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Abstract. Climate response to atmospheric changes brought about by human 
activity may depend strongly on the geographical and temporal pattern of radia- 
tive forcing [Taylor and Penner, 1994]. In the case of aerosols stemming from 
anthropogenic sulfur emissions, geographical and temporal variations are certainly 
caused by variations in local mass concentration [Charlson et al., 1991; Kiehl and 
Briegleb, 1993], but could also arise from variations in the optical properties of 
sulfate aerosols. Since optical properties (including their relative humidity (RH) 
variation) depend fundamentally on aerosol size and chemical form and since size 
and chemical form are features of the aerosol which are not likely to be modeled 
on the global scale in the near future, geographical and temporal variations in 
optical properties could represent a stumbling block to accurate climate change 
forecasts. While extensive measurements of aerosol optical properties are needed 
to fully assess this problem, a preliminary assessment can be gained by considering 
the sensitivity of climate forcing to realistic variations in sulfate aerosol size and 
chemical form. Within a plausible set of assumptions (sulfate aerosol resides in the 
accumulation mode size range and only interacts with water vapor and ammonia 
vapor), we show that this sensitivity is fairly sillall (+20•/0). This low sensitivity 
derives from a number of compensating factors linking the three optical parameters 
identified by Charlson et al. [1991]. By implication, these optical parameters, low 
RH scattering efficiency, the ratio of hemispheric backscatter to total scatter, and 
the RH dependence of scattering e•ciency, should not be treated independently 
in either theoretical or experimental investigations of direct climate forcing. A 
suggested logical focus for such investigations is the backscatter eflqciency at high 
RH. If borne out by future research, low sensitivity to sulfate aerosol size and 
chemistry would mean that direct sulfate climate forcing can be incorporated in 
global climate models with only a knowledge of sulfate mass concentration. We 
emphasize, therefore, the need to study the extent to which our assumptions break 
down, in particular, the fraction of anthropogenic sulfate that forms on coarse 
mode particles (i.e., those with diameters • 1 /•m) and the extent and effects of 
sulfate interactions with other accumulation mode components. Finally, we find 
that a significant fraction of direct aerosol forcing occurs in cloud-covered regions, 
according to a simple bulk parameterization. 

1. Introduction 

The ability of atmospheric aerosols to affect the radia- 
tive balance of the Earth has been recognized for several 
decades both regarding their direct effect on backscat- 
tering of sunlight [McCormick and Ludwig, 1967; Charl- 
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son and Pilaf, 1969; Atwater, 1970; Rasool and Schnei- 
der, 1971] and their indirect effect (also referred to as 
the "Twomey" effect), whereby cloud optical proper- 
ties are influenced by the available number concentra- 
tion of cloud condensation nuclei [Twomey, 1974, 1977; 
Twomey et al., 1984]. Bolin and Uharlson [1976] esti- 
mated the direct forcing of anthropogenic sulfate par- 
ticles in terms of a temperature decrease of-0.03 to 
-0.06 K but they significantly underestimated the sur- 
face area of the Earth affected by anthropogenic sulfa, te 
aerosols. The first attempts to incorporate an aerosol 
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climatology in a global model are due to Toon and Pol- 
lack [1976] and Coakley et al. [1983]. The latter showed 
that "background aerosols", which were largely sulfates, 
could cool the Earth's surface by 2 to 3 degrees. When it 
was realized that the sulfur cycle, at least in the north- 
ern hemisphere, was dominated by anthropogenic emis- 
sions [Langner et al., 1992], it became undoubted that 
anthropogenic sulfate particles have a non-negligible ef- 
fect on the Earth's radiative balance. 

Using the global distribution of anthropogenic sulfate 
aerosol derived by Langner and Rodhe [1991] [see also, 
Langner et al., 1992], Charlson et al. [1991] (hereafter 
C91) re-estimated the direct climate forcing stemming 
from anthropogenic SO2 emissions. They showed that 
this forcing, while highly uncertain, is significant in 
magnitude when scaled against present-day forcing by 
anthropogenic greenhouse gases. By implication, accu- 
rate climate change forecasts would be impossible until 
the climate forcings due to anthropogenic aerosols were 
included. Successive studies have confirmed this point. 
Kiehl and Briegleb [1993] (hereafter KB93) showed that 
the geographical pattern of climate forcing changes dra- 
matically when anthropogenic sulfate aerosols are in- 
cluded, while Taylor and Penner [1994] showed that 
both the pattern of climate response and the globally 
averaged climate sensitivity are highly dependent upon 
the geographical pattern of forcing. Though not ex- 
plicitly stated, these conclusions apply to the temporal 
pattern of climate forcing as well, which is markedly 
variable for aerosols on diurnal, synoptic, and seasonal 
scales. 

Using a "reference box model", Charlson et al. [1991, 
1992] systematized the climate forcing calculation into 
a set of nine key parameters (see Table 1 by Charlson e! 
al. [1992]). These parameters can be divided into three 
categories: (1) parameters for predicting the mass con- 
centration of anthropogenic sulfate, (2) parameters for 
predicting the optical properties of anthropogenic sul- 
fate with respect to the scattering of solar radiation, and 
(3) parameters for predicting the incident flux of solar 
radiation. There is a long history of model development 
with respect to category 3, which includes such parame- 
ters as solar zenith angle, surface albedo, and the global 
distribution and radiative properties of gases and clouds 
in the atmosphere. Models have also been developed 
[Langner and Rodhe, 1991; Langner et al., 1992; Taylor 
and Penner, 1994] with respect to category 1, as stated 
above. Though considerable refinement of these models 
is required, it is already clear that they produce reason- 
able results when compared to observations [Lang•½v e! 
al., 1993]. Category 2, the optical properties of sulfate 
aerosols (including their dependence on ambient rela- 
tive humidity), presents a major potential difficulty. 
Climate forcing estimates to date [C91; KB93; Taylor 
and Penner, 1994] differ by a factor of 3, mostly at- 
tributable to different assumptions about optical prop- 
erties. These optical properties depend fundamentally 
on the size and chemical form of the sulfate aerosol par- 
ticles, yet models predicting aerosol size and chemical 
form on a global scale are not currently available nor are 
they likely to be developed in the near future. Therefore 

the accuracy of climate forcing estimates, and in partic- 
ular the spatial and temporal pattern of this forcing, is 
likely to be limited for some time to come by the spatial 
and temporal variability of climatically relevant aerosol 
optical properties, what could be termed the "climate 
forcing efficiency" (per unit mass) of an aerosol com- 
ponent. By using existing models for categories 1 and 
3 above and by adopting a plausible set of simplifying 
assumptions, this article will explore possible variations 
in the climate forcing efficiency of sulfate aerosols. 
Within category 2, C91 identified three parameters that 
must be considered in order to predict the radiative ef- 
fect of sulfate aerosol from the sulfate mass concentra- 

tion. These are the light scattering efficiency per unit 
sulfate mass at low relative humidity (RH), a'•p_soT, 
the fraction of scattered light which is scattered into the 
backward hemisphere, b (closely related to the asymme- 
try parameter, g, used by two-stream radiative transfer 
calculations), and the increase in light scattering as a 
function of relative humidity, f(RH), which results 
the hygroscopic nature of sulfate aerosols. Each of these 
parameters exhibits strong variations with particle size, 
wavelength, and chemical form, and these variations are 
not independent. For instance, KB93 pointed out based 
on Mie calculations with various size distributions of 

sulfuric acid aerosol that increases in a•p-so• are as- 
sociated with decreases in b. (For solar wavelengths, 
this result applies to particle sizes in the accumulation 
mode: 0.1 < Dp < 1/•m.) This is a compensating effect. 
That is, the climate forcing efficiency of accumulation 
mode sulfate aerosols is seen to be much less sensitive to 

