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ABSTRACT

The plane-parallel model for the parameterization of clouds in global climate models is examined in order to
estimate the effects of the vertical profile of the microphysical parameters on radiative transfer calculations for
extended boundary layer clouds. The vertically uniform model is thus compared to the adiabatic stratified one.
The validation of the adiabatic model is based on simultaneous measurements of cloud microphysical parameters
in situ and cloud radiative properties from above the cloud layer with a multispectral radiometer. In particular,
the observations demonstrate that the dependency of cloud optical thickness on cloud geometrical thickness is
larger than predicted with the vertically uniform model and that it is in agreement with the prediction of the
adiabatic one. Numerical simulations of the radiative transfer have been performed to establish the equivalence
between the two models in terms of the effective radius. They show that the equivalent effective radius of a
vertically uniform model is between 80% and 100% of the effective radius at the top of an adiabatic stratified
model. The relationship depends, in fact, upon the cloud geometrical thickness and droplet concentration. Remote
sensing measurements of cloud radiances in the visible and near infrared are then examined at the scale of a
cloud system for a marine case and the most polluted case sampled during the second Aerosol Characterization
Experiment. The distributions of the measured values are significantly different between the two cases. This
constitutes observational evidence of the aerosol indirect effect at the scale of a cloud system. Finally, the
adiabatic stratified model is used to develop a procedure for the retrieval of cloud geometrical thickness and
cloud droplet number concentration from the measurements of cloud radiances. It is applied to the marine and
to the polluted cases. The retrieved values of droplet concentration are significantly underestimated with respect
to the values measured in situ. Despite this discrepancy the procedure is efficient at distinguishing the difference
between the two cases.

1. Introduction

The earth radiation budget is strongly modulated by
clouds that reflect solar radiation and absorb longwave
thermal emission from the earth. The net effect is a
cooling of the climate system, with the main contri-
bution coming from marine boundary layer (BL) clouds.
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Their high albedos (30%–40%) compared with the
ocean background (10%) give rise to large deficits in
the absorbed solar radiative flux at the top of the at-
mosphere, while their low altitude prevents significant
compensation in thermal emission (Randall et al. 1984).
The prospect of a global warming (28–38C) due to the
doubling of CO2 during the industrial era has been tem-
pered by the identification of a radiative forcing mech-
anism involving clouds. For the same spatial distribution
of liquid water content (LWC), a cloud made of nu-
merous small droplets reflects more (higher albedo) than
a cloud with fewer but larger droplets. The droplet num-
ber concentration (N) in a cloud (and therefore the mean
droplet size at constant LWC) is dependent upon the
number concentration of the cloud condensation nuclei
(CCN) at the cloud base. The release of greenhouse



804 VOLUME 57J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

gases has been concomitant with an increase of anthro-
pogenic aerosols, either released directly into the at-
mosphere or generated in situ by the transformation and
condensation of primary pollutants, such as SO2. These
particles can act as CCN (Twomey 1977), increasing N
and therefore the cloud albedo. This forcing, referred
to as the indirect effect of aerosols, is likely to counteract
part of the warming due to greenhouse gases (Slingo
1990; Jones et al. 1994).

The overall indirect effect of the aerosols on climate
change is far from being precisely evaluated, though the
sign is thought to be negative (stable coupling). The
difficulty in assessing the importance of the indirect
effect on climate change arises from the small time and
spatial scales involved in the CCN, cloud microphysics,
cloud dynamics, and radiation interactions, while global
climate models (GCMs) simulate the average and long-
term effects of clouds. In addition to the forcing by
aerosols, possible feedback mechanisms involving
clouds have also been identified. These include the ex-
tension of cloud cover prompted by a rise of the global
temperature (Arking 1991), the enhancement of natural
CCN production by planktonic algae at higher ocean
surface temperature (Charlson et al. 1987; Boers et al.
1998), reduction of cloud precipitation efficiency due
to smaller droplets and resulting in a longer cloud life
time (Albrecht, 1989), the effect of precipitation on
CCN distributions (Ackerman et al. 1993), the coupling
between diabatic processes and cloud dynamics (Pincus
and Baker 1994; Martin et al. 1997), and the radiative
effect of in-cloud absorption on shortwave radiation
(Boers and Mitchell 1994).

In order to simulate such a complex system of mutual
interactions in GCMs, it is crucial to develop parame-
terizations based on processes rather than empirical for-
mulas. The essence of the processes must be captured
in the parameterizations, and empirical tuning must be
limited to coefficients that are not likely to be affected
by the coupling. However, it is also useless to base a
parameterization on variables that cannot be diagnosed
by a GCM.

For the simulation of the aerosol indirect effect and
cloud feedback, there are four types of processes to take
into account. (i) Cloud generation includes the diag-
nostic of the integrated liquid water content in the GCM
grid, its statistical distribution within the grid (cloud
fraction), the geometrical cloud thickness, and cloud-
base and -top altitudes. These parameters can be diag-
nosed by a GCM with subgrid parameterization of cloud
cover (Del Genio et al. 1996). (ii) Aerosol properties
include the prognostic of aerosol contents and physical
properties such as their activation spectrum. They can
be obtained with aerosol transport models, which for
the moment are run offline the GCM (Langner and Ro-
dhe 1991). (iii) Aerosol–droplets interaction refers to
the CCN activation process that is strongly dependent
upon the nucleation properties of CCN and the updraft
intensity at cloud base. A characteristic updraft velocity

can be estimated via the turbulent kinetic energy in a
grid and a parameterization of its statistical distribution
at the cloud base. With aerosol nucleation properties
derived in (ii), such a parameterization provides a typ-
ical value of N in clouds. (iv) Cloud radiative param-
eterizations relate the morphological properties of
clouds and their internal microphysics to the mean ra-
diative properties at the grid scale. The feedback mech-
anism involving precipitation efficiency establishes a
link between the droplet concentration derived in (iii)
and cloud generation schemes (i). The droplet concen-
tration influences the conversion rate of condensation
droplets into precipitating particles and, therefore, the
rate of removal of LWC from the cloud layer in a GCM
model.

Radiative transfer calculations via the doubling–add-
ing matrix method (Twomey et al. 1966) or the two-
stream approximation (Coalkley and Chýlek 1975; Ste-
phens 1978; Slingo and Schrecker 1982) are controlled
by two cloud parameters, the liquid water path (LWP),
and the droplet effective radius (re). LWP is the integral
of LWC over the cloud depth and it is diagnosed by the
model. In the early schemes the value of the effective
radius is fixed (Letreut and Li 1991) or depends on the
cloud depth (Fouquart et al. 1990; McFarlane et al.
1992) so that there is no consideration about possible
effects due to the aerosols. The next step has been to
select different values of re depending on the geograph-
ical location of the clouds: 13ø14 mm over the ocean
and 9ø10 mm over the continent (Bower and Choular-
ton 1992).

With the calculation of the transport and transfor-
mation of the aerosols in GCMs and the prediction of
their nucleating properties, it starts to be appropriate to
develop parameterizations based on droplet concentra-
tion, a parameter which can be directly linked to the
aerosol properties. Locally LWC and the droplet sizes
are related to the droplet number concentration N via

w 5 (4/3)prw ,3Nry (1)

where w is the liquid water content, rw is the liquid
water density, and ry is the mean volume radius of the
droplet spectrum. Various formulas have been proposed
in the literature for deriving the optical thickness t from
LWP and the droplet concentration, with a correction
factor for the difference between the mean volume and
the effective radii (Fouquart et al. 1990; Bower and
Choularton 1992; Raga and Jonas 1993b; Jones et al.
1994; Han et al. 1994). These formulas have been tested
with in situ observations of the cloud microphysics
(Raga and Jonas 1993a; Gultepe et al. 1996). However,
the cloud optical thickness is the vertical integral of the
ratio w/re, which depends upon the vertical profiles of
these two quantities. The parameterizations mentioned
above have been developed by assuming a constant ef-
fective radius through the cloud depth, while observa-
tions clearly show that the effective radius is increasing
with the altitude above cloud base (Slingo et al. 1982;
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Nicholls 1984; Stephens and Platt 1987; Raga and Jonas
1993a; Martin et al. 1994).

