-
tering albedo is generally lower than observedHaywood et al. (1997a) have calculated the

radiative forcing due to an external and internal values, especially for high observed single scat-

tering albedo.mixture of sulfate and soot of −0.18 W/m2 and
−0.02 W/m2, respectively. Their estimates are The single scattering albedo is an important

parameter in deciding the size of the radiativelower than our results in both cases, most pro-

nounced in the internal mixing case. In the case forcing due to the direct effect of tropospheric
aerosols, and possibly also the sign. The differenceof external mixing it is worth noticing that the

deviation between the results of the two models is in single scattering albedo is the main reason for

the different radiative forcing of mixture of sulfatelarger in the separate sulfate and soot calculations
than in the combined case. The higher internal and soot as an external mixture (−0.16 W/m2)

and an internal mixture (0.10 W/m2 ).mixture forcing calculated in this work compared

to Haywood et al. (1997a) can probably mainly The uncertainty in the radiative forcing due
soot in a mixture with sulfate aerosols is not onlybe explained by smaller temporal variations of

relative humidities in our work, as well as different connected to the type of mixture between them,

but also to the soot distribution. We have assumedaerosol distribution and effect of clouds.
a linear mass relationship between soot and sulf-
ate, which is uncertain both regarding the global

distribution and the total global soot burden. In6. Summary
fact, the two CTM studies available (Liousse et al.,
1996; Cooke et al., 1996) disagree by a factor ofBased on a recent 3D CTM calculation of

tropospheric sulfate, direct radiative forcings due two on the soot burden. Future CTM calculations
should in a consistent way include both sulfateto sulfate aerosols and soot aerosols are estimated.

The resulting radiative forcing due to sulfate aero- and soot.

Finally, we would like to underline the fact thatsols is −0.32 W/m2. Maximum forcing is found
over southern Europe, where there are favourable our calculations, as well as similar calculations

published previously, suffer from significant uncer-atmospheric conditions for high sulfate forcing.
A linear mass ratio between fossil fuel soot and tainties due to large uncertainties in the assumed

spatial and temporal distribution of the aerosolssulfate of 0.075 is assumed. This gives a radiative

forcing from fossil fuel soot aerosols of 0.16 W/m2. as well as their size distribution and chemical
composition.Maximum soot forcing is found over eastern
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