particle size when the interdependence of a',..,_so 7 and 
b is taken into account, than when the two are consid- 

ered separately. Because f(RH) also varies with particle 
size [Hegg et al., 1993], the interdependence extends to 
this parameter as well. However, KB93 were not able to 
consider this because they adopted f(RH) from empiri- 
cal studies [Charlson et al., 1984] as a single, unvarying 
function. Moreover, KB93 did not treat the RH depen- 
dence of g. 
Our study attempts to incorporate all these interrela- 
tionships. To do this requires knowledge of the low 
RH size distribution and of the RH variations of par- 
ticle size, density, and refractive index for each chem- 
ical form. Given this knowledge, all optical properties 
required for incorporating sulfate aerosols into the ra,- 
diative transfer portion of the general circulation model 
(GCM) can be calculated from Mie theory. We assume 
(1) that anthropogenic sulfate mass resides in the ac- 
cumulation mode and (2) that. sulfate aerosol only in- 
teracts with gas phase ammonia and/or water vapor. 
The first assumption restricts particle size to within the 
range of measurements for the a. ccumulation mode. The 
second assumption restricts the sulfate aerosol chem- 
ical form to the ammonium-sulfate-water system, for 
which extensive laboratory data on hydration behavior 
is available. In essence, our assumptions constitute a 
simple but plausible physical-chemical model of sulfate 
aerosol which allows the interdependence of o',•,-so2, b, 
and f(RH) to be explored via, their mutual dependence 
on particle size, wavelength, and chemical form. 
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We use sulfate mass concentrations (category 1 above) 
from Langner and Rodhe [1991], as in previous cli- 
mate forcing calculations [C91, KB93]. Climate forcing, 
which depends among other factors on the tempora.1 and 
spatial distributions of RH, clouds, surface albedo, and 
solar zenith angle, is calculated with the Laboratoire de 
M•tdorologie Dynamique (LMD) GCM. Three chemical 
forms are tested with ammonium-to-sulfate ratios of 2 

(ammonium sulfate), 1 (ammoniuna bisulfate), and 0 
(sulfuric acid). For ammonium sulfate we test the effect 
of hysteresis in the growth curve between 40 and 80% 
RH. In addition, we test size distributions centered at 
0.15, 0.20, 0.30, 0.40, and 0.60/•m (dry aerosol geomet- 
ric volume mean diameter, D•0). (The extreme sizes 
are outside the range of most observations for accumu- 
lation mode aerosols, but are included to show size de- 
pendent tendencies.) Optical properties for each aerosol 
type are calculated according to Mie theory at 12 val- 
ues of RH and for 24 wavelengths. The wavelength in- 
formation is then compressed into the two wavebands 
available in the LMD GCM by taking weighted averages 
over the solar power spectrum. We test the influence 
of this averaging procedure by considering both t. op- 
of-atmosphere and bottom-of-atmosphere solar spectra. 
(the latter calculated for clear sky midlatitude summer 
conditions). We use the GCM to calculate climate forc- 
ings only, not climate effects or feedbacks between the 
climate system and the sulfate aerosol. Details of the 
calculations are given in the next section. 

2. Brief Description of the Models 

2.1. The MOGUNTIA Model 

The MOGUNTIA model •va,s initially developed by 
Zimmermann [Zimmermann, 1984; 1987] at University 
of Mainz, Germany. It is a,n Eulerian transport model, 
with a 10 ø resolution in latitude and longitude and 10 
vertical layers. Wind, precipitation, and temperature 
are prescribed from climatological monthly values. This 
model has been used at Department of Meteorology, 
Stockholm University, to describe the tropospheric sul- 
fur cycle [Langner and Rodhe, 1991]. Three sulfur com- 
ponents are considered: dimethylsulfide (DMS), sulfur 
dioxide (SO2), and aerosol sulfate (SO•). Sources are 
divided into anthropogenic and n•tural emissions as 
shown in Table 1. We consider in this study that 90% of 
the biomass burning SOu emissions are anthropogenic. 
The model (in its "standard oxidation" version) was 
run twice, a first time with natural sources only (prein- 
dustriM case), the second time with natural and an- 
thropogenic sources (industrial case). Monthly mean 
values of the aerosol mass fields are extracted from the 

last 12 months of 18 month integrations. The model 
has been compared to different sets of measurements 
[Langner and Rodhe, 1991; Langner et al., 1993]. In gen- 
eral, there is a fair agreement between modeled sulfate 
concentration and observations. However, the model 
has to be improved regarding the treatment of chemical 
processes and the estimates of the sources in order to 
better simulate the seasonal variability. The geographic 

Table 1. Emission Rates of Sulfur Components Used 
in the Model Calculations 

Industrial Preindustrial 

Sources Case Case 
Anthropogenic SO2 66.5 
Anthropogenic SO• 3.5 
Biomass burning (SO2) 2.5 
Volcanoes (SO2 + SO•) 8.5 
Oceans (DMS) 16 
Soils and plants (DMS) i 

0 

0 

0.25 

8.5 

16 

1 

Emission rates are in teragra•ns sulfur per year. D MS 
is dimethylsulfide. 

distribution of annually averaged sulfa.te burden in both 
integrations (preindustrial and industrial cases) are dis- 
played in Figure 1. The burden of anthropogenic sul- 
fate, obtained by difference, is given in Table 2 for each 
hemisphere and each of the two specific regions consid- 
ered. 

2.2. The LMD GCM 

The LMD GCM is a grid point model that has been 
developed for climate studies. It has been initially de- 
scribed by Sadourny and Laval [1984] and Le Treut and 
Li [1991]. The resolution is 64 points evenly spaced 
in longitude, 50 points evenly spaced in sine of the 
latitude and 11 •-levels. The radiative parameteriza- 
tion is an improved version of the codes described by 
Fouquart and Bonnel [1980] (solar radiation)and Mor- 
crette [1991] (terrestrial radiation) and is the same as 
the one implemented in the model of the European Cen- 
tre for Medium-Range Weather Forecasts (ECMWF). 
The technical points of the scheme (including the treat- 
ment of aerosols) are best documented by Morcrette 
[1989]. The shortwave spectrum is divided into two 
spectral intervals: 0.25-0.68 and 0.68-4.00 /•m. The 
radiation routine is called every 2 hours. The model a.c- 
counts for the diurnal cycle of solar radiation and allows 
fractional cloudiness to form in a grid box. In the cloud- 
filled portion of a grid box, the optical properties (r, co, 
and g) of gases, aerosol particles, and cloud droplets 
are combined and the Delta-Eddington assumption is 
made. In the cloud-free portion of a grid box, the op- 
tical properties of gases and aerosols are combined and 
a Delta approximation of the forward scattering peak 
is made to account for the highly asymmetric aerosol 
phase function. The reflectivity and the transmissivity 
of a layer are simply the average of the clear and cloudy 
sky reflectivities and transmissivities weighted linearly 
by their respective fractions in the layer. This is equiv- 
alent to the random overlap assumption [Morcrette and 
Fouquart, 1986]. 
We predict cloud cover from a simple statistical scheme 
where total water (water vapor and cloud water) is a.s- 
sumed to be uniformly distributed in a grid box [Le 
Treut and Li, 1991]. The cloud fraction is defined as 
the part of the grid box where the total water exceeds 
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Figure 1. Sulfate aerosol burdens (milligrams of sulfate per square meter) in the preindustrial 
and industrial cases as simulated by the MOGUNTIA model (see Langner and Rodhe [1991] and 
Langner et al. [1992]). 

the water vapor mixing ratio at saturation. Part of the 
water is condensed in the cloudy part and liquid water 
content is predicted. Water vapor mixing ratio is com- 
puted both in the clear sky and the cloudy part of the 
grid box. The clear sky relative humidity is then stored 
for use in the aerosol parameterization. The prescribed 
sulfate aerosol vertical distribution in the GCM is the 

same as the one simulated by the chemical model and 
the grid change is made in such a way that the total 
sulfate aerosol burden is kept the same. 