Radiative transfer calculations are often performed
by assuming that a cloud is a horizontally and vertically
uniform plane-parallel layer. Such models will be here-
after referred to as the vertically uniform plane-parallel
model (VU-PPM) in the paper. The effects of horizontal
inhomogeneity have been largely tested with statistical
models of microphysical variability and especially frac-
tal models (Barker 1992; Cahalan et al. 1994a; Cahalan
et al. 1994b; Cahalan et al. 1995; Davis et al. 1996;
Duda et al. 1996; Barker 1996). It has been demon-
strated that the albedo of inhomogeneous clouds is
smaller than the albedo of a homogeneous plane-parallel
cloud with the same horizontally averaged LWP. The
effects of vertical stratification of the microphysics have
not been so carefully evaluated (Li et al. 1994). In fact,
aircraft measurements are limited for such character-
izations because the variability of the microphysics in
the horizontal dimension complicates their interpreta-
tion. Large samples are thus needed in order to extract
information on the microphysics–radiation interaction.
For example, the results reported by Boers et al. (1998)
are based on the analysis of 12 flights (six during the
winter season and six during the summer season). The
respective contributions of the LWP and the effective
radius are clearly distinguished, and the change in al-
bedo due to the change in droplet concentration between
summer and winter clouds can be estimated. This pro-
vides the first experimental evidence of the Twomey
effect at the scale of a cloud system.

The purpose of this paper is to demonstrate that the
vertical stratification of the cloud microphysics should
be taken into account in GCM parameterizations and
that it can be well approximated with the adiabatic cloud
model for radiative transfer calculations. We therefore
begin (section 2) with a presentation of the basic for-
malism for microphysics–radiation interaction. The
main difference with previous experimental studies is
in the size of the dataset for characterizing actual pro-
files. The analysis of the two cases presented here, 26
June 1997, for the marine reference, and 9 July 1997,
as an example of a polluted case, are based on, respec-
tively, 35 and 28 profiles flown through the cloud layer
with an instrumented aircraft. The observations have
been performed during the CLOUDYCOLUMN Project
of the Second Aerosol Characterization Experiment
(ACE-2), in June and July 1997, north of the Canary
Islands. The objectives of the project and the experi-
mental strategy are briefly presented in section 3. We
also summarize observations of the vertical stratification
of the microphysics and analyze microphysical prop-
erties in subadiabatic cloud regions. The main difference
between a VU-PPM and an adiabatic stratified cloud
model is in the dependence of the optical thickness on
the cloud geometrical thickness. This feature is tested
in section 4 to validate the adiabatic stratified model.
This model will be hereafter referred to as the adiabatic

stratified plane-parallel model (AS-PPM). The VU-PPM
is, however, an attractive model because of its simplic-
ity. Radiative transfer calculations are thus discussed in
section 5 in order to identify a possible equivalence
between the VU- and the AS-PPMs. The AS-PPM is
not only more realistic than the VU-PPM for the de-
scription of the cloud microphysics; it also provides a
way of deriving, from remote sensing of the multispectral
radiances, an estimation of the droplet concentration in-
stead of the effective radius as with a VU-PPM. The
procedure is illustrated in section 6. The discussion in
section 7 summarizes the potential applications of the
AS-PPM, and the conclusions are presented in section 8.

2. GCM parameterizations of cloud radiative
properties

a. Radiative properties of a homogeneous cloud
volume

The radiative properties of a homogeneous cloud vol-
ume in the shortwave range (SW) are parameterized
with only three parameters: the extinction coefficient
sext 5 sabs 1 ssc, where sabs refers to absorption and
ssc to scattering; the single-scattering albedo v 5
ssc/sext; and the scattering phase function p(u), which
is the probability of scattering in a direction u with
respect to the incident direction. In GCM radiation
codes, one often uses the asymmetry factor g 5 p(u)2p#0

cosu du (g 5 1 for forward scattering and g 5 0 for
isotropic scattering), though the complete phase func-
tion is required for accurate calculations such as pre-
sented in sections 5 and 6.

The extinction is proportional to the total droplet sur-
face per unit volume of air (Hansen and Travis 1974;
Stephens 1978):

`

2 2s 5 Q (x)pr n(r) dr 5 pQ (x )Nr , (2)ext E ext ext s

0

where x 5 2pr/l is the size parameter, x is its effective
mean value, Qext is the Mie efficiency factor (van de
Hulst 1957), N 5 n(r) dr is the droplet number con-`#0

centration, and rs is the mean surface radius of the drop-
let size distribution. For large values of x, Qext becomes
asymptotic approaching a value of approximately 2.
This value will be further used in this paper for data
analysis.

It has also been demonstrated that the three radiative
parameters can be approximated as functions of the
LWC and the effective radius of the droplet size dis-
tribution, re 5 / (Hansen and Travis 1974; Twomey3 2r ry s

and Cocks 1989). For example, Slingo and Schrecker
(1982) have derived a parameterization for 24 spectral
bands covering the SW from l 5 0.25 to 4 mm:
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bis 5 w a 1 , (3)ext,i i1 2re

v 5 1 2 c 2 d r , (4)i i i e

g 5 e 1 f r , (5)i i i e

where the coefficients ai to f i are dependent upon the
spectral band. At this point, the parameterization pro-
vides simple relationships between the microphysical
characteristics (w and re), and the radiative properties
of a homogeneous cloud volume (sext , v, and g).

b. Radiative properties of a homogeneous cloud:
Plane-parallel model

Tests of the parameterization described above and de-
tailed calculations of the heating rate profiles have been
performed with realistic vertical profiles of w and re in
horizontally homogeneous clouds (Slingo and Schrecker
1982). However, it is not feasible to enter so many de-
tails into a GCM parameterization. Therefore, the ra-
diative transfer is often parameterized by assuming that
the cloud is also vertically uniform with a geometrical
thickness H (VU-PPM). For example, Slingo (1989) ex-
tended the above parameterization [Eqs. (3)–(5)] for a
homogeneous cloud volume to a VU-PPM. In this case
the parameterization becomes

bi^t & 5 W a 1 (6)i i1 2^r &e

^v & 5 1 2 c 2 d ^r & (7)i i i e

^g & 5 e 1 f ^r &, (8)i i i e

where t 5 sext(h) dh is the cloud optical thickness,H#0

W 5 w(h) dh is the liquid water path, h is the altitudeH#0

above cloud base, and ^ & refers to the VU-PPM equiv-
alent parameters.

There is currently a general consensus on parame-
terizations of cloud radiative properties based on LWP
and effective radius. Cloud geometrical thickness and
droplet number concentration are not explicitly used as
variables. They rather appear implicitly in the derivation
of the above parameters. The relation between ry and
re, which depends upon the droplet spectral shape, has
been derived from in situ measurements that suggest
that the ratio k 5 / varies from 0.67 6 0.07 in3 3r ry e

continental air masses to 0.80 6 0.07 in marine ones
(Pontikis and Hicks 1992; Martin et al. 1994).

