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Abstract. A new cloud microphysics scheme including
a prognostic treatment of cloud ice (PCI) is developed
to yield a more physically based representation of the
components of the atmospheric moisture budget in the
general circulation model ECHAM. The new approach
considers cloud water and cloud ice as separate prog-
nostic variables. The precipitation formation scheme
for warm clouds distinguishes between maritime and
continental clouds by considering the cloud droplet
number concentration, in addition to the liquid water
content. Based on several observational data sets, the
cloud droplet number concentration is derived from
the sulfate aerosol mass concentration as given from
the sulfur cycle simulated by ECHAM. Results ob-
tained with the new scheme are compared to satellite
observations and in situ measurements of cloud physi-
cal and radiative properties. In general, the standard
model ECHAM4 and also PCI capture the overall fea-
tures, and the simulated results usually lie within the
range of observed uncertainty. As compared to
ECHAM4, only slight improvements are achieved with
the new scheme. For example, the overestimated liquid
water path and total cloud cover over convectively ac-
tive regions are reduced in PCI. On the other hand,
some shortcomings of the standard model such as un-
derestimated shortwave cloud forcing over the extra-
tropical oceans of the respective summer hemisphere
are more pronounced in PCI.

1 Introduction

About 60% of the Earth’s surface is covered with
clouds. They are an important regulator of the Earth’s

radiation budget. For example, clouds cool the Earth-
atmosphere system by 48 WmP2 in the solar spectrum
and warm it by 30 WmP2 in the infrared as inferred
from measurements of the Earth Radiation Budget Ex-
periment (ERBE) (Collins et al. 1994). Additionally,
clouds exert a major impact on the hydrological cycle
and they affect the dynamics of the atmosphere
through complex coupling among radiative, thermody-
namic, and dynamic processes (Arakawa 1975). How-
ever, the lack of understanding of clouds remains one
of the largest uncertainties in climate modeling and
prediction (Gates 1992; IPCC 1992). The different
treatment of cloud processes in general circulation
models (GCMs) is still one of the main reasons for
their differences in climate sensitivity (Cess et al.
1990).

Various parametrizations have been developed to
represent clouds and their radiative effects in GCMs.
The earliest approach uses a fixed geographical distri-
bution of cloud fraction and cloud optical depth (e.g.
Manabe et al. 1965; Boer et al. 1984). A more ad-
vanced method is to diagnose cloud cover from large-
scale variables such as relative humidity (Smagorinsky
1960; Geleyn 1981) or additionally from vertical veloc-
ity, precipitation rate and strength of inversion (Slingo
1987). This approach has frequently been used in
GCMs, e.g., Slingo (1987), McFarlane et al. (1992),
Kiehl et al. (1994). The most recent trend in cloud pa-
rametrization is to obtain cloud water/ice from the re-
spective transport equation following the pioneering
work of Sundqvist (1978). In conjunction with that,
cloud microphysical processes are parametrized at dif-
ferent levels of complexity. Although a physically
based approach should in principle be preferred, the
introduction of cloud microphysical processes which
cannot be resolved on the spatial and temporal scales
of a GCM introduces more complexity and more de-
grees of freedom. A prognostic scheme for cloud water
and cloud ice together has been introduced, e.g., by
Roeckner and Schlese (1985), LeTreut and Li (1988),
Smith (1990), Del Genio et al. (1996). Cloud water and
cloud ice are treated separately by Lee et al. (1992)
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and Ose (1993). The most complex approach imple-
mented in a GCM so far is given in Fowler et al.
(1996), who use a prognostic scheme for cloud water,
cloud ice, rain and snow. Further details about the dif-
ferent approaches and their realization in different
GCMs can be found in Fowler et al. (1996).

In the current version of the Hamburg GCM
(ECHAM4) only one prognostic equation for cloud
water and cloud ice together is considered following
Sundqvist (1978). Mixed cloud phase is always as-
sumed between P40 7C and 0 7C and the ratio of cloud
water to cloud ice depends on temperature (Rockel et
al. 1991). However, observational data show that the
probability of occurrence of supercooled water clouds
or pure ice clouds between P40 7C and 0 7C is not ne-
gligible (Matveev 1984). Rangno and Hobbs (1994)
show that cloud droplet size is a more reliable predic-
tor than temperature of whether a cloud would gla-
ciate. To allow for interactions between cloud droplets
and ice crystals, the new approach considers cloud ice
as a separate prognostic variable, in addition to water
vapor and cloud water, similar to Lee et al. (1992), Ose
(1993) and Fowler et al. (1996).

The three studies cited use parametrizations of the
autoconversion rate of cloud droplets to rain drops
which depend only on the liquid water content based
on Kessler (1969) or Sundqvist (1978). However, cloud
droplet spectra in maritime and continental clouds are
very different. Aerosol particles such as sulfate aero-
sols, for example, can act as cloud condensation nuclei
(CCN). The CCN spectrum and the water vapor supp-
ly in a cloud determine the cloud droplet number con-
centration (Nl). The characteristic of a typical conti-
nental cloud is a narrow droplet spectrum with many
small droplets resulting from high levels of CCN. Mar-
itime clouds typically have a broader spectrum with
fewer and larger droplets, because fewer CCN are
available (Pruppacher and Klett 1978). The precipita-
tion formation in the warm phase depends mainly on
the concentration of large droplets which is usually an-
ticorrelated to Nl (e.g., Albrecht, 1989; Fouquart and
Isaka 1992). Ship track observations reported by
Radke et al. (1989) and King et al. (1993), for example,
reveal a simultaneous increase in Nl and liquid water
content of clouds compared to adjacent clouds. Thus
the growth of large droplets by collision in clouds is
suppressed in the track, so that the development of
drizzle is prevented. Parametrizations which account
for the dependence of the precipitation formation on
Nl have been developed by e.g., Berry and Reinhardt
(1973), Chen and Cotton (1987) and Beheng (1994).