The shortwave radiative fluxes are computed at each 
time step for each aerosol type, with and without the 
presence of clouds and with and without the influence of 
relative humidity on aerosol growth. To advance froin 
one time step to the next, preindustrial sulfate concen- 

trations are used. Thus we do not consider feedbacks 

between anthropogenic sulfate aerosol and the climate 
system. 

The model is run for 1 year. While its output does not, 
therefore, represent a climatology, it is useful to ex- 
amine the cloud and RH fields for reasonableness. The 

simulated "cloud radiative forcing" is in good a.greemen[ 
with the Earth Radiation Budget Experiment (ERBE) 
data [Ramanathan et al., 1989]. The seasonal cycle is 
well reproduced, although the simulated forcing is too 
small in the midlatitudes of the southern hemisphere 
(SH) summer and is too high in the tropics. Cloud 
cover (CC) is computed every half-hour and is averaged 
temporally assuming a random overlap in the vertical. 
The random overlap hypothesis is reasonable here con- 
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sidering the roughness of the vertical resolution and is 
consistent with the treatment of fi'actional cloudiness 

in the parameterization of radiation. The annually av- 
eraged value of CC is 49.7, 55.4, and 52.6% for the 
NH, SH, and globe, respectively (Table 2a). These val- 
ues are somewhat lower than the climatological averages 
from satellite- and ground-based estimates [Mokhov and 
Schlesinger, 1994]. Clear sky daytime relative humidity 
ranges from 20 to about 80%. Averaged in lower 2 kin, 
it is higher over ocean (67.1%) than over land (57.,5%) 
(see Table 2a). Relative humidity is about 73 and 55% 
in the first vertical layer (-•980 hPa) over ocean and 
land, respectively. It is relatively constant with height 
within the boundary layer, while it decreases above the 
boundary layer. 

3. Sulfate Aerosol Optical Properties 

The shortwave radiative transfer portion of the LMD 
GCM requires the knowledge of vertical aerosol opticM 

depth, rp, single scattering albedo, w, and asymmetry 
parameter, g. Because hydrated sulfuric acid and hy- 
drated ammonium-sulfate salts are essentially nonab- 
sorbing at wavelengths below 2 ym [Kent et al., 1983] 
and because the small fraction of solar power above 2 
ym (<5%) is mostly absorbed by atmospheric gases, we 
set w = 1. This implies that rp = rsp, where rsp is the 
vertical optical depth due to scattering by particles and 
depends on both the concentration of the sulfate aerosol 
and its optical properties: 

r,p - a•p Az - a•p-so• mso2 Az (1) 

Here asp is the aerosol scattering coefficient (per me- 
ter), Az is the vertical thickness (meters) of the GCM 
grid box, and mso 2 is the sulfate ion mass concen- 
tration (grams per cubic meter) as predicted by the 
Langner and Rodhe [1991] model. Equation (1) defines 
asp_so7, the sulfate scattering efficiency (with unit me- 
ters squared per gram). Note that this quantity trans- 

m I I • /--tl, • ß 1-1 • f, /"'1 i 1 /"'11 I I /-• 1 

LaDle ,:a. •11malAc t•al'ame•el's iroli1 tjloaal ' ' ' ' •10Dal •Cale IVlOOels: 

Parameters 

NH SH Globe 

ASCB (Anthropogenic Sulfate Column Burden (rag SO• m-U)) 
Ocean 2.20 0.59 1.28 

Land 6.16 2.09 4.83 

Combined 3.76 0.88 2.32 

C91 3.58 0.41 2.00 

KB93 2.93* 0.60* 1.77' 

RH low (Clear Sky Daytime RH in Lower 2 kin) 
Ocean 66.9% 67.2% 67.1% 
Land 56.0% 60.5% 57.5% 
Combined 62.6% 65.9% 64.3% 

CC (Cloud Cover) 
Ocean 55.0% 56.7% 56.0% 
Land 41.6% 50.0% 44.3% 
Combined 49.7% 55.4% 52.6% 
C91 61% 
KB93 62% 

CFE (Climate Forcing Efficiency (W (g SO•) -•)) 
Ocean -137 -135 

Land -118 -120 

Combined -125 -128 

C91 -299 -268 

KB93 -147 -217 

RH-factor 
Ocean 1.49 1.36 

Land 1.37 1.28 

Combined 1.41 1.33 

Cloud-factor 
Ocean 0.55 0.56 

Land 0.64 0.71 

Combined 0.60 0.62 

C91 

KB93 

-136 

-118 

-125 

-300 

-158 

1.45 

1.36 

1.40 

0.56 

O.65 

0.61 

0.39 

0.64* 

* B. Briegleb, personal communication, 1994. 
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Table 2b. Climatic Parameters from Global Models: Regional 
Parameters 

Eastern United, Eastern United Europe, Europe, 
States, January States, July January July 

ASCB 15.8 12.7 22.7 20.1 

RH low 64.4% 68.6% 74.3% 59.9% 
CC 82.2% 70.5% 71.6% 28.1% 
CFE -80 -132 -62 -193 
RH factor 1.53 1.64 1.87 1.41 
Cloud factor 0.34 0.46 0.28 0.72 

Average values of key prognostic variables are from the global-scale models 
MOGUNTIA and the LMD GCM. Variable definitions are given in Table 24 for 
use in part Table 2b. 
Table 24 gives averages over the northern hemisphere (NH), southern hemisphere 
(SH), and globe, separated in each case into ocean, land, and combined. Ad- 
ditional rows indicate the values, where known, from the studies of C91 and 
KB93. 

Table 2b gives the averages over two specific, high-concentration regions for two 
specific months of the year. (See Figure 5 for further information on this regional 
study.) 

forms the mass concentration of sulfate anion into light 
scattering by the complete, sulfate-containing, aerosol 
component, which can include, depending on chemical 
form and ambient RH, ammonium cations and/or wa- 
ter of hydration. The RH dependent values of c•sp_so7 
are derived from standard Mie calculations [Bohren a•d 
Huffman, 1983] as follows. 

Assuming internally homogeneous spheres (nonabsorb- 
ing in our case), Mie theory predicts the scattering cross 
section, Asp, of individual particles as a function of their 
diameter, D, real refractive index, n, and the wave- 
length of incident light, A. Because particle volume, Vp, 
depends only on D (for spheres), a straightforward ap- 
plication of Mie theory is to calculate the volume scat- 
tering efficiency of a lognormal particle size distribution, 

A•(Do•, o'g, n, • ) 
- , 

where Do•, and o' o are the geometric volume mean dia. m- 
eter and geometric standard deviation, respectively, and 
Vp and A,p now represent integrations over the particle 
size distribution. Converting (•,p-v to lnaSS scattering 
efficiency would require additional inforlnation about 
the ratio of particulate mass to volume. Similarly, for 
pure sulfate particles (i.e., composed only of sulfate ions 
and chemically associated water, hydrogen ions and/or 
ammonium ions), c•sp-v can be converted to 
given the ratio of sulfate ion mass to particulate volume: 

,p-sor - Vp _ (3) -- , 

mso 7 Cso 7 

where Cso t is the particulate phase sulfate ion concen- 
tration (grams per cubic centimeter). The hydration 
dependent quantities in (2)-(3) are Dg•, n., •, and 
Cso7. The parameterization of their RH dependence 
is discussed below ((4)-(5) and associated text). 

