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ABSTRACT

Microphysical measurements performed during 8 flights of the CLOUDYCOLUMN compon-
ent of ACE-2, with the Meteo-France Merlin-1V, are analyzed in terms of droplet number
concentration and size. The droplet concentration is dependent upon the aerosol properties
within the boundary layer. Its mean value over a flight varies from 55 cm 3, for the cleanest
conditions, to 244 cm ~3, for the most polluted one. For each flight, the variability of the concen-
tration, in selected cloud regions that are not affected by mixing with dry air or drizzle scaven-
ging, ranges from 0.5 to 1.5 of the mean value. The mean volume diameter increases with
altitude above cloud base according to the adiabatic cloud model. The frequency distribution
of mean droplet volume normalized by the adiabatic value, for the selected regions, shows the
same dispersion as the distribution of normalized concentration. The values of droplet concen-
tration versus mean volume diameter are then examined in sub-adiabatic samples to characterize
the effects of mixing and drizzle scavenging. Finally, the ratio of mean volume diameter to
effective diameter is analyzed and a simple relationship between these 2 crucial parameters

is proposed.

1. Introduction

The experimental strategy in CLOUDY-
COLUMN was designed for simultaneous meas-
urements of aerosol, cloud microphysical and radi-
ative properties of stratocumulus cloud (see the
CLOUDYCOLUMN overview in Brenguier et al.
(2000b), hereafter referred to as CCO). Such an
approach is particularly suited for a column clos-
ure experiment at the scale of a convective cloud
cell (1 km). Important results have already been
obtained from the comparison of radiative meas-
urements performed from above the cloud layer
with radiative properties derived from in-cloud
measurements of the microphysics (Brenguier
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et al., 2000a). Having validated the process models
of interactions between aerosols, cloud microphys-
ics and radiative properties at the scale of a
convective cell, the next step towards parameteriz-
ations for a GCM is to extrapolate them to the
scale of a GCM grid (100 km). The key parameters
to consider for the microphysics/radiation inter-
action are the liquid water content (LWC), the
droplet number concentration, and the effective
droplet diameter (Brenguier et al., 2000a). These
parameters are highly variable in the horizontal
and in the vertical. Cloud radiative properties are
functions of these parameters integrated over the
cloud geometrical thickness, which is also variable.
In order to characterize experimentally the inter-
action between aerosols and cloud radiative
properties, despite the variability of the cloud
morphology and dynamics, a statistical analysis
of cloud microphysics based on a large number of
samples is therefore needed.
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CLOUDYCOLUMN provides the largest data
set presently available with concomitant measure-
ments of aerosol, microphysical and radiative
properties of clouds. The data set is particularly
homogeneous in terms of cloud morphology,
especially for the cloud geometrical thickness
(Fig. 6, CCO). This figure also reveals that the
most apparent difference between the various situ-
ations is in the droplet concentration, with values
of less than 100 cm 2 in clean air masses (25 and
26 June), to more than 300 cm ™3 in the most
polluted one (9 July). A preliminary analysis of
the microphysical parameters was undertaken. It
was found that, within the convective core of the
cloud cells, the profiles of these parameters were
close to the adiabatic reference, with sub-adiabatic
regions between the cells.

The present study has 3 objectives. (1) To
identify typical values of the droplet concentration
for each situation and to characterize its variabil-
ity. This especially applies to regions where the
droplet concentration is likely to be connected to
aerosol properties, i.e., regions that are not affected
by mixing with dry air or drizzle scavenging
(Section 3). (2) To examine the relationship
between the droplet mean volume diameter and
the altitude above cloud base, as a function of the
droplet concentration (Section 4). The data are
analyzed to show how the adiabatic profile
observed in unmixed cores is altered by the mixing
process and drizzle scavenging, as seen in regions
where the number concentration and LWC are
significantly reduced. (3) The last objective is to
provide information about the relationship
between the droplet mean volume diameter and
the effective diameter which is used in radiative
transfer calculations (Section 5).