VU-PPM based parameterizations cover a wide range
of applications, such as numerical studies of the climate
feedback and indirect effect with GCMs (Fouquart and
Bonnel 1980; Slingo 1989; Jones et al. 1994), and val-
idation tests of techniques for the retrieval of cloud pa-
rameters from satellite measurements of cloud reflec-
tance (Twomey and Cocks 1989; Nakajima and King
1990; Platnick and Twomey 1994; Han et al. 1994; Plat-

nick and Valero 1995). However, the VU-PPM hypoth-
esis raises the question of the definition of the VU-PPM
parameters equivalent to a realistic cloud. Formally, the
solution is not straightforward because sext is a linear
function of 1/re while v and g are linear functions of
re. In addition, the effects of s, v, and g on radiative
transfer calculations are not linear (Li et al. 1994). The
recent literature on this subject reveals no consensus:
in Taylor and McHaffie (1994), ‘‘the cloud top re should
be used since the albedo is dependent on the cloud-top
value’’ [^re& 5 re(H)]; in Nakajima et al. (1991) and in
Platnick and Twomey (1994), ‘‘droplet sizes near cloud
top contribute a greater influence to the inferred sizes
than droplets farther down in the cloud’’ [the upper
20%–40% of the cloud layer, in Nakajima and King
(1990)]; in Stephens and Platt (1987) and in Li et al.
(1994), ‘‘this should be done by comparing measured
reflectance spectra to those computed using mean mi-
crophysical parameters’’ [^re& 5 re(h) , where the ov-
erbar indicates a vertical average over H]; in Han et al.
(1994), ‘‘the results are sensitive to droplet sizes in the
uppermost one or two units of cloud optical thickness’’
[the upper two to three units of cloud optical thickness
in Platnick and Valero (1995)].

From microphysical measurements in stratocumulus
reported in the literature (see next section), the relative
difference between these various solutions for the VU-
PPM equivalent effective radius can reach up to 30%.
This is quite large when compared to the accuracy of
1023 in the calculation of the coefficients ai to f i in Eqs.
(3)–(5) (Slingo 1989). This is also large when compared
to the accuracy that is needed for validation of satellite
effective radius retrieval techniques. For example, Plat-
nick and Valero (1995) estimate that the worst case net
uncertainty in their retrieval technique ranges from
220% to 125% (or absolute uncertainty from about
22.3 to 13.0 mm).

c. Radiative properties of an adiabatic cloud column

The adiabatic model describes the microphysical evo-
lution of a convective closed parcel of moist air. At
cloud base, the water vapor mixing ratio reaches satu-
ration. During the convective ascent, the temperature of
the air decreases according to the pseudoadiabatic lapse
rate. The saturation water vapor mixing ratio decreases
accordingly. The adiabatic liquid water content at the
altitude h above cloud base wad(h) is defined as the
difference between the saturation water vapor mixing
ratio at the cloud base and its value at the level h. The
value of wad(h) is increasing almost linearly with alti-
tude, since the moist adiabatic condensate coefficient
Cw is constant over a short altitude range such as through
stratocumulus clouds with a depth smaller than 1 km
(Brenguier 1991). Its value, which depends slightly on
the temperature in the cloud layer, ranges from 1 to 2.5
3 1023 g m24 for a temperature between 08 and 408C
(ibid, Fig. 3). In addition, the adiabatic droplet concen-
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tration Nad is constant in a nonprecipitating adiabatic
parcel; hence,

w (h) 5 C h, (9)ad w

Cw1/3 21/3r (h) 5 (Ah) N , with A 5 , (10)vad ad (4/3)prw

21/3 1/3 21/3r (h) 5 k r 5 (Ah) (kN ) andead nad ad

1/6r 5 k r , (11)sad nad

where the subscript ‘‘ad’’ in N, re, rv, and rs refers to
the adiabatic value.

Furthermore, Eqs. (2) and (9)–(11) can be used to
derive LWP and the optical thickness of an adiabatic
cloud column, by integration from the cloud base to the
cloud top (Boers and Mitchell 1994):

2W 5 (1/2)C H , (12)ad w

2/3 1/3 5/3t 5 (3/5)pQ A (kN ) H . (13)ad ext ad

As discussed above, if all kinds of profiles of w(h)
and re(h) were possible, there would be no way to relate
the optical thickness [} w(h)/re(h) dh] to the inte-H#0

grated values of these two parameters separately. The
problem is currently solved by assuming that re is con-
stant with altitude, but this raises the question on how
to define the equivalent VU-PPM effective radius ^re&.
The adiabatic model provides a more realistic solution
to that problem. It also establishes a connection between
the optical thickness and a set of two physical param-
eters of crucial importance for studies of the indirect
effect and cloud feedback: H and N. In addition, the
coefficient k, which represents the effect of droplet spec-
tral shape on radiation, can be implicitly accounted for
by replacing the total droplet concentration N by a scaled
droplet concentration kN. Since k is between 0.7 and 1,
its effect is not decisive with respect to the expected
change in droplet concentration due to an increase in
CCN concentration, namely, a factor of 2 to 10 in N.

For complete calculations of the radiative transfer, an
adiabatic stratified cloud can thus be modeled as a stack
of homogeneous layers, the values of the radiative pa-
rameters in each layer being derived from Eqs. (3)–(5),
with w and re given by Eqs. (9)–(11) as functions of
the altitude of the layer above the cloud base. This model
is referred to as the AS-PPM.

d. Radiative properties of the subadiabatic cloud
regions

An actual convective parcel is open and subject to
mixing with the environmental dryer air. Therefore, the
actual values of w are smaller or equal to wad. The ob-
servations analyzed in the next section aim at showing
that the AS-PPM is more realistic than a VU-PPM, but
it must be emphasized that adiabaticity represents a
maximum reference for the actual cloud microphysics
at all levels. Cloud regions with an LWC close to the

adiabatic value (within the range of uncertainty in the
evaluation of w, i.e., 615%) will be referred to as quasi-
adiabatic regions. Cloud volumes with w significantly
lower than wad, hereafter referred to as subadiabatic vol-
umes, are frequent in a cloud layer. The resulting vertical
profiles are, however, difficult to characterize. The main
process leading to subadiabaticity is the mixing of the
cloudy air with dry air from above the inversion layer.
The mixed parcels are then likely to sink into the cloud
layer driven by negative buoyancy due to evaporation
of cloud droplets. A cloud column can thus appear to
be quasi-adiabatic in its lower part and subadiabatic in
its upper part. The variety of possible vertical profiles
is too large for a simple parameterization. Radiative
calculations in this paper are thus restricted to AS-PPM.
However, further analysis is planned to examine the
effects of subadiabaticity via 3D numerical simulations
with a cloud-resolving model. In such a model, w is
diagnosed in each grid, but the way N and ry are altered
by mixing processes is not explicitly solved. It is thus
crucial to analyze subadiabatic volumes in order to de-
termine how LWC is reduced, whether by a reduction
in concentration, or in the droplet sizes, or in both con-
currently. Such information is needed to establish a link
between LWC and the volume extinction in the model’s
grids.

3. In situ measurements of cloud microphysics

a. The CLOUDYCOLUMN Project within ACE-2

The Aerosol Characterization Experiments promoted
by the International Global Atmospheric Chemistry Pro-
ject are dedicated to the study of the effects of aerosols
on climate. ACE-2 (Raes and Bates 1995), mainly sup-
ported by the European Union, was conducted from 15
June to 23 July 1997 in the northeast Atlantic, between
Portugal, the Azores, and the Canary Islands. In early
summer, this region of the ocean is affected by northerly
winds and subsidence, producing extended stratocu-
mulus clouds. The origin of the air in the BL is generally
from the Atlantic, and the aerosol background is of the
marine type; on some occasions there is a contamination
by European pollution. The CLOUDYCOLUMN Pro-
ject in ACE-2 is a closure experiment focused on the
aerosol indirect effect. The basic strategy was to sample
similar types of clouds (stratocumulus) with different
aerosol backgrounds (Brenguier et al. 2000).