Boucher et al. (1995) implemented a similar ap-
proach to Chen and Cotton (1987) in their GCM and
investigated the amount of water stored in the atmos-
phere and the cloud radiative properties in relation to
different prescribed values of Nl. We have introduced
Beheng’s (1994) parametrization of the autoconversion
rate which is derived from the stochastic collection
equation. Instead of prescribing Nl, we use empirical
relationships between Nl and the sulfate aerosol mass
(Boucher and Lohmann 1995), because sulfate aero-

sols are thought to be one of the dominant sources of
CCN (e.g., Young 1993). A similar approach is taken
for the conversion rate from cloud ice to snow by ag-
gregation (Levkov et al. 1992). Unlike the parametriza-
tions commonly used for the aggregation of ice crystals
to snow (e.g., Kessler 1969; Rutledge and Hobbs 1983),
the scheme of Levkov et al. (1992) avoids a threshold
formulation and considers additionally the dependence
on ice crystal size.

The new cloud microphysics scheme which has been
developed to yield a more physically based representa-
tion of the components of the atmospheric moisture
budget in the ECHAM model is described in Sect. 2. In
addition, the changes in the cloud radiative properties
are discussed. The effects of the cloud microphysics
scheme on some hydrologic variables and on the radia-
tion budget are analyzed in Sect. 3. A discussion and
summary of the basic results in Sect. 4 concludes this
study.

2 Model description

The dynamics and part of the model physics of the
ECHAM model have been adopted from the Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF) model (Roeckner et al. 1992). Prognostic
variables are vorticity, divergence, temperature, (logar-
ithm of) surface pressure, and the mass mixing ratios of
water vapor, and total cloud water (liquid and ice to-
gether). The model equations are solved on 19 vertical
levels in a hybrid p-s-system by using the spectral
transform method with triangular truncation at wave
number 30 (T30). Nonlinear terms and physical pro-
cesses are evaluated at grid points of a “Gaussian grid”
providing a nominal resolution of 3.757!3.757. A semi-
implicit leapfrog time integration scheme with
Dtp30 min is used for the simulation with T30 resolu-
tion.

Unlike previous versions, the current version em-
ployed for this study (ECHAM4) uses a semi-Lagran-
gian technique (Rasch and Williamson 1990) for com-
puting the horizontal and vertical advection of positive
definite quantities such as water vapor and total cloud
water. As the semi-Lagrangian scheme is not mass con-
serving it cannot be applied to climate studies without
a numerical mass fixer. Particularly in the case of
strong vertical gradients the error in mass is extremely
high resulting in an unrealistic transport. This problem
is even more serious if cloud water and cloud ice are
treated as separate prognostic variables. In addition,
an analysis of the total cloud water budget equation
(Roeckner, unpublished results) has shown that the
advection term is more than an order of magnitude
smaller than the respective sources and sinks (conden-
sation and precipitation formation). For these reasons
the advection of cloud water and cloud ice has been
neglected in the new scheme (PCI).

Cumulus clouds are represented by a bulk model in-
cluding the effects of entrainment and detrainment on
the updraft and downdraft convective mass fluxes
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(Tiedtke 1989). An adjustment closure based on the
convective available potential energy (CAPE) is used
(Nordeng 1994). Organized entrainment is assumed to
depend on buoyancy, and the parametrization of or-
ganized detrainment is based upon a cloud population
hypothesis. The turbulent transfer of momentum, heat,
water vapor, and total cloud water 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 terrestrial infrared spec-
trum (Morcrette 1991) and two in the solar part of the
spectrum (Fouquart and Bonnel 1980). Gaseous ab-
sorption due to water vapor, CO2, O3, CH4, N2O, and
CFCs is included, as well as scattering and absorption
due to prescribed aerosols and model-generated
clouds. The cloud optical properties are described in
Sect. 2.2. A new global set of land-surface parameters,
including surface background albedo, surface rough-
ness length, leaf area index, fractional vegetation cov-
er, and forest ratio (Claussen et al. 1994) is used.

2.1 Cloud microphysics

In the new scheme the bulk microphysics parametriza-
tions for warm phase processes are based mainly on
Beheng (1994), while the parametrizations of the
mixed and ice phase have been originally developed
for a mesoscale model (Levkov et al. 1992). Since these
parametrizations are necessarily scale-dependent some
simplifications are required. The terminal velocity of
cloud water as introduced in the pioneering work of
Kessler (1969) is neglected. In contrast to ECHAM4
where the precipitation formation in the ice phase is
parametrized in terms of the divergence of the cloud
ice flux density, the terminal velocity of cloud ice is ne-
glected in PCI. Following Ghan and Easter (1992) and
Mölders et al. (1994), rain and snow are treated diag-
nostically. They find that by diagnosing rather than
predicting rain and snow, the time step can be in-
creased by a factor of ten with little loss in accuracy.
Differences in form and structure of ice and snow crys-
tals are neglected: “Pristine” non-aggregated ice par-
ticles and single snow crystals are assumed. The shapes
of all hydrometeors are considered to be spherical.
Sundqvist (1978) developed a formalism to include
fractional cloud cover in a prognostic scheme. Its
framework has been used in all ECHAM versions
(Roeckner et al. 1992) and adopted in the new scheme
as well. The governing equations for the mass mixing
ratios of water vapor (qv), cloud water (ql) and cloud
ice (qi) in kg kgP1, respectively, are:
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where R(...) denotes the sum over all transport terms
of qv, ql, and qi, respectively, including advection of
water vapor, turbulence and convection (detrainment
at the top of cumulus clouds) and b is the fractional
cloud cover. The superscripts (c) and (o) refer to the
cloudy and cloud-free part of the grid box, respective-
ly. The cloud-microphysical processes simulated in the
new scheme are condensation of water vapor and
evaporation of cloud water in the cloudy part (Qc

cnd),
deposition of water vapor and sublimation of cloud ice
in the cloudy part (Qc

dep), evaporation of cloud water
(Qo

cnd) and sublimation of cloud ice (Qo
dep) trans-

ported into the cloud-free part of a grid box, evapora-
tion of rain (Qo

evp), sublimation of snow (Qo
sub), auto-

conversion of cloud droplets (Qc
aut), accretion of cloud

droplets by rain (Qc
racl), by snow (Qc

sacl), of ice crystals
by snow (Qc

saci), homogeneous (Qc
frh), stochastical and

heterogeneous (Qc
frs), and contact freezing of cloud

droplets (Qc
frc), respectively, aggregation of ice crystals

(Qc
agg), and melting of cloud ice (Qc

mlt). For simplicity
the superscripts are omitted in the following.

