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Abstract. In this paper a prognostic equation for the number of cloud droplets 
(CDNC) is introduced into the ECHAM general circulation model. The initial 
CDNC is based on the mechanistic model of Chuang and Penner [1995], providing 
a more reMisticM prediction of CDNC than the empirical method previously used. 
Cloud droplet nucleation is parameterized as a function of total aerosol number 
concentration, updraft velocity, and a shape p•rameter, which t•kes the aerosol 
composition and size distribution into account. The total number of aerosol 
particles is obtained as the sum of marine sulfate aerosols produced from dimethyl 
sulfide, hydrophylic organic and black carbon, submicron dust, and sea-salt aerosols. 
Anthropogenic sulfate aerosols only add mass to the preexisting aerosols but do not 
form new particles. The simulated annual mean liquid water path, column CDNC, 
and effective radius agree well with observations, as does the frequency distributions 
of column CDNC for clouds over oceans and the variations of cloud optical depth 
with effective radius. 

1. Introduction 

Hygroscopic aerosol particles, such as sulfate aerosols, 
can act as cloud condensation nuclei (CCN). The num- 
ber of available CCN is one of the parameters that 
determine the droplet number concentration, albedo, 
precipitation formation, and lifetime of warm clouds. 
Anthropogenic emissions of sulfur dioxide have sub- 
stantially increased the global mean burden of sulfate 
aerosols. The resulting sulfate aerosol forcing is of sim- 
ilar magnitude but of opposite sign to the forcing due 
to greenhouse gases [e.g., Houghton et al., 1996]. This 
forcing results from scattering back solar radiation di- 
rectly (direct aerosol forcing) and indirectly by mod- 
ifying cloud properties. If cloud liquid water content 
remains constant, an increase in the number concentra- 
tion of aerosol particles that act as CCN will lead to a 
larger concentration of cloud droplets with smaller ra- 
dius. This will increase cloud reflectivity, thereby lead- 
ing to a negative forcing (indirect cloud albedo effect). 
Additionally, if the droplets are smaller, the formation 
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of precipitation is less efficient. Therefore the residence 
time of clouds with small droplets may be increased 
(indirect cloud lifetime effect), 

Many studies have been focused on the indirect effect 
of anthropogenic sulfate aerosols [e.g., Chuang et al., 
1997; Kogan and Kogan, 1997; Lohmann and Feichter, 
1997; Rotstayn, 1999]. The first studies of the indi- 
rect effect conducted with general circulation models 
(GCM) [e.g., Boucher and Lohmann, 1995] used an em- 
pirical relationship to relate the mass of sulfate aerosols 
to the number of cloud droplets. Jones et al. [1994] 
empirically relate the number of aerosol particles rather 
than the mass of sulfate aerosols to the number of cloud 
droplets. However, the number of aerosols is obtained 
from the mass of sulfate aerosols only, so their approach 
is comparable to Boucher and Lobmann [1995]. The 
global mean indirect cloud albedo effect in those first 
studies is found to be between-0.5 W m -2 and-1.6 W 

-2 
rn . 

In a next step, Lohmann and Feichter [1997] sim- 
ulated the indirect sulfate aerosol effect by using a 
coupled cloud microphysics-sulfur cycle model. It was 
shown that this model is very sensitive to the param- 
eterization of the autoconversion rate and cloud cover. 

The simulated change in liquid water path between ex- 
periments with natural sulfur emissions only and an- 
thropogenic and natural sulfur emissions varied between 
11% and 32%, depending on the parameterization of the 
autoconversion rate and the cloud cover. Lohmann and 

Feichter [1997] and Rotstayn [1999] separated the con- 
tributions of the indirect sulfate aerosol effect into the 

increase in cloud lifetime and change in cloud albedo. 
Both studies concluded that failure to account for the 
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effect in cloud lifetime may underestimate the indirect 
effect by 40-50%. The total indirect effect amounts to 
-2.1 W m -2 in the work of Rotstayn [1999] and varies 
between-1.4 and-4.8 W m -2, depending on the auto- 
conversion rate and cloud cover parameterization used 
by Lohmann and Feichter [1997]. 

However, all those studies have in common that an 
increase in the sulfate aerosol mass inevitably increases 
the number of cloud droplets. Much of the sulfate 
aerosol mass is formed within drops, where it may sim- 
ply add mass to preexisting aerosol particles but not 
increase aerosol number concentration. An empirical 
relationship between sulfate mass and droplet number 
concentrations does not account for all the complexity 
as the activation of sulfate aerosols depends on the pres- 
ence of other soluble aerosol species such as sea-salt or 
organics, on the updraft velocity, and on the aerosol 
size spectrum. Moreover, sinks of cloud droplets, pre- 
cipitation formation, or evaporation alter the relation- 
ship between sulfate aerosols and droplet number. Thus 
an increase in sulfur dioxide emissions might not result 
in an increase in the number of cloud droplets. More- 
over, in the empirical approaches used so far, the sul- 
fate aerosol mass is a surrogate for the total mass of 
aerosols present, assuming that sulfate is the dominant 
CCN, and the ratio of sulfate mass to the total mass of 
aerosols is constant. There is observational evidence for 

a non-linear relationship between sulfate aerosol mass 
and total aerosol mass [e.g., Li et al., 1996]. However, 
the fraction of the total aerosol mass comprised by sul- 
fate is quite variable, ranging from 14% to 100% [Hegg 
et al., 1993; Malta et al., 1994; ttegg et al., 1995; War- 
neck, 1988]. Even though ttegg et al. [1995] find that 
sulfate makes up, on average, 62% of the total mass 
of accumulation mode particles, they conclude that in 
their limited data set, most of the CCN were not sulfate. 

Therefore a mechanistic relationship between sulfate 
mass increase and cloud droplet number increase is 
needed. The interactions between aerosols and cloud 

droplets must be based on physical principles rather 
than empirical relationships. One way to obtain a more 
realistic estimate of the number of cloud droplets is to 
predict it prognostically in a GCM. Such an approach 
was used by Ghan et al. [1997]. However, they assumed 
a constant aerosol number concentration of 300 cm -3. 

In this paper the formation of cloud droplets is linked 
to the calculated three-dimensional aerosol distribu- 

tion by introducing a prognostic equation for the num- 
ber of cloud droplets into the ECHAM general circula- 
tion model. This prognostic treatment allows for cloud 
droplet nucleation, advection of cloud droplets, droplet 
evaporation and collision-coalescence of cloud droplets. 
Thus the number of cloud droplets is estimated more re- 
alistically than if it is related empirically to the mass of 
sulfate aerosols. We use the total number of aerosol par- 
ticles as given by the sum of maritime sulfate aerosols, 
soluble carbonaceous aerosols, submicron sea-salt, and 
submicron dust aerosols to estimate droplet nucleation 
according to Chuang and Penner [1995]. 

In the parameterization of droplet nucleation, infor- 
mation about aerosol size and composition is considered 
in a factor c•. Previous studies using this parameteriza- 
tion either obtained this factor from observations [Lin 
and Leaitch, 1997], assumed it to be constant [Lohrnann 
et al., 1999], or used a simple function of temperature 
alone [Wyser, 1998]. Wyser [1998] concluded that an 
c• factor, depending on temperature, can explain cloud- 
to-cloud variability. In this study it is obtained from 
a microphysical model to allow for an internally mixed 
aerosol when anthropogenic sulfate condenses onto a 
preexisting particle. 

The ECHAM4 general circulation model, the differ- 
ent aerosol species, the cloud scheme used in this study, 
and the treatment of aerosol and cloud optical prop- 
erties are explained in section 2. A model validation 
of this integration in terms of aerosol optical thickness, 
the effective radius of cloud droplets, liquid water path, 
shortwave cloud forcing, and the variation of the ef- 
fective radius with optical depth is given in section 3. 
Sensitivity studies, which vary all the variables used in 
the droplet nucleation parameterization, the number of 
aerosol particles, the updraft velocity, and the assump- 
tion of different size spectra for maritime and continen- 
tal aerosols, are described in section 4. Discussion and 
conclusions are given in section 5. 

2. Model Descriptions 

2.1. Meteorological Model 

The dynamics and part of the model physics of the 
ECHAM model have been adopted from the European 
Centre for Medium-Range Weather Forecasts 
(ECMWF) model [Roeckner et al., 1996]. Prognostic 
variables are vorticity, divergence, temperature, (loga- 
rithm of) surface pressure, and the mass mixing ratios 
of water vapor, cloud liquid water, and cloud ice. The 
model equations are solved on 19 vertical levels in a hy- 
brid p-er-system by using the spectral transform method 
with triangular truncation at wavenumber 30 (T30). 
Nonlinear terms and physical processes are evaluated 
at grid points of a "Gaussian grid" providing a nom- 
inal resolution of 3.750 x 3.75 ø. A semi-implicit leap 
frog time integration scheme with At=30 min is used 
for the simulation with T30 resolution. Cumulus clouds 

are represented by a bulk model, including the effects of 
entrainment and detrainment on the updraft and down- 
draft convective mass fluxes [Tiedtke, 1989]. An adjust- 
ment closure based on the convective available potential 
energy (CAPE)is used [Nordeng, 1994]. Organized en- 
trainment is assumed to depend on buoyancy, and the 
parameterization of organized detrainment is based on 
a cloud population hypothesis. The turbulent transfer 
of momentum, heat, water vapor, and total cloud wa- 
ter is calculated on the basis of a higher-order closure 
scheme [Brinkop and Roeckner, 1995]. The radiation 
code is based on a two-stream solution of the radiative 

transfer equation with six spectral intervals in the ter- 
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restrial infrared spectrum [Morcrette, 1991] and two in 
the solar part of the spectrum [Fouquart and Bonnel, 
1980]. Gaseous absorption due to water vapor, CO2, 
03, CH4, N20, and CFCs is included, as well as scat- 
tering and absorption due to prescribed aerosols and 
model-generated clouds. The cloud optical properties 
are described below. ECHAM4 uses a semi-Lagrangian 
technique [Rasch and Williamson, 1990] for computing 
the horizontal and vertical advection of positive definite 
quantities such as water vapor, cloud liquid water, the 
number of cloud droplets, cloud ice, and all trace gases 
and aerosols included in this study. 

2.2. Aerosol Physics 

Dust and sea-salt are prescribed as three-dimensional 
monthly mean data, while prognostic equations are 
used to calculate the mass of sulfate and carbonaceous 

aerosols. The number concentration of the combined 

aerosol, which is needed for droplet nucleation, is ob- 
tained according to Chuang et al. [1997]. The individ- 
ual aerosol species are described in the following sub- 
sections. 

2.2.1. Sulfur chemistry. The parameterization 
of the sulfur chemistry is described in detail by Feich- 
ter et al. [1996]. Transport, dry and wet deposition, 
and chemical transformations of the constituents are 

calculated on-line with the GCM. Prognostic variables 
are dimethyl sulfide (DMS) and sulfur dioxide (SO2) 
as gases and sulfate as an aerosol. The transport of 
these species due to advection, vertical diffusion, and 
convection is treated in the same way as the transport 
of water vapor. Biogenic emissions from the oceans and 
from soils and plants are assumed to occur as DMS. Sea- 
water concentrations are prescribed according to Kettle 
et al. [1996], and the gas exchange is calculated ac- 
cording to [Liss and Merlivat, 1996]. Emissions from 
volcanoes, from biomass burning and from combustion 
of fossil fuel and from smelting occur as SO2 [Feichter et 
al., 1996; 1997]. As shown in Table 1, present-day emis- 
sions amount globally to 96 Tg S yr -•, 70% of which 
are due to anthropogenic activities. The anthropogenic 
emissions are representative for the year 1985. 

The dry deposition flux to the ground is assumed to 
be proportional to both the concentration in the lowest 
model layer (30 m above ground) and to a prescribed 
dry deposition velocity. For sulfate aerosol this is as- 

sumed to be 0.025 cm S -1 over dry surfaces and 0.2 cm 
s -• over wetted surfaces and melting snow or ice, and 
for SO2, it is 0.1 cm s- • and 0.8 cm s -• respectively 
[Gauzeveld et al., 1998]. 