Up to five instrumented aircraft were involved in the
field project. The MRF-C130 and/or the CIRPAS Pel-
ican were in charge of the characterization of the sub-
cloud layer for turbulent fluxes and the physical, chem-
ical, and nucleating properties of the aerosols. The Mé-
téo-France M-IV was equipped for measurements of
cloud microphysics and measurements of the physical
and nucleating properties of the aerosols (total aerosol
below cloud base and interstitial aerosol in cloud). The
DLR/AWI-Do-228 was in charge of remote sensing of
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FIG. 1. Examples of vertical profiles of the microphysics measured with the M-IV during an ascent through the cloud layer [26 Jun in
(a)–(c) and 9 Jul in (d)–(f ) cases]: LWC in (a) and (d), droplet number concentration in (b) and (e), and mean volume diameter in (c) and
(f ). The solid lines in (a) and (d) represent the adiabatic LWC.

the cloud radiative properties with two radiometers: the
POLDER multidirectional radiometer (Descloitres et al.
1995; Parol et al. 2000), and the OVID multispectral
radiometer (Schüller et al. 1997; Schüller et al. 2000).
The Do-228 flew at 3000 ft above the cloud layer, and
its trajectory was closely synchronized with the M-IV
in order to maintain the collocation of in situ and remote
sensing measurements with an accuracy of 300 m. Two
flights were also coordinated with a fifth aircraft, the
ARAT-F27, flying 4000 ft above the cloud layer, and
equipped with a downward looking lidar (Pelon et al.
1992; Pelon et al. 2000). The flight figures flown con-
comitantly by the M-IV in the cloud layer and by the
Do-228, 3000 ft above, were either 60-km squares with
a diagonal oriented toward the solar azimuth (nine

flights) or 160-km-long legs oriented also toward the
solar azimuth and flown back and forth (two flights).

The measurements of cloud radiative properties dis-
cussed in this paper have been performed with the OVID
radiometer. The characterization of the cloud vertical
profiles of microphysics is based on series of ascents
and descents through the cloud layer with the M-IV (see
Fig. 1 in Brenguier et al. 2000). There are at least 15,
and up to 35, such traverses available per flight (35
profiles on 26 June 1997 and 28 profiles on 9 July 1997).
The measurements of the droplet size distributions on
board the M-IV were performed with the Fast-FSSP, an
improved version of the standard Forward Scattering
Spectrometer Probe (Brenguier et al. 1998). Detailed
information about the microphysical properties ob-
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FIG. 2. Typical values of cloud geometrical thicknesses and droplet number concentrations
measured along the cloud traverses made during eight flights of the ACE-2 campaign. Each dot
corresponds to values derived from in situ measurements with the M-IV during an ascent or
descent through the cloud layer. The superimposed isolines are the effective radius at the top of
an AS-PPM and the optical thickness, for the corresponding geometrical thickness and droplet
number concentration.

served during eight flights of the project can be found
in Pawlowska and Brenguier (2000).

b. Vertical profiles

A cloud traverse through the cloud layer with the
M-IV, ascending or descending at 1000 ft min21, is not
precisely a vertical profile since the aircraft travels be-
tween 3 and 8 km horizontally during the traverse. Fig-
ure 1 shows two examples of vertical profiles of the
microphysical parameters such as measured along an
ascent or descent of the M-IV through the cloud layer,
with, successively, the LWC (Figs. 1a,d), the droplet
number concentration N (Figs. 1b,e), and the mean vol-
ume diameter dy 5 2ry (Figs. 1c,f). The slope of the
adiabatic profile of LWC is indicated in Figs. 1a,d by
a solid line. Each dot corresponds to measurements av-
eraged over 0.1 s (ø10-m horizontal distance) in order
to better capture the spatial variability of the micro-
physical fields. Because of the horizontal distance trav-
eled by the aircraft during a cloud traverse, this vari-

ability likely reflects horizontal inhomogeneity. There-
fore it is necessary to combine many of such traverses
in order to obtain a statistically significant description
of the cloud layer. In a first step, each traverse is used
to estimate the cloud-base and -top altitudes, and thus
the cloud geometrical thickness H and the droplet num-
ber concentration N for the profile. This N value is de-
rived as the value at 99% of the cumulative frequency
distribution of the values measured along the profile.

Figure 2 presents a summary of eight flights. Each
dot corresponds to a cloud traverse. The figure shows
that two cases were of the pure marine type with N #
110 cm23 (25 and 26 June). The other cases were par-
tially contaminated by pollution from Europe with N up
to 400 cm23 (9 July). The cloud geometrical thickness
was always less than 350 m. The isolines in the figure
represent the effective radius at the cloud top (dashed
curves) and the optical thickness (solid curves) as de-
rived from Eqs. (11) and (13) (k 5 0.8), respectively,
for the corresponding values of H and N. In these equa-
tions, the constant A depends slightly on the temperature
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in the cloud layer through Cw. The use of a single set
of isolines for all the flights, Cw 5 1.9 3 1023 g m24,
is an approximation that is justified by the fact that the
temperatures measured over the whole campaign were
comparable. These isolines illustrate how the various
cases could be classified in terms of optical thickness
and effective radius. For example, it can be seen that
an effective radius of about 9 mm is representative of
either a thin marine cloud (N 5 50 cm23 and H 5 70
m) or a thick polluted one (N 5 250 cm23 and H 5
340 m). On the contrary, the droplet concentration is a
particularly well suited parameter for describing the air-
mass type.

Two cases in particular will be discussed here: a ma-
rine case on 26 June and the most polluted case on 9
July. The advanced very high resolution radiometer im-
ages on these two days [see Fig. 3 in Brenguier et al.
(2000)] and calculations of the airmass trajectories in
the BL confirm that the air mass was originating from
the ocean on 26 June and that it was contaminated by
European pollution on 9 July.

Figure 1a for 26 June, shows that quasi-adiabatic val-
ues of LWC are measured from the cloud base up to
the top and that most of the values are greater than 60%
of the adiabatic at all levels. On average, w is increasing
linearly with altitude at a rate slightly lower than 2 3
1023 g m24, which is the value predicted by Eq. (9) for
a temperature of 108C, as measured at cloud base. It is
remarkable that the M-IV aircraft remained in a quasi-
adiabatic cloud region along the 3.6 km flown while
ascending from 1200 to 1450 m. The droplet concen-
tration is smaller than 50 cm23, a value typical of a
marine aerosol background. The rapid increase of N at
the cloud base (Fig. 1b) is an instrumental artifact due
to droplets at cloud base that are smaller than the de-
tection threshold of the Fast-FSSP (3 mm in diameter).
The decrease of N within the uppermost 50 m illustrates
the effect of mixing with the overlaying dry air, which
progresses from the top on, down within the cloud.
However, it is interesting to note that despite the dilution
of the droplet concentration, the mean volume diameter
(Fig. 1c) does not seem to be affected by the mixing.
This crucial feature will be discussed in section 3c.

The second example, for the polluted case on 9 July,
shows droplet concentrations larger than 300 cm23 (Fig.
1e). It is representative of an ascent during which the
M-IV flew through different cells separated by diluted
regions. It confirms the above statement that the droplet
sizes are almost not affected by the mixing and the
dilution of the droplet concentration.