Fractional cloud cover b is an empirical function of
relative humidity (Sundqvist et al. 1989):

bp1P;1Pbo with bop(rPro)/(1Pro), (4)

where r is the grid-mean relative humidity and ro is a
condensation threshold which is specified as a function
of height following Xu and Krueger (1991). Condensa-
tional growth of cloud droplets or depositional growth
of ice crystals occur if r`ro. Conversely, an existing
cloud is diluted by evaporation or sublimation if r~ro.
The moisture transported into a grid box with fraction-
al cloud cover b is used partly for condensation or dep-
osition and partly for moistening of the cloud-free area
with b being the weighting factor (Sundqvist 1978). It is
assumed that there are always sufficient condensation
nuclei so that condensational growth is allowed to start
as soon as the 100% relative humidity threshold in the
cloudy part of the grid box is exceeded. Depositional
growth of water vapor on ice crystals (Qdep) always
takes place at temperatures below P35 7C. Above
P35 7C Qdep is a source for cloud ice only, if cloud ice
is already present. Then saturation with respect to ice
is assumed. Otherwise, water vapor condenses on
cloud droplets at temperatures above P35 7C. Cloud
droplets can be transformed into ice crystals by sto-
chastical, heterogeneous or contact freezing. In this
case, saturation with respect to water is assumed.

The precipitation formation (autoconversion of
cloud droplets) distinguishes between maritime and
continental clouds by considering the cloud droplet
number concentration (Nl) in addition to the liquid wa-
ter content (Beheng 1994). It is derived from the sto-
chastic collection equation, which describes the time
evolution of a droplet spectrum changing by collisions
among droplets of different size. The autoconversion
rate Qaut [kg kgP1 sP1] in SI units is given by:
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Fig. 1a, b. Cloud droplet number concentration for January (up-
per panel) and July (lower panel). Contour spacing: 25, 50, 75,
100, 150, 200, 250, 300 cmP3

Qautp(g17671028 nP1.7(10P6 Nl)P3.3(10P3 qcl)4.7)/ , (5)

where n (p10) is the width parameter of the initial
cloud droplet spectrum, described by a Gamma func-
tion,  is the air density and qcl is the cloud water mix-
ing ratio in the cloudy part of the grid box (qclpql /b).
g1 (p15) is a microphysical constant which determines
the efficiency of rain formation and, thus, the cloud
lifetime. At present Nl cannot be computed realistical-
ly in GCMs because it depends on several factors
which are not easy to predict, such as subgrid-scale ve-
locity, maximum supersaturation, and availability of
CCN. Therefore we empirically relate Nl to the sulfate
aerosol mass (mSO2P

4 ) (Boucher and Lohmann 1995).
Monthly mean values of mSO2P

4 have been obtained
from a sulfur cycle simulation with ECHAM (Feichter
et al. 1996). Measurements of mSO2P

4 , CCN and Nl

have been taken at various continental and marine
sites in clean and polluted air, for a variety of weather
situations. Hence, empirical relationships between Nl

[mP3] and mSO2P
4 [mg mP3] can be derived for mari-

time and continental clouds:

Nmar
l p1067102.06c0.48 log(mSO2

4
P). (6)

Ncont
l p1067102.24c0.257 log(mSO2

4
P). (7)

Figure 1 shows the geographical distribution of Nl in
model level 15 (approximately 850 hPa) for January
and July, respectively. Maxima in Nl are associated
with high sulfur emissions due to industrial activity in
North America, Europe and Southeast Asia. Second-
ary maxima in the Southern Hemisphere are caused by
biomass burning. The concentrations over remote
oceanic regions range between 25 and 75 droplets
cmP3. High levels of mSO2P

4 are transported down-
wind of the industrial centers off the shores of the
Asian and North American coast, yielding high con-
centrations of Nl. In July mSO2P

4 and, hence, Nl over
the Northern Hemisphere is higher, because more oxi-
dants are available to form sulfate aerosols and fewer
sulfate aerosols are washed and rained out (Feichter et
al. 1996).

Raindrops, once formed, continue to grow by accre-
tion of cloud water. The accretion rate is derived from
the stochastic collection equation (Beheng 1994):

Qraclpa17 7qcl7qr, (8)

where qr is the rainwater mixing ratio and a1p6 sP1.
At temperatures below P35 7C the total amount of

cloud water freezes homogeneously and instantaneous-
ly to cloud ice (Lord et al. 1984; Eppel et al. 1995):

Qfrhpqcl /Dt. (9)

For stochastical and heterogeneous freezing of
cloud droplets between 0 7C and P35 7C we use the ex-
trapolated Bigg’s (1953) equation down to the cloud
droplet size (Levkov et al. 1992; Murakami 1990):

Qfrspa2 {exp[b2(ToPT)]P1}
q2

cl

lNl

, (10)

where a2 (p100 mP3 sP1) and b2 (p0.66 KP1) are de-
termined from laboratory experiments. l (p1000

kg mP3) is the density of water, T the grid-mean tem-
perature and Top273.16 K.

