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Abstract. Cloud microphysical processes are introduced in the precipitation pa-

rameterization of a general circulation model (GCM). Three microphysical processes
are included in this representation of warm cloud precipitation: autoconversion of
droplets, collection of droplets by falling raindrops, and evaporation of raindrops

falling in clear sky. The mean droplet radius, r, is calculated from the cloud water
mixing ratio, which is computed in the model, and the cloud droplet number con-
centration, N, which is prescribed. The autoconversion rate is set to zero for r < 7,
a prescribed threshold mean droplet radius. We investigate the model sensitivity to
ro and to N, the cloud droplet concentration, which is linked to the concentration of
cloud condensation nuclei and is likely to vary. We find that an increase in N leads
to an increase in the amount of cloud water stored in the atmosphere. In further

experiments the mean droplet radius used in the parameterization of cloud optical
properties is calculated in the same way as in the precipitation parameterization in
order to bring more consistency between the different schemes. We again investigate
the model sensitivity to 7o and to N and we find that an increase in N significantly

enhances cloud albedo.

1. Introduction

It is now well established that clouds play a signifi-
cant role in the climate system, especially through their
interactions with solar and terrestrial radiation [Arking,
1991; Slingo, 1990]. However, the processes which con-
trol cloud occurrence and cloud optical properties are
still poorly understood and imperfectly represented in
climate models. It is important to improve their param-
eterization since large uncertainties (larger than the ex-
pected man-made greenhouse effect) remain concerning
their radiative effects [Cess et al., 1990]. Indeed, clouds
may be at the origin of many feedback effects which
are able to increase or dampen significantly a global
warming. In spite of this, most sensitivity studies to
date have been limited to macroscale feedbacks since
the parameters affected by microscale processes, such
as the cloud droplet radius, are generally prescribed at
a fixed value within general circulation models (GCM)
or are ignored. Liou and Ou [1989] proposed for in-
stance that, because precipitation is increased in dou-
bling CO2 GCM experiments, there could be a reduc-
tion in the cloud condensation nuclei (CCN) concentra-
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tion through wet removal of atmospheric aerosols and
consequently an increase in cloud droplet size.

Apart from their importance as a potential agent of
climate feedback, microscale cloud parameters also need
to be included in future parameterizations because, over
land at least, pollution is shown to increase the number
of CCN, a parameter crucial to the cloud albedo. An in-
crease in cloud droplet number concentration at a given
liquid water content yields more and smaller droplets,
which, in turn, increases the cloud albedo [Twomey,
1974, 1977; Twomey et al., 1984; Charlson et al., 1987].
Also, Albrecht [1989] showed that the CCN concentra-
tion was an important parameter for the maintenance
of marine boundary layer clouds through drizzle forma-
tion.

Hunt [1982] studied the climatic impact of increasing
low-level cloud albedo in a hemispheric general circula-
tion model and obtained a reduction in surface temper-
ature while dynamical changes were also observed. This
ad hoc increase in cloud albedo is to be seen as an ide-
alized way of modeling changes in the cloud droplet size
distribution. Ghan et al. [1990], in an attempt to test
the CCN-cloud albedo-climate hypothesis of Charlson
et al. [1987], showed that a fourfold increase in marine
cloud droplet concentration translated into a 1.7% in-
crease in global albedo. Recently, Kiehl [1994] studied
the effect on the simulated climate of reducing the ef-
fective droplet size over land in the National Center for
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Atmospheric Research (NCAR) climate model. He ob-
served a reduction in surface-absorbed solar radiation
and temperature over continents. Changes in the pre-
cipitation distribution and in the geopotential height
field were also identified. The aim of the present study
is slightly different: it consists in introducing a simple
parameterization of some cloud microphysical processes
(precipitation and radiation) into a GCM, and examin-
ing the sensitivity of cloud-related quantities to changes
in the cloud microphysical parameters.

The outline of this study is as follows: section 2 is a
brief presentation of the GCM used in this study. In
section 3 we analyze the theoretical framework of the
precipitation parameterization. Results and their sen-
sitivity to the cloud droplet concentration are discussed
in section 4. An attempt to bring consistency between
the parameterizations of the precipitation and radiative
transfer, through a single definition of the cloud droplet
radius, is described in section 5.

2. LMD GCM Description

The LMD (Laboratoire de Météorologie Dynamique)
GCM was first described by Sadourny and Laval [1984].
It is a grid point model with 64 points evenly spaced in
longitude, 50 points evenly spaced in sine of the lati-
tude, and 11 & levels. The time step for the dynamics
is 6 min and the physical processes are computed ev-
ery five time steps (30 min). Cycle 6 of the model is
used for the present study. A rather advanced ground
physics parameterization [Ducoudré et al., 1993] is now
included, with a representation of the hydrological role
of the vegetation. The radiative parameterization is
an improved version of the codes described in Fouquart
and Bonnel [1980] (solar radiation) and-Morcrette [1991]
(terrestrial radiation). The model takes into account
the diurnal cycle.

The description of cloudiness in the model is based on
a cloud water budget equation in which both the con-
vective and nonconvective water sources are taken into
account. The cloud water mixing ratio, g, is therefore
a model prognostic variable, but a single parameter is
used to represent both liquid water and ice.

We use both convective and nonconvective conden-
sation as a source of cloud water. The nonconvective
condensation is handled through a simple statistical ap-
proach, which allows a single definition of the cloud frac-
tion for the precipitation and radiation schemes. A Kuo
scheme and moist adiabatic adjustment are used jointly
to predict convective condensation. These adjustment
schemes are not well adapted to the prediction of con-
vective water sources: We do not distinguish the trans-
port of water vapour by the convective mass flux from
the loss of water vapour by condensation, so that we
must define the model level at which the water vapour
condensation occurs. We diagnose it as the level where
the moisture depletion is largest, which may lower the
level of the convective sources of cloud water.