Removal of SO2 and sulfate by precipitation is cal- 
culated explicitly in terms of the model's precipitation 
formation rate [Feichter et al., 1996]. DMS as well as 
SO2 in the gaseous phase are oxidized by reaction with 
hydroxyl (OH) during the day. Additionally, DMS re- 
acts with nitrate radicals (NO3) at night. It is assumed 
that the only end product of DMS oxidation is SO2, 
while in reality, DMS can also be oxidized to MSA (as 
well as other oxidation products for which the yield is 
small and very uncertain). The consequence of this as- 
sumption is that SO2 and sulfate may be slightly over- 
estimated in marine regions. Two studies of the global 
sulfur cycle consider the oxidation pathway to MSA and 
found that only about 5% of the DMS is transformed 
to MSA [Chin et al., 1996; Pham et al., 1995]. 

Dissolution of SO2 within cloud water is calculated 
according to Henry's law. in the aqueous phase, oxi- 
dation of SO2 by hydrogen peroxide (H202) and ozone 
(O3) is considered. Three-dimensional monthly mean 
oxidant concentrations are prescribed on the basis of 
calculations with ECHAM and a more comprehensive 
chemical model [Roelofs and Lelieveld, 1995]. The cal- 
culation of the reaction rates and the effective Henry's 
law constant for SO2 requires assumptions about the 
cloud pH. Assuming that aqueous phase equilibria and 
electroneutrality are maintained and introducing the 
simplification that [S(IV)] - [HSO•-], which can be ap- 
plied if the pH ranges between 3 and 5, [H +] is approx- 
imated by assuming a molar ratio between sulfate and 
ammonium of 1 [Dentenet and Crutzen, 1994]. The end 
product of the gaseous and aqueous oxidation of SO2 is 
sulfate (for a more detailed description, see Feichter et 
al. [1996]). As sulfate is mainly present in the form 
of ammonium sulfate, the calculated sulfate mass mix- 
ing ratio is multiplied by the ratio of the molar weight 
of (NH4)2SO4/SO4 to convert the sulfate mass mixing 
ratio into an ammonium sulfate mass mixing ratio. 

2.2.2. Carbonaceous aerosols. The aerosol 

module used to simulate the carbonaceous aerosol is 

described by Cooke and Wilson [1996]. In this study, 
prognostic equations are solved for hydrophylic (=sol- 
uble) and hydrophobic (=insoluble) organic and black 

Table 1. Global Emissions of Sulfur Gases 

Species Source Reference Tg S yr- 1 

Natural 

DMS 
DMS 

SO2 
Anthropogenic 
SO2 
SOu 
Total 

marine biosphere 
terrestrial biosphere 
noneruptive volcanoes 

biomass burning 
fossil fuel use and smelting 

Kettle et al. [1996] 17.3 
Spiro et al. [1992] 0.9 
Spiro et at. [1992], Graf et at. [1997] 8.0 

Hao et al. [1990] 2.5 
Benkovitz et al. [1994] 66.8 

95.5 
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Table 2. Global Emissions of Carbonaceous Aerosols 

Species Source Reference Tg C yr -t 

BC anthropogenic Liousse e! al. [1996] 6.1 
BC biomass burning Liousse e! al. [1996] 5.6 
Total BC 11.7 

OC anthropogenic Liousse e! al. [1996] 29.6 
OC biomass burning Liousse e! al. [1996] 59.3 
OC natural Guenther e! al. [1995] 16.2 
Total OC 105.1 

carbon, respectively. The carbonaceous aerosol mod- 
ule allows for emission of both hydrophobic and hy- 
drophilic aerosol. Indeed, fossil fuel particulate carbon 
may be predominantly hydrophobic, but a certain frac- 
tion of the emissions are probably hydrophilic [Cachier 
et al., 1996]. Black and organic carbon have various 
compounds attached to the surface [Smith et al., 1989] 
which may determine their atmospheric behavior and 
also allow a chemical change in the properties of the 
surface layer as it ages in the atmosphere. Emissions of 
black carbon (BC) are assumed to be 80% hydropho- 
bic and 20% hydrophylic. It is assumed that 50% of 
the organic carbon (OC) emissions are hydrophobic and 
50% hydrophilic. Emissions have been calculated for 
185 countries for the domestic, industrial, and trans- 
port sectors using a fuel usage database published by 
the United Nations. Some inconsistencies were found 

for a small number of countries with regard to the dis- 
tribution of fuel usage between the industrial and the 
domestic sectors. Care has been taken to correct for 

this, using data from the fuel use database for the pe- 
riod 1970-1990. Emissions based on total particulate 
matter and submicron emission factors have been calcu- 

lated. Global annual mean primary black carbon emis- 
sions from fossil fuel combustion amount to 6.1 Tg C 
yr -1 [Penner et al., 1993] and associated organic car- 
bon emissions to 29.6 Tg C yr- x using submicron emis- 
sion factors (Table 2) [Liousse et al., 1996]. The emis- 
sions are representative of the year 1980. No seasonality 
in fossil fuel emissions are assumed at this point. One 
should keep in mind that primary organic aerosols rep- 
resent only a fraction of the organic aerosols. Secondary 
production may account for up to 50% of the organic 
aerosol close to the anthropogenic source regions and 
even more at remote sites [Liousse et al., 1996]. Ad- 
ditional carbon emissions due to biomass burning are 
assumed to be 5.6 Tg C yr -x for BC and 59.3 Tg C 
yr -x for OC, as given by Liousse et al. [1996]. As 
for the fossil fuel particulate emissions, we assume that 
80% of BC and 50% of OC from biomass burning are 
emitted as hydrophobic. Natural OC from monoterpene 
emissions [Guenther et al., 1995] account for 16.2 Tg 
C yr -1. 

A certain fraction of the freshly emitted carbonaceous 
aerosol is hydrophobic. These aerosols become hy- 

drophylic after soluble compounds have been attached 
to the aerosol surface. The typical exponential aging 
time, until a hydrophobic aerosol becomes hydrophylic, 
has been assumed as 40 hours [Cooke aad Wilsoa, 
1996]. The aerosol lifetime is assumed to be governed by 
wet and dry deposition and no chemical sinks are used 
in this Work. Precipitation scavenging of hydrophilic 
carbon is calculated explicitly in terms of the model's 
local precipitation formation rate, as is done for sul- 
fates. The dry deposition flux to the ground is assumed 
to be proportional to both the concentration in the low- 
est model layer (30 m above ground) and the prescribed 
dry deposition velocity. For hydrophilic carbonaceous 
aerosol this is assumed to be 0.025 cm s -• over dry 
surfaces and 0.2 cm s-• over wetted surfaces and melt- 

ing snow or ice (L. Gauzeveld, personal communica- 
tion, 1998). Hydrophobic aerosols are deposited by a 
constant velocity of 0.025 cm s -• as the hydrophobic 
aerosols are assumed not to be influenced by wetted 
surfaces. 

2.2.3. Dust aerosols. Dust is prescribed as 
monthly mean three-dimensional distributions. This 
distribution was calculated from an inventory for desert 
regions of the world. First, dust source regions were 
identified from the 1 ø x 10 soil moisture data of Webb 

et al. [1993] as those regions that perennially contain 
< 15 mm soil moisture. This soil moisture cutoff is 

somewhat arbitrary but gives regional outlines of dust 
sources that largely agree with those that have been 
identified and used by previous researchers [e.g., Pye 
et al., 1987; Joussame, 1990; Goudie and Wells, 1995; 
Te#en and Fun#, 1994]. We focused only on perennially 
dry areas to avoid the difficulty of modeling dust flux 
from regions where soil moisture and vegetation vary 
seasonally and hence greatly complicate dust flux esti- 
mation [e.g., Gillette and Passi, 1988; Westphal et al., 
1988]. Despite this limitation, it is thought that the 
arid areas identified by the above method contribute 
the vast majority of dust flux to the atmosphere [e.g., 
Pye, 1987]. 

Mobilization of dust has been calculated on the basis 

of monthly mean surface wind speeds (at 10 m height) 
within the above-identified source regions from a 10 year 
history 1979-1988 generated using the European Center 
for Medium-Range Weather Forecasting model at T42 
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resolution (approximately 2.80 x 2.8 ø) [Phillips, 1994]. 
Based largely on the theoretical and empirical work of 
Westphal et al. [1988], an algorithm was developed re- 
lating these mean wind speeds to mean monthly dust 
source strength (g cm -2 s-i): 

Fx - D C W E G (k V) 4 (1) 

where Fx is the flux of dust particles with radii in the 
range x, D is the fraction of dust which can be mobilized 
(=0.13) [Westphal et al., 1988], C is the fraction of 
total dust source relevant to size class (=0.01 for 0.1-1 
/•m particles; =0.2 for 1-10/•m particles) [Schiitz, 1979; 
Jaenicke, 1988], W is the fraction of model grid with 
soil water always < 15 mm [Webb et al., 1993], E is 
an empirical correction factor; initially equal to 22.3 
x 10 -•4 [Westphal et al., 1988] but adjusted in some 
areas to account for long-term weathering and land use 
changes, (7 is the wind gustiness correction equal to 
(0.499 4- 0.013 exp(21.1/V)) -• [Gillette, 1992], k-6.38 
[Westphal et al., 1988], and V is the mean monthly 
surface friction velocity, m s -•. 

The mean monthly wind speeds at 10 m were con- 
verted to ground surface friction velocities V using the 
logarithmic relationship described by Westphal et al. 
[1988]. A threshold friction velocity below which dust 
is not mobilized was assumed to be 50 cm s -•. This 

value is a rough average of widely varying values for 
arid soils [e.g., Gillette and Passi, 1988; Nickling and 
Gilles, 1989]. The gustiness factor G is a very nonlin- 
ear function of mean surface wind speed ranging from 
0 to 2 and was used to multiply the dust flux gener- 
ated from mean monthly wind speeds. This takes into 
account stochastic variation in wind speed (and asso- 
ciated, nonsymmetrical dust flux) about the monthly 
mean [Gillette, 1992]. Dust flux was assumed to be 
proportional to the fourth power of the mean surface 
friction velocity [Westphal et al., 1988]. Finally, total 
dust flux, Ft:Fo.l-lt•m 4- F1-10t•m. 

Observations indicate that injection of dust can occur 
over deep atmospheric layers. Therefore we assumed a 
uniform vertical injection rate of the 0.1-1 •um particles 
between the surface and 600 hPa, and a linearly decreas- 
ing injection rate to zero at 600 hPa for the 1-10 •um 
particles is assumed. The linearly decreasing injection 
rate is a simplified method to account for the fact that 
larger particles are not lifted as easily as those in the 
small particle range. Predicted particle dry deposition 
velocities range from 10 -a cm s -x to 10 cm s -1 [Sehmel, 
1984], depending on particle size and atmospheric con- 
ditions. A prescribed deposition velocity of 0.1 cm s -1 
is used for particles in the size range 0.1-1 •um, and de- 
position velocity for particles in the range I < r < 10 
/•m was set to 1 cm s -x, roughly in midrange of the ve- 
locities predicted for these particle sizes [Sehmel, 1984; 
Slinn and Slinn, 1980]. In addition, the particles ex- 
perienced a settling velocity, calculated using formulas 
available in the work of Pruppacher and Klett [1978]. 

In addition to dry deposition, dust particles can be 
scavenged by precipitation. Large-scale and convec- 
tive precipitation scavenging coefficients that are con- 
sistent with less efficient scavenging for dust relative to 
other aerosols (e.g., sulfate aerosols), namely 2.5 and 0.7 
cm -1, respectively, for the 0.1-1 •um particles [Penner 
et al., 1993] are used. Larger particles, however, should 
be more easily scavenged [Pruppacher and Klett, 1978]. 
The scavenging coefficients for the 1-10 •um particle par- 
ticles are equal to 7.5 and 2.1 cm -1 for large-scale and 
convective scavenging, respectively. 