Brownian-diffusion contact nucleation results from
random collision of aerosol particles with supercooled
cloud droplets. It may be written as (Levkov et al.
1992; Cotton et al. 1986):

Qfrcpmio F1 DFar, (11)

where DFar (p1.4p10P8 mP2 sP1) is the aerosol diffu-
sivity (Pruppacher and Klett 1978), mio (p10P12 kg) is
the initial mass of a nucleated ice crystal, and

F1p4prlv Nl Na / . (12)

The concentration of active contact nuclei is approxi-
mated to NapNao (270.15PT), with Naop2p105 mP3.
rlv is the mean volume cloud droplet radius:

rlvp
3

" 3qcl

4p l Nl
. (13)

The conversion rate from cloud ice to snow by aggre-
gation of ice crystals according to Levkov et al. (1992)
based on work of Murakami (1990) is given by:

Qaggpg2 qci /Dt1, (14)

where qci is the cloud ice mixing ratio in the cloudy
part of the grid box (qcipqi /b), g2 (p220) is again a
microphysical constant which determines the efficiency
of snow formation and, thus, the ice cloud lifetime and
Dt1 is equal to the time needed for the ice crystal num-
ber concentration to decrease from Ni to Ni(riv /rso)3:
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Dt1pP
2
c1

log1 riv

rso
2

3

. (15)

rso (p10P4 m) is the smallest radius of a particle in the
snow class and

c1p
qci a3 Eii X

i
1 o2

0.33

, (16)

with X (p0.25) is the dispersion of the fall velocity
spectrum of cloud ice, Eii (p0.1) is the collection effi-
ciency between ice crystals, o (p1.3 kg mP3) is the air
density at the surface, i (p500 kg mP3) is the density
of cloud ice, a3 (p700 sP1) is an empirical constant
(Murakami 1990), and riv is the mean volume ice crys-
tal radius (see Sect. 2.2).

The parametrization of the accretional growth of
snow (riming and collecting ice crystals) according to
Levkov et al. (1992) is based on Lin et al. (1983). Snow
crystals are assumed to be distributed exponentially
(Gunn and Marshall 1958):

ns(Ds)pnos exp(Pls Ds), (17)

where ns(Ds) is the concentration of particles of diam-
eter Ds per unit size interval. Ds is the diameter of the
water drop formed by the melting snow particle. nos

(p3p106 mP4) is the intercept parameter obtained
from measurements (Gunn and Marshall 1958). ls is
the slope of the particle size distribution and is written
as (Potter 1991):

lsp1p l nos

qs
2

0.25

, (18)

where qs is the snow mixing ratio. Snow crystals settle
through a population of supercooled cloud droplets,
colliding and coalescing with them (riming). The rate
of change in the mixing ratio for snow is based on the
geometric sweep-out concept integrated over all snow
sizes for the assumed snow size distribution given in
Eq. (17):

Qsaclpg3
pEsl nosa6qclG(3cb6)

4l3cb6
s

1 o2
0.5

, (19)

where a6p4.83, b6p0.25. Esl (p1) is the collection effi-
ciency of snow for cloud droplets (Lin et al. 1983). Lev-
kov et al. (1992) limited the riming process to cloud
water mixing ratios 610P5 kg kgP1. Instead of this, we
have chosen g3 (p0.1).

The accretion rate of ice crystals by snow is similar
to Eq. (19) and is expressed as:

Qsacip
pEsinosa6qciG(3cb6)

4l3cb6
s

1 o2
0.5

. (20)

The collection efficiency of snow for cloud ice (Esi) is
assumed to be temperature dependent:

Esipexp(0.025(TPTo)). (21)

All ice crystals melt immediately when the tempera-
ture is above 0 7C (Fowler et al. 1996):

Qmltpqci /Dt. (22)

The rain formed is then given by the sum of Eqs. (5)
and (8) and the snow formed by the sum of Eqs. (14),
(19) and (20).

Rain falling into the cloud-free part of a grid box is
exposed to evaporation, which is parametrized in terms
of the saturation deficit (Roeckner et al. 1992):

QevppP
1
Dt

g4(qvPqvs)

1c
Lv

cp

dqvs

dT

, (23)

where g4 (p0.15) is a tunable parameter. qvs is the sa-
turation water vapor, Lv (p2.5008p106 J kgP1) the la-
tent heat of vaporization and cp is the specific heat of
moist air at constant pressure. Similarly, sublimation of
snow is expressed as:

QsubpP
1
Dt

g4(qvPqvs)

1c
Ls

cp

dqvs

dT

, (24)

where Ls (p2.8345p106 J kgP1) is the latent heat of
sublimation.

Melting of snow occurs when the temperature ex-
ceeds 2 7C based on observational data by Mason
(1971). It is not only limited by the snow amount, but
also by keeping the cooling of the layer linked to this,
such that the temperature of the layer after melting is
not lower than 2 7C (Roeckner et al. 1992).

2.2 Cloud radiative properties

As in ECHAM4, the radiative properties of water
droplets and approximately “equivalent” ice crystals
are derived from Mie theory, and the results are fitted
to the spectral resolution of the radiation model and
formulated in terms of cloud droplet and ice crystal ef-
fective radii (Rockel et al. 1991). In order to account
for the non-sphericity of ice crystals, the asymmetry
factor has been empirically reduced to F0.8 for a wide
range of effective ice radii. For liquid clouds, the mean
volume cloud droplet radius (rlv) is calculated accord-
ing to Eq. (13) from the liquid water content in the
cloudy part of the grid box and the cloud droplet num-
ber concentration (Nl) as defined in Eqs. (6) and (7).
Note that unlike PCI an idealized distribution of Nl is
used in ECHAM4 (Roeckner 1995) assuming different
values for continental clouds (Nlp220 cmP3) and mar-
itime clouds (Nlp100 cmP3) in the planetary boundary
layer with a gradual reduction down to Nlp50 cmP3 in
the upper model layers.