It is useful to note here a numerical peculiarity of the
present version of the LMD GCM. We call the convec-
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tive condensation scheme and the stratiform conden-
sation scheme sequentially, and retain the convective
cloud water in the atmosphere before entering the large-
scale precipitation scheme. We have therefore complete
detrainment of the convective cloud water in the strati-
form clouds; or reevaporation of convective cloud water
in an unsaturated environment. All types of condensate
are handled through the same precipitation routine,
which is described in the next section. This is a crude
representation of reality because convective cloud water
might precipitate before being detrained into a strati-
form cloud. More sophisticated convective schemes are
required to handle these processes adequately. However
this approach remains acceptable here since the aim of
this paper is only to test the sensitivity of the model
to the precipitation processes within warm clouds. Re-
cent experiments where all convective condensed water
is precipitated shows that the overestimation of the to-
tal cloud water remains marginal (within 10% of its
value) and does not alter the cloud radiative forcing
significantly.

It is necessary to describe the stratiform condensa-
tion scheme [Le Treut and Li, 1991] in more detail, be-
cause due to the detrainment of convective cloud water
in stratiform clouds, all clouds eventually become strat-
iform in this version of the model. The scheme uses a
simple statistical approach and rests on the idea that
the subgrid-scale dynamics may be simply described by
large-scale parameters. The model formulation implies
that there is no memory of these structures from one
time step to the next one. The subgrid probability dis-
tribution of total water (water vapor and cloud water)
is assumed to be uniform between ¢; — Ag and ¢; + Agq,
where ¢; = ¢ + ¢; is the grid box average value of the
total water mixing ratio and Aq = v ¢, (see Figure 1).
Here 7 is set to 0.20 in order to get the observed value
of global cloudiness. The choice of g; as the main vari-
able for this description of subgrid scales is natural be-
cause it is a conservative variable. At the same time,
it indicates that both condensation and reevaporation
of cloud water will be taken into account through this
scheme. The cloud fraction, f, is defined as the part of
the grid box where the total water exceeds the water
vapor mixing ratio at saturation.

q¢+gg;q if gsat € [q: - Ag,q: + Aq]
f=q0 if geat > g1+ Ag
1 if Gsat < Gt — Aq

A -
- d={ It AL if oo € g0 — Ag,qe+ Ag]
cou q if gear < gt — Ag

9satt9:—Ag¢
Qtclear = 2
q:

If f is positive, then condensation can occur in the
cloudy part only, leading to a new in-cloud tempera-
ture and cloud water content. Once f is determined,
the temperature is averaged over the whole grid box.
We note that an increase in total water is partitioned

lf gsat € [qt - Aq’ q: + Aq]
if gsat > q¢ + Aq
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in three parts increasing the cloud water content, the
cloud fraction, and the clear sky humidity, respectively.
Unfortunately, stratus clouds over the oceans are not
properly simulated: this is probably not due to the
cloud scheme itself, which managed to produce reason-
able low cloud distributions when inserted in the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWF) GCM [Le Treut and Illar:, 1995, but to
the general characteristics of the boundary layer in the
LMD GCM, which tends to be too dry near its top.

3. Description of the Precipitation
Parameterization

Supercooled water clouds are very common in the
atmosphere at temperatures below 0°C but their fre-
quency decreases rapidly with decreasing temperatures,
and ice particles are almost always present at —18°C
[Pruppacher and Kletl, 1978]. We assume here that lig-
uid water clouds and ice clouds coexist at temperatures
between 0°C and —15°C. At each grid point, liquid wa-
ter clouds constitute a fraction &, and ice clouds consti-
tute a fraction 1 — z, of the total cloud cover. Here z is
equal to 0 for temperatures below —15°C, 1 for temper-
atures above 0°C, and we assume it varies linearly be-
tween these values at intermediate temperatures. Pro-
cesses in warm (liquid) and in ice clouds are therefore
distinguished, but interactions between solid and lig-
uid phases are not considered. We consider two classes
of hydrometeors: droplets (and ice crystals) which are
suspended in the cloud and whose size distribution is
denoted n(r) (m~*), and raindrops which are falling
through the atmosphere and whose size distribution is
denoted N(R) (m~*). The cloud liquid water and the
rainwater mixing ratios are found by summing the water
contained in these two classes of particles, respectively.

Conversion of cloud liquid water to rainwater occurs
through autoconversion of droplets to raindrops and
collection of droplets by falling raindrops. Rain evapo-
rates if it falls through subsaturated layers.

The continuity equations for the cloud water and the
rainwater mixing ratios, ¢; and g¢,, are

P 1
% = C—fz (Ry+Riy)— (1-z) f Ri—
A Pair

dq.
B

div(u par ‘II)
(1)

fz(Ru+Ry)— (1-f) E,

Piir (%(Paﬁr Ve Qr) + div(u Parr (Ir))

(2)
where C, Ry, Rir, Ri, and E, are the rates (kilograms
water per kilograms air per second) of condensation,
autoconversion, collection, release of solid precipitation,
and evaporation of falling raindrops, respectively. (See
the notation list for other symbols).

In contrast to ice precipitation which is instanta-
neously removed from the atmosphere (see below), lig-
uid precipitation (raindrops) remains stored in the at-
mosphere for a finite time period, during which the mi-
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Figure 1. Subgrid distribution density of total water.

The darkened area represents the cloudy region.

crophysical processes involving rainwater (such as the
collection of droplets by falling raindrops or rainwa-
ter evaporation) can occur. We have chosen to time
step the precipitation process and to solve the rainwater
budget equation in prognostic form with a semi-implicit
scheme. The time step required to accurately represent
the microphysical processes (6 minutes here) is also ap-
propriate for solution of the rainwater budget equation.
This approach is in contrast to that of Ghan and Easter
[1992] and Ose [1993] who computed the rainwater (as
well as snow or graupel) mixing ratios diagnostically,
but it is similar to the approach of Fowler et al. [1995].