Initial results from the model showed significant de- 
viations from observations in three regions. Modeled 
dust concentration, dust deposition, and optical depth 
downwind from Asia was found to be lower than obser- 

vations by roughly a factor of 5. One explanation for 
this is that the efficiency of dust generation from the 
Asian continent is greater than in the Sahara (the pri- 
mary source for the model parameter values used here 
(equation 1)) due to tectonic activity, periglacial pro- 
cesses, and human impacts [Pye, 1987; Tegen and Fung, 
1994]. Thus we felt justified in increasing the empirical 
correction factor E in equation (1) to 112 x 10 -14 in 
this region. 

In contrast, it was evident that dust generation from 
Australia was too high by about a factor of 10. The 
paucity of dust from this region relative to other arid 
dust source areas has been previously noted [e.g., Pye et 
al., 1987; Prospero et al., 1989; Tegen and Fung, 1994; 
Rea, 1994] and may reflect the relative tectonic stabil- 
ity, low weathering rates, duration of land surface ex- 
posure, and low human impacts in this area. For this 
reason we lowered the value E for Australia to 2.2 x 

10 -14 . Finally, it was evident that the modeled South 
African source was also too strong, again by roughly a 
factor of 10, and the E used for this region was reduced 
accordingly. 

In this study, only dust aerosols below I/•m in radius 
are considered. In order to apply the parameterization 
of Chuang and Penner [1995] in a consistent manner, 
the dust mass was reduced to 42%, before it was con- 
verted into an aerosol number concentration. 

2.2.4. Sea-Salt aerosols. Sea-salt aerosols are 

prescribed as three-dimensional monthly mean fields, 
which are obtained from simulations with GRANTOUR. 

The main mechanism for sea-salt generation, for aerosol 
size r < 10/•m, is via the bursting of whitecap bubbles. 
Monahah et al. [1986] used measurements of the pro- 
duction of droplets in a whitecap simulation tank to 
estimate 

dF 

dr = 1.373 V3'41r-3(1 4.0.057r1'ø5)10 l'19exp(-B2) (2) 
where 

B - (0.38- log r)/0.650 (3) 
In these equations dF is the mass flux of sea-salt per , qV 

unit increment in radius (g m-2/.tm -1 s-I), V is the 10 
m wind speed (m s-X), and r is the aerosol radius (/•m). 
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This estimate of sea-salt generation was combined with 
the 10 year monthly averaged surface wind speed from 
the ECMWF model [Phillips, 1994] and an estimate of 
wind speed variation from the monthly average [Pavia 
and O'Brien, 1986]: 

(C-l) 

(4) 

In this expression, C=2, and F is the monthly mean 
wind speed at 10 m. Thus 

dF (V r) - f(V, V C)•rr(V, r)dV (5) dr ' ' 

These formulas were used to generate sea-salt in two 
model bins: 0-1/•m and 1-10/•m radius. In this study, 
only sea-salt in the first model bin is considered. Set- 
tling and deposition were similar to those used for dust, 
while the precipitation scavenging coefficients were set 
to 2.5 and 0.7 cm -1, respectively, for the 0.1-1/•m par- 
ticles. The scavenging coefficients for the 1-10/•m par- 
ticles are 3 times those of the smaller particle size, or 7.5 
and 2.1 cm-1 for large-scale and convective scavenging, 
respectively. 

2.3. Cloud Scheme 

The cloud scheme used in this study is a modified 
version based on that discussed by Lohmann and Roeck- 
her [1996]. Prognostic variables are cloud liquid wa- 
ter qt, cloud ice qi, and the number of cloud droplets 
Nt. Parameterized microphysical processes are conden- 
sational growth of cloud droplets, depositional growth 
of ice crystals, homogeneous and heterogeneous freezing 
of cloud droplets, autoconversion of cloud droplets, ag- 
gregation of ice crystals, accretion of cloud ice and cloud 
droplets by snow, of cloud droplets by rain, evapora- 
tion of cloud liquid water and rain, sublimation of cloud 
ice and snow, and melting of cloud ice and snow. The 
precipitation formation rates for mixed and ice clouds 
are adopted from the formulation used in the mesoscale 
model GESIMA (Geesthacht simulation model of the 
atmosphere) [Levkov et al., 1992]. 

In the work of Lohmann and Feichter [1997] the num- 
ber of cloud droplets (Nt) was empirically related to the 
sulfate aerosol mass (SO42-) [Boucher and Lobmann, 
1995] as obtained from measurements of SO42-, CCN, 
and Nt taken at various continental and marine sites in 
clean and polluted air for a variety of weather situations. 
To describe the relationship between aerosol number 
concentration and cloud droplet nucleation more realis- 
tically, the following prognostic equation for the number 
of cloud droplets with the respective sources and sinks 
is introduced: 

R(Nt) represents the advective, turbulent, and con- 
vective transports of Nt. Convective transport refers 
to the detrainment at the top of cumulus clouds. A 
mean cloud droplet volume radius of 10 /•m is as- 
sumed to obtain the cloud droplet number concentra- 
tion in accordance with the detrained liquid water con- 
tent. The microphysical processes are nucleation of 
cloud droplets Qnucl, autoconversion of cloud droplets 
Qautn, self-collection of cloud droplets (•self, accretion 
of cloud droplets by rain Qraci and snow Qsacl, respec- 
tively, freezing of cloud droplets Qfrz and melting of ice 
crystals (•mlt, and evaporation of cloud droplets Qevc. 
The conversion rates in terms of the liquid water mixing 
ratio are described by Lohmann and Roeckner [1996]. 
It is assumed that the cloud droplet number concentra- 
tion is depleted proportional to the liquid water mixing 
ratio. In case of evaporation, this should mimic hetero- 
geneous evaporation where some droplets from all size 
categories evaporate [Hudson and Rogers, 1986]. For 
melting of ice crystals also a mean cloud droplet volume 
radius of 10 /•m is chosen to obtain the cloud droplet 
number concentration in accordance with the melted 
cloud ice. 

The parameterization of the autoconversion of cloud 
droplets used for the depletion in liquid water mixing 
ratio (Qautw) in the work of Lohmann and Roeckner 
[1996] is derived from the stochastic collection equa- 
tion, which describes the time evolution of a droplet 
spectrum changing by collisions among droplets of dif- 
ferent size [Beheng, 1994]. 

Following the treatment of Beheng [1994] the change 
in cloud droplet number concentration (Q•utn) and self- 
collection of cloud droplets (Qself) are parameterized as 
(in SI units) 

(•autn : 7.7 X 10 9 p (•autw (7) 
qt 

(•self -- 1.29 x 1010 (p ¾)2 (8) 
where p is the air density, and b is the fractional cloud 
cover. 

The nucleation rate of cloud droplets (•nucl is based 
on the total number of aerosols Na (cm-3), the up- 
draft velocity w (cm s -i) and a factor c•, which takes 
the aerosol composition and size spectrum into account 
[ Chuang and Penner, 1995]' 

1 Naw 

Qnucl - max( At w 4- (•Na - Nold, 0) (9) 
Nucleation is only calculated at cloud base when con- 
densation occurs. The amount of droplets nucleated 
is assumed to be constant throughout the depth of 
the cloud to mimic the internal circulation inside the 

Ot R(NI ) 4. Qnucl- Qautn-- Qself- N/(Qracl4.Qsacl4.Qfrz 4.Qevc) 4.Qmlt 
qt 

(6) 
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cloud. In old clouds, only new droplets are formed if 
the number that would be activated at cloud base ex- 
ceeds the number of preexisting cloud droplets at cloud 
base (Nold). 

The vertical velocity is given as the sum of the grid 
mean vertical velocity and a sub-grid-scale vertical ve- 
locity. We assume that the sub-grid-scale vertical veloc- 
ity is dominated by the turbulent transports and choose 
the root-mean-square value of the turbulent kinetic en- 
ergy (TKE) as a measure of this, so w - w + cv/TKE 
with c=0.7 [Lohmann et al., 1999]. However, in the 
layer closest to the surface, w is calculated from the 
grid mean vertical velocity only to avoid spurious cloud 
development near the surface. Using only one updraft 
velocity for the whole grid cell instead of applying a 
probability distribution, as used by Ghan et al. [1997] 
and Uhuang et al. [1997], is a simplification as the ver- 
tical velocity varies widely over a grid cell. The impact 
of vertical velocity will be investigated further in the 
sensitivity studies. 

Na is obtained as the sum of marine sulfate aerosols 
produced from dimethyl sulfide, hydrophylic organic 
and black carbon, submicron dust, and submicron sea- 
salt aerosols as described in the previous section' 

moc/Poc q- mBC/PBC q- mDUST/PDUST Cnt -- 
4/ • 37rrcnt 

mSS/PSS q- mSULF/PSULF (10) Na mar •_ 4/37rr3mar 
where the density of carbonaceous aerosols (pOc=PBc) 
is 1000 kg m -3, of sulfate aerosols (PSULr) is 1769 kg 
m -3, of sea-salt (pss) and dust (PDUST)is 2000 kg 
m -3. The volume mean radius for submicron parti- 
cles adapted in this study is 0.085/•m for the maritime 
aerosol and 0.052 tzm for the continental aerosol. The 
difference in hygroscopicity between individual aerosol 
components is accounted for in the different parameter- 
ization of alpha for the continental and marine aerosols; 
that is, the number of activated cloud droplets levels off 
faster with increasing Na over land than over oceans, 
because of the mainly insoluble dust. 

Beyond that, we assume that a minimum number of 
300 aerosol particles per cm -3 is always available, which 
is the concentration of the background aerosol number 
concentration given by Jaenicke [1993]. Sulfate parti- 
cles produced from continental sources of sulfur dioxide 
are not included in Na because the amount of preexist- 
ing particles in those regions is so high that new par- 
ticle formation on the scale of the grid box is unlikely. 
Accounting for anthropogenically produced sulfate par- 
ticles in Na would imply the assumption of externally 
mixed aerosols, and hence an increase in sulfate would 
necessarily increase the number of cloud droplets. How- 
ever, most combustion particles are internally mixed 
[see Liousse et al., 1996, and references therein]. There- 
fore we assume that an internally mixed aerosol par- 
ticle forms when sulfuric acid with continental origin 

condenses onto any preexisting aerosol particle; that is, 
anthropogenic sulfate only adds mass to the preexisting 
aerosols but does not form new aerosol particles. 