Simultaneous measurements of rlv and the effective
radius of cloud droplets (rle) suggest a linear regression
between the two radii:

rlepkrlv, (25)

with kp1.143 for continental clouds and kp1.077 for
maritime clouds (Johnson 1993). Moss et al. (submit-
ted 1996) derived an empirical relationship between
the effective radius (rie [m]) of an ice crystal distribu-
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Table 1. Globally averaged values of water vapor mass (WVM),
liquid water path (LWP), ice water path (IWP), total cloud
cover (TCC), shortwave (SCF) and longwave (LCF) cloud forc-

ing from model simulations (ECHAM4 and PCI) and observa-
tions, for January and July

Observations ECHAM4 PCI

Jan Jul Jan Jul Jan Jul

WVM (kg mP2) SSM/I (Ewald and Schlüssel in preparation 1996) 29 29 29 30 31 31

LWP (g mP2) SSM/I (Greenwald et al. 1993)
SSM/I (Weng and Grody 1994)

78
51

84
53 78 80 80 77

IWP (g mP2) 18 21 24 26

TCC (%) ISCCP
Surface observations (Hahn et al. 1994)

62
62

62
62 64 60 64 60

SCF (W mP2) ERBE P52 P48 P55 P49 P51 P45

LCF (W mP2) ERBE 29 29 27 29 29 30

Note that global values of WVM, LWP and IWP are restricted to
oceans between 60 7S and 60 7N. Uncertainties of the observa-
tions are estimated to be 5 WmP2 for ERBE, 4.4 kg mP2 for in-

dividual measurements of WVM, 5% regional bias (higher in po-
lar regions) for ISCCP, and the two estimations of LWP suggest
an uncertainty of about 60%

tion and the ice water content based on aircraft obser-
vations of frontal clouds around the British Isles:

riepa4p10P6 (103 qci)b4, (26)

where a4p83.8 and b4p0.216.
From simultaneous measurements of rie and riv

Moss et al. (submitted 1996) derived a quadratic rela-
tionship between the two:

riep10P67
3;a5(106riv)3cb5(106 riv)6, (27)

where a5p1.61 and b5p3.56p10P4.

3 Results

The results presented are based on 5-year integrations
at T30 resolution using the standard cloud scheme of
ECHAM4 and the prognostic cloud ice scheme (PCI),
respectively. The model is forced by observed sea sur-
face temperatures and sea ice extents for the period
1985–1989 taken from the Atmospheric Model Inter-
comparison Project (AMIP) data set (Gates 1992).

3.1 Global means

Table 1 shows a comparison of globally averaged val-
ues of different components of the hydrologic cycle
and of the cloud radiative forcing for January and July,
respectively. The values represent ensemble averages
over the whole observed and simulated period. Note
that the time span for the different data sets is not the
same. The integration period agrees with the period of
ERBE measurements, but is different from the periods
for which the observed climatologies of liquid water
path (LWP: 1987–1994 according to Weng and Grody
1994 and 1987–1991 according to Greenwald et al.
1993) and water vapor mass (WVM: 1987–1988 accord-

ing to Ewald and Schluessel in preparation 1996) have
been compiled. This might explain some of the differ-
ences between model and observations. On a global
scale, the only data sets of cloud water and cloud ice
available so far are distributions of LWP derived from
microwave emissions over ice-free oceans (e.g. Green-
wald et al. 1993; Weng and Grody 1994). Yet, the accu-
racy is still rather low, and the retrievals can be af-
fected by many input factors (e.g., total precipitable
water, surface wind, cloud temperature). There are
also possible contributions from precipitation-size
drops in the retrieved LWP. Hence, the retrievals from
Greenwald et al. (1993) and Weng and Grody (1994)
differ regionally by a factor of two. We use both data
sets as an estimate of the possible range of LWP. Both
simulations lie within the observed range, closer to the
upper value as retrieved by Greenwald et al. (1993).

The largest differences between the simulations oc-
cur in the ice water path. The total amount in PCI is
33% (24%) higher in January (July) than in
ECHAM4. The ensemble mean of globally averaged
total cloud cover (TCC) in PCI is 64% and 60% for
January and July, respectively. It differs insignificantly
from the 62% for January and July as derived from the
International Satellite Cloud Climatology Project
(ISCCP; Rossow and Schiffer 1991) and from surface
observations (Hahn et al. 1994). The global means of
water vapor mass are slightly higher in PCI as com-
pared to ECHAM4 and to the retrieved values from
SSM/I (Ewald and Schluessel in preparation 1996). To-
tal precipitation is 7% lower in PCI than in CTL and
the ratio between convective and large-scale precipita-
tion is different. While in ECHAM4 53% of the global
annual mean total precipitation originates from large-
scale clouds this fraction reduces to 42% in PCI as a
result of a higher evaporation and sublimation rate of
stratiform precipitation in PCI.

The impact of clouds on the top-of-atmosphere
(TOA) radiation balance is most conveniently de-
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Fig. 2a–f. Annual mean lati-
tude-height cross sections of
cloud water and cloud ice for
ECHAM4 a, b and PCI c, d,
respectively, and the differences
in cloud water and cloud ice
between PCI and ECHAM4 e,
f, respectively. Contour spacing:
B2, B5, B10, B20,
B50p10P6 kgP1

scribed by the cloud radiative forcing (CF). Following
Ramanathan et al. (1989) CF is defined in terms of the
emitted longwave radiation F, the solar irradiance So,
and the albedo a according to:

CFpLCFcSCFp(FcsPF)PS0(aPacs), (28)

where the subscript cs is used for clear-sky quantities
and LCF and SCF represent the longwave and short-
wave components of CF, respectively. The global an-
nual mean SCF and LCF in PCI have been tuned to
roughly match the ERBE data by an appropriate
choice of the microphysical constants which determine
the mean lifetime of the clouds (g1 to g4 in Sect. 2.1).
Both simulations show some skill in reproducing the
seasonal variations of the shortwave component. Even
the largest differences of about 3 WmP2 are probably
within the range of observational uncertainty.