Figure 3 summarizes the statistical analysis of all the
vertical profiles conducted on these two case study days.
Figures 3a and 3b show the frequency distributions of
w/wad for 26 June and 9 July. Only values measured
above 0.1 H have been considered because at lower
levels the uncertainty in the cloud-base altitude esti-
mation introduces large errors in the estimation of wad.
Values larger than 1 reflect the uncertainty in the eval-

uation of the ratio. Similar observations have been re-
ported from the JASIN experiment by Slingo et al.
(1982), and from the EUCREX-94 experiment by Paw-
lowska and Brenguier (1996). The isocontours of fre-
quency distributions of N and dy , versus altitude above
cloud base, are plotted, respectively, in Figs. 3c and 3e
for 26 June, and in Figs. 3d and 3f for 9 July. Finally,
the scatterplot of k is shown in Figs. 3g and 3h for the
two cases, respectively. Figures 3a,c,e,g include 4770
values, that is, a distance of 48 km in clouds. Figures
3b,d,f,h include 3900 values, that is, a distance of 39
km in clouds.

The marine case is characterized by a slightly thicker
cloud layer. The maximum of N at 80 m above cloud
base, with a significant decrease above, suggests that
entrainment was active in the upper part of the cloud
layer. In Figs. 3e,f the vertical profile of the adiabatic
mean volume diameter dnad 5 2 rnad is represented by a
solid line, as predicted by Eq. (10), with a droplet num-
ber concentration of Nmean 5 54 m23 for the marine case
(Fig. 3e) and Nmean 5 245 m23 for the polluted case (Fig.
3f). The Nmean characterizes the whole flight. It is cal-
culated as the mean value of the N frequency distri-
bution, over all the cloud traverses of the flight, after
rejection of samples with a drizzle concentration larger
than 2 cm23 and w , 0.9 wad (Pawlowska and Brenguier
2000). These figures demonstrate that droplets are grow-
ing according to the adiabatic model so that the mean
volume diameter and the effective diameter at the cloud
top are dependent upon the cloud geometrical thickness.
The measured values of the k coefficient (Figs. 3g,h)
confirm previous estimates made by Martin et al. (1994),
with values in the marine case slightly larger than in
the polluted case. This feature is discussed in detail in
Pawlowska and Brenguier (2000).

c. Microphysical properties of subadiabatic regions

From Eq. (1), the adiabatic model [w(h) 5 wad(h) and
N 5 const] provides a simple relationship between w(h)
and dy (h). In an actual cloud, N and dy are not strictly
equal to their adiabatic values for two reasons. (i) The
activation process at the cloud base is not unique. Var-
iations of the vertical velocity at the base result in var-
iations of the number of activated nuclei, that is, vari-
ations of the droplet number concentration farther up in
the cloud. (ii) Dry air is entrained from the cloud top
and leads to dilution of the droplets and possibly some
evaporation. The key question for the cloud radiative
properties is to characterize the statistical distribution
of w with respect to the adiabatic value, and also, for
a fixed value of w, to determine how the water is dis-
tributed among the droplets. For the same LWC, a vol-
ume filled with numerous small droplets has a larger
extinction than a volume filled with a few large droplets
[Eq. (3)]. These properties are synthesized in Fig. 4, for
all the cloud samples shown in Fig. 3. First the same
Nmean value as in the previous section is used as a ref-
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erence for the whole flight. Each sample is described
by two coordinates: the ratio of the measured N to the
reference value Nmean and the ratio of the measured 3dy

to the adiabatic one . The latter is derived using Eq.3dvad

(10) with wad(h), calculated for each sample depending
on its altitude above cloud base, and Nad 5 Nmean. The
product of the coordinates is thus equal to w/wad, whose
values are illustrated in the figures by isolines from
100% down to 10%. The frequency distribution of the
data is represented by colored contours with a scale
indicating the percentage of data points inside each con-
tour. In Fig. 4a, there are no values of N/Nad smaller
than 1/3 that correspond to the minimum concentration
(20 cm23) needed for a significant calculation of dy from
the droplet spectrum. The values above 100% of wad

illustrate the uncertainty in the estimation of the cloud-
base level.

The variability of the droplet concentration in adia-
batic cloud volumes for the marine case is revealed by
the dispersion of the measured values along the 100%
LWC isoline, from 0.5 to 1.6 of the reference value,
that is, from 30 to 85 cm23. This feature illustrates the
effect of variable activation at cloud base with regions
of higher concentration and smaller sizes, and vice ver-
sa. This is common to most of the CLOUDYCOLUMN
flights (Pawlowska and Brenguier 2000). The variability
seems to be slightly lower in the polluted case, from
0.5 to 1.3 of the reference value. However, the reference
being larger than in the marine case, such a relative
variation corresponds, in fact, to a variability in droplet
concentration from 120 to 320 cm23. The most inter-
esting peculiarity in Fig. 4b is the fact that low values
of w/wad are due to a decrease in N rather than in .3dy

This feature suggests that mixing with clear air occurs
after the clear air has been moistened by earlier mixing,
so that dilution is more significant than evaporation
(Baker et al. 1980). The same characteristic is not ob-
servable in Fig. 4a because of the processing threshold
at N/Nad 5 1/3. This important feature of the mixing
process has been pointed out by Blyth and Latham
(1991) in various types of nonprecipitating clouds such
as cumulus in Montana, New Mexico, and Hawaii. It
implies that the radiative parameters in a subadiabatic
cloud volume at an altitude h above cloud base can be
approximated by using

r (h) 5 r (h) (14)y vad

N 5 N w/w . (15)ad ad

These formulas provide a realistic parameterization
for deriving cloud extinction in the grids of a cloud-
resolving model, when only w is diagnosed.

4. Experimental validation of the adiabatic model

It has been shown in the previous section that the
adiabatic model provides a more realistic description of
the vertical profiles of microphysics than a vertically

uniform model. For validation of the use of the AS-
PPM for radiative transfer calculation, it is also nec-
essary to evaluate the consequences of such a hypoth-
esis. The main difference between the two models is
that the optical thickness is proportional to H 5/3 in the
adiabatic model, while it is only proportional to H in
the VU-PPM. This feature is now tested by comparing
colocated measurements of cloud microphysics and
cloud optical thickness. The validation is based on cloud
sections that have been sampled by the M-IV, with the
Do-228 measuring spectral radiances at the same lo-
cation. The H and N, as derived from each ascent or
descent through the cloud layer, are used to calculate
t ad with Eq. (13) [Qext 5 2 and Cw derived from the
measured temperature at cloud base, according to Bren-
guier (1991)]. Figure 5 shows the comparison with the
values derived from OVID along a leg flown on 25 June
directly from the northern corner to the southern corner
of the square figure. The retrieval of the optical thick-
ness with OVID is based on an inversion technique
using measurements of radiances at two wavelengths
(754 and 1535 nm). The method will be discussed fur-
ther in section 6. The values of optical thickness are
drawn as a function of latitude along the leg. Values of
t ad are superimposed with segments corresponding to
the horizontal length of the ascent or descent. This figure
shows an example of the concordance between the re-
motely sensed optical thickness and the values derived
from in situ measurements. Figure 6a shows, for the 126
cloud sections selected within the eight flights of Fig.
2, the optical thickness derived from OVID and nor-
malized by A*N 1/3 [A* 5 (3/5)pQextA2/3] versus H 5/3,
where N and H are the values derived from each cloud
traverse. The figure demonstrates that the cloud optical
thickness is proportional to H 5/3 rather than to H. Figure
6b is similar to 6a except that t is now normalized by
A*H 5/3 and plotted versus N 1/3. The proportionality
would validate experimentally the concept of aerosol
indirect effect. The figure shows the expected trend, but
the results are affected by small errors in H and there
is a significant scatter. Further analysis of the cloud
geometrical thickness based on lidar sampling will soon
improve this result.