The assumption of an internally mixed aerosol is in- 
cluded in the factor c• in the above equations, which 
is derived from the results of a microphysical model 
[Chuang et al., 1997]. If sulfuric acid condenses onto 
preexisting aerosol particles, they grow and become 
more hygroscopic and hence form cloud droplets at 
lower critical supersaturations. The value of c• depends 
additionally on the geometric standard deviation of the 
initially preexisting lognormal aerosol size distribution, 
the mode radius, and the aerosol composition. It is pa- 
rameterized as a function of updraft velocity N•, and 
the mass of sulfate aerosols assuming internally mixed 
aerosols; c• can range from 10 -4 cm 4 s -1 to i cm 4 s -1. 
It is different for maritime aerosol spectrum and conti- 
nental aerosol spectra: 

c• ½ønt = 0.041+ 21.59X1 (11) 
C• mar = 0.022- 0.13Xo q- 3.07Xo 2 (12) 

where 

X1 -- 

Xo ---- 

logw(1 -logw(0.5 + 7/fi4)/logN•) (13) 
logN• • 

logw(1 - logw(0.5 + 0.27/fi 3)/logN•) •+0.• (14) 
logN• • 

fi is the ratio of the local fraction of anthropogenic 
sulfate aerosols converted by the aqueous pathway to 
the mean value used by Chuang et al. [1997] of 0.75. 
Its interpretation is that if more sulfate is formed by 
gaseous phase production, more CCNs are activated 
than if more sulfate is formed within cloud droplets; 
7 is referred to as the shape parameter for the sulfate- 
containing aerosol distribution and is defined as the ra- 
tio of anthropogenic sulfate loading (/zg m -a) to the 
total number of aerosol particles (Na) (per 1000 cm-3). 
The soluble material in the preexisting particles is as- 
sumed to have the same properties as ammonium sul- 
fate. The anthropogenic sulfate-containing aerosol dis- 
tributions produced through condensation and in-cloud 
oxidation should preserve their shape characteristics 
for given values of fi and 7. Different size distribu- 
tions as described by Chuang ½t al. [1997] are applied 
to uniformly internally continental and marine aerosol 
particles, respectively. New evidence that those small 
particles can be activated is given by Hallberg et al. 
[1998]. To maintain the different size spectra of mar- 
itime and continental aerosol distributions when cross- 

ing the coastline, the final droplet nucleation rate is 
given as 

tqrnar Namar t•lcønt Ncønt q- •dnucl •¾nucl -'a (15) Qnucl - Na 
The vertical velocity used for droplet nucleation is likely 
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to be underestimated in the free troposphere, because 
we consider its sub-grid-scale component from TKE 
alone, which peaks in the boundary layer. Thus the 
droplet nucleation in altostratus clouds would be un- 
derestimated. Therefore we assume a minimum of 40 

cloud droplets cm -3 to be always present. Even though 
some flight averages of droplet concentrations in ma- 
rine clouds, for example over the Southern Ocean [Yum 
et al., 1998], are below 40 cm -3, the measurement un- 
certainties are large, so 40 cm -3 is within one standard 
deviation and thus seems a reasonable assumption for 
clouds in a climate model. 

In this study, different parameterizations for the evap- 
oration of precipitation and sublimation of snow than 
in the work of Lobmann and Roeckner [1996] are used. 
Additionally sedimentation of ice crystals is considered 
here as well. 

The parameterization of evaporation of rain and sub- 
limation of snow used by Lobmann and Roeckner [1996] 
are only functions of relative humidity, while the ones 
used in this study are based on the rain rate and a ven- 
tilation factor or the snow rate. The parameterization 
of evaporation of rain is adapted from GESIMA [Eppel 
et al., 1995] based on Ogura and Takahashi [1971]' 

1 f•(1 - q•/q•t)(10-3pqr) ø'•2• 
(•evr-- 10_3p 4.1 X 108/½sl-•-5.4 X 105 (16) 

where qvis the water vapor, qsl is the saturation mix- 
ing ratio over liquid water, q• is the rainwater mixing 
ratio, e•t is the saturation vapor pressure, and f,is the 
ventilation factor, given as 

f, - 1.6-+- 0.57 v• 1'• (17) 

where v• is the terminal fall velocity for raindrops 
[Kessler, 1969]' 

/ /0'125/ / 0'5 v• -- 90.8 P q-•r-• p0 n0• -•- (18) 
where n0•=8 x 106 is the intercept parameter of the 
raindrop size distribution, and p0 is a reference density 
(=1.3 kg m-a). 

The sublimation of snow is also adapted from GES- 
IMA [Levkov et al., 1992] based on Lin et al. [•98a]: 

crystals by sedimentation is an important sink as well, 
which is considered as follows: 

Qfalli- •-•(qiUi) (20) 
where qi is the cloud ice-mixing ratio, and Ui is the 
terminal velocity of pristine ice crystals [Levkov et al., 
1992], given as 

Ui -- aiDi (21) 

where ai=700 s -1 and Di is the mean diameter of ice 
crystals which is given as a function of the cloud ice- 
mixing ratio as derived from observations around the 
British Isles [see Lobmann and Roeckner, 1996]. 

2.4. Optical Properties of Aerosol Particles and 
Cloud Droplets 

Since the model provides only the spatial and tem- 
poral distribution of the mass of the different aerosol 
species, some assumptions about particle size distribu- 
tion and chemical composition have to be made. At 
the moment we cannot compute optical properties of 
internally mixed aerosols, because not much is known 
of the optical properties of different internally mixed 
aerosols. Therefore we assume an external mixture of 

these aerosol compounds when calculating the aerosol 
optical depth. This is in contrast to droplet formation, 
where an internally mixed aerosol is assumed when an- 
thropogenic sulfate is present. The assumption of ex- 
ternally mixed aerosols is correct near the sources of 
aerosols but not for aged aerosols. Findings from Tang 
[1996] show that this is justified for common hygro- 
scopic aerosols where the chemical effect outweighs the 
size effect. 

The aerosol mass mixing ratio of each species is trans- 
formed into a particle number concentration assum- 
ing a monomodal lognormal distribution with a pre- 
scribed mean particle radius. The optical properties, 
specific extinction, single-scattering albedo, and asym- 
merry factor are prescribed for every component, for 
different relative humidity classes, and spectral inter- 
vals. The optical and physical properties of the aerosol 

2zr(1 - qv/qsi) 
O,ub-- p(A'+B') nos (078A•-'+0.31.qø'aaP(b+5) (a)ø's(pø) 

(19) 
'_ 2 T 2 ' ), is 

matic viscosity of air, K• is the thermal conductivity of 
air, L• is the latent heat of sublimation, Dv is the dif- 
fusivity of vapor in the air, o%(= •,/D•,) is the Schmidt 
number, a=4.83, and b--0.25. 

Previously, aggregation of ice crystals and accretion 
of ice crystals with snowflakes were the only sinks for 
ice crystals due to precipitation. However, loss of ice 

0.25 

/•i -b+5)/2) 
components used in this study and their dependency 
on the ambient relative humidity have been taken from 
KSpke et al. [1997] and are shown in Table 3. 

Sulfate aerosols, either maritime or internally mixed 
continental aerosols, including OC, have physical prop- 
erties suitable for a 75% sulfuric acid solution. These 

have a lognormal size distribution with a mode radius 
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Table 3. Aerosol Physical Properties: Mode Radius rr• at 0% and 80% Relative Humidity 
(RH), Standard Deviation rr of the Lognormal Distribution and Specifid Density ps and Optical 
Aerosol Properties (Mass Extinction Efficiency ere, Single-Scattering Albedo co0, and Asymmetry 
Factor g for Dry Aerosols at 0.5/•m Wavelength) 

Aerosol Component r,• (0% RH) r,• (80% RH) rr p• ere coo g 
(/am) (/am) (/am) (g cm -3) (m -2 g-•) 

Sulfuric acid 0.0695 0.118 2.03 1.7 3.80 1.00 0.77 
Water soluble 0.0212 0.031 2.24 1.8 3.60 0.98 0.68 
Black carbon 0.0118 0.012 2.00 1.0 11.00 0.23 0.35 
Dust 0.3900 0.390 2.00 2.6 0.55 0.83 0.76 
sea-salt 0.2090 0.416 2.03 2.2 1.30 1.00 0.78 

According to KSpke et al. [1997]. 

of rr•=0.07/tin, a geometric standard deviation of 2.03, 
and a density of p:1700 kg m -3. These values are used 
to transform the sulfate mass mixing ratio into par- 
ticle number concentrations. Based on Mie-theory, the 
wavelength dependent optical parameters are calculated 
from their complex refractive indices and characteristic 
particle size distributions. The resulting mass scatter- 
ing efficiency at a wavelength of 0.55 ttm is 3.8 m 2 g-1 
for a 70ø76 sulfuric acid solution at 0% relative humidity 
and changes with relative humidity. To consider the ef- 
fects of organic carbon we use the aerosol properties as 
given for water soluble particles and for black carbon 
the properties of black carbon. The optical properties 
have been adapted to the model's spectral resolution by 
R. v. Doffand and I. Schult (unpublished results, 1997). 

Dust and sea-salt aerosols are described above. Sea- 

salt and dust aerosols are assumed to be accumulation 

mode particles with a mode radius of 0.2 ttm and 0.39 
/•m, respectively, when dry. 

Growth of the particles due to water uptake has only 
been assumed for the hygroscopic aerosols, sulfate and 
sea-salt aerosols, and for the hydrophylic fraction of the 
organic carbon aerosols but not for black carbon, hy- 
drophobic organic carbon, and dust. Sulfate aerosols, 
for instance, have a mode radius of 0.0695 /tin at 0076 
relative humidity and 0.118 ttm at 80ø76 relative humid- 
ity. 

The radiative properties of water droplets and ap- 
proximately "equivalent" ice crystals are derived from 
Mie theory, and the results are fitted to the spectral 
bands of the radiation model and formulated in terms 

of cloud droplet and ice crystal effective radii [Rockel 
et al., 1991]. For water clouds the effective radius of 
cloud droplets (re) is calculated from the cloud liquid 
water mixing ratio in the cloudy part of the grid box 
(ql/b) and number of cloud droplets: 

• 3pql (22) re- k 4rrbplN1 
where k-1.143 for continental clouds, and k=1.077 for 
marine clouds [Johnson, 1993] which accounts for the 

• 10% larger effective radius than the mean volume 
radius, and pl is the density of water. 

The effective ice crystal radius ri (/•m) is an empirical 
function of cloud ice mixing ratio (S. Moss, personal 
communication, 1996): 

ri - 83.8 x (103pqi) 0'216 (23) 

3. Results 

The results presented below are based on 5 year in- 
tegrations at T30 resolution after a 3 months spin- 
up. The reference experiment was integrated over the 
5 years using climatological sea surface temperatures. 
The sensitivity experiments were only integrated over 1 
year after a spin-up of 3 months. The reference exper- 
iment is referred to as P ROG to distinguish the prog- 
nostic treatment of the number of cloud droplets from 
the diagnostic treatment (DIAG) of the cloud droplet 
number concentration used by Lohmann and Feichter 
[1997]. 

3.1. Simulated Aerosol Distributions 

The annual, global mean source strength (in Tg yr-1), 
global burden (Tg) and aerosol optical depth of the in- 
dividual species is given in Table 4. Andreae [1995] 
(hereinafter referred to as A95) compiled estimates of 
these quantities from the literature. His values are given 
for reference as well. Also included are the values ob- 

tained by Tegen et al. [1997] (hereinafter referred to as 
T97) using a chemical transport model. Sulfate burden 
and source strength are given in Tg S and Tg S yr -1, 
respectively, and carbon burden and source strength in 
Tg C and Tg C yr -1, respectively. 

Our sulfur emissions are similar to other global sul- 
fur cycle models [e.g., Pham et al., 1995; Chin et al., 
1996] and A95. The sulfate burden is comparable to 
A95 and other sulfur cycle models [e.g., Roelofs et al., 
1998], as is its optical depth. It is twice as large as in 
T97, because in the Chin et al. [1996] model, which 
provided the monthly mean sulfate fields in T97, the 
scavenging is much larger than in the Feichter et al. 
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Table 4. Annual and Global Mean Source Strength, Burden and Aerosol 
Optical Thickness for Different Aerosol Species, Sulfate, Black Carbon, 
Organic Carbon, Soil Dust, and Sea-Salt 

Aerosol Component Sulfate BC OC Dust Sea-Salt Total 

Source Strength 

This study a 95.5 11.7 105 106 76 
[Andreae, 1995] b 80.0 20.0 65 1500 1300 
[Tegen et al., 1997] c 96.0 12.0 69 250 5900 

Burden 

This study a 1.00 0.26 1.87 2.2 0.7 
[Andreae, 1995] b 1.09 0.30 1.29 16.4 3.6 
[Tegen et al., 1997] c 0.51 0.15 1.10 7.5 11.4 

Optical Depth 

This study a 0.064 0.002 0.021 0.002 0.009 0.098 
[Andreae, 1995] b 0.056 0.006 0.020 0.023 0.003 0.108 
[Tegen et al., 1997] c 0.025 0.003 0.016 0.022 0.007 0.073 

aSea-salt and dust components refer to r < 0.5/•m. 
bOG and sulfates are without biomass burning. 
cOG is obtained from their carbonaceous aerosols minus BC. Their soil dust 

with r < I/•m is quoted. 