The definition of R; is identical in this version of the
model to that in the standard version

1
pall‘ (3)

where ! is the in-cloud cloud water content, and V; =
3.29 (par 1)%1® (meters per second) is the mean termi-
nal velocity for ice crystals calculated by Heymsfield and
Donner [1990]. Equation (3) is based on the assump-
tion that these solid hydrometeors immediately fall and
reach their terminal velocity. We further assume that
ice which is lost for each layer reaches the ground in-
stantaneously. This assumption is certainly unrealistic
in many respects, but a detailed treatment of ice clouds
will be the subject of a further study. The solid pre-
cipitation flux (kilograms water per square meter per
second) at the ground is then

F; = Z f(l"x)l)airlvi

layers

R; =

7]
E(pair Vz I)

(4)

Py, is the flux of rainwater at the ground

P = Pair ‘/,-(Z = 0) q"(z = 0) (5)

so that the total precipitation flux at the ground is

P=P4+ P (6)
We now describe our parameterization of the three
main microphysical processes.

Autoconversion. This is the most important mi-
crophysical process since it initiates the precipitation.
It is assumed that droplets fall relative to the air at
their terminal velocities. The mass growth rate due to
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collisions of a droplet with radius » and mass m(r) is

(Mﬂl

dt

) autoconversion

Jx(r+7)? |V(r) = V()| E(r,r") m(r') n(r') dr'

(7)

where [m(r')n(r')dr’ =1 pair. Only droplets with dif-
ferent sizes, and therefore different terminal velocities,
‘can aggregate to form raindrops; otherwise the term
[V(r) — V(+')] in (7) vanishes. The integral in (7) must
be approximated in the absence of droplet spectral in-
formation. We follow Liou and Ou [1989] and Baker
[1993] in computing an upper bound to dm(r)/dt by
putting r > ', V(') = 0, and E(r,r') = 1. Accord-
ing to Rogers and Yau [1989], the terminal velocity of
a droplet for r < 20 pm is given by V(r) = k r? with

= 1.19 108 m~!s~!. We introduce a threshold value
for r below which we assume autoconversion cannot oc-
cur (the collision efficiency is too small) and we multi-
ply the resulting integral by a coeflicient ¢ smaller than
unity to take into account the different approximations
which were made. Our approximation for the autocon-
version rate is then

Ry=mcklrs® N H(ry—ro) (8)
where H is the Heaviside function. Nr,» = [ r*n(r)dr
is the n*® moment of the droplet radius distribution
and r, = (f r" n(r)dr/fn(r)dr)n is the equivalent ra-
dius for the n*» moment of the size distribution. (For
instance r; and r3 are the surface-weighted and the
volume-weighted mean radii of the size distribution,
respectively.) Liou and Ou [1989] used (8) in a one-
dimensional model but kept r4 constant. However, it
seems reasonable to relate r4 and [. Integrating the
droplet mass over the whole spectrum, we get the fol-
lowing equation

3 _ { Pair

s %W Pwater N (9)
Here r3 is a different measure of the size distribution
than r4 but these two quantities are strongly correlated
for sufficiently narrow size distributions. Examination
of aircraft data from trade and continental cumulus and
marine stratocumulus [Bower et al., 1994] suggests that
all characteristic radii (i.e., r2, r3, r4) are about the
same for unglaciated clouds. The ratio r4/r3 is 1.03 +
0.03 and can be higher (about 1.2) for trade cumulus
and mixed liquid ice clouds (A. Blyth, personal com-
munication, 1994). We adopt here a constant ratio of
1.1. In other terms, this means that we ignore the vari-
ations in the droplet spectral shape. This is a weakness
of our scheme because the autoconversion rate is ac-
tually highly dependent on the presence of a few large
droplets [Beard and Ochs III, 1993] but it would require
too much complexity to compute a droplet size distri-
bution. Finally, substituting (9) in (8), we have the
following expression for the autoconversion rate:
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Ru=c par® 15 N73 H(" I5 pae® N3 —rg) (10)
t@)fx

—4
where Pwater 3 C k
1

"= 1.1 (%)% T™3 puater—3. Equation (10) is close
to the form used by Chen and Cotton [1987] but dif-
fers by the absence of their term involving spatial in-
homogeneities in the liquid water content. In Figure 2
we show the autoconversion rate as a function of lig-
uid water content for several values of the cloud droplet
concentration N and for three values of the threshold
radius rp.

1
-3 and

Collection. We now consider a raindrop with radius
R and mass M(R) collecting cloud droplets. Its mass
growth rate is approximately:

dM(R)
(—dt (11)

) =7 R2V(R) pair
collection
We assume that V(R) = ls:g(-ﬂ!?—)aR2 which is a good

approximation if 600 pm < R < 2000 pm. Accordmg
to Rogers and Yau [1989), k2 = 2 102 m? s~! and po =
1.2 kg m~3. Assuming a Marshall-Palmer distribution

for the ra.indrop radius (i.e., N(R) = Ny e~ F/En  Mar-
shall and Palmer [1948]) and introducing
g = Bree / %n’R?’N(R)dR, (12)
we obtain after integration over R
Ry, = kaT(3) po? paict Ro-}1q, (13)

8 Pwater

Note that the characteristic radius, R,,, is prescribed
and is independent of ¢,, unlike the parameterization
of K esslcr [1969]. Equation (13) is similar to that used
in Tripoli and Cotton [1980].