The same, hydration dependent Mie calculations that 
predict Asp for individual particles also predict the scat- 
tering phase function, P(q)). Appropriate integrations 
of P((I)) yield both g (the asymmetry parameter or 
intensity-weighted average of cos((I))) and b (the ratio 
of hemispheric backscattering to total scattering). Thus 
hydration effects on both scattering efficiency and the 
angular distribution of scattered intensity are propa- 
gated in a self-consistent manner through all the chem- 
ical and physical tests. To calculate g and b for a size 
distribution, Asp-weighted averages are used. For aver- 
ages over selected portions of the solar power spectrum, 
weighting is by both Asp and solar power. 
To explore possible variations in sulfate aerosol optical 
properties, we consider 11 aerosol types. Each aerosol 
type defines the wavelength and RH dependent values of 
C•sp_So 2 and g. We will also present values of the henri- 
spheric backscattering efficiency, (•sp-so2, since this 
quantity can be related to backscatter measurements 

by nephelometry [Chadson et al., 1974]. (•,p-so2 is 
defined like (•,p_soy, except that where (•,p-so2 rep- 
resents all scattering angles (0 to 180ø), ct•,p_so7 repre- 
sents scattering in the backward henrisphere only (scat- 
tering angles of 90 to 180 o with respect to the incident 
ray). The backscatter fraction, b, is defined as the ratio 
between c•p-so• and c•p-so•. The backscatter frac- 
tion is not used in our radiative transfer calculation, 
but is presented for the sake of comparison with pre- 
vious investigators [Charlson e! al., 1991; 1992). Note 
that b is equivalent to the "upscarter fraction" (fraction 
of incident solar radiation scattered upward to space) 
for a solar zenith angle of 0 ø. Table 3 summarizes the 
11 aerosol types. Using aerosol type A as the reference, 
we can explore the sensitivity of climate forcing to the 
hysteresis effect (types A, B, and C), the aerosol size dis- 
tribution (types D to H), the chemical form (types A, 
I, and J), and the spectral averaging procedure (types 
A and K). 
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Table 3. Aerosol Types 

Aerosol Chemical D9,, •r Hydration Spectral 
Type Composition /ira Growth Averaging 

Base Case 

A (NH4)2SO4 0.30 2.0 interp. BOA 
Hysteresis Tests 

B (NH4)2SO4 0.30 2.0 rising RH BOA 
C (NH4)2SO4 0.30 2.0 falling RH BOA 

Particle Size Tests 

D* (NH4)2SO4 0.15 1.4 interp. BOA 
E (NH4)2SO4 0.20 1.4 interp. BOA 
F (NH4)2SO4 0.30 1.4 inter p. BOA 
G (NH4)2SO4 0.40 1.4 interp. BOA 
H* (NH4)2SO4 0.60 1.4 interp. BOA 

Chemical Form Tests 

I (NH4)HS04 0.30 2.0 falling RH BOA 
J H2SO4 0.30 2.0 N/A BOA 

Spectral Averaging Test 
K (NH4)2S04 0.30 2.0 interp. TOA 

Dgv0 and ag are the geometric volume mean diameter (at 0% RH) 
and geometric standard deviation defining a lognormal size distribution. 
The hydration column refers to the hysteresis phenomenon for am•no- 
nimn sulfate and ammonium bisulfate and tells whether hydrat, ion data 
was taken from the rising RH or the falling RH growth curves or from 
a curve which interpolates between the two (interp.). Optical properties 
(see Table 5) are averaged over either the bottom-of-atmosphere (BOA) 
or top-of-atmosphere (TOA) representation of the solar power spectrum. 
N/A means "Not applicable". 
*Types D and H are unrealistic sizes for accumulation mode aerosols. 

The sulfur cycle model of Langner and Rodhe [1991] 
predicts the global distribution of aerosol sulfa, te de- 
rived from anthropogenic sulfur emissions but does not 
predict the associated cartons (usually hydrogen and/or 
ammonium) nor the amount of chemically held, 
condensed-phase water. Sulfur emissions are responsi- 
ble for the presence of these cations and water in the 
condensed phase since these species would be in the gas 
phase in the absence of the sulfur emissions. This is cer- 
tainly the case with water and generally the case with 
ammonia. (An exception would be sulfuric acid reacting 
with particulate phase ammonium nitrate to volatilize 
nitric acid. Because nitrate is a small fraction of aerosol 

mass outside of selected urban areas [White, 1990] and 
because ammonium nitrate is likely to occur on coarse 
mode particles that are externally mixed with ammo- 
nium sulfates, this reaction is probably of secondary 
importance.) Because the most likely cartons are hy- 
drogen and ammonium and because the ammonium- 
sulfate-water system is quite well understood, we re- 
strict ourselves to these species. 
In essence, then, we are testing the sensitivity of climate 
forcing by acidic sulfate aerosols to the degree of am- 
monia neutralization' the a. mmonium-to-sulfate ratio 

is varied from 0 (sulfuric acid) to i (ammonium bisul- 
fate) and 2 (ammonium sulfate). The degree of neu- 
tralization involves a compensating effect. Sulfuric acid 
particles are extremely hygroscopic and will draw sig- 

nificant water mass into the aerosol phase at any RH. If 
these particles are partially or completely neutralized by 
drawing ammonia from the gas phase, there will be an 
increase in pa.rticle mass due to the added ammoniuna 
but a decrease in particle hygroscopicity (especially at 
low RH) and thus a decrease in particulate water mass. 
Ammonia neutralization also affects particle size and 
refractive index at each RH. 

Table 4 lists the properties of anhydrous sulfate com- 
pounds as well as the properties of pure water. Aerosol 
hydration is predicted based on laboratory studies of 
single-component aerosols which describe the variation 
of water activity (equivalent to RH for particles larger 
than about 0.1 ttm diameter) and droplet density, pa, 
as functions of solute mass fraction, x,•. These re- 
sults can be used to predict the diameter growth factor, 
Dd/Do (where Dd and Do are the volume equivalent 
diameters of the droplet and dry crystal, respectively), 
using 

1 

D•=( Pø ) • (4) Do Pd Xms 

Here P0 is the density of the anhydrous particle (Ta- 
ble 4). Similarly, the particulate phase concentration of 
sulfate ion, Csor, for input to (3), can be calculated 
from 

Mso• 
Csor - ' (5) 
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Table 4. Properties of Water and Anhydrous Sulfate Compounds 

Compound Formula Mj, po, n(0.580) Rj, DH CH 
gmol-1 gcm -3 cm 3mol-1 

Water H20 18.02 0.997 1.333 a 3.1724 b 
Ammonium sulfate (NH4)2SO4 132.14 1.769' 1.521' 23.50 d 80% d 37% d 

Ammonium bisulfate (NH4)HSO4 115.11 1.78' 1.473' 18.38 d 39% d < 5% d 
Sulfuric acid H2804 98.08 1.841' 1.426 b 13.45 b <1% <1% 

M 3 is the molecular weight, p0 the density, n(0.589) the reM refractive index at 0.589/•m wavelength, and 
Rj the partial molar refraction of the pure compound. The exception to this is su]furic acid, where po and 
n(0.589) apply to a 97% pure (by mass) mixture with water. In this case, n(0.589) is calculated using the 
Stelson [1990] method Mong with the R3 and p0 values given here. DH is the deliquescent relative humidity 
and CH the crystallization relative humidity for aerosol particles consisting of the given compound plus water. 
•Kent et al. [1983]. 
bStelson [1990]. 
c Weast [1987]. 
d Tartg and Munkelwitz [1994]. 

where Mso2 and M, are the molar masses (grams per 
mole) of sulfate ion and the solute, respectively. The 
real refractive index at 0.589 pm wavelength, n(0.589), 
is calculated from x,•, and the partial molar refrac- 
tion, Rj, of each species following Stelson [1990]. Val- 
ues of Rj are given in Table 4. There is a. small 
wavelength dependence to refractive index over the so- 
lar spectrum which takes a. similar form for all the 
species (water, sulfa. te, and ammonium) under consid- 
eration. Available data [Kent ½t al., 1983; Palmer 
and Williams, 1975] were closely matched by set, ting 
n(A) = n(0.589)-0.03 (A-0.589), where ,k is the wave- 
length in pm. 