The linear approximation for the vertical increase of
wad has been often used in parameterizations of the cloud
radiative properties (Nakajima and King 1990; Boers
and Mitchell 1994; Jones et al. 1994; Pincus and Baker
1994; Pontikis 1996). However, only Boers and Mitchell
(1994) pointed out the main inference of the hypothesis,
namely, that the optical thickness of clouds is dependent
on H 5/3, which is much larger than the t } H found by
Twomey (1977) and subsequently used in Twomey
(1991), Platnick and Twomey (1994), and Baker (1997).
This dependence has been clearly demonstrated with the
ACE-2 data. A sensitivity of t to H much stronger (H 5/3)
than its sensitivity to N (N 1/3) implies that the straight
link between N and the albedo could not be the most
efficient contribution to the indirect effect. Feedback
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FIG. 3. Summary of the microphysical data measured during the 26 Jun cases in (a), (c), (e), and (g) and 9 Jul cases in (b), (d), (f ), and
(h), for all the profiles performed through the cloud layer. (a), (b) Frequency distributions of w/wad. (c), (d) Isocontours of frequency
distribution for the droplet number concentration vs height above cloud base. (e), (f ) Same for the mean volume diameter ; the solid lines
represent the predicted profiles for an adiabatic stratified cloud. (g), (h) Scatterplot of the k coefficient.

processes such as described by Albrecht (1989), Boers
and Mitchell (1994), Pincus and Baker (1994), and Mar-
tin et al. (1997) are likely to modify the cloud liquid
water path and lead to stronger effects than the direct
link between droplet concentration and albedo. In fact,
Eq. (13) implies that the effect of doubling the droplet
number concentration is comparable to the effect of in-
creasing the cloud geometrical thickness by only 15%.

5. The possible equivalence between the VU-PPM
and the AS-PPM

The simplicity of the VU-PPM is attractive for solv-
ing the radiative transfer through a cloud. It is thus
relevant to investigate the possible equivalence between
the VU-PPM and the AS-PPM. The W and t are ver-
tically integrated parameters, while re is not. The first
step is to determine with a radiative transfer model a
relationship between the VU-PPM equivalent effective
radius ^re& and a specific value of the AS-PPM. The
optical thickness in a VU-PPM can be expressed as

3Q ^w&H 3Q ^W&ext ext^t& 5 ^s &H 5 5 , (16)ext 4r ^r & 4r ^r &w e w e

where ^w& is constant with altitude. From ^W& 5 Wad,
^t& 5 t ad, and using Eqs. (2) and (13), it results that
^re& 5 (5/6)re(H). The second step is to investigate the
equivalence of the two models. This was evaluated by
examining the reflectance at two wavelengths: 754 and
1535 nm. The calculations were performed with the
Matrix Operator Model (MOMO), a radiative transfer
model (Fischer and Grassl 1991) based on the Matrix
Operator Method (Plass et al. 1973). This technique is
similar to the adding–doubling method mentioned
above. The scattering and absorption coefficients and
the corresponding phase functions of aerosols and cloud
particles are obtained with the Mie theory. A modified-
gamma drop size distribution (Hansen and Travis 1974)
is used in the calculations. The reflectance values shown
in the following figures are for a solar zenith angle of
us 5 308.

Initially, 48 samples of (N, H) are selected with 25
# N # 800 cm23 and 200 # H # 1000 m. The stratified
model is simulated as a stack of 25-m-thick layers (from
8 layers at H 5 200 m to 40 layers at H 5 1000 m).
The values of wad(h) and read(h) are then calculated at
the middle of each layer with Eqs. (9) and (11), with k
5 0.75; and the corresponding sext,i, v i, and gi are de-
rived with Eqs. (3)–(5), for l 5 754 nm and l 5 1535
nm. The MOMO model applied to this multilayer cloud
provides the reflectances at the two selected wave-

lengths. The same model is then used with a single-
layer VU-PPM cloud in order to retrieve the values of
^t& and ^re& that are producing the same reflectances as
the multilayer model at the two wavelengths.

Figure 7a shows the comparison of ^t& with the op-
tical thickness of the multilayered cloud calculated as
the sum of the extinctions in each layer (325 m). The
two values are comparable for the whole sample set, up
to optical thicknesses of more than 80. The slight dis-
crepancies can be attributed to the discretization of H
and to numerical errors. Figure 7b shows the comparison
of ^re& with 5/6 of the effective radius at the top of the
multilayer cloud, as implied by the equivalence of W
and t .

Except for two specific values (^re& ø 5 mm and ^re&
ø 18 mm), at which some agreement occurs between
the VU-PPM effective radius and the expected value of
(5/6)re(H), there is a significant dispersion apart from
the expected 5/6 slope. The difference reaches up to 2.5
mm at ^re& ø 13 mm. In general, the value of the ef-
fective radius to use in the VU-PPM is larger than 5/6
of the effective radius at the top of the AS-PPM. The
6/5 slope in Fig. 7b shows that in the worst case, the
VU-PPM effective radius is equal to the effective radius
at the top of the AS-PPM. This feature could explain
the variety of solutions that have been proposed in the
literature, as discussed in section 2b. It can be concluded
from this test that there is no constant proportionality
between the effective radius to use in a VU-PPM and
the effective radius at the top of the AS-PPM, though
the coefficient of proportionality might possibly be cal-
culated as a function of N and H.

6. Retrieval of cloud parameters from remote
sensing

The implementation and validation of an AS-PPM
based parameterization in a GCM is a long task, but its
efficiency can be directly tested on the techniques de-
veloped for the retrieval of cloud properties from remote
sensing of multispectral cloud radiances. The test per-
formed in the previous section was derived from tech-
niques that have been developed for the retrieval of t
and re from satellite measurements of cloud reflectances
in the visible and near infrared (Twomey and Cocks
1989; Nakajima and King 1990; Han et al. 1994; Plat-
nick and Valero 1995). VU-PPM models were run for
various values of t and re, and reflectances at the two
wavelengths were calculated and stored in tables. The
inverse procedure is then applied to derive these param-
eters from satellite reflectance measurements. Figure 8
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FIG. 5. Comparison of the values of optical thickness derived from
in situ measurements during ascents or descents through the cloud
layer with the M-IV, with the values derived along the Do-228 track
from the OVID measured radiances. The short segments represent
the horizontal distance flown by the M-IV during the cloud traverses.

FIG. 7. Comparison of the homogeneous VU-PPM and the AS-
PPM for parameterization of radiative transfer in clouds: (a) optical
thickness and (b) effective radius. The effective radius of the ho-
mogeneous model ^re& is compared to 5/6 of the effective radius at
the top of the AS-PPM re(H ).

FIG. 6. (a) Optical thickness derived from OVID measurements
and normalized by A*N 1/3 as function of H 5/3, where N and H are the
values measured in situ. Each dot corresponds to an ascent or descent
through the cloud layer with the M-IV, during eight flights of the
ACE-2 campaign. (b) Same as (a) with the optical thickness derived
from OVID measurements and normalized by A*H 5/3 as function of
N 1/3.

illustrates the technique. It shows the conditional fre-
quency distributions of cloud reflectances at 754 versus
1535 nm over the whole flight. These values are derived
from airborne measurements of the multispectral radi-
ances with OVID on board the Do-228. Figures 8a and
8c are for the marine case on 26 June, and Figs. 8b and
8d are for the polluted case on 9 July. In Figs. 8a and
8b isolines of t and re have been reproduced. The data
cover a large range of optical thicknesses and effective
radii, from t 5 4 to 12 and re 5 8 to 14 mm in the
marine case, from t 5 2 to 30 and re 5 4 to 10 mm in
the polluted case. Nevertheless, the difference between
the two distributions is noticeable. It reflects the aerosol
indirect effect at the scale of a cloud system. The first
observations of the indirect effect were limited to ship
tracks (King et al. 1993). They were related to very
localized changes in droplet concentration along the
tracks. The difference between winter and summer
clouds reported by Boers et al. (1998) constitutes a dem-



816 VOLUME 57J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

FIG. 8. Frequency distributions of the reflectances at 1535 nm vs reflectances at 754 nm, as derived from OVID measurements for the 26
Jun case in (a) and (c) and the 9 Jul case in (b) and (d); isolines of optical thickness and effective radius predicted by the VU-PPM model
in (a) and (b); isolines of geometrical thickness and droplet number concentration predicted by the AS-PPM in (c) and (d).

onstration of changes in cloud radiative properties due
to changes in droplet concentration at the scale of a
cloud system. The modification of the droplet concen-
tration in this case was related to a natural change in
the aerosol properties. The examples shown in Fig. 8
provide a complementary observation of the indirect
effect, but associated to anthropogenic pollution from
remote sources in Europe.