Evaporation of raindrops. Evaporation of droplets
is implicitly treated in the evaporation-condensation
scheme, although crudely. That is why we only explic-
itly describe evaporation of raindrops which are falling
in clear sky. For a raindrop with radius R,

dM(R) —47a R (QClear _ 1)

dt Qsat
where a=1.05 10" kg m~! s~! [Liu and Oruville, 1969)].
If we proceed as previously, then the evaporation rate
of rainwater is

(14)

a Jclear qr
E. =—= - 1) (15)
2 ( gsat Pwater Rm2
Sundquist [1988] and Schlesinger et al. [1988] ex-

pressed the evaporation rate as a function of the pre-
cipitation rate rather than the rainwater content, which
was not explicitly calculated in their scheme. Our equa-
tion is similar to that of Kessler [1969] but differs in the
exponent of rainwater content.
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In the derivation of the collection and rainfall evapo-
ration rates, we made the assumption of a random ver-
tical ovetlapping of the cloud layers, which is reasonable
here in view of the low vertical resolution. Raindrops
from a given layer fall equally in the cloudy and clear
sky parts of the underneath layer.

l =10 pm
 N=50cm™3
= [ N=100cm-3
2 N=200cm™3
S [ N=400cm™3
x =
®
2 -
€ 1
c-ll TN NN NN RS NN N
0.0 0.25 05 0.75 1.0 1.25 15
1 (g/ke)
3
- ro=8 um
- N=50cm™3
2 [ N=100cm™3
22 N=200cm™3
= [ ~N=400cm™3
x -
L)
e -
2t
c-l M TN AR NN AN N
0.0 0.25 05 0.75 1.0 1.256 15
1 (g/kg)
3
- ro=5 pm
f  N=50cm™3
% N=100cm™3
@2 N=200cm™3
> [ N=400cm™3
x p—
b4 -
=
2T
r.
’_
O— (I T I O I
0.0 0.25 05 0.75 10 1.256 15
1 (g/ke)

Figure 2. Autoconversion rate, Ry (10~° kg/kgs™1),
as a function of the in-cloud liquid water content, {

(8/kg).
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The determination of some parameters introduced
here (Rm, ¢, 1o, N) is essential since these will con-
trol the fraction of cloud water which remains stored in
the atmosphere. These parameters vary with the type
of clouds, but cloud microphysical observations can pro-
vide us with typical values. The multiplicative coeffi-
cient ¢ (as in (8)) is difficult to assess theoretically but
data from maritime cumulus and stratocumulus show a
value ranging between 0.01 and 0.1 [Baker, 1993]. How-
ever, better results, in terms of climate statistics, are
obtained in our model if ¢ is set to larger values. For
these reasons, we use ¢ = 1 here. There exist some
physical explanations for this discrepancy. The highly
nonlinear dependence of the autoconversion rate on [ (as
in (10)) results in an underestimation of the autocon-
version rate if the rate is predicted from a single value
(i.e., the grid box average) of the in-cloud liquid wa-
ter content. Also the large vertical extent of our clouds
(which must fill a whole layer in the vertical) lowers the
liquid water content. For these reasons, the direct in-
troduction into a GCM of a scheme tuned with point
observations may lead to systematic errors in model re-
sults.

In section 4, we will make detailed tests of the sen-
sitivity of the parameterization to two parameters: the
threshold radius ry (as in (10)) and the cloud droplet
concentration N. This is motivated by the fact that the
results are quite sensitive to both parameters, Whereas
ro is an “internal” parameter of our parameterization,
N is controlled by external parameters (concentration
of cloud condensation nuclei (CCN) for instance) and
can vary for identifiable reasons.

4. Results

We now present results from a one-dimensional model
and a GCM, both based on our parameterizations of the
microphysical processes. In this section, the cloud op-
tical properties depend on the simulated cloud fraction
and cloud water content but not on the mean cloud
droplet radius, the value of which is being prescribed.

4.1. Results From a One-Dimensional Climate
Model

For a preliminary evaluation of the model formula-
tion we use a one-dimensional equilibrium model which
is more convenient to handle than the full model. This
allows us to study the effects of microphysical processes
on the various cloud variables, level by level, without
interference from the model dynamics which would add
variability to the model results. This model, described
in Li and Le Treut [1990], is a column climate model
with parameterizations of diffusion, convection, and ra-
diation that follow those of the GCM. It has no lateral
boundary conditions and the only input parameters are
the zenith angle of incident radiation, the length of day,
the surface albedo, and the adjustable parameters of the
different parameterizations. The model has been mod-
ified by the introduction of the microphysical scheme
presented here (as in (1)-(15)), which is the same as
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that in the GCM. After a 3-year integration, the model
climate reaches an equilibrium state which depends on
the boundary conditions and prescribed parameters but
not on the initial state. The relative importance of the
different microphysical processes can be assessed from
Figure 3. Ice precipitation is the dominant process
down to level 5 (where the transition between liquid
and ice clouds occurs). Autoconversion is the domi-
nant process for warm clouds whereas collection is also
important but occurs at lower levels where the rainwa-
ter content is larger. It is worth noting that the auto-
conversion rate is high even at levels where collection
occurs because our bulk parameterization of the micro-
physical processes does not represent the autoconver-
sion cutoff which occurs when falling drops sweep small
and medium-sized droplets efficiently. Evaporation of
rainfall is here of secondary importance.

Experiments were made to investigate the sensitiv-
ity of the model results to various parameters. Experi-
ments in which the characteristic raindrop radius, R,,,
is varied show that the mean atmospheric state is not
sensitive to R,. The precipitation rate increases by
only 1% if R,, is increased from 100 to 1000 pm. This
can be explained by the low rates of collection and rain-
fall evaporation and by the low dependence of R;. on
R,,. Ry, is therefore set to 1000 gm in the rest of the
study. However, our results are sensitive to both the
threshold radius, r¢, and the cloud droplet concentra-
tion, N. As can be seen from Figure 2, the effect of
an increase in the threshold radius is to truncate the
curve of the autoconversion rate versus ! and to delay
the release of precipitation. (A twofold increase in rg
requires an eightfold increase in ! before precipitation
starts but precipitation above this cutoff is then very
strong.) There are two effects of an increase in the
cloud droplet concentration: first, it modifies the onset
of the precipitation (a twofold increase in N requires a
twofold increase in [ for precipitation to begin) and sec-
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Figure 3. Rates of the different cloud microphysical

processes.
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ond, it diminishes the autoconversion rate (by a factor
of about 5 for a same twofold increase in N). Collection
is also indirectly affected by changes in N and rg. Our
results are more sensitive to rg than to N but the range
of variation is smaller: rg is in the range of 5 to 10 um
whereas N can vary over a very large range.