[1996] model. The source strength of BC is comparable 
to T97 but is smaller than in A95 because of differences 

from biomass burning. The source of BC and OC due 
to biomass burning is the same as in T97. The addi- 
tional OC emissions are natural OC [Guenther et al., 
1995]. The BC optical depth is only a third of what 
was estimated in A95, but is similar to those reported 
in T97 calculated from Liousse et al. [1996], although 
our burden is much larger than in T97. Thus the spec- 
ification of optical properties is very different in these 
studies. The optical depth of OC agrees very well with 
A95. 

Our optical depth, burden, and source strength of 
dust are smaller than in A95 and T97, because our dust 
was scaled down to represent the fraction of r < 0.5/•m, 
whereas in A95, coarse mode particles are included, and 
the lowest size bin in T97 considers dust with r < i/•m. 
However, our simulated optical depth is a factor of 10 
lower than in T97, while the burden is only lower by a 
factor of 3, again a result of very different aerosol optical 
properties. The annual mean sea-salt burden amounts 
to 0.73 Tg, which is considerably lower than in T97 and 
A95. Compilation of an area-weighted sea-salt burden 
from measurements given by Prospero [1979] suggests 
a sea-salt burden of 4.1 Tg; that is, our sea-salt bur- 
den is much smaller than observations suggest, because 
we only consider sea-salt particles in the accumulation 
mode (r < i/•m) in this study. Inclusion of the i- 10 
/•m mode gives a total of 5.5 Tg sea-salt. The global 
mean optical depth of sea-salt is 0.01, 3 times higher 
than in A95. 

The globally averaged optical depth is 0.098 in very 
good agreement with A95 summarized from the aerosol 
contributions considered here. Two years of AVHRR 
(advanced very high resolution radiometer) measure- 
ments [Husar et al., 1997] of aerosol optical thickness 
over the oceans suggest a global average of 0.12, 0.09 
over the Southern Hemisphere (SH), and 0.15 over the 
Northern Hemisphere (NH). The contribution of the 
oceans in our study amounts to 0.07. The underesti- 
mation is likely to be caused by an underestimation of 
dust aerosols transported off the shore from the main 
deserts in this simulation. 

In Figure i the annual mean burdens of sulfate aero- 
sols, BC, OC, submicron diameter mineral dust and 
sea-salt, total aerosol depth from PROG and AVHRR, 
as well as the total number of aerosols (Na) at 920 hPa 
are shown. Maxima in sulfate burden are associated 

with high sulfur emissions due to industrial activity in 
North America, Europe, and southeastern Asia. Sec- 
ondary maxima in the Southern Hemisphere (SH) are 
due to biomass burning and smelting. The sulfate bur- 
den over SH oceanic regions is below 2 mg S m -2. High 
levels of sulfate aerosols are transported downwind of 
the industrial centers off the shores of the Asian and 

North American coasts. Maxima over Indonesia and 

Kamchatka are due to volcanic emissions. 

BC and OC have maxima over the industrial cen- 

ters of Europe and southeastern Asia but not over the 
United States. BC and OC emissions are less over the 

United States than over Europe because not many cars 
burn diesel, which is responsible for the major anthro- 
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Figure 1. Annual mean burden of (a) sulfate (mg S m-2), (b) black carbon (mg C m-2), (c) 
organic carbon (mg C m-2), (d) submicron dust (mg m-2), (e) sea-salt (mg m-2), (f) total 
aerosol optical depth f•om PROG, (g) aerosol optical depth from AVHRR, and (h) total number 
of aerosols in 920 hPa (cm-a). 
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pogenic BC and OC emissions over Europe. However, 
BC and OC are underestimated over the United States 

by Liousse et al. [1996], which is the source of our data, 
as no biomass burning outside the tropics and subtrop- 
ics is considered. Maxima on the Southern Hemisphere 
are caused by biomass burning. 

The dust burden is largest over the Sahara, where 
the dust emissions are highest due to the combination 
of loose sand and high wind speeds. Saharan dust is 
transported as far as India and 300 km offshore the 
African continent eastward over the Atlantic. Sea-salt 

emissions, and thus its burden, also depend crucially on 
the wind speed. It is highest over the Southern Ocean 
with secondary maxima over all other oceans. Some 
sea-salt particles are transported over the continents as 
well. 

AVHRR can only retrieve aerosol optical depth over 
oceans between 70øS and 70øN. It has maxima off the 

Saharan coast due to dust transport and off the coast 
of southeastern Asia and Africa closed to regions with 
large amounts of biomass burning. In P ROG these 
maxima appear also, but the simulated optical depth 
is lower than observed (Figures if and lg). The simu- 
lated aerosol optical depth agrees in magnitude with the 
observed one in midlatitudes but is too low in the trop- 
ics. This suggests the need for simulating sea-salt and 
dust from the model-generated winds rather than off- 
line with monthly mean winds. However, this is beyond 
the scope of the present paper but will be addressed in 
the future. 

Na is shown at 920 hPa, which is the nearest level to 
the total number of aerosol particles shown by Chuang 
et al. [1997, Plate 1]. Chuang et al. [1997] find the most 
aerosols over Europe, southeastern Asia, and Brasilia 
when using the same internal mixing approach as used 
here. Our total number of aerosol particles is largest 
over the Sahara, primarily because of the inclusion of 
dust aerosols, whereas Chuang et al. [1997] only con- 
sidered OC, BC, and sulfates. South America has more 
aerosols than North America, which is a reflection of the 

OC and BC distributions which, however, unrealisti- 
cally neglect biomass burning outside the tropics where 
it is not so effective. Most of the emissions over North 

America occur on the east coast, where the particles 
are rapidly transported over the Atlantic. Also, the as- 
sumption that all anthropogenic sulfate condenses onto 
preexisting particles is an extreme, while in reality, some 
anthropogenic sulfates form new aerosol particles. Some 
dust is transported over the oceans, so the land/sea con- 
trast in total number of aerosol particles is only a fac- 
tor of 3, with 5900 aerosols cm -3, on average, over land 
and 1800 aerosols cm -3 over oceans. Jaenicke [1993] 
suggests number concentrations for maritime aerosols 
between 100 and 900 cm -3 and for continental aerosols 

between 2000 and 8000 cm -3 at that altitude, which 
implies that our aerosol number concentrations are on 
the high side. At the same time, our aerosol optical 
depth is smaller than in AVHRR. Thus either our spe- 
cific extinction coefficients are too small or there is a 

contradiction in those estimates from observations. 

3.2. Simulated Cloud Distributions 

3.2.1. Global Means. Table 5 shows a compar- 
ison of globally averaged values of the simulated liq- 
uid water path, cloud cover, and the shortwave cloud 
forcing for summer and winter obtained from PROG 
and DIAG with observations. Additionally, we present 
the hemispheric mean effective radius for warm clouds 
(cloud top temperature > 273.2 K) separately for mar- 
itime and continental clouds. The effective radius is 

calculated as the satellite would see it; that is, it corre- 
sponds to the radius at cloud top. 

The estimates for liquid water path from special sen- 
sor microwave imager (SSM/I) observations over oceans 
cover the period 1987-1991 [Greenwald ½t al., 1993] 
and 1987-1994 [Wcng and Grody, 1994]. The accu- 
racy of the retrieved liquid water path from microwave 
emissions over ice free oceans is still rather low, and 
the retrievals can be affected by many input factors 
(e.g., total precipitable water, surface wind, cloud tem- 

Table 5. Liquid Water Path (LWP), Cloud Cover (_CC), Shortwave Cloud Forcing (SCF), 
Longwave Cloud Forcing (LCF), and Cloud Droplet Effective Radius re for NH Winter (DJF) 
and NH Summer (JJA) 

Quantity OBS (DJF) PROG DIAG OBS (JJA) PROG DIAG 

Liquid water path (g m-9') a 48.0-75.4 92.1 90.8 49.5-76.7 92.4 
Cloud cover (%) 61.5 67.8 61.8 62.1 64.6 
Shortwave cloud forcing (Wm -9') -52.4 -49.7 -55.7 -48.3 -43.4 
Longwave cloud forcing (Wm -9') 28.7 27.1 30.5 29.1 28.3 
re SH oceans (•um) b 11.6 11.6 11.6 11.9 
re NH oceans (/•m) 10.2 11.4 12.2 11.3 
re SH land (/•m) 9.0 10.0 9.3 8.1 
re NH land (/•m) 7.8 5.0 9.0 8.4 

82.0 

57.7 

-47.8 

30.3 

aOnly data over oceans equatorward of 60 ø are considered. The lower value in the SSM/I observations 
corresponds to the estimate by Weng and Grody [1994] and the higher value to Greenwald et al. [1993]. 

b Only data equatorward of 50 ø are considered. 
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Figure 2. Annual global mean vertical profiles for PROG (solid) and DIAG (dashed) of (a) the 
number of cloud droplets (cm-3), (b) vertical velocity (m s-1), (c) the total number of aerosol 
particles (cm-3), (d) sum of liquid and ice water content (rag kg-1), and (e) cloud cover (%). 

perature). There are also possible contributions from 
precipitation-size drops in the retrieved liquid water 
path. Hence the retrievals from Greenwald ½t al. [1993] 
and Wens and Grody [1994] differ regionally by a factor 
of 2 and in the global annual mean by 60%. Both data 
sets are used for their pattern in the first place and as 
an estimate of the possible range of liquid water path in 
the second place. Observed total cloud cover, averaged 
over 1983-1990, and the effective cloud droplet radius 
are derived from the International Satellite Cloud Cli- 
matology Project (ISCCP) [Rossow and Schiffev, 1001; 
Hah et al., 1994]. The observations of shortwave and 
longwave cloud forcing are obtained from ERBE, aver- 
aged over the years 1985-1990. 

The simulated global mean liquid water path is higher 
than derived from SSM/I data by Greenwald et al. 
[t993] and thus much higher than estimated by Weng 
and Grody [1994], but the change with season simulat- 
ing slightly higher values in JJA is captured. The cloud 
cover is 10% higher than observed in NH winter and 4% 
higher in NH summer. The higher cloud cover in P ROG 

than in DIAG can be attributed to the large-scale trans- 
port of cloud water and cloud ice, which was neglected 
in DIAG. The semi-Lagrangian scheme applied for ad- 
vection is numerically quite diffusive and changes there- 
fore the vertical humidity structure. Thus the vertical 
mixing is too strong, which results in a higher cirrus 
cloud cover. Therefore we had to enhance the aggrega- 
tion rate to readjust our longwave cloud forcing again 
to the observed one from ERBE. The shortwave cloud 
forcing is underestimated by 2.7 W m -2 in NH winter, 
and 5 W m -2 in NH summer, both of which are within 
the range of measurement uncertainty. The longwave 
cloud forcing is within q- 2 W m -2 of the observations 
in both seasons. 

The simulated effective radii are within i ttm for ma- 
rine clouds and continental clouds over the Southern 
Hemisphere. We underpredict the effective radii for 
continental clouds in NH winter by 3/•m caused by ei- 
ther a too low liquid water content or a higher CDNC. 
The latter could result from too many CCN being ac- 
tivated in P ROG. This point will be discussed further 
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in section 3.2.3. The simulated land-sea contrast is 3.9 

tim, slightly higher than the 3.3 tim derived from the 
ISCCP than et al., 1994]. The observations show that 
the effective radii over SH oceans are 0.6 tim larger than 
over NH oceans, whereas the difference is only 0.3 tim 
in P ROG. This is very likely caused by the inherent as- 
sumption of a uniform maritime aerosol spectrum with 
a volume-mean radius of 0.085 tim, whereas in situa- 
tions with high wind speed and large amounts of sea 
salt in the marine boundary layer, the volume-mean ra- 
dius could be larger. 