Most atmospheric aerosol particles, including H2SO4, 
(NH4)HSO4, and (NH4)2SO4 particles are hygroscopic: 
their physical and optical characteristics are dependent 
on the relative humidity of the ambient atmosphere. 
Whereas sulfuric acid particles are always hydrated, 
ammonium bisulfate and amn•onium sulfa. te particles 
can exist as dry crystals at sufficiently low RH and expe- 
rience an abrupt change in size with increasing RH when 
a specified RH is reached. This RH, called the deliques- 
cence relative humidity (DH), is 80% for (NH4)2SO 4 
[Tang and Munkelwitz, 1994; Shaw and Rood, 1990; 
Covert e! al., 1972] and 39% for (NH4)HSO4 [Tang 
and Munkelwitz, 1994]. However, the pa. rticle•oes not 
behave in the same way for increasing and decreasing 
RH conditions. When RH decreases, a particle does 
not crystallize at the DH but remains in a. metastable 
state until the crystallization relative humidity (CH) is 
reached. This hysteresis phenomenon can be neglected 
for ammonium bisulfate because the CH (< 5% [Tang 
and Munkelwitz, 1994]) is below normal values encoun- 
tered in the lower troposphere. That is, we can rea.- 
sonably assume that ammonium bisulfate particles will 
always be hydrated. For ammonium sulfa. te, however, 
hysteresis occurs over a much more common range of 
RH values (37 to 80%) such that metasta. ble droplets are 
much more likely. The existence of metastable droplets 
for ambient RH within this range has been shown to be 

a common feature of the atmospheric aerosol at a vari- 
ety of urban and rural sites [Rood et al., 1989]. HS'nel 
and Lehmann [1981] also observed the hysteresis cycle 
on several samples. This has important implications for 
the computation of aerosol optical properties since part 
of the light-scattering is due to the liquid H20 incor- 
porated in the metasta. ble droplets. The question thus 
arises whether to follow the rising or falling RH growth 
curve, which requires a knowledge of the RH history 
of each air parcel. Lacking such detailed information, 
we test the sensitivity of climate forcing to hysteresis: 
both curves are included in these calculations as well as 

an "average" curve based on a simple linear interpola- 
tion of droplet diameter growth between the 40% (no 
growth) and 80% RH points. 

For a given mass concentration, the primary factor af- 
fecting the light-scattering efficiency of an aerosol pop- 
ulation is its size distribution. Unfortunately, aerosol 
size distribution cannot be predicted by any existing 
large-scale model, nor is this a likely development in 
the near future. Thus it is important to test the sensi- 
tivity of climate forcing to the size distribution of sul- 
fate aerosols. The great majority of mass derived from 
gas-to-particle conversion resides in the accumulation 
mode where its size distribution is approximately log- 
normal, with geometric volume mean diameters, Dgvo, 
(measured at low RH) generally between 0.2 and 0.4 pm 
and geometric standard deviations, era, between 1.4 and 
2.2 [e.g., Whitby, 1978; Miszaros, 1978; Hoppel et al., 
1990; Hoppel and Frick, 1990; Covert and Heintzenberg, 
1993]. On the basis of these considerations, our aerosol 
chemistry tests use lognorma! distributions with %=2.0 
and Dgvo=0.30 pro. To test the sensitivity of climate 
forcing to the size distribution of sulfate aerosols. we 
consider five aerosol types spanning a range of possibil- 
ities with Dado values of 0.15, 0.20, 0.30, 0.40, and 0.60 
pm. The extreme sizes (Dgvo = 0.15 and 0.60 t. tm) are 
not realistic for accumulation mode sulfate but we in- 

clude them to show how the sensitivity to size works. A 
geometric standard deviation of 1.4 is preferred in these 
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tests because it makes them more sensitive to changes 
in size (see, e.g., Figure 3 of KB93). 

For a given size distribution and chenaical composition, 
a•p_so 2 and g are strong functions of wavelength. The 
LMD GCM provides two wavelength bands in the short- 
wave (0.25-0.68 •um and 0.68-4.0 •um). To derive ap- 
propriate optical properties for these wavelength bands, 
Mie calculations were performed for each aerosol type, 
at each RH, and for 24 wavebands between 0.28 and 
4.0 •um. To compress the wavelength variation of op- 
tical properties into the two wavebands of the GCM, 
weighted averages are taken over the relevant portions 
of the solar power spectrum. For g, weighting is done by 
the product of solar power and C•sp_So 7 . We use the so- 
lar power spectrum simulated by the Streamer radiative 
transfer model (J. Key, Streamer User's Guide, unpub- 
lished report, Cooperative Institute for Research in En- 
vironmental Sciences, University of Colorado, 1994) for 
clear sky, midlatitude, summer, bottom-of-atlnosphere 
(BOA) conditions. We also ran one case with the top- 
of-atmosphere (TOA) spectrum (aerosol type K). The 
BOA spectrum compared to the TOA shows a loss of 
energy at both short wavelengths (clue to Rayleigh scat- 
tering) and at longer wavelengths (due to H20 and CO.2 
absorption) such that the power becomes a little bit 
more concentrated in the 0.4 to 0.8 p.m regions. How- 
ever, these changes in solar power distribution make 
very little difference to the aerosol optical properties or 
the calculated climate forcing. The optical properties 
are summarized in Table 5 and in Figure 2. 

4. Results and Discussion 

For our base case (type A), the pattern of climate forc- 
ing is shown in Figure 3 (annually averaged geographi- 
cal distribution) and Figure 4 (zonally averaged tempo- 
ral distribution), while regional and temporal variations 
of climate forcing efficiency are explored in Table 2b and 
Figure 5. Sensitivity analyses, in which forcings by the 
various aerosol types are compared, are presented in 
Table 6 and Figures 6 and 7. 

4.1. Geographical Pattern of the Forcing 

The annually averaged direct radiative forcing of an- 
thropogenic sulfate aerosols for our base case (aerosol 
type A) is estimated to be -0.47 and -0.11 W m -2 
in the northern hemisphere (NH) and SH, respectively. 
Large negative radiative forcings (-1 to -3 W m -2) 
occur over the eastern United States, Europe, South- 
east Asia and, to a lesser extent, over South Africa and 
off the west coast of South America. The pattern of 
forcing (Figure 3) is very similar to the one obtained by 
KB93 who used similar sulfate fields and, like us, cal- 
culated direct shortwave forcing only. Small differences 
arise from different RH and cloudiness fields as well a.s 

differences in the RH dependence of optical properties. 
Kiehl and Rodhe [1995] used the same aerosol optical 
properties as KB93 but computed the forcing with sul- 
fate abundances from Pham et al. [1995]. The pattern 
of the forcing is again similar, although the magnitude 
is roughly a factor of 2 larger. 