3.2 Geographical distribution of cloud water, cloud ice
and cloud cover

Figure 2 shows the annual mean latitude-height cross
sections of cloud water and cloud ice for ECHAM4
and PCI, respectively, and the differences in cloud wa-
ter and cloud ice between both simulations. For
ECHAM4 the separation between cloud water and
cloud ice is calculated off-line. Cloud water has maxi-
ma in the lower troposphere associated with tropical
shallow convection and extratropical cyclones in both
hemispheres and experiments. Note that one short-
coming of ECHAM4, namely too high values of cloud
water near the surface, is reduced in PCI. In the extra-

tropics cloud water has shifted into higher altitudes,
while it has decreased in the midtroposphere of the
tropics. Major differences occur in cloud ice. The larg-
est increase in cloud ice in PCI as compared with
ECHAM4 can be seen in the middle and upper tropo-
sphere of the extratropics. In the tropics cloud ice has
slightly decreased and has been shifted into higher alti-
tudes. Secondary maxima in cloud ice occur in the low-
er troposphere of midlatitudes. This is caused by a rap-
id growth of ice crystals by stochastic freezing and con-
tact freezing of cloud droplets and subsequent deposi-
tion of water vapor on ice crystals. The aggregation of
ice crystals increases with increasing ice crystal size.
Additionally the collection efficiency of snow flakes
with ice crystals increases with temperature according
to Eq. (21), so that the conversion from ice crystals to
snow is the faster the warmer the atmosphere is and
the larger the crystals are. Therefore long-lived ice
clouds are restricted to colder temperatures, i.e., high-
er altitudes as compared to ECHAM4.

Figures 3 and 4 present the geographical distribu-
tions of the LWP for ensemble means of January and
July, respectively. ECHAM4 and PCI are able to cap-
ture the observed maxima in LWP associated with
tropical convection and extratropical cyclones in the
Northern Hemisphere in January, but both simulations
underpredict LWP over the Southern Hemisphere
oceans with respect to the retrieval of Greenwald et al.
(1993). In PCI the overestimation of LWP in convec-
tively active regions, e.g., in the intertropical conver-
gence zone (ITCZ), the South Pacific convergence
zone (SPCZ), and in the Indian Ocean is less apparent
than in ECHAM4. Due to high levels of sulfate aero-
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Fig. 3a–e. Geographical distribution of liquid water path for Jan-
uary obtained from SSM/I analyses a according to Greenwald et
al. (1993); b SSM/I analyses according to Weng and Grody

(1994); c ECHAM4; d PCI; e a sensitivity experiment using PCI
with constant, but different values of Nl over land and ocean (see
text). Contour spacing is 50 g mP2

sols and, hence, high concentration of cloud droplets
(cf. Fig. 1), higher values of LWP as observed are pre-
dicted over the western part of the North Atlantic and
North Pacific, respectively. However, Liu and Curry
(submitted 1995) derived LWP from SSM/I for Janua-
ry 1993 with values over 300 g mP2 off the west coast
of North America, which exceeds both other retrievals
and the high values in PCI. In July the maxima of LWP
associated with extratropical cyclones are much more
pronounced over Northern Hemisphere oceans than
over Southern Hemisphere oceans as suggested from
SSM/I (Fig. 4). This feature hardly shows up in
ECHAM4, but is indicated in PCI, although the maxi-
ma are further south than observed.

The differences in the simulated LWP can be
caused by a variety of model changes, such as (1) the
different power of qcl in the autoconversion rate, (2)
the introduction of spatial variations in Nl or (3) the
different parametrizations of mixed-phase processes,

like freezing or riming. In order to get some insight
into the importance of these processes, additional sen-
sitivity experiments have been carried out. In the first
one, the spatial variation of Nl is limited to land-ocean
differences, analogous to ECHAM4. For this experi-
ment, average values of Nl in the planetary boundary
layer have been derived from PCI over land (Nlp135
cmP1) and ocean (Nlp80 cmP1), respectively. With re-
spect to PCI, LWP increases by 10% over the oceans
as a result of larger Nl in regions with large cloudiness
and low sulfate in PCI, like the Southern Hemisphere
oceans or the ITCZ (cf. Fig. 1). The distribution of
LWP approaches that of ECHAM4 (Fig. 3e versus Fig.
3c, d), most notably in the tropics, where the larger Nl

leads to larger LWP as compared to PCI. Conversely,
Nl over the western part of the North Pacific and
North Atlantic is lower in this experiment yielding a
smaller LWP than in PCI, closer to that of ECHAM4.
In a second sensitivity experiment, where ECHAM4
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Fig. 4a–d. As Fig. 3a–d except for July

Fig. 5. Mean ice water content versus in-cloud temperature in 5 K
temperature bins from 2DC-probe data carried on the Aeromet
Learjet (stars) during CEPEX as compared to ECHAM4
(squares) and PCI (rhombs). Vertical bars represent the 25% and

was used with the warm cloud physics of PCI including
the empirical relationships between Nl and mSO2P

4 ,
the distribution of LWP approaches the one in PCI,
which confirms the results of the first experiment (not
shown). To conclude, the introduction of spatial varia-
tions in Nl has the strongest impact on LWP, while the
treatment of mixed-phase processes is of secondary im-
portance.

Satellite retrievals of cloud ice are not yet available,
so the only data sets that can be used for model valida-
tion are those obtained during field campaigns (e.g.
FIRE, ICE, CEPEX). Figure 5 shows the average ice
water content (IWC) versus in-cloud temperature mea-
sured by aircraft (Learjet) during the Central Equato-
rial Pacific Experiment (CEPEX) between 20 7S and
2 7N, and between 165 7E and 170 7W (Lohmann et al.
1995; McFarquhar and Heymsfield 1996). Vertical bars
indicate the 25% and 75% quartiles of the observa-
tions. The simulated IWC of ECHAM4 and PCI within
the same domain is taken for respective March ensem-
bles. The average IWC is dominated by a few cases
with large IWCs, because the IWC in each temperature
bin is positively skewed. It can, therefore, exceed the
75% percentile value (Fig. 5). Since the Learjet data
probably include supercooled cloud droplets, the sum
of cloud ice and supercooled cloud water is taken from
the model simulations for the comparison. Both simu-
lations capture the observed increase of IWC with tem-
perature. The IWC in PCI deviates more from the ob-
served one than in ECHAM4 for temperatures above