The slightly higher than observed liquid water path 
and cloud cover should yield a shortwave cloud forcing 
that is larger than observed rather than smaller. To 
understand the apparent contradiction, the liquid wa- 
ter path, cloud cover, and shortwave cloud forcing from 
Lohmann and Feichter [1997], using the empirical re- 
lationship between sulfate aerosols and the number of 
cloud droplets, are included in Table 5 as well (experi- 
ment DIAG). In DIAG the liquid water path and cloud 
cover are lower than in PROG, but the shortwave cloud 
forcing is higher. Thus the differences are either due 
to a different vertical distribution of cloud cover, liq- 
uid water, and the number of cloud droplets in those 
experiments or due to differences in spatial and tem- 
poral variability. As shown in Figure 2, the vertical 
profile of the CDNC in DIAG is much smoother than in 
PROG, even though we mimic cloud dynamics by as- 
suming that the same number of cloud droplets which is 
nucleated at cloud base prevails throughout the depth 
of the cloud. In the extratropics, clouds are frequently 
layered, so more than one cloud base exists in a vertical 
GCM column. Thus the number of drops that nucleate 
is much lower for an altostratus cloud as compared to a 
stratus cloud as the number of aerosol particles and the 
vertical velocity rapidly decrease with height (compare 
Figure 2). The number of aerosol particles decreases 
from 3500 cm -a near the surface to 300 cm -a above 
near the tropopause. The values in the boundary layer 
are representative for a remote continental aerosol as 
compiled by Jaenicke [1993] and thus are probably too 
high for a global mean average. Also the decrease with 
height is not so rapid as suggested by Jaenicke [1993], so 
the number of aerosol particles in the free atmosphere 
in PROG is larger than observed as well. However, 
by comparing CDNC between DIAG and PROG, one 
needs to have in mind that CDNC is a hypothetical 
number in DIAG as it is linked to the mass of sulfate 

aerosols that are always present. In PROG CDNCs are 
only produced when condensation occurs and are sub- 
ject to loss by evaporation and precipitation formation. 
In addition, the higher temporal and spatial variability 
of the number of cloud droplets in the prognostic ap- 
proach may also account for the apparent inconsistency 
among liquid water path, effective radius, and short- 
wave cloud forcing. 

The cloud water content (sum of liquid and ice) and 
cloud cover are higher in DIAG than in PROG below 

700 hPa. Additionally, for clouds with tops higher than 
900 hPa on average, the number of cloud droplets is 
larger in DIAG, thus the effective cloud droplet radius is 
smaller, and more shortwave radiation is reflected back 
to space. The cirrus cloud cover is lower in DIAG, but 
its water content is higher yielding a similar longwave 
cloud forcing (compare Table 5). 

3.2.2. Cross sections. Figure 3 shows cross sec- 
tions of Na, the ratio of the mass of anthropogenic sul- 
fate aerosols to Na (7), which is one parameter that 
determines the factor c• in equation (9), CDNC, the 
vertical velocity, the liquid water content in the cloudy 
part of the grid-box and averaged over cloudy events 
only (in-cloud liquid water content), and the precipi- 
tation efficiency for warm clouds (defined as the ratio 
of precipitation formation in mixing ratio units to the 
in-cloud liquid water content). 

Na is largest at 20øN, predominantly due to high 
aerosol number concentrations of dust over the Sahara. 

It rapidly decreases with height until it reaches the 
background concentration of 300 particles cm -a. 

The ratio of anthropogenic sulfate aerosols to Na is 
largest over middle and high latitudes of the North- 
ern Hemisphere reflecting the main sources of anthro- 
pogenic sulfate. It is relatively constant with height as 
many anthropogenic sulfate aerosols are formed by gas- 
to-particle conversion and via the aqueous pathway far 
away from the origin of their precursors. This ratio ex- 
hibits a strong latitudinal gradient, it decreases sharply 
from above 3.5 north of 45øN to below 1 at 15øN, re- 
flecting again the latitudinal gradient of anthropogenic 
aerosol sources. 

CDNC has maxima below 900 hPa in the tropics 
where the vertical velocity and Na are highest, i.e., 
where most aerosols can be activated. Between 900 and 

700 hPa it decreases rapidly with height, much faster 
than Na and the number of aerosol particles. Both 
CDNC and Na decrease poleward and exhibit a sec- 
ondary maximum near 50øS. 

The in-cloud liquid water content also has maxima 
in the tropics with values up to 0.5 g kg -1 between 
900 hPa and 700 hPa associated with shallow convec- 

tion. These clouds convert, on average, 40% of their 
liquid water content into precipitation, distinctly less 
than clouds formed over the Intertropical Convergence 
Zone. The precipitation efficiency is highest for clouds 
formed near the surface, where the in-cloud liquid wa- 
ter content is depleted very rapidly. It's maximum in 
the Intertropical Convergence Zone and over the storm 
tracks corresponds to a relative minimum in in-cloud 
liquid water content and relatively low number of cloud 
droplets. Altostratus clouds and polar clouds precipi- 
tate less efficiently. 

The distribution of the in-cloud liquid water content 
is much smoother than the one of the cloud droplet 
number. The condensed cloud liquid water is calculated 
with a saturation adjustment scheme. It depends only 
on the supersaturation, which is controlled by large- 
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Figure 3. Annual zonal mean latitude-presSure (hPa) cross sections of (a) total number of aerosol 
particles (cm-3), (b) ratio of anthropogenic sulfate to the total number of aerosol particles (7) 
(t•g m-3 S/1000 cm-3), (c) CDNC (cm-3), (d) vertical velocity (m s-•), (e) in-cloud liquid water 
content (mg kg-•), and (f) precipitation efficiency (%). 

scale dynamics. The activation of cloud droplets, how- 
ever, is controlled by the turbulent vertical velocity 
fluctuation rather than by the grid-mean vertical veloc- 
ity, so the cloud droplet number concentration is more 
noisy. 

3.2.3. Geographical distributions. The annual 
mean conversion rates for CDNC and CDNC itself in 
920 hPa averaged over clear-sky and cloudy areas are 
shown in Figure 4. Similar to Ghan et al. [1997], nu- 
cleation in large-scale clouds is the major source with 
3.7 x 106 m- 2 s- •. Maxima are found over Europe, off 

the Saharan coast, and in East Africa. Minima are gen- 
erally located in high-pressure areas of the subtropics 
and over North America and eastern Asia. Detrain- 
ment from convective anvils is a much smaller source 

with 1.1 x 10 ½ m -2 s -• in the global mean. It has 
maxima in the tropics due to shallow convection. De- 
trainment from, deep convection is only a minor source, 
because most of its detrained cloud water occurs in the 

ice phase. Advection and diffusion are negligible as 
is melting of cloud ice. The largest sink is evapora- 
tion of cloud droplets similar to the findings of Ghan et 
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al. [1997] with 1.9 x 10 6 m-2 s-t in the global mean 
followed by freezing of cloud droplets (1.7 x 106 m -2 
s- t) and precipitation formation (1.2 x 106 m- 2 s-l). 
Precipitation formation exhibits a similar geographical 
distribution as detrainment, whereas freezing is largest 
near the poles and in areas of deep convective activity. 

Evaporation is largest off the Saharan and east Asian 
coast and nearly uniform elsewhere. 

The resulting distribution of CDNC (Figure 4 0 shows 
much more small-scale features than the number of 

aerosol particles in this level (compare Figure 1). Max- 
ima are located over the storm tracks of each hemi- 
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Figure 5. Geographical distribution of the annual mean liquid water path (g m -2) obtained 
from (a) SSM/I analyses according to Greenwald et al. [1993], (b) according to Weng and Crody 
[1994], (c) PROG, and (d) DIAG. 

sphere as well as over Europe off the Saharan coast. 
Lower concentrations are generally found over the con- 
tinents and over the southern Pacific where few aerosols 

are present (compare Figure 1). In the stratocumulus 
regions off the west coasts of North America and South 
America, the droplet concentration is between 50 and 
100 cm -a. 

The annual mean liquid water path is shown in Fig- 
ure 5. PROG and DIAG capture the observed maxima 
in liquid water path associated with tropical convection 
and NH extratropical cyclones. In PROG the liquid wa- 
ter path over SH oceans is higher than the observations 
suggest. However, the zonal pattern shows a maximum 
at 50øS and a distinct minimum over SH subtropics sim- 
ilar to the observations from Weng and Grody [1994], 
whereas in DIAG the liquid water path is not much 
higher at 50øS than in SH subtropics. In both experi- 
ments, the convectively active regions in the tropics are 
more pronounced than in the observations. Because of 
high levels of anthropogenic aerosols and hence high 
concentration of cloud droplets in DIAG, higher val- 
ues of liquid water path than observed are predicted 
over the western part of the North Atlantic and North 
Pacific. This overestimation, especially in the Pacific 
between 10øN and 20øN, is nicely reduced in PROG. 

The annual and zonal mean cloud droplet effective 
radii for warm clouds with cloud lop temperatures > 
273.2 K between 50øN and 50øS from PROG and ob- 

servations from Hah et al. [1994] are presented in Fig- 
ure 6. In both the observations and P ROG the largest 
difference between maritime and continental effective 

cloud droplet radii occurs in the subtropics. The agree- 
ment between simulated and observed effective radii is 

best in the tropics. Larger departures from the observa- 
tions occur over land in the Northern Hemisphere north 
of 15øN and over midlatitude oceans, where the simu- 
lated radii are too small. As the liquid water path in 
P ROG is not underpredicted in NH midlatitude storm 
tracks with respect to SSM/I observations (compare 
Figure 5), the simulated clouds probably consist of too 
many CDNC. A comparison of column CDNC for low- 
level clouds with cloud top temperature > 273.2 K from 
ISCCP data [Hah et al., 1998b] for a 1 year mean (taken 
as average over January, April, July, and October 1987) 
and PROG for a i year mean (also composed of a Jan- 
uary, April, July, and October) suggests that the latter 
is true (Figure 7). In general, the agreement of an- 
nual mean column CDNC simulated with PROG and 

derived from ISCCP is very good. Column CDNC is 
on average much higher over land than over the oceans 
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Figure 6. Annual mean cloud droplet effective radius (/•m) for (top) the Northern Hemisphere 
and (bottom) Southern Hemisphere for observations over oceans (dashed), o.ver land (dotted- 
dashed) and PROG over oceans (solid) and over land (dotted). 

both in observations and in PROG. Hah et al. [199b] 
emphasized the striking difference in contrast between 
maritime and continental clouds such that continental 

clouds consist of 2-4 times more cloud droplets than 
maritime clouds. A comparison of frequencies of cloud 
droplet concentration for clouds over land and ocean is 
shown in Figure 8. Observations show that more than 
80% of low-level clouds over oceans in all seasons have 

column droplet concentration < 4 x 106 cm-2 while only 
30% of clouds over land. In ECHAM the frequency dis- 
tribution of column droplet concentration of maritime 
clouds is captured very well, but the land-sea contrast 
is much smaller. The regional distribution of column 
droplet concentration (Figure 7) yields that the largest 
deviation from observations is in coastal regions, where 
PROG predicts too high values. PROG generally un- 
derpredicts clouds in the interior of the continents, so 
even over land the maximum in frequency is in the low- 

est bin. However, one has to bear in mind that IS- 
CCP has difficulties in distinguishing CDNC from dust 
aerosols over the Sahara which could bias the observed 

frequency distribution to larger column CDNC. 
Hah et al. [1998a] addressed the point of the relation- 

ship of cloud albedo and liquid water path with droplet 
size. As shown in Figure 9, the interesting finding is 
that only for optically thick clouds (r > 15) and for 
clouds over land the cloud albedo (and optical depth) 
increase with decreasing droplet size, which is the un- 
derlying assumption for the indirect aerosol effect. For 
optically thinner clouds (r < 15') the time available for 
droplet growth leads to an increase in liquid water path 
and cloud albedo with increasing droplet size. For all 
warm clouds the liquid water path increases with in- 
creasing effective radius as to be expected in the droplet 
growth state where CDNC is almost constant. This op- 
posite behavior for optically thin and thick clouds over 
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Figure ?. Geographic distribution of the annual mean column cloud droplet number concentra- 
tion (10 6 cm -a) from (a) PROG, and (b) ISCCP. 

the oceans is captured in PROG (Figure 9). However, 
the land-sea contrast for optically thin clouds is not sim- 
ulated; that is, optically thin clouds over land behave 
Nike optically thin clouds over oceans in P ROG, whereas 
they behave like optically thick clouds in ISCCP. 