Table 5. Comparison of Optical Properties among Aerosol Types 

RH-30 % RH=80 % j' (80%) 

Aerosol < Otsp_$½12 > g O•bsp_$O • < b > ø•sp-$Cl• g ab,p-SO: b < O:sp_$O • > C•bsp_$O • • 4 

Type m2 I•- m 2 g-1 m 2 g- m 2 g-• 
Base Case 

A 3.12 0.60 0.368 0.118 8.86 0.70 0.704 0.079 2.84 1.91 
Hysteresis Tests 

B 3.12 0.60 0.368 0.118 8.86 0.70 0.704 0.079 2.84 1.91 
C 3.12 0.60 0.368 0.118 8.86 0.70 0.704 0.079 2.84 1.91 

Partzcle $•ze Tests 

D* 1.17 0.37 0.279 0.238 4.73 0.52 0.722 0.153 4.04 2.59 
E 2.02 0.48 0.351 0.174 7.16 0.61 0.752 0.105 3.54 2.14 
F 3.54 0.59 0.409 0.116 10,55 0.70 0.746 0.071 2.98 1.82 
G 4.44 0.64 0.430 0.097 11.91 0.74 0.735 0.062 2.68 1.71 
H* 4.74 0.67 0.428 0.090 11.26 0.76 0.690 0.061 2.38 1.61 

Chemical Form Te•ts 

I 3.16 0.65 0.311 0.098 7.97 0.71 0.602 0.076 2.52 1.94 
J 4.62 0.69 0.381 0.082 10.76 0.73 0.725 0.067 2.33 1.90 

Spectral Averaging Test 
K 3.04 0.61 0.356 0.117 8.56 0.70 0.680 0.079 2.82 1.91 

Range** 4-42% 4-16% 4-39% 4.27% 4-11% 4-27% 4-21% 4-11% 

Optical parameters in columns 2-10 are the scattering and backscattering efficiencies with respect to sulfate mass, 
a•r_so • and a•r_so2, the asymmetry parameter, g, the backscatter fraction, b (i.e., the ratio of c•p-so2 to c•p-so•), 
for RH of 30 and 80%, and the increase in a'•p-so2 and a'•p-SO2 when RH is increased from 30 to 80%, f(80%). Values 
given for each of these parameters are weighted averages over the entire solar power spectrum (0.28-4.0 tim). The range 
of variation among the tested aerosol types (excluding aerosol types D and H) is given in % in the bottom row. Except 
that they have been averaged over all solar wavelengths, the three flagged columns, <a•p_s. o2 > and <b> at 30% RH and 
the f(80%) value for <c•p-so2>, represent, the key optical parameters identified by Ch•t.rlson et al. [1991, 1992]. Note 
that the variability of each of these parameters is much larger than the variability of a parameter which combines all three, 
namely, c•r_so • at 80% RH. The latter parameter more a. ccurately represents the sensitivity of climate forcing (Table 6) 
to aerosol type. 
*Types D and H are unrealistic sizes for accumulation mode aerosols. 
**Range=(Max-Min)/2/Base (excluding Types D •nd H). 
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Figure 2. Mass backscattering efficiency, absp-SO2, (meters squared per sulfate gram) for the 
different aerosol types as a function of relative humidity' aerosol types (a) A, B, and C, (b) A, I, 
and J, (c) D, E, F, G, and H. 

4.2. Seasonal Variation of the Forcing 

We present Hovm511er (latitude time) diagrams of the 
zonally averaged anthropogenic sulfate burden and sul- 
fate forcing in Figure 4. Whereas the maximum of 

aerosol concentration occurs at high latitudes in January- 
February, the maximum of forcing is shifted toward the 
spring and extends into the boreal summer. This shift 
implies a seasonal change in climate forcing efficiency 
(CFE) which is shown directly in Table 2b and Fig- 
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Table 6. Comparison of Climate Forcings among Aerosol Types 

Aerosol Eastern United Eastern United Europe, Europe, NH 
Type States, January States, July January July 

SH Globe Globe w.r.t. 

Base Case 

Global 

RH Factor 

Base Case 

A --1.26 --1.68 --1.41 --3.88 -0.47 -0.11 

Hysteresis Tests 
B -1.06 -1.30 -1.18 -3.14 -0.40 -0.10 

C -1.31 -1.73 -1.43 -4.14 -0.49 -0.12 

Particle Size Tests 

D* -0.90 -1.47 -0.98 -2.98 -0.36 -0.09 
E -1.17 -1.77 -1.29 -3.78 -0.46 -0.12 

F -1.49 -1.97 -1.61 -4.51 -0.54 -0.13 

G --1.53 --1.94 --1.70 --4.64 --0.56 --0.13 

H* -1.44 -1.71 -1.61 -4.28 -0.52 -0.12 

Chemical Form Tests 

I -1.09 -1.39 -1.22 -3.36 -0.39 -0.09 

J -1.42 -1.80 -1.57 -4.38 -0.50 -0.12 

Spectral Averaging Test 
K -1.23 -1.65 -1.37 -3.81 -0.45 -0.11 

Range** +25% +20% +18% -t-21% -t-17% +18% 
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Forcings are in watts per square meter. The regions are those defined in Figure 5. 
*Types D and H are unrealistic sizes for accumulation mode aerosols. 
**Range=(Max-Min)/2/Base (excluding Types D and H). 

ure 5 for two regions of high concentration (eastern 
United States and Central Europe). CFE (or forcing 
per unit sulfate burden, with units of watts per gram 
SO•) is an appropriate parameter for our study because 
the seasonal cycle of sulfa. te concentration predicted by 
the MOGUNTIA model appears to be somewhat inac- 
curate [Langner et al., 1993]. 
As shown in Figure 5, temporal variations in CFE are 
not gradual and symmetrical, a.s would be expected 
from the seasonal variations in solar radiation at these 

midlatitude locations. Instead, CFE is strongly rood- 

ulated by both day-to-day and seasonal variations in 
cloud cover (CC). Examining the 30-day running aver- 
ages, for example, we see that the strong mininmms in 
CC that occur in October and August, respectively, for 
the eastern United States and European regions dur- 
ing our model year produce corresponding strong ma.x- 
imums in CFE. Note also that the general anticorrela- 
tion of CC and solar radiation (i.e., lower CC in suln- 
mer and higher in winter), tends to enhance the sea.- 
sonal variation in CFE. This is especially apparent for 
the European region where January and July values of 

-0.2. 

-0.8 

-1.0 ::•:,x-:: -1.2 :.-'•:x.•,,•,. -- 
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-3.0 

-30 0 30 
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Figure 3. Annually averaged simulated loss of solar radiance (watts per square meter) at the 
top of the atmosphere due to the direct effect of anthropogenic sulfate aerosols (aerosol type A). 
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Figure 4. Hovm511er diagram of (a) the anthropogenic sulfate burden (milligrams of sulfate 
per square meter), and (b) the SW direct aerosol forcing (watts per square meter). 

CFE differ by more than a factor of 3 (Table 2b). The 
large day-to-day and seasonal variations in CFE show 
the importance of accurately simulating the t. emporal 
variations of cloud cover and sulfat. e burden, including 
their correlations. Strong temporal variations in sulfate 
aerosol forcing are likely to have important implications 
for the response of the climate system. 

4.3. Sensitivity to RH and Hysteresis 

Table 6 compares climate forcing among the various 
aerosol types and for various spatial/tempora.1 averages. 
A rather small range of variation among the aerosol 
types is indicated (see bottom row). It is noteworthy 
that this small range is not the result of global or sea- 
sonal averaging, but is also present (although slightly 
larger) on a regional basis. 

The potential uncertainty in climate forcing due to hys- 
teresis in the RH growth curve for ammonium sulfate 
aerosols can be estimated by comparing aerosol types 
A, B, and C. If optical properties are taken from the 
falling RH curve (type C) the global forcing is about 
20% larger than if the rising RH curve is used (type B). 
This is a significant difference (not surprising given that 
ambient, clear sky RH is often in the hysteresis-sensitive 
range of 40-80%), but represents experiments based on 
extreme assumptions, including the assumption that all 
the sulfate aerosol is in the form of ammonium sulfa. te. 