Table 1 summarizes the values of input and output
parameters of the one-dimensional model for a set of
three experiments having different (ro, N) values. The
output parameters are the values obtained at equilib-
rium. In Figure 4 we further represent the vertical pro-
files of the mean volume droplet radius, the in-cloud
cloud water content, and cloudiness. N is first increased
from 50 to 200 cm~3 and rg is set to 5 um. As can be
seen from Figure 2, this change mostly affects the mag-
nitude of the autoconversion rate but does not modify
its onset much, which occurs at low liquid water con-
tent. The cloud fraction and the in-cloud cloud water
content always vary in phase with N, but the mean
droplet radius variations are negatively correlated with
variations in N; this is consistent with the fact that in-
creasing N leads both to a decrease in the mean droplet
radius and a less efficient precipitation process as shown
in (9) and (10). In order to isolate the increase in ! from
the increase in f, we have prescribed the vertical dis-
tribution of cloudiness in the model at its equilibrium
value in the (rg = 5 pm, N = 50 cm™3) run and set
N to 200 cm~3. The model climate then adjusts it-
self to a new liquid water content, which is about the
same as in the case where f varies freely. This tends to
prove that the autoconversion rate determines the lig-
uid water content, which in turn determines cloudiness
through the stratiform condensation scheme described
in section 2.

These results are, to some extent, supported by in
situ measurements of liquid water content and cloud
droplet radii in ship tracks [King et al, 1993]. It is
reported that liquid water content is significantly en-
hanced in the ship track regions while cloud droplet
radii decrease and the droplet concentration increases
by a factor of 2 or so.

In a third experiment, rq is doubled while ¥ is fixed
at a value (200 cm~2) which ensures a relative strong
dependence of the switch on rg (Figure 2). The sensi-
tivity of the cloud fraction and cloud water content to
ro is very high. However, the mean volume droplet ra-
dius is much less sensitive to rg. This is because [ varies
as the cube of r3.

4.2. Results From a GCM

Here r is set to 5 pm and N to 100 cm~2 for mar-
itime clouds and 400 cm ™2 for continental clouds. These
values are within the range of observation [Bower et
al., 1992]. The model is integrated under January and
July conditions. The mean precipitation field is shown
on Figure 5. The mean monthly values of the precip-
itation rate for January are 2.31 and 2.91 mm d~! in
the northern hemisphere and the southern hemisphere,
respectively. For July, these values are 2.89 and 2.36
mm d~!, respectively. The precipitation pattern simu-
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Table 1.
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Inputs and Outputs of the One-Dimensional Model

Input Parameters

Output Parameters at Equilibrium

Expernment  Zenith  Fraction Surface rg N Surface Fluxes Planetary Surface Rain
Angle of Day Albedo SW LW Albedo Temperature

A 60° 0.5 0.16 5 50 179.4 97.5 0.291 289.6 2.46

B 60° 0.5 0.16 5 200 177.1 96 2 0.298 289.4 2.43

C 60° 0.5 0.16 10 200 165.4 95.1 0 337 285.3 1.91

Fluxes are in watts per square meter. Temperature is in K. Also, ro is threshold cloud droplet radius

in micrometers.
millimeters per day.

lated by the GCM is very plausible, with good corre-
spondence of the maxima with the observed values of
Jaeger [1976] or Legates and Willmott [1990]. In zonal
mean the correspondence is also good, with a discrep-
ancy in the southern hemisphere which is common to
many models [International Panel on Climate Control
(IPCC), 1990]. This is not proof that our microphysical
model is correct, because the difference between the two
model versions with and without microphysics is small

N is cloud droplet number concentration in cubic centimeters.

Rain is measured in

(see Figures 5a and 5b). This difference is smaller than
the rms of the precipitation field, if we make five in-
dependent experiments by choosing five different initial
January 1 states. On a monthly mean basis the large-
scale precipitation pattern appears to be essentially a
reflection of the large-scale convergence of the water
vapor and is little affected by cloud microphysics. This
is because the atmospheric reservoir of cloud water re-
mains small compared to that of water vapor.
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Vertical profiles of the mean droplet radius, in-cloud cloud water mixing ratio, and cloud fraction in
a one-dimensional model for different values of rp and N.
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Precipitation rate (millimeters per day): (a) January simulation including cloud microphysics (average

on five simulations), (b) January simulation using the control version of the model, (¢) July simulation including

cloud microphysics.

The zonal profiles of relative humidity and cloud wa-
ter mixing ratio are plotted in Figures 6 and 7. The
distribution of relative humidity is very similar to that
of the standard version of the model, run in the same
conditions. The zonal profiles of the cloud water mixing
ratio in this version of the model and in the standard

version are qualitatively similar but values are higher
in this version. Zonal profiles of cloud volume fraction
are plotted in Figure 8. There are typically two levels
of clouds, which form where relative humidity is high-
est, especially in the low troposphere. Also shown in
Figure 9 is the mean volume droplet radius, rs, at the
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interval is 10%.

second level (= 950 hPa) of the model for a month of
January. Radii are much larger over the ocean than
over land. This can be explained by the fact that cloud
droplet concentration is prescribed at a higher value
over land but also because there is less water available
over some land areas, due to lower surface evaporation.
This point will be discussed below. The vertically in-
tegrated cloud liquid water content (precipitable liquid
water) is shown in Figure 10. The geographical dis-
tribution of this quantity is fairly realistic with max-
ima along the Intertropical Convergence Zone (ITCZ)
and over the oceans in the extratropics. The simulated
magnitude is also in good agreement with special sensor
microwave imager (SSM/I) data.

We made two series of sensitivity experiments (see
Table 2 for a list of experiments)in order to explore the
dependence of the results on the model assumptions.
All the sensitivity experiments are run under January
conditions.