The influence of clouds on the shortwave radiation, 
the shortwave cloud forcing, is shown in Figure 10 for 
PROG and DIAG together with satellite observations 
from ERBE. In agreement with ERBE data, maxima in 
shortwave cloud forcing occur where maxima in liquid 

water path are located (e.g., over tropical convectively 
active regions, NH storm tracks, and SH oceans). Sec- 
ondary maxima are associated with marine stratocumu- 
lus decks offshore of the coasts of California and South 

America. Although both DIAG and PROG capture the 
main features, the shortwave cloud forcing in the trop- 
ics is overestimated in DIAG, especially over the warm 
pool and underestimated in extratropical cyclones with 
respect to ERBE. In P ROG the shortwave cloud forcing 
is increased in the extratropics of the Southern Hemi- 
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Figure 8. Frequency distribution of column cloud droplet number concentration (10 6 cm -2) for 
(a) January, (b) April, (c) July, and (d) October from PROG for clouds over land (dashed), over 
oceans (solid) and from ISCCP [Han et al., 1998b] for clouds over land (dotted), over oceans 
(dotted-dashed). 

sphere, and reduced in the tropics, in better agreement 
with the ERBE data. Moreover, the minimum in short- 
wave cloud forcing over the subtropical highs is nicely 
captured. As can be clearly seen in the zonal mean 
(Figure 10d), the good agreement of the global mean 
shortwave cloud forcing in DIAG compared to ERBE is 
partly due to error compensation, the shortwave cloud 
forcing being overestimated in the tropics and underes- 
timated in the extratropics. In PROG the agreement 
of the shortwave cloud forcing is excellent everywhere 
but on the Northern Hemisphere, where probably the 
assumption that anthropogenic sulfate never forms new 
aerosol particles is not correct. 

To summarize, the experiment with the prognostic 
treatment of cloud droplets simulates a liquid water 
path and a shortwave cloud forcing which is in closer 
agreement with the observations than the experiment 
with the empirical relationship between the mass of 
sulfate aerosols and CDNC. This is mainly due to addi- 
tional aerosols such as sea-salt over the Southern Ocean 
and a different vertical profile of CDNC in those two ex- 

periments. The average column CDNC of marine clouds 
is realistically simulated except over NH extratropical 
storm tracks where very large column CDNC cause a 
lower effective radius than observed. Very encouraging, 
the changes in effective radius with optical depth, which 
is different for optically thin and thick marine clouds, 
is captured in P ROG. 

4. Sensitivity Experiments 

Aerosol activation is highly sensitive to the maximum 
supersaturation, which is related to the updraft veloc- 
ity and the chemical composition, size, and number 
of aerosol particles. In this section, sensitivity exper- 
iments are conducted, changing the input parameter of 
the nucleation parameterization, i.e., the total number 
of aerosol particles, the vertical velocity, and the value 
of a, which contains the information about the aerosol 
composition, size spectrum, and hygroscopicity. The 
sensitivity experiments are summarized in Table 6. 

In the first two experiments, the factor a is varied. In 
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PROG it is assumed that the maritime aerosol spectrum 
is conserved when advected over land and vice versa 

for the continental aerosol spectrum. The sensitivity 
to the conservation of size spectrum is studied in the 
experiment a-la/oc, where a changes its character as 
soon as air masses cross the coastline. In a-Ghan we use 

an averaged value of 3.4 x 10 -a cm 4 s -1 for the factor 
a, as given by Ghan et •l. [1993], valid for ammonium 
sulfate, assuming a lognormal size distribution with a 
mode radius of 0.05 ttm and rr-2 at 800 hPa and 273 
K. 

To test the sensitivity of the droplet activation to 
the total number of aerosols, we conducted two exper- 
iments, one where we used 2000 aerosols cm -3 every- 
where close to the average number of aerosol particles 
obtained with P ROG over the oceans at 920 hPa. In 

the other experiment we distinguish maritime and con- 
tinental aerosols as simply as possible by assuming that 
continental air contains 5000 aerosols cm -3 and mar- 
itime air 800 aerosols cm -a. 

The sensitivity to aerosol activation to updraft veloc- 
ity suggests that the number of nucleated cloud droplets 
could be highly sensitive to the way which we specify 
vertical velocity. We conducted two sensitivity experi- 

ments, one where we prescribe a vertical velocity of 10 
cm 8-1 everywhere and one where we use a vertical ve- 
locity of i m s-1. These numbers are a good estimation 
of a lower and upper bound for typical values found in 
stratus clouds [Gultepe and Isaac, 1996]. 

As summarized in Table 7, in PROG •0 1800 aerosols 
cm -3 prevail, on average, over the oceans at 920 hPa, 
and we predict about 150 cloud droplets cm -3. Over 
land, more than 3 times as many aerosols are present 
in this altitude, but only 50% more cloud droplets ex- 
ist in the global mean, because the nucleation of cloud 
droplets becomes rapidly saturated over land at a high 
number of aerosols. The in-cloud liquid water content 
at 920 hPa over the oceans is 50% higher than over 
land; the annual mean cloud cover at 920 hPa over the 
oceans is 14% as compared to 9% over land, and the 
precipitation efficiency is 40% over oceans, 4% higher 
than over land. 

4.1. Sensitivity to a 

The results hardly change if no transport of the mar- 
itime aerosol spectrum over land and of the continental 
aerosol spectrum over the oceans is considered, as in 
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Table 6. Sensitivity Experiments 

Abbreviation Description 

c•-la/oc 
c•-Ghan 

Na-uni 

Na-la/oc 
W-small 

W-large 

aerosol size distribution changes immediately as air masses cross the coasthue 
a constant c• value of 3.4 x 10 -a cm4 s-• is used 
N• is assumed to be 2000 cm -a everywhere 
N• is assumed to be 800 cm -a over the oceans and 5000 cm -a over land 
vertical velocity is 10 cm s -1 everywhere 
vertical velocity is 100 cm s -1 everywhere 

c•-la/oc. Neglecting the transport should increase the 
number of cloud droplets over land as the number of 
cloud droplets nucleated is not weighted by the amount 
of maritime aerosols present. Conversely, fewer cloud 
droplets should be present over the oceans. However, 
the number of cloud droplets has decreased over oceans 
and over land. CDNC has decreased over land because 

the number of new CDNC formed levels off very fast 
with increasing number of aerosols. The increase in liq- 
uid water path is 1% compared to P ROG as the areal 
increase in the number of cloud droplets outweighs its 
decrease (Figure 11). The largest increase in the num- 
ber of cloud droplets occurs in the subtropics. As the 
precipitation efficiency decreases when the cloud con- 
sists of more but smaller cloud droplets, the lifetime of 
those clouds is prolonged, and on average, more liquid 
water is present, mainly collocated with the increase in 
cloud droplets, as can be seen in Figure 11. 

If no aerosol properties are included in the factor a, 
but a constant value as in a-Ghan is used, than the 
number of cloud droplets is about twice as large in 920 
hPa than in PROG, both over land and over oceans 
(Table 7). This is a result from activating more aerosols 
here, which reduces the precipitation efficiency of these 
clouds and thus enhance their lifetime. As shown in 

Figure 11, the increase in cloud droplet number con- 
centration and liquid water content prevail everywhere 
below 500 hPa. Thus the liquid water path is increased 

by 9 g m -2, and the shortwave cloud forcing is high- 
est in this experiment. Even though the increase in 
liquid water path is 12% in c•-Ghan, as compared to 
PROG, the increase in shortwave cloud forcing is only 
1%. Firstly, this is due to overlying high and midlevel 
clouds which have not changed. Secondly, if the low- 
level clouds are already optically thick, a further in- 
crease in cloud droplets and liquid water path, on aver- 
age, hardly increases the shortwave cloud forcing. 

4.2. Sensitivity to Number of Aerosol Particles 

Using an average aerosol concentration of 5000 cm -3 
over land and 800 cm -3 over oceans everywhere, as in 
Na-la/oc, changes the vertical distribution of aerosols 
drastically. In 920 hPa, fewer aerosols, on average, 
are present in this experiment over the oceans than in 
PROG (Table 7). The total number of particles is re- 
duced between 20øS and 30øN below 700 hPa and in- 

creased elsewhere (not shown). The smallest increase 
occurs over the Southern Ocean in higher altitudes. 
CDNCs decrease below 700 hPa between 50øN and 10øS 

as a result from fewer CCN, and thus the faster collision- 
coalescence process depletes the liquid water content of 
these clouds more rapidly (Figure 12). Vice versa, the 
larger amount of aerosols above 700 hPa results in more 
CDNC and longer-lasting midlevel clouds, so that the 
liquid water path only decreases by 3% and the short- 

Table 7. Annual Means of Total Number of Aerosol Particles Na, Number of in-Cloud Cloud 
Droplets (CDNC), and in-Cloud Liquid Water Content (LWC) at 920 hPa, Annual and Global 
Mean LWP, and SCF for Sensitivity Studies 

Quantity PROG c•-la/oc c•-Ghan Na-la/oc N,-uni W-Small W-Large 

N•-ocean (cm -3) 1801 1767 1782 800 2000 1804 1823 
N•-land (cm -3) 5910 5861 5916 5000 2000 5962 5956 
CDNC-ocean (cm -a) 154 165 307 128 219 67 125 
CDNC-land (cm -a) 224 188 529 200 162 69 164 
LWC-ocean (mg kg -• ) 243 249 293 248 274 210 255 
LWC-land (mg kg -• ) 160 160 173 159 162 138 165 
LWP (g m -2) 77.2 78.2 86.4 78.6 81.7 73.3 80.6 
SCF (W m -2) -46.3 -46.3 -46.8 -46.3 -46.6 -45.4 -46.4 

See Table 6 
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Figure 10. Geographic distribution of the annual mean shortwave cloud forcing (W m -2) 
obtained from (a) ERBE, (b) PROG, (c) DIAG, and (d) zonal annual mean shortwave cloud 
forcing from ERBE (dotted), PROG (solid), and DIAG (dashed). 

wave cloud forcing reduces by i W m -2. The ratio 
of anthropogenic sulfate to the total number of aerosol 
particles, 7, decreases poleward of 40øN and increases 
south of it (not shown); that is, in this scenario the an- 
thropogenic aerosols add mass onto preexisting aerosol 
more evenly. More CDNC prevail over the Southern 
Ocean and north of 50øN, where using our simulated 
aerosols less than 800 aerosol cm -3 prevail. The liq- 
uid water content shows a dipole structure decreasing 
by more than 20 mg kg -1 in the Northern Hemisphere 
and increasing by more than 50 mg kg- • in the South- 
ern Hemisphere, so the liquid water path increases by 
1.4 g m -2. The positive and negative changes cancel 
each other, yielding the same shortwave cloud forcing 
as in P ROG. 

Assuming 2000 aerosols cm -3 everywhere as in Na- 
uni reduces the total number of particles between 20øS 
and 60øN below 700 hPa and increases the total num- 

ber of particles elsewhere (not shown). The number of 
CDNC in 920 hPa is higher over ocean than over land 
in this experiment, the reversed of what is simulated 
with PROG (Table 7); that is, the assumption of differ- 
ent size spectra over land and ocean is very crucial for 
the number of activated CCN. In the zonal mean, CD- 
NCs have increased almost everywhere on the South- 

ern Hemisphere and poleward of 30øN and decreased 
between the equator and 30øN (Figure 12). Here the 
decrease over tropical and subtropical land masses out- 
weighs the increase over tropical oceans. The in-cloud 
liquid water content has increased everywhere, with 
maxima of more than 100 mg kg -• in the subtropics 
of both hemispheres. This results in a 6% increase in 
liquid water path as compared to PROG. 