Despite the significant difference between the two
distributions, it is difficult to assign specific values of
the effective radius to each case. For the same values
of optical thickness, the marine case is characterized by
larger radii than the polluted case, but both cases show
the same trend, namely, an increase of the effective

radius with the optical thickness. This feature reflects
the fact that large values of optical thickness are as-
sociated with thick clouds (see also Fig. 6a) and there-
fore large effective radii [Eq. (11)]: a thin marine cloud
has the same effective radius at cloud top as a thick
polluted cloud, if H 5/3N 1/3 is kept constant. Figures 8c
and 8d show the same data, but isolines of t and re

have been replaced by isolines of N and H as calculated
with the AS-PPM. The orientation of the N isolines is
slightly different from the orientation of the re isolines,
and it becomes feasible to assign specific values of drop-
let concentration to each case, from 25 to 50 cm23 for
the marine case, from 100 to 400 cm23 for the polluted
case.
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FIG. 9. Frequency distributions of the droplet number concentrations for (a) and (b) the 26 Jun case; and (c) and (d) the
9 Jul case; (a) and (b) measured in situ by the M-IV, with three conditions on the ratio of the corresponding LWC to the
adiabatic one; (b) and (c) derived from OVID measurements on the Do-228 in (b) and (d).

The contour plots in Fig. 8 have been drawn with all
the values of radiance measured along the aircraft track
with OVID, some originating from quasi-adiabatic
cloud turrets, others from diluted cloud regions. The
quasi-adiabatic regions correspond to the largest values
of reflectance. It is remarkable that the values corre-
sponding to subadiabatic cloud regions form the narrow
features seen in the figures. That implies that mixing
does not produce a large variety of microphysical states
and that relationships similar to those derived in adia-
batic columns hold for the subadiabatic regions. This
result together with the in situ observations described
in section 3c will be analyzed for extending the adiabatic
parameterization to the subadiabatic cloud volumes.

Figure 9 compares the frequency distributions of the
droplet number concentrations measured in situ (Figs.
9a,c) and retrieved from reflectance measurements
(Figs. 9b,d) for the marine case (Figs. 9a,b) and the
polluted case (Figs. 9c,d). For the values measured in

situ three distributions have been plotted: with all the
samples (thin solid line), for samples with 0.5 # w/wad

(dashed line), and samples with 0.9 # w/wad (thick solid
line). It is obvious that the quasi-adiabatic regions (0.9
# w/wad) correspond to the largest values of droplet
concentration since subadiabaticity is mainly due to a
dilution of the droplet concentration (see Fig. 4). The
distributions of concentration derived from remote sens-
ing show also a significant difference between the ma-
rine case and the polluted one: most of the marine case
values are below 100 cm23, while values as high as 400
cm23 have been retrieved for the polluted case. However,
the frequency distributions are quite different from the
measured ones, especially for the polluted case (Figs.
9c,d). The values of the retrieved concentration that are
significantly underestimated (the peak at 100 cm23 in
Fig. 9d) are, in fact, related to the largest values of the
retrieved cloud geometrical thickness, as can be inferred
from Fig. 8. This is contradictory to in situ observations,
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and it suggests that the discrepancy between retrieved
and measured values is not due to subadiabaticity. The
bias can also be attributed to an underestimation of the
reflectance at 1535 nm, a common feature of radiance
measurements, which has been referred to as anomalous
absorption by many authors (Twomey and Cocks 1989;
Stephens and Tsay 1990; Rawlins and Foot 1990; King
et al. 1990). The results presented here suggest that the
underestimation increases with the cloud geometrical
thickness.

7. Discussion

The CLOUDYCOLUMN Project aims at preparing
GCM simulations of the indirect effect and anticipates
that the nucleation properties of aerosols will be soon
available in these models. The approach is strictly re-
stricted to extended BL clouds with no or little precip-
itation. The main objective is thus to diagnose the ra-
diative properties of these cloud systems, assuming that
the droplet concentration is known.

a. Prediction of the droplet number concentration

In a convective cloud, the droplet number concentra-
tion is determined by the nucleation properties of the
CCN, by the temperature, and by the intensity of the
updraft at the cloud base. Even if the CCN are homo-
geneously mixed in the BL and if the temperature is
uniform at the cloud base, the intensity of the updrafts
varies significantly because of the turbulence in the BL.
In addition, the values of droplet concentration fixed at
the activation level are likely to be modified farther up
by entrainment and mixing processes, as well as by
drizzle scavenging. Therefore, it is unrealistic to pre-
sume that the droplet concentration must be diagnosed
with an accuracy of a few percent (Chuang et al. 1997).
The microphysical analysis of eight CLOUDYCOL-
UMN flights (Pawlowska and Brenguier 2000) reveals
that the frequency distributions of N in quasi-adiabatic
cloud samples extend from 0.5 to 1.5 of the mean value.
It is not even necessary to estimate the droplet concen-
tration with a high accuracy because the cloud radiative
properties are only sensitive to N 1/3. The indirect effect
becomes a concern, however, because pollution has the
capability to increase the natural droplet concentration
of marine clouds by a factor of 2 to 10, even far from
the sources. We are thus concerned with large changes
of the droplet concentration from less than 100 cm23 in
a pure marine atmosphere up to 1000 cm23 in a heavily
polluted air mass.

b. Parameterization of the indirect effect in GCMs

The observations presented here have demonstrated
that cloud radiative properties are particularly sensitive
to the cloud geometrical thickness (H 5/3) and less sen-
sitive to the droplet concentration (N 1/3). For numerical

simulations of the indirect effect and the possible cou-
pling with the cloud geometrical thickness and LWP, it
is thus crucial to improve GCM parameterizations. The
coefficients ai to f i in Eqs. (3)–(5) have been determined
with a high accuracy (1023). The value of the coefficient
k [Eq. (11)] that describes the difference between the
mean volume radius and the effective radius of a droplet
distribution has been empirically estimated at better than
10%, while it affects the derivation of re as k1/3 only.
On the contrary, there is still as much as 30% variability
in the way the effective radius is derived from LWC
and the droplet concentration in the common VU-PPM.
With the AS-PPM, as used in section 5, the values of
w and re in each layer can be derived from Eqs. (9)–
(11). Obviously that does not mean that the radiative
properties of a cloud can be calculated to within a few
percent since only a limited fraction of the cloud volume
exhibits quasi-adiabatic profiles of the microphysics.
However, the results presented here indicate that the AS-
PPM is more realistic than the VU-PPM for the cal-
culation of the radiative transfer, while the calculations
remain as simple as with a VU-PPM. For subadiabatic
cloud volumes, the empirical results summarized in Eqs.
(14) and (15) can be used as the most realistic approx-
imation. For example, the numerical studies of the ef-
fects of horizontal cloud inhomogeneities on albedo are
currently based on numerical simulations of inhomo-
geneous clouds generated either with a cloud-resolving
model or with a stochastic model that reproduces the
statistical properties of the cloud morphology (Cahalan
et al. 1994a,b; 1995). Such models generate inhomo-
geneous three-dimensional clouds made of a mosaic of
homogeneous boxes with variable LWC. Additional in-
formation is thus needed for inferring the value of re in
each grid and deriving the radiative parameters [Eqs.
(3)–(5)]. The parameterization proposed here consists
of calculating for each altitude above cloud base the
values of read(h) [Eq. (11)]. The radiative parameters
can then be derived in each grid according to Eqs. (14)
and (15) as functions of the value of w(h) in the grid
and a value of effective radius equal to the predicted
value read(h) at the grid’s altitude level. This scheme is
presently tested with our observations.