Note that the base case aerosol type, based on a. sim- 
ple linear interpolation of the diameter growth curve 
between 40% RH (no growth) and 80% RH (the deli- 
quescence point), turns out to have optical properties 
and climate forcing efficiencies closer to the falling RH 
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Figure 5. Seasonal variations of cloud cover (CC) and climate forcing efficiency (CFE) (watts 
per sulfate gram) for the two regions depicted on the map. Daily average (dotted line) and 30-day 
running average (solid line). 

curve. This may b• appropriate, since RH below 40% is 
rare in the boundary layer and completely neutralized 
sulfate aerosol is rare above the boundary layer. Thus 
sulfate aerosols will more frequently be in the hydrated 
than the crystallized state at atmospheric humidities 
between 40 and 80%. 

4.4. Sensitivity to Aerosol Chemistry 

The three chemical forms studied here (aerosol types 
A, I, and J) are compared in Figure 6 in terms of cli- 
mate forcing efficiency as well as key hydration depen- 

dent properties. As explained above, aerosol type A is 
believed to be the most realistic type for ammonium 
sulfate. However, considering aerosol types B or C in- 
stead of type A would not alter our conclusions. We find 
that H2SO4 is the most effective at backscattering sun- 
light, (NHq)HSO4 is the least effective, and the differ- 
ences are rather small (+6% and -17%, respectively), 
due to a number of compensating factors. Sulfuric acid 
is extremely hygroscopic such that it draws consider- 
able water vapor into the particulate phase even at low 
RH, thereby increasing the amount of scattering and 
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Fig. 5. (continued) 

backscattering per unit mass of sulfate. In the pres- 
ence of ammonia gas, acidic sulfate will become par- 
tially or fully neutralized by drawing the available a.m- 
monia into the particulate phase (up to a molar ratio 
of two). The resulting increase in particulate mass due 
to a, mmonia will be offset by a decrease in hygroscop- 
icity (especially at lmver RH) and therefore in water 
mass. In general, sulfuric acid tends to a,ttract the most 
additional mass into the particulate phase (i.e., C,so• 
is the smallest, Figure 6), but the resulting particles 
have the lowest reft'active index (Figure 6) and the low- 
est ratio of backscattering to total scattering (Table ,5). 
KB93 found a 5% difference in forcing between sulfu- 
tic acid and ammonium sulfate, similar to our result. 
However, our study shows that the intermediate chem- 
ical form, ammonium bisulfate, turns out to have the 
minimum climate forcing efficiency. Some observations 
[e.g., Covert, 1988] indica. te that ammonium bisulfate 
may be a common molecular form of sulfa. te aerosols, 
at least in the lower marine atmosphere. 

4.5. Sensitivity to Particle Size 

Comparing types D to H in Table 6, one can note that 
the climate forcing (for the same sulfate mass distribu- 

tion) increases as particle size increases from 0.1.5/•m to 
0.30/nn (dry geometric volume mean diameter, Da•0), 
is ahnost fiat between 0.3 and 0.4 /•m, and decreases 
between 0.4 and 0.6 F.m. Because climate forcing ef- 
ficiency goes through a ma.ximum •vithin the accumu- 
lation mode, it is not terribly sensitive to size changes 
within the accumulation mode. As stated in the previ- 
ous section, 0.2 < Da•0 < 0.4/•m represents the range 
of measured accumulation mode sizes (we include tests 
D and H simply to illustrate size dependent tendencies). 
Across this range, climate forcing varies by only 4-9%. 
The reasons climate forcing efficiency goes through a 
maximum between 0.3 and 0.4/•m (as illustrated in Fig- 
ure 7) can be seen by comparing the optical properties 
for types D to H in Table 8. Low RH scattering effi- 
ciency, c•p-so;, is greatest at the largest size of 0.6/•.n•, 
while low RH backscattering efficiency, O'b,p-so;, peaks 
somewhere between 0.4 and 0.6 /•m. This shows tha. t 
most of the increase in tota.1 scatter between 0.4 Fm and 
0.6 /zm takes place in the forward hemisphere. Turn- 
ing to the high RH case (which better represents av- 
erage conditions in the lower atmosphere), c•p-sor is 
seen to peak at 0.4/•m. This shows that hydra.tion has 
brought the 0.6 Inn aerosol over the peak in the scat- 
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Our study reveals a somewhat different dependence of 
climate forcing on Day0 than that, found by KB93 (see 
Figure 7). We ascribe this to the fact that KB93 incor- 
porated the size variation of low RH scattering efficiency 
but took f(RH) as a.n invariant function. Our results 
indicate that f(RH) decreases rather rapidly with in- 
creasing size throughout, the accumulation mode (see 
f(80%) for c•sp_so r and ab.•p_so r in Table ,5 and the 
RH factor in Table 6), which will tend to offset par- 
tially the increase in low RH scattering efficiency. Thus 
including the size dependence of f(RH) has the effect,, 
shown in Figure 7, of significantly reducing the size de- 
pendence of climate forcing and of shifting the peak 
forcing to smaller sizes. 

4.6. Relative Hulnidity Factor 
We can define an effective RH factor a.s the ratio be- 

tween climate forcing by the hydrated aerosol (using 
RH predicted by the GCM) and climate forcing com- 
puted for a constant RH value of 30%. This effective 
RH factor will depend on the hydration properties of 
each aerosol type. As shown in Table 6, it varies be- 
tween 1.19 and 1.71. It is significantly higher for the 
falling RH curve aerosol (1.4,5) than for the rising RH 
curve aerosol (1.19). The RH factor decreases sharply 
with particle size (see types D-H), a result, consistent 
with the backscattering efficiencies shown in Figure 2c, 
the f(80%) values for both backscatter and total scatter 
shown in Table 5, and with a previous modeling study 
of this effect [Hegg et al., 1993]. If we take aerosol type 
A as a reasonably accurate representation of the hydra- 
tion behavior of ammonium sulfate (a point discussed 
in section 4.3), Table 6 indicates little chemical depen- 
dence to the effective RH factor despite the fact that 
H2SO4 is considerably more hygroscopic than the other 
forms. This occurs because the low RH value (which 
produces the denominator in our calculated ratio) is set, 

Figure 6. Sensitivity to chemical form. Hydra- 
tion dependent factors affecting optical properties and 
thus climate forcing efficiency (CFE) are refractive in- 
dex, n(0.589), diameter growth, Dd/Do, and the liquid- 
phase sulfate concentration, Csor. Values for these fac- 
tors are shown at 80% RH and are plotted for each of 
the three chemical forms. The arrows indicate the effect 

on the different quantities of changing the ammonium- 
to-sulfate ratio from 0 to 1 and 1 to 2. Csor is plotted 
with an inverted y axis, since lower values correspond 
to higher CFE. For reference, bottom panel shows CFE 
with an inverted l/axis. 

tering efficiency curve. For ab,p_SO 7 at 80% RH, the 
peak occurs at 0.2 pro. This shows that the change 
in backscatter ratio (or, equivalently, asymmetry pa- 
rameter) with RH is indeed a significant factor. The 
fact that climate forcing peaks somewhere between the 
peaks in a•p_so•(80%) and c•b•_so7(80% ) indicates 
that forward hemisphere scattering does make an im- 
portant contribution to the backscattering of sunlight 
to space [ Wiscombe and Grams, 1976]. 
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Figure 7. Sensitivity to aerosol size. Globally- 
averaged aerosol forcing (watts per square meter) as a. 
function of the geometric volume mean diameter, Davo 
(in micrometers), and for crg-l.4. The vertical lines 
show realistic limits for accumulation mode Dg•0. 
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at 30%, where sulfuric acid is already quite hydrated. 
As shown in Figure 2b, the ratio of backscattering effi- 
ciency among the three chemical forms does not change 
significantly above 30% RH. Note that this finding has 
some significance for studies of the RH dependence of 
optical properties: for acidic aerosols, measured growth 
factors can be quite sensitive to the RH value chosen 
for the low RH reference condition. 