230 K, but it still lies between the observed 25% and
75% quartiles. Although the IWC has increased glo-
bally in PCI (cf. Table 1), it is lower than in ECHAM4
for temperatures above 230 K. However, according to
Fig. 2, the tropical IWC has slightly decreased in PCI
and has been shifted to higher altitudes, and, thus cold-
er temperatures which is reflected in Fig. 5. Due to the
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Fig. 6a–d. Geographical distribution of cloud cover for January obtained from a ISCCP; b surface observations (Hahn et al. 1994); c
ECHAM4 and d PCI. Contour spacing is 20%

Fig. 7a–d. As Fig. 6 except for July
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coarser resolution in the model, extreme values of
IWC will hardly appear in the results. The 5% and
95% values in ECHAM4 and PCI have a smaller range
than observed. Hence, the variability within each tem-
perature bin is underestimated in both simulations.
However, the range of cloud ice alone in PCI can ex-
ceed the range of the sum of supercooled cloud water
and cloud ice by a factor of 30 and, thus, can reach
approximately the observed range of four orders of
magnitude (not shown).

Figures 6 and 7 show the geographical distribution
of TCC of ensemble means for January and July, re-
spectively. Note that a very limited amount of data
over the oceans is available from the surface observa-
tions (Hahn et al. 1994). Both observed data sets agree
very well, except over the Northern Hemisphere conti-
nents where the satellite observations tend to under-
predict TCC by 10% (Rossow et al. 1993). Maxima in
TCC, associated with tropical convection and extratro-
pical cyclones, are captured in both simulations and
months. In January both simulations underpredict
TCC over the Northern Hemisphere oceans and over-
predict it over Northern Hemisphere continents, even
with regard to the surface observations. In ECHAM4
and PCI the cloud amount of marine stratocumulus
decks off the Californian coast is too low, which is a
characteristic of many numerical models, and has been
attributed to insufficient vertical resolution in the pla-
netary boundary layer. In July (Fig. 7) both simula-
tions underpredict TCC over the storm tracks of the
Northern Hemisphere, but capture high values of TCC
associated with the Asian summer monsoon. The over-
estimation of TCC over tropical convectively active
systems is reduced in PCI as compared to ECHAM4 in
both months.

3.3 Geographical distribution of cloud radiative
forcing

So far we have discussed the main parameters deter-
mining the cloud radiative processes (cloud water,
cloud ice and cloud cover). It has been shown that the
simulated quantities agree reasonably well with the ob-
served ones. Next the simulated SCF and LCF will be
compared to the observed ones from ERBE. Figures 8
and 9 present ensemble mean SCF for January and
July, respectively. In January the maximum SCF occurs
over the Southern Hemispheric oceans with values up
to P200 WmP2. Secondary maxima are associated
with tropical convection. Both simulations capture the
overall features but underestimate SCF over the
Southern Hemispheric oceans. In July (Fig. 9) the max-
imum SCF has moved to Northern Hemispheric
oceans following the seasonal cycle of insolation. High
values of SCF are also linked to the Asian summer
monsoon and to marine stratocumulus decks off the
coasts of California and South America. ECHAM4
and PCI simulate the gross features but differ in the
details. SCF over the storm tracks is underestimated as
a result of underpredicted TCC and LWP (cf. Figs. 3–4

Fig. 8a–c. Geographical distribution of shortwave cloud forcing
for January obtained from a ERBE, b ECHAM4 and c PCI. Con-
tour spacing is 25 WmP2

and Figs. 6–7 and Chen and Roeckner 1996). The spa-
tial extent of secondary maxima associated with marine
stratocumulus is too small in both simulations, as a re-
sult of too little TCC. In both seasons the overestima-
tion of SCF associated with tropical convection is re-
duced in PCI, which is attributable to the lower values
of LWP over convectively active regions. Yet, SCF is
too high over oceanic subsidence regions in both ex-
periments.

Finally, ensemble means of LCF for January and
July are displayed in Figs. 10 and 11, respectively. In
contrast to SCF which is mainly determined by the
presence of water clouds, LCF is strongly related to the
presence of ice clouds. Both ECHAM4 and PCI simu-
late the location and seasonal shift of high LCF over



568 Lohmann and Roeckner: Design and performance of a new cloud microphysics scheme developed for the ECHAM

Fig. 9a–c. As Fig. 8 except for July Fig. 10a–c. Geographical distribution of longwave cloud forcing
for January obtained from a ERBE, b ECHAM4 and c PCI. Con-
tour spacing is 15 WmP2

the tropics reasonably well. Due to the occurrence of
cloud ice in higher altitudes in the extratropics in PCI
as compared to ECHAM4, LCF is larger than ob-
served over the Southern Hemisphere oceans in Janua-
ry. Instead of one coherent band of convective activity
reaching from the Indian Ocean via Indonesia to the
mid-Pacific in January, two distinct centers are simu-
lated in ECHAM4. PCI simulates one coherent band
with too low peak values. In July (Fig. 11) the Pacific
ITCZ is distinctly marked in ERBE. In ECHAM4 it is
not as coherent as ERBE indicates and LCF over In-
donesia and Central America is overestimated. This is
caused by an excessively strong Walker circulation
(Chen and Roeckner 1996). In PCI the Pacific ITCZ is
slightly better represented but not as pronounced as in

the ERBE data. On the other hand, the peak values of
LCF over convectively active regions are close to the
observed ones, and the Walker circulation is less exces-
sive than in ECHAM4.