4.3. Sensitivity to Vertical Velocity 

The sensitivity of CDNC to small changes in the ver- 
tical velocity was found to be small [Chuang et al., 1997; 
Ghan et al., 1997]. Here we evaluate the changes in 
CDNC using an upper and lower bound of typical val- 
ues of vertical velocity. If the vertical velocity is only 10 
cm s -• everywhere (experiment W-small), the number 
of cloud droplets is reduced to 70 cm -3 both over land 
and over ocean, which is 2 and 3 times smaller than in 
PROG in 920 hPa over land and ocean, respectively. 
The number of cloud droplets is reduced everywhere, 
with a maximum reduction of more than 100 cm -3 in 

the boundary layer between 60øN and 10øS, as can be 
seen in Figure 13. Thus the in-cloud liquid water con- 
tent is reduced everywhere below 700 hPa as well. The 
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Figure 11. Annual zonal mean latitude-pressure (hPa) cross sections of the differences between 
sensitivity experiment c•-la/oc and rgoo for (a) CDrC (cm-a), (b) in-cloud liquid water content 
(mg kg-1), and difference between the sensitivity experiment c•-Ghan and PROG for (c) CDNC 
(cm-3), and (d) in-cloud liquid water content (mg kg-1). 

boundary layer clouds convert slightly more cloud wa- 
ter into precipitation, which increases the annual global 
mean precipitation by 0.5%. As a result of the lower 

-2 
cloud water content, the liquid water path is 3.9 g m 
lower in this experiment than in PROG, and the short- 
wave cloud forcing is lowest in this experiment, 0.9 W 
m-2 lower than in PROG. 

Assuming a vertical velocity of 1 m s -1 everywhere 
does not give the opposite picture, because the verti- 
cal velocity below 900 hPa exceeds 1 m s -1 in P ROG. 
As in W-small, in this experiment the number of cloud 
droplets in 920 hPa is lower than in PROG (compare 
Table 7), but the in-cloud liquid water content is higher, 
as compared to P ROG. As the vertical velocity drops 
below 1 m s -1 above 900 hPa in P ROG, the liquid wa- 
ter content and the number of cloud droplets in W-large 
are increased above that level, and the precipitation ef- 
ficiency is reduced, as can be seen in Figure 13. Overall, 
the increase in liquid water content in W-large, as com- 
pared to PROG, outweighs the decrease, so the liquid 

water path is increased in the global mean. The short- 
wave cloud forcing, however, is not larger in W-large 
than in PROG, because the decrease in the number of 
cloud droplets below 850 hPa reduces the optical depth 
of the boundary clouds more than its increase aloft in- 
creases the optical depths of the midlevel clouds. 

The differences in liquid water path and shortwave 
cloud forcing between these sensitivity experiments and 
PRO(] are small, because many of the cloud processes 
are dynamically controlled rather than by their micro- 
physical properties. The dynamics are pretty similar, as 
neither the precipitation nor the longwave cloud forc- 
ing, which would be a good indicator for changes in the 
dynamics, differ much between those experiments. In 
all experiments both quantities are within + 1% of the 
global mean values in P ROG and do not exhibit large 
regional deviations either. 

To summarize, the smallest changes occur when the 
aerosol size distribution changes immediately as air 
masses cross the coastline, as compared to transports 
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(a) CDNC Na-la/oc - PROG (b) LWC Na-la/oc - PROG 

(c) CDNC Na-uni- PROG (d) LWC Na-uni - PROG 

ø,'ø•--' --)o 

•,r'•. V':• lO . . . 
-300 '.•.100 

Figure 12. As Figure 11 but for the difference between sensitivity experiments Na-la/oc and 
P ROG and between Na-uni and P ROG. 

of the size distribution. On the contrary, the liquid wa- 
ter content changes regionally by more than 0.1 g kg -1 
when a constant value of c• is used, when a constant 
number of aerosol particles is assumed, or the vertical 
velocity is 1 m s-1 everywhere. 

5. Discussion and Conclusions 

In this paper we introduce a prognostic equation for 
the number of cloud droplets (experiment PROG) into 
the ECHAM GCM. With that we are able to estimate 

the number of cloud droplets from solving a budget 
equation, which is more physically sound than relating 
it diagnostically to the mass of sulfate aerosols which 
is taken as a surrogate for the total aerosol mass. The 
implied assumption in the diagnostic or empirical ap- 
proach is that the ratio of sulfate mass to the total 
mass of aerosols is constant, which is a gross simplifica- 
tion. Therefore in this paper we parameterize droplet 
nucleation as a function of total aerosol number concen- 

tration, updraft velocity and a parameter, which takes 
the aerosol distribution into account. The total num- 

ber of aerosol particles is obtained as the sum of marine 
sulfate aerosols, hydrophylic organic and black carbon, 
submicron dust, and sea-salt aerosols. Anthropogenic 
sulfate only adds mass to the preexisting aerosols but 
does not form new particles. 

As compared to the experiment with an empirical re- 
lationship between the number of cloud droplets and 
the mass of sulfate aerosols (DIAG), the shortwave 
cloud forcing simulated with the prognostic approach 
(PROG) is in better agreement with observations, the 
overestimation in the tropics is reduced, and the under- 
estimation in the extratropics of the Southern Hemi- 
sphere is decreased. Because of fewer cloud droplets 
over the subtropical South and North Pacific in P ROG 
than in DIAG the simulated liquid water path and 
shortwave cloud forcing with P ROG reproduce the ob- 
served minima in that region. The simulated shortwave 
cloud forcing over the Southern Ocean in PROG agrees 
much better with ERBE than in DIAG, because the liq- 
uid water path is larger than in DIAG. It is, however, 
also larger than derived from SSM/I observations in this 
region. The effective radius, as derived from ISCCP, 
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(a) CDNC W-small - PROG (b) LWC W-small - PRO0 
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Figure 13. As Figure 11 but for the difference between sensitivity experiment W-small and 
PROG and between W-large and PROG. 

suggests that the simulated effective radius is lower than 
observed in this region, but the column CDNC agrees 
well, which should result in a lower liquid water path 
than observed. This apparent contradiction might be 
either because the observations were taken during dif- 
ferent years and the GCM was integrated with climato- 
logical sea surface temperature or because some of the 
simulated liquid water path originates from supercooled 
droplets in mixed-phase clouds, whereas column CDNC 
and effective radius are obtained from warm clouds only. 

PROG captured the observed increase of cloud opti- 
cal depth with increasing effective radius for optically 
thinner clouds (r < 15) and decrease of cloud opti- 
cal depth with increasing effective radius for optically 
thicker marine clouds (r > 15). This is very encourag- 
ing insofar as for climate change studies it is at least 
as important to correctly simulate departures from the 
mean as the average value itself. 

The sensitivity experiments showed that the number 
of cloud droplets in the boundary layer is very sensitive 
to the vertical velocity, the factor c•, and the spatial dis- 
tribution of the total number of aerosol particles. The 

number of cloud droplets in 920 hPa is a factor of 3 
smaller if the vertical velocity is 10 cm s- • everywhere, 
and twice as large if a constant value of a rather than 
the one obtained from the microphysical model is used. 
However, as the water vapor supply for cloud forma- 
tion is dynamically controlled, most of the differences 
seen in the number of cloud droplets in individual lev- 
els do not change the liquid water path by more than 
12%. Moreover, as most of the changes occur in the 
boundary layer, where the clouds are already optically 
thick and often obscured by overlying clouds, further 
increases in the number of cloud droplets as in the ex- 
periment a-Ghan do not change the shortwave cloud 
forcing significantly. 

Ideally, if the ratio of sulfate aerosol mass to the to- 
tal aerosol mass is constant, the vertical profile of the 
number of cloud droplets obtained from PROG should 
match the one obtained from DIAG, as observations 
taken in many different weather regimes are used to de- 
rive the empirical relationship between the number of 
cloud droplets and the mass of sulfate aerosols (com- 
pare Figure 2). However, the vertical profile of CDNC 
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is much smoother in DIAG than in PROG and many 
more cloud droplets are present in DIAG above 900 hPa. 
Errors in DIAG can be due to an overestimation of the 

mass of sulfate aerosols in the free atmosphere or to the 
assumption of a constant fraction of the mass of sul- 
fate to the total mass of aerosols, which is frequently 
violated. This will be investigated elsewhere as only re- 
cently observations of vertical profiles of sulfate aerosols 
have become available. As the number of aerosol par- 
ticles in PROG in all layers is larger than suggested by 
Jaenicke [1993], the number of cloud droplets should 
be larger in P ROG than in DIAG everywhere. As this 
is not the case, the sub-grid-scale vertical velocity, as 
derived from the turbulent kinetic energy, is probably 
too small above the boundary layer, activating very few 
cloud droplets or collision-coalescence or evaporation re- 
duce the number of cloud droplets rapidly. 

Given the uncertainty in obtaining the vertical veloc- 
ity in a GCM, one could argue that at the present time 
an empirical approach is superior to the prognostic ap- 
proach used here. However, several facts argue against 
a diagnostic approach. 

1. With the prognostic approach we are able to treat 
the effect of in-cloud oxidation on aerosol number con- 

centration more realistically. In a cloud, which neither 
precipitates nor evaporates, aqueous phase oxidation 
of SO2 will neither change the number of aerosols nor 
change the number of cloud droplets. If aqueous phase 
oxidation of SO2 takes place in DIAG, the mass of sul- 
fate aerosols increases, and in the next time step, the 
cloud artificially has a higher number of cloud droplets. 
As this hinders precipitation formation, the lifetime of 
this cloud is artificially prolonged. 

2. In DIAG the sulfate aerosol mass is a surrogate 
for the total mass of aerosols assuming a constant ratio 
of sulfate mass to the total mass of aerosols. To con- 

sider aerosol species other than sulfates in a diagnos- 
tic or empirical approach, empirical relationships are 
needed from measurement campaigns, where the num- 
ber of cloud droplets is related to the full aerosol compo- 
sition rather than just to sulfates. These measurements 
are not available yet. 

3. Most importantly, empirical relationships are de- 
rived under present-day atmospheric conditions and 
might not be true in the case of a climatic change. Thus 
the physically based approach is superior to an empiri- 
cal approach. 

The assumption of a uniformly internally mixed aero- 
sol clearly is a simplification. Theoretically, one must 
calculate the cloud droplet nucleation for many different 
aerosol particles, in which the composition of aerosols, 
the percentage of soluble matter, and the size vary. New 
data (F. Raes, personal communication, 1998) suggest 
that no saturation effect of the number of nucleated 

droplets is found for continental clouds, which would 
contradict the results from the microphysical model 
used for droplet nucleation in this study. To account 
for this effect and examine the cloud droplet nucleation 

with respect to aerosol composition and size is beyond 
the scope of this paper. Thus we have limited this pa- 
per to a study of the cloud droplet number in a GCM 
obtained from uniformly internally mixed aerosols. We 
show that the liquid water path and shortwave cloud 
forcing can be simulated realistically, if activation of all 
aerosols types is considered. 

Another simplification clearly is to have prescribed 
dust and sea-salt aerosols, while carbonaceous aerosols 
and sulfate aerosols are treated prognostically. Thus 
the next step will be to introduce an aerosol micro- 
physics scheme into the ECHAM GCM, and to treat all 
aerosol species in the same way. Then we will calculate 
different size categories for the different aerosol species 
and will be able to link droplet nucleation to accumu- 
lation and coarse mode size particles only. Larger-size 
sea-salt aerosols, for example, nucleate earlier than sul- 
fate aerosols. Moreover, it is assumed that all soluble 
aerosols are subject to nucleation scavenging, whereas 
in reality, some smaller particles remain interstitial. 
This assumption is justified in terms of aerosol mass 
[Flossmann, 1996] but will have to be addressed when 
we consider aerosol number concentrations. These pro- 
cesses will be addressed in the future in order to han- 

dle interactions between different aerosol species with 
clouds more appropriately. 
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