Climate models provide a prognostic of cloud cover
in large grids of the order of 50–100-km sides. With
subgrid parameterizations, it is possible to derive mor-
phological parameters such as the cloud geometrical
thickness and liquid water path. Aerosol transport mod-
els will soon provide estimations of the droplet number
concentration. With a radiative scheme based on optical
thickness and the effective radius, an additional step
would be needed for the simulation of the indirect effect,
namely, a relation between cloud morphology and drop-
let concentration on the one hand, optical thickness and
effective radius on the other hand. The effective radius
that has been introduced for the calculation of the ra-
diative properties of a cloud volume is not an intrinsic
parameter of a cloud as are its geometrical thickness,
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optical thickness, liquid water path, and droplet con-
centration. The droplet concentration characterizes the
level of contamination by pollution with values below
100 cm23 in marine air up to values larger than 1000
cm23 in heavily polluted air masses. On the contrary,
the effective radius varies in clouds from 0 at the cloud
base to a maximum close to cloud top, no matter what
the value of the droplet concentration is.

The AS-PPM provides an efficient solution for de-
riving the vertical profile of re from the droplet con-
centration. It implies, too, that the cloud optical thick-
ness is proportional to H 5/3. This result suggests that
feedback processes that could modify cloud geometrical
thickness and LWP shall be considered concurrently
with the Twomey effect. In particular, attention must be
given to the possible effects of the droplet concentration
on precipitation efficiency, since drizzle formation plays
an important role in the dissipation of stratocumulus.
At the scale of a GCM, the effect of drizzle is a removal
of the cloud water, thus reducing LWP. Instead of using
N and H as independent variables in the parameteri-
zation of cloud optical thickness, Eqs. (9) and (13) can
be used to express it as a function of N and W as

t ad 5 (6/5)pQextB2/3(kNad)1/3W 5/6, (17)

where B 5 [(4/3)prw]21(2Cw)21/4. This formula reveals
that it is not necessary to diagnose explicitly the cloud
geometrical thickness in a GCM grid, since it is equiv-
alent to diagnosing the LWP. In fact, the constraint of
adiabaticity establishes a relationship between the two
independent variables currently used in GCM parame-
terizations of the optical thickness (W and re) and either
N and W or N and H. It must, however, be emphasized
that this relationship is only valid at the scale of a con-
vective cell. It follows that the subgrid parameterization
of the cloud fraction in a GCM plays a crucial role in
the simulation of the aerosol indirect effect. For the
same LWP in a grid, a uniform and thin cloud layer will
result in a much greater indirect effect than a few iso-
lated thicker clouds.

c. Retrieval of droplet concentration and cloud
geometrical thickness from remote sensing

Radiative transfer models are also used for the re-
trieval of cloud parameters from remote sensing mea-
surements of cloud reflectances. Optical thickness and
the effective radius can thus be derived. However, an
apparent increase of the effective radius can be attri-
buted to either an increase in the cloud geometrical
thickness or a decrease in droplet concentration. With
the AS-PPM, reflectances can be directly related to
cloud geometrical thickness and droplet concentration.
Recently, Rosenfeld and Lensky (1998) have derived,
from satellite observations of cumulus cloud fields, dis-
tributions of re at cloud top as a function of the cloud-
top temperature. The resulting distributions can be in-
terpreted as vertical profiles of re, and the use of the

AS-PPM could be useful for the retrieval of the droplet
concentration and therefore the level of contamination
of the air mass.

The remote sensing measurements performed with the
OVID airborne multispectral radiometer during ACE-2
have validated the technique. Despite a significant un-
derestimation of the retrieved values of droplet concen-
tration, they show evidence of the indirect effect at the
scale of a cloud system (Fig. 8).

8. Conclusions

In situ measurements of microphysical parameters in
stratocumulus have been performed in synchronization
with remote sensing measurements of cloud reflectance.
Clouds of similar thicknesses (lower than 350 m) have
been sampled in air masses of different origins. Marine
cases are characterized by droplet concentrations lower
than 100 cm23, while polluted air masses show con-
centrations up to 400 cm23. These measurements con-
firm previous observations in similar clouds, showing
quasi-adiabatic profiles of LWC and mean volume di-
ameter. Estimations of the cloud optical thickness based
on the adiabatic model have been derived for a large
number of cloud samples. Each sample is characterized
by the values of cloud geometrical thickness H and drop-
let number concentration N measured in situ. These es-
timations have been compared to the values derived
from remote sensing at the same locations. They validate
the adiabatic model and confirm that the cloud optical
thickness is proportional to H 5/3. These results also show
that optical thickness is proportional to N 1/3, which is
the basis of the indirect effect.

The vertically uniform plane-parallel model (VU-
PPM) calculations for various values of H and N have
been compared to more detailed calculations performed
with an adiabatic stratified plane-parallel model (AS-
PPM). The comparison shows that the value of the ef-
fective radius to use in a VU-PPM is between 80% and
100% of the value at the top of the AS-PPM. The anal-
ysis of the difference between the ^re& and (5/6)re(H)
suggests that the residual uncertainty depends on H and
N. We also used the AS-PPM to calculate tables of re-
flectances for various values of H and N. These tables
allow the retrieval of these two parameters from radi-
ance measurements performed at two wavelengths in
the visible and near infrared. Also analyzed are the drop-
let concentration frequency distributions, corresponding
both to values derived from radiance measurements and
from the in situ observations. The retrieved values are
significantly underestimated, but the difference between
the marine case and the polluted one is clearly identified.
This observation provides a demonstration of the aero-
sol indirect effect at the scale of a cloud system, related
to anthropogenic pollution.

For GCM parameterizations of the aerosol indirect
effect, the adiabatic model provides a relationship be-
tween the droplet concentration, which characterizes the
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contamination of the air mass, and the cloud optical
properties. The results presented here suggest that a very
high accuracy in the prediction of the droplet concen-
tration is not required for the following reasons: (i) this
parameter is naturally highly variable in clouds, from
0.5 to 1.5 of its mean value; (ii) the indirect effect is
sensitive to the cube root of N; and (iii) the expected
change in number concentration due to pollution is a
factor of 2 to 10. Furthermore we have demonstrated
that cloud radiative properties are particularly sensitive
to the cloud geometrical thickness and liquid water path.
Therefore, the subgrid parameterization of either the
liquid water path or the cloud geometrical thickness,
and the parameterization of the precipitation efficiency,
are crucial steps for improving the simulation of the
aerosol indirect effect.

This preliminary analysis of the ACE-2 dataset is
encouraging. There is already a good correspondence
between the cloud radiative properties derived from in
situ measurements and those derived from remote sens-
ing measurements, at the scale of individual cloud cells.
Additional analysis is required to better understand the
discrepancy between the values of concentration mea-
sured in situ and the values derived from remote sensing
of cloud radiances. In particular, the role of the sub-
adiabaticity on cloud optical properties must be pre-
cisely evaluated. Future work will thus extend the pre-
sent analysis to larger scales and produce comparisons
to satellite remote sensing of cloud albedo at the scale
of a cloud system.
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