4 Discussion and summary

First results obtained from a new cloud microphysics
scheme including a prognostic treatment of cloud ice
(PCI) in the general circulation model ECHAM are
presented. In contrast to the standard scheme of
ECHAM4, the autoconversion from cloud water to
rain depends additionally on the cloud droplet number
concentration (Nl) to account for the different micro-
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Fig. 11a–c. As Fig. 10 except for July

physical properties of maritime and continental clouds.
Nl is empirically related to the sulfate aerosol mass.
Similarly, the aggregation of ice crystals to snow de-
pends additionally on the ice crystal size, which is a
function of the ice water content. The vertical distribu-
tion of cloud ice differs remarkably between the two
schemes. While ECHAM4 always assumes mixed
clouds between P40 7C and 0 7C, in PCI supercooled
water clouds can exist down to P35 7C and pure ice
clouds up to 0 7C. Once glaciation of these clouds
starts, the subsequent precipitation formation is more
efficient for larger ice crystals. Additionally the accre-
tion of snow flakes with ice crystals is more efficient
for higher temperatures. Therefore maxima in ice wa-
ter content in PCI are confined to higher altitudes and
the ice water path is 33% and 24% higher in January
and July, respectively, than in ECHAM4.

In general, the simulated distributions of cloud wa-
ter and cloud ice with ECHAM4 and with PCI are
within the range of the observational uncertainty
which is unfortunately very high. The climatology of
cloud physical and radiative properties is reasonably
well simulated with ECHAM4. Therefore only minor
improvements are achieved with PCI, e.g., the overesti-
mation of LWP and TCC in convectively active regions
is reduced. This is caused by the low concentration of
Nl in those clouds (cf. Fig. 1) and therefore a fast pre-
cipitation formation.

However, some shortcomings like the overpredic-
tion of LWP off the Asian coast compared to the mi-
crowave retrievals of LWP from Greenwald et al.
(1993) and Weng and Grody (1994) due to high values
of Nl occur. Here we have taken a simple empirical ap-
proach to relate Nl to the monthly mean values of sul-
fate aerosol mass (mSO2P

4 ), because sulfate aerosols
are one of the major contributors to cloud condensa-
tion nuclei (CCN) (e.g., Young 1993). However, ni-
trates and organic species are locally at least as impor-
tant as sulfate in acting as CCN (Novakov and Penner
1993; Malm et al. 1994), whereas sea salt aerosols are
believed to make only a small contribution to the total
CCN number in remote marine areas (Fouquart and
Isaka 1992) and over the east coast of the United
States (Hegg et al. 1995). Applying a relationship be-
tween Nl and mSO2P

4 further implies a constant frac-
tion of mSO2P

4 to the total aerosol mass, which is defi-
nitely not what has been observed. The fraction of
mSO2P

4 to the total aerosol mass ranges from 14% to
69% over the United States (Malm et al. 1994), from
20% to 100% over the east coast of the United States
(Hegg et al. 1995), and from 23% for maritime aerosols
over the Atlantic to 22%–45% for continental aerosols
and further to 75% in the Arctic region (Warneck
1988). Even though Hegg et al. (1995) find that the
fraction of mSO2P

4 to the total mass of accumulation
mode particles is on average 62%, they conclude that
in their limited data set most of the CCN were not sul-
fate. Nevertheless our approach is justified as sulfate
aerosols are the best explored aerosols on a global
scale. Up to now no global distributions of nitrate or
organic aerosols exist, so our relationship between Nl

and mSO2P
4 is a first step in coupling aerosols and Nl.

Since a realistic aerosol size distribution should be con-
sidered and sensitivity experiments (cf. Fig. 3) have
shown that the distribution of LWP depends strongly
on Nl, the coupling of Nl to aerosol physics should be
further pursued.

In PCI the underestimation of SCF over Southern
Hemisphere oceans in January is more pronounced
than in ECHAM4, although TCC is higher and LWP is
the same as in ECHAM4. The higher TCC is caused by
an increase in cloud ice (cf. Fig. 2). Water clouds have
been shifted into higher altitudes leaving LWP un-
changed. In PCI Nl is lower than in ECHAM4 in all
altitudes over the Southern Hemisphere oceans. Since
clouds with the same liquid water content are less re-
flective for fewer but larger droplets, SCF is lower in
PCI.
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Chen and Roeckner (1996) conclude that the large
shortwave cloud forcing (SCF) in ECHAM4 in the
tropics results most likely from the neglect of cloud in-
homogeneities in the unresolved scales and not from
the overestimation of LWP. According to investiga-
tions of Davis et al. (1990) and Calahan et al. (1994)
the albedo of an optically thick but nonhomogeneous
cloud is lower than that of a homogeneous cloud with
the same liquid water content, even in the case of an
unbroken marine stratocumulus cloud deck. The re-
sulting shortwave albedo bias as observed from strato-
cumulus clouds in FIRE can be as large as 15%. In PCI
the zonal mean LWP is reduced in the tropics up to
15% in July as compared to ECHAM4 and, thus, SCF
is reduced by a similar percentage, which makes the
effect of cloud inhomogeneities redundant. With re-
spect to the LWP retrieval from Greenwald et al.
(1993) one could argue that LWP in the subtropics in
both simulations is not overestimated but SCF is too
high, which must, therefore, be due to cloud inhomo-
geneities. On the other hand LWP in the subtropics is
too high compared to the retrieval of Weng and Grody
(1994), and, consequently SCF should be overpre-
dicted. Thus more observations of LWP as well as
more knowledge about three-dimensional cloud inho-
mogeneities are needed before one reasonably can ac-
count for these effects in GCMs.

The relative importance of the aerosol distribution
on precipitation formation in warm clouds and the new
ice phase scheme for the overall differences between
ECHAM4 and PCI are hard to judge because of non-
linearities between the different processes. For exam-
ple, the higher evaporation rate used in PCI was neces-
sary to simulate correct cloud forcings. This, on the
other hand, has an impact on the relative humidity and
cloud development in lower altitudes. Nevertheless the
relative importance of the aerosol distribution scheme
and the new ice phase scheme might be summarized as
follows: the aerosol scheme affects the distribution of
LWP and low cloud amount in the absence of mixed-
phase processes. The new ice phase scheme changes
the distribution of ice clouds and high cloud amount.
Additionally it determines the mixed-phase processes
and, thus, the lifetime of water clouds due to freezing
or riming.
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