Sensitivity to rg. Two experiments (R1 and R2)
were performed with ry set to 5 and 10 pm, respec-
tively. N is set to 50 cm™2 for maritime clouds and

latltude

Latitude-altitude cross section of relative humidity for a month of (a) January, and (b) July. Contour

200 cm~3 for continental clouds. Figure 11 represents
the zonal profile of the difference of cloud water mixing
ratio between the two sensitivity experiments (R2—R1).
Positive values show a larger cloud water mixing ratio
in the lower troposphere if 7o = 10 um. The increase
is about 50% on the average but reaches 100% at some
locations. Concomitantly, the mean droplet radius is
increased by about 0.5 um with a larger increase over
continents because of the larger dependence of the au-
toconversion rate on rg at high cloud droplet concen-
tration (see Figure 12). The cloud cover (computed as-
suming a maximum/random overlapping [Sundgquvist et
al., 1989]) is increased from 56.7% to 59.5% on global
average. As far as global averages of cloud water con-
tent, cloudiness and droplet radius are concerned, the
model responses are very similar to those of the one-
dimensional model. We also observe a general cooling
of the atmosphere at low and midlatitudes associated
with the increase in cloud optical thickness. This is ac-
companied by a warming at high latitudes (Figure 13).
This behavior is reminiscent of that obtained by Kiehl
[1994], when he decreased cloud droplet effective ra-
dius over land, producing, as in our case, a larger cloud
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albedo effect. The temperature changes are stronger
over land because, sea surface temperatures (SSTs) be-
ing fixed, the ocean acts as a heat source (or sink) of
infinite capacity. The equator-to-pole gradient of tem-
perature is decreased in R2 compared to R1 and the
winter Hadley cell is significantly weakened (Figure 14).
The meridional circulation is hardly changed at other
latitudes.

We believe that =5 pm is more appropriate here al-
though the collision efficiencies are very low for droplets
with radius below 5 ym. What is actually described in
the partial cloud cover parameter, f, is a set of clouds,
some of which are precipitating and some of which are
not. Obviously, some of the clouds will precipitate be-
fore the threshold radius is reached for the whole set
of clouds. It is therefore legitimate to use a smaller
threshold radius than that suggested by the dependence
of collision efficiencies on droplet radii.

Sensitivity to IN. Here 7 is fixed and N is the same
for all clouds: 50 cm™3 in the first experiment (N1) and
200 cm™3 in the second one (N2). Again, we look at
the zonal profile of the difference of cloud water mixing
ratio between the two sensitivity experiments (N2—N1)

BOUCHER ET AL.: CLOUD MICROPHYSICS AND RADIATION IN A GCM

(see Figure 15). The cloud water mixing ratio is larger
in the troposphere in the case N=200 cm~3. Globally
(i.e., vertically and horizontally) averaged, the increase
in cloud water between experiments N1 and N2 is 10%.
This is consistent with (10), which shows that the au-
toconversion rate decreases with increasing N, all other
parameters being held constant. Moreover, if N is in-
creased, the mean radius is reduced and is less likely to
reach the threshold value. It is also remarkable that on
the average, the product I35N ‘%, which 1s proportional
to the autoconversion rate, remains constant when N is
increased. The climate system responds to the pertur-
bation in N in such a way that the overall amount of
precipitation remains constant. The cloud cover is also
affected by the change in N but to a lower extent: its
value is 56.4% and 57.4% in experiments N1 and N2,
respectively. The increase in cloud cover is mostly a
consequence of increased cloud volume fraction in the
lower layers (1000800 hPa). However, the water vapor
content remains almost unchanged in the two experi-
ments: we only observe a 0.5% increase in the precip-
itable water (vertically integrated water vapor) between
the two experiments. Figure 16 shows the mean change
in low cloud droplet volume radius between experiments

Pressure (hPa)

Pressure (hPa)

Figure 7.

latitude

Latitude-altitude cross section of grid box average of cloud liquid water for a month of (a) January,

and (b) July. Isolines are 0.1, 1, 5, 10, 20, and 40 mg/kg.
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January conditions.
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January conditions.

N1 and N2 . There is a general decrease in r3 over the
globe. On the average, the difference in droplet radius
is 3-4 um, depending on the layers. The mean droplet
radius in both experiments N1 and N2 is also smaller
over land than over the ocean. Since cloud droplet con-
centrations are the same for the two types of clouds,
this supports the idea that cloud droplet radius is not
only dependent on N but also on the quantity of water
vapor that is available.

We see in Figure 17 that the changes in atmospheric
temperature are somewhat weaker than in the previ-
ous sensitivity experiments. Figure 17 also exhibits a
more erratic structure, with largest changes at high lati-
tudes. This behavior is consistent with the conventional
picture of a higher climate sensitivity at high latitudes.

Table 2. List of Experiments
Experiment o N Tw
Ocean Land
Control 5 100 400  prescribed
R1 5 50 200  prescribed
R 2 10 50 200  prescribed
N1 5 50 50  prescribed
N2 5 200 200 prescribed
IN1 5 50 50 calculated
IN 2 5 200 200 calculated

Here ro is the threshold cloud droplet radius in microm-
eters. N is the cloud droplet number concentration in cubic
centimeters. The effective radius for warm clouds, ry, is
either prescribed to a fixed value or calculated, as discussed
in the text.

Vertically integrated cloud water (kilograms per square meter) as simulated by the model under

Note that the mean monthly hemispheric values of
the precipitation rate are relatively constant in all cases,
varying by less than 10%. This suggests again that
the total amount of precipitation is first governed by
the large-scale convergence of moisture and not by the
microphysical processes.

5. Influence of the Cloud Droplet
Concentration on Cloud Optical
Properties

In this section the parameterization of the cloud opti-
cal depth is treated in a way that is consistent with the
precipitation parameterization. The aim is not to get
a more realistic model in terms of radiative fluxes, be-
cause it is obviously easier to prescribe the cloud droplet
radius and use it as a tunable parameter than to com-
pute it, but to introduce a potential new feedback which
may be important for various types of climate change
scenarios. We now explore the sensitivity of the new
model to the cloud droplet concentration.