4.7. Cloud-free Forcing 

To study how clouds affect aerosol scattering in the 
model, we have also computed the aerosol radiative forc- 
ing in the absence of clouds. Denoting AF and 
as the calculated forcing with and without clouds, re- 
spectively, we define a cloud factor (Table 2) as the ratio 
AF/AFc•ar. For global averages of AF and 
this ratio is 0.61 for our model compared to 0.64 and 
0.74 in the simulations of KB93 (B. Briegleb, personal 
communication, 1994) and Chuang et al. [1994]. These 
differences are not easy to interpret because they de- 
pend on the amount of cloudiness, the relative vertical 
position of clouds and aerosols, and the way cloud over- 
lap is treated in the model [Morcrette and Fouquarl, 
1986; Briegleb, 1992]. 
The cloudy-to-cloudless forcing ratios in all three of the 
cited models imply that aerosol forcing (due to the di- 
rect effect) is nonzero in cloud-covered regions. This 
can be shown by a simple bulk parameterization (B. 
Briegleb, personal communication, 1994) in which AF 
is assumed to be the sum of contributions from cloud- 

free and cloud-covered regions: 

AF = AFc•,ar (1 -CO)+ AF•ou• CC (6) 

Here CC is the fractional cloud cover (determined by 
the GCM). Since the other terms are known, (6) can be 
solved for AF,•o•a, the average direct forcing in cloudy 
regions. For the global annual average and the base case 
aerosol, AF--0.29 W m -2, AF•,•=-0.48 W m -2 
and CC - 0.526. Thus according to (6), we have 
AF,•o•a - -0.12 W m -2, AF,•o•,a/AFcl,•,.=0.25 (the 
aerosol is 25% as efficient at backscattering sunlight 
in the cloudy as compared to the clear regions), and 
AFc•oua CC/AF=0.22 (22% of the direct aerosol forc- 
ing occurs in cloud-covered regions). Using the same 
bulk parameterization, forcing in cloudy regions a.c- 
counts for 40% of the direct forcing in the KB93 study 
(B. Briegleb, personal communication, 1994). Again, 
this difference is hard to interpret. The calculation, it 
should be noted, is very sensitive to the method of es- 
timating CC from the three-dimensional distribution of 
cloudiness predicted by the GCM. 

Direct forcing in cloud-covered regions was explored for 
our model by removing the in-cloud aerosol scattering. 
This resulted in a small decrease in the total forcing AF 
of about 7% and an equivalent decrease in the cloudy- 
to-cloudless forcing ratio, implying that aerosols above 
the cloud layer are responsible for most of the direct 
effect in cloudy regions. (Aerosols underlying a cloud 
layer must have a much smaller effect on TOA fluxes 

because they only interact with a part of the incoming. 
solar radiation and because the upward reflected radia- 
tion is once again scattered by the clouds.) 

4.8. Bottom-of- Atmosphere Forcing 

The aerosol radiative forcing at the BOA is 2.9% smaller 
than at the TOA. Since the aerosols considered here 

are nonabsorbing (i.e., purely scattering), the reason 
for this difference must be sought in the combination of 
aerosol, air molecule, and cloud effects. Indeed the forc- 
ing at the BOA and at the TOA in the absence of clouds, 
when only Rayleigh and aerosol scattering and molecu- 
lar absorption are considered, differ only by 1.5%. Radi- 
ation backscattered to space by aerosols is lost for cloud 
and molecular absorption so that aerosols (even purely 
scattering) modify the shortwave fluxes somewhat more 
at the TOA than at the BOA. 

.5. Conclusion 

An assessment of the sensitivity of direct climate forc- 
ing by anthropogenic sulfate aerosols to aerosol size 
and chemistry has been performed. Our investiga- 
tion takes the predicted global distribution of anthro- 
pogenic sulfate mass froin a chemical/transport model 
as the basis for calculating shortwave aerosol radia- 
tive effects within a. GCM. We begin by examining 
the relationships between aerosol climate forcing and 
such climatic parameters as RH, cloud cover, underly- 
ing surface, and season of year, comparing our results, 
where possible, to those of previous investigators (C91; 
KB93). Our study focuses on sulfate optical properties, 
which are the required connection between sulfate mass 
concentrations and radiative perturbations. These op- 
tical properties depend fundamentally on aerosol size 
and chemistry such that specifying these optical prop- 
erties is equivalent to specifying a physical/chemical 
model of the sulfate aerosol. Our physical/chemical 
model reduces, in essence, to two following aSSUlnptions: 
(1) anthropogenic sulfate mass resides in accumulation 
mode sized particles and (2) anthropogenic sulfate in- 
teracts only with ammonia gas and/or water vapor. 
This model is simple but plausible; most important, 
because extensive hydra.tion data exists for the ammo- 
nium/sulfate/water system, these assumptions permit 
a self-consistent study of the influence of particle size 
and chemical form on climate forcing efficiency. The 
major implications of this study are as follows: 

1. Within our assumptions, the optical properties of 
sulfate aerosol a.re well constrained; variations in size 
and chemical form introduce only a +20% uncertainty 
in direct climate forcing. This is larger than the +10% 
uncertainty estimated by KB93, but still small enough 
to give hope that accurate estimates of direct forcing 
by anthropogenic aerosols can be obtained with the ex- 
isting generation of global-scale models. It also sug- 
gests that efforts to predict the details of accumulation 
mode size distributions may be much less important 
to the direct forcing question than efforts (1) to pre- 
dict the fraction of anthropogenic sulfate that forms on 
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coarse mode particles (where it contributes very little 
to climate forcing) and (2) to predict the extent and 
the effects of sulfate interactions with other accumula- 

tion mode aerosol components. Regarding the former 
issue, it is clearly vital tha.t the coarse and accumulation 
modes be separately modeled and analyzed in measure- 
ment campaigns. Regarding the latter, a particularly 
important (and difficult) problem is to understand the 
extent to which the formation of acidic sulfa, tea. erosol 

causes volatilization of preexisting accumulation mode 
components such a.s nitrate, chloride, or organics. 

2. Where Charlson et al. [1991] identified three op- 
tical parameters which need to be predicted in order to 
predict direct climate forcing by anthropogenic sulfa. te, 
we find substantial interdependence and compensation 
among these parameters such tha, t a, simple summation 
of their individual uncertainties [Charlson et al., 1992; 
Schlesinger et al., 1992] greatly overestimates the net 
uncertainty for climate forcing. These three parame- 
ters, the sulfate scattering efficiency at low RH, the 

•ratio of backscatter to total scatter, and the increase 
in scattering from low RH to typica,1 tropospheric val- 
ues like 80%, may be combined into a single parameter, 
the backscattering efficiency at 80% RH. This parame- 
ter exhibits variability quite comparable to that of cli- 
mate forcing in our tests. In principle, this is a quantity 
which can be measured as well as predicted from inde- 
pendent measurements of aerosol size and chemistry. 
This suggests that high RH backscattering efficiency 
is a logical focus for research on local aerosol optical 
properties as they relate to direct climate forcing. Con- 
versely, studies which focus exclusively on low RH total 
scattering efficiency (or exclusively on backscatter ratio 
or f(l•H)), are likely to misrepresent the uncerta. inty of 
climate forcing estimates. 

3. The direct effect in cloud-covered regions (that is, 
the enhancement of planetary albedo by sulfa. te aerosols 
located above a cloud layer) cannot be ignored. In 
both our study and that of KB93, this accounts for 
a significant fraction of sulfate aerosol direct forcing. 
This effect, which a.rises because low clouds cover such 
a large portion of the Earth and because the chemi- 
cal/transport models predict substantial anthropogenic 
sulfate in the free troposphere, will be much harder to 
validate than the clear sky effect. 
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