The equation used for the cloud optical depth in ear-
lier sections was

3 w 3 w

T=c == 16
2 Pwater Te 2 Pwater(zrw + (1 - QI)TC) ( )

where W is the liquid water path, and r, is the droplet
effective radius (i.e., the ratio of the third moment to
the second moment of the size distribution). Here r,
was approximated by a linear function of r, and r,,
the effective radii for ice and warm clouds, respectively,
which were prescribed to be 25 ym and 10 pm, respec-
tively [Stephens, 1978; 1984]. Ice cloud effective droplet
radius is larger in order to take into account the non-
spherical shape of ice particles. The value of r, is often
chosen to tune the shortwave radiative fluxes simulated
by the GCMs by comparison to the observed data. This
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Isolines are -1, 0, 1, 5, 10, and 20 mg/kg.

is not satisfying since the only feedback on cloud optical
depth which is allowed is then through the cloud water
amount, whereas results are potentially sensitive also to
changes in the value of r. [Charlock and Ramanathan,
1985; Slingo, 1990]. From now on, we calculate r, rather
than prescribe it. The cloud optical depth is the sum of
optical depths for warm and cold clouds, weighted by z
and (1 — z), respectively [Sun and Shine, 1994].

1-—
r=zTpt+(l—zx) 7 = 3w (i + (—-ﬂ) 17
Pwater \Tw Te
which allows us to define an equivalent effective radius
1
re=— Y (18)
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Difference map for the cloud water mixing ratio between the two sensitivity experiments (R2—R1).

The droplet effective radius for warm clouds, ry, is
calculated from the mean volume radius. We assume
therefore a proportional relation between rz and rq
(namely rg = 1.1 r3) giving r,, = 1.21 r3. This is con-
sistent with measurements from Martin et al. [1994]
who found a proportionality coefficient between mean
volume and effective radii in stratocumulus clouds al-
though their ratio, »,/rs, is different for continental
(1.14) and maritime (1.08) air masses. The droplet ef-
fective radius for cold clouds, r,, is set to its previous
value (25 pm). In the case of a warm cloud (z = 1),
(17) can be written as follows:

r=Chi} N3 (19)

where C is a constant and h the cloud thickness. This

150
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Figure 12.

Difference (R2—R1) in mean volume droplet radius (micrometers).
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equation is similar to that proposed by Bohren [1985]
and Charlson et al. [1992] but the dependence on N
is stronger than it may appear because the cloud water
mixing ratio increases with N. This effect was not taken
into account in many of the previous studies [Charlson
et al., 1987; 1992; Ghan et al., 1990] where ! is held
constant.

Again, we made several experiments with different
values of N. To evaluate the results, we use the notion
of cloud radiative forcing (CRF). It is defined as the
difference between total and clear sky fluxes at the top
of the atmosphere and can be divided into a shortwave
(SW) and a longwave (LW) component:

CRF = CRFsw +CRFiw (20a)
S(aclear —a)+ (Felear — F) (20b)

where S is the insolation, a is the planetary albedo,

latitude

Difference map (R2—R1) for the zonally averaged temperature (K).

and F is the outgoing longwave radiation; the index
clear refers to clear sky conditions [Remanathan et al.,
1989]. In the model, clear sky fluxes are computed
separately at each grid point (which may be free from
clouds or partly cloudy) and therefore correspond to
combined clear/cloudy atmospheric conditions. This
method, which is referred to as method II in Cess and
Potier [1987], gives satisfactory results and is much
more convenient than method I to implement in a GCM.

Sensitivity to IN. Two more sensitivity experiments
are performed with ry equal to 5 pm. N is equal to
50 cm~3 for all clouds in the first experiment (IN1) and
to 200 cm~3 in the second experiment (IN2). This al-
lows comparison with experiments N1 and N2. Changes
in mean cloud droplet radii, cloud liquid water content
and cloud cover due to this fourfold increase in N are
very similar to those discussed in the previous section
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Figure 14,
radius for the precipitation onset (R2—R1).

0
latitude

Change in mean meridional stream function (10° kg s=!) due to prescribing a higher threshold
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Figure 15. Difference map for the cloud water mixing ratio between the two sensitivity experiments (N2—N1).

Isolines are -1, 0, 1, 2, 5, and 10 mg/kg.

(experiments N1 and N2). Changes in the zonally av-
eraged air temperature (Figure 18) are comparable in
magnitude to the changes obtained in the N1/N2 exper-
iments. The zonal mean of the SW cloud radiative forc-
ing is shown in Figure 19b. Comparison of the model
results to Earth Radiation Budget Experiment (ERBE)
observations shows that the model reproduces the shape
of the latitudinal variation of cloud forcing fairly well.
However, the minimum of the forcing is shifted towards
the equator, which mostly is a consequence of the dis-
placement of the minimum in surface pressure in the
model and partly a consequence of the treatment of ice;
our ice clouds are too thin at high latitudes. The forcing
is also too high in the tropics. The fourfold increase in
N induces a 14.3 W m~2 increase in the globally aver-
aged SW CRF (from —50.9 to —65.2 W m~2). Different
reasons explain this important change: the decrease in

LATITUDE
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-90 60 -30

0 30

cloud droplet radii, the increase in cloud water content,
and cloudiness. A comparison with experiments N1 and
N2 (Figure 19a) shows that this increase is not so large
if the effective droplet radius is fixed: the forcing is en-
hanced by 7.1 W m~2 (from —50.6 to —~57.7 W m~2).
Since the two series of sensitivity experiments (N1, N2
and IN1, IN2) only differ in the treatment of the effec-
tive radius in the computation of the cloud optical depth
and because the integration time is short so that no sec-
ondary feedbacks are expected, the difference between
the two changes in SW CRF (i.e., about 7 W m~?) is
a good approximation of the effect of the cloud droplet
effective radius on the SW CRF. We therefore conclude
that about half of the extra SW CRF forcing induced
by the fourfold increase in N is due to change in cloud
droplet radii, and the other half to changes in cloud
water content and cloudiness.

60 % 120 150 180

LONGITUDE

Figure 16.

Change (N1—N2) in mean volume droplet radius (micrometers).
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The LW CRF remains almost unchanged (see Fig-
ure 20) since it is mainly high clouds which influence
the LW CRF, and they are unchanged by the param-
eterization introduced in the present study, when N is
modified.

This sensitivity to N is larger than that inferred by
Ghan et al. [1990] who found a global net radiative
forcing of —6 W m~2 in response to a fourfold in-
crease of maritime cloud droplet concentration (from
50 to 200 cm~3). Note also that in our model, sea
surface temperatures were prescribed, which tends to
limit the climatic response. Nevertheless, our forcing
may be consistent with Ghan et al. because in their
study the precipitation rate does not depend on the
cloud droplet number concentration. We estimate the
effect of the cloud droplet effective radius on the SW
CRF as the difference (IN2—IN1)—(N2—N1). This dif-
ference is —~7 W m~2 and corresponds better to that
computed by Ghan et al.

6. Summary and Conclusion

We have developed a parameterization of the precipi-
tation rate which describes the cloud microphysical pro-
cesses responsible for the production of warm rain. This
parameterization is introduced in the LMD GCM and
replaces the simple algorithms which were used previ-
ously. The cloud droplet concentration is prescribed
and the mean cloud droplet radius is explicitly com-
puted in this scheme. A cloud precipitates if the mean
droplet radius is larger than a prescribed threshold ra-
dius, ro. We have investigated the sensitivity of the
model to several microphysical parameters. The results
are quite sensitive to the threshold radius, ro. The value
of this parameter is uncertain and there is a need for
measurements to allow its calibration. A high threshold
radius significantly increases the amount of cloud water
stored in the atmosphere. The results are also sensi-
tive to the cloud droplet concentration, N. We have

250

500

Pressure (hPa)

~

o

o
|

Figure 18.

20

latitude

Difference map (IN2—IN1) for the zonally averaged temperature (K).
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seen that a fourfold increase in N leads to a significant
increase in the SW cloud radiative forcing through a
complex set of interactions, which simultaneously mod-
ify the cloud cover, the cloud water content, and the
cloud droplet effective radius. About half of the ex-
tra forcing is due to a change in cloud droplet radius,
and the other half from the associated changes in cloud
water content and cloudiness. At this stage, these sen-
sitivity experiments are academic since we prescribe the

cloud droplet concentration, but the same model is be-
ing used for more applied scenarios: as we know, the
number of CCNs may have changed since the begin-
ning of the industrial period, in particular because of
the release of sulfate aerosols [Charlson et al., 1990;
Langner et al., 1992]. However, the computation of the
cloud droplet concentration is still a challenging prob-
lem [Boucher and Rodhke, 1994; Boucher and Lohmann,

1995].
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Zonal mean curves for the LW component of the CRF (watts per square meter): ERBE data and
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As we have seen, it is difficult to reconcile clouds sim-
ulated by a large-scale model with what we know from
observation and modeling of cloud microphysics. How-
ever our results are encouraging; improvements can be
gained with a finer resolution (both horizontally and
vertically) and/or subgrid scale distribution of cloud
properties, such as the liquid water content [Somme-
ria and Deardoff, 1977; Mellor, 1977]. As stated in
the model description, the parameterization of convec-
tion prevents from further developments of cloud micro-
physics. Also, the treatment of ice clouds is still very
crude. This will be the subject of future work.

Notation List

c multiplicative coefficient in the
autoconversion rate.

E, rain evaporation rate, kg/kg s~!.
E(r,v") collection efficiency.

f cloud fraction.

h cloud thickness, m.

H Heaviside step function.

l in-cloud value of the cloud water mixing

ratio, kg/kg.
mass of a droplet with radius r, kg.

M(R) mass of a raindrop with radius R, kg.

n(r) clogd droplet radius distribution density,
m™*%,

N cloud droplet number concentration, m=3.

N(R) raindrop radius distribution density, m~—4.

N(R) = Ny e~ B/Bm,

P total precipitation rate, kg m—2 s~ !,

P; solid precipitation rate, kg m=2 s7!.

B liquid precipitation rate, kg m=2 s~1.

q grid box value of the water vapor mixing

ratio, kg/kg.

dclear clear sky value of the water vapor mixing
ratio, kg/kg.

qQ grid box value of the cloud water mixing
ratio, kg/kg.

qr grid box value of the rainwater mixing
ratio, kg/kg.

Qsat saturation over liquid water mixing ratio,
kg/kg.

q¢ grid box value of the total water mixing
ratio, kg/kg.

r cloud droplet radius, m.

ro threshold cloud droplet radius, m.

re effective cloud droplet radius for cold
clouds, m.

Te effective cloud droplet radius, m.

Tw effective cloud droplet radius for warm
clouds, m.

rw = r33/ra2.

n equivalent radius for the n*® moment of the

droplet radius distribution, m.
ro = ([ r*n(r)dr/ [ n(r)dr)t/n.
R raindrop radius, m.
R; rate of release of ice crystals, kg/kg s~1.
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R characteristic radius for the raindrop
distribution, m.

Ry autoconversion rate, kg/kg s~

Ry, collection rate, kg/kg s™!.

T temperature, K.

u three-dimensional wind, m s~1.

V(r) terminal velocity of a cloud droplet with
radius r, m s~1.

V(R) terminal velocity of a raindrop with radius R,
ms~L.

Vi terminal velocity for solid hydrometeors,
ms~L,

Vr mass-weighted average terminal velocity of
the raindrop distribution, m s=1.

W liquid water path, kg m~2.

z proportion of liquid clouds as a function of
temperature.

€ cloud emissivity.

r Gamma function.

Po air density in usual temperature and pressure

conditions, kg m~3.
Parr air density, kg m~3.
Pwater  Water density, kg m™3.
T cloud optical depth.
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