The droplet measurements in CLOUDY-
COLUMN have been performed with the most
accurate airborne droplet spectrometer, the Fast-
FSSP (Brenguier et al., 1998). This droplet counter
is an improved version of the Forward Scattering
Spectrometer Probe (FSSP)* with better size and
spatial resolutions. Spatial resolution is as import-
ant as size resolution, especially when analyzing
frequency distributions of the parameters. The
droplet measurements discussed here have been

* The FSSP is manufactured by Particle Measuring
Systems (PMS), Boulder, CO, USA.
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processed at 10 Hz, ie., a spatial resolution of
about 10 m.

The detection of drizzle particles is based on
measurements of particle concentration with a
PMS OAP-200X. This instrument covers a size
range from 20 to 200 um diameter. Most of the
particles detected during CLOUDYCOLUMN
were counted in the first class of the OAP
(20-40 pm). The denomination of drizzle for such
small particles is slightly incorrect. In fact it is
used here as an indication of drizzle formation.

2. Sampling strategy

Various constraints have to be considered when
designing a sampling strategy for an instrumented
aircraft. A compromise must be found to fulfill
different experimental objectives. During ACE-2,
the Merlin-1V flight time had to be shared between
characterizing the sub-cloud region (turbulent
fluxes, aerosols and CCN spectra) and characteriz-
ing the cloud layer (cloud microphysics, turbulent
fluxes and interstitial aerosol). For measurements
of turbulent fluxes and CCN activation spectra,
constant level legs are preferable. For microphys-
ical measurements it is necessary to combine 2
different approaches. Constant level legs provide
statistics about microphysical parameters at a
certain level, however, they are not suited to the
characterization of the vertical profiles of micro-
physics. Vertical sampling is of course impossible
with an aircraft, but rapid ascents or descents
(5 m/s) still provide a satisfactory description of
these profiles. Flight time was thus shared between
constant altitude legs, at various levels from below
cloud base to cloud top, and series of ascents and
descents through the cloud layer.

The selection of the flight track is also a crucial
step. The ultimate objective of the experiment is
to provide validation data sets for climate models,
thus square flight tracks with side lengths of about
60 km were selected. Square flight tracks also
allow the remote sensing aircraft (the DLR
Do-228), equipped with radiometers and flying
1 km above the cloud layer, to adjust its position
during each turn in order to maintain close syn-
chronization with the in situ aircraft. Finally, a
closed flight track is well suited for calculations
of advection within the domain and provides
further initialization of the models. With a flight



H. PAWLOWSKA AND J.-L. BRENGUIER

125800-131200

teang ] :
§1m{-- oot R e
] 1ou|:|E : ¥ e M

170
longitude
136800141100
1B00F T : N
2 1z00;- et AR
- i ! o s
¥ joo0;--- : Shehenpe

1
1
1
~-18.8 =166 -16.4 -18.2
lengitude
141300-142500
1800 ¥ v

-17.2 -1i7.0 -i88 -18.8
lengitade
20.8
208}~
_g .
2 ooaf-enl -
E I :
2‘2 e A Ml 8,
20.0 _ : :
—17.2-17.0-10.6-16.6 -16.4 -18.2
longitude
124600~ 126800
3 — : . N 7
E L400F---~5---- h_q—_-: E
% 12001 : ; E . =
1000f -+ -+ - e 100 16.00 g
: : 9 L]
E ; E e B0 13.80
1888 — DN .
1400} - | o re————. i » BO 1200
T | SO S L 70 1050
TP | S GRPRU TN I ] . B0 800
scof___ : E S s0 7HD
—172 —170 ~188 —188 .
longitude s 40 80D
.
e 30 450
L]
e 20 300 5
10 180 E
: E
N N_(sm™) =
o

131300-132800

—-18.8 -188 -18.4 -18.2
lengitude
132800-134000
1800 .

A

/

—18.8 -188 —18.4 -18.2
longitude
1426800143800
1800 : .

-18.4
lengitude

-18.8

Tellus 52B (2000), 2



STRATOCUMULUS CLOUDS 871

duration of about 3.5 h, the Merlin-IV was able
to perform almost 3 full squares per flight. Nine
scientific flights were flown with square flight
tracks. Two additional scientific flights were per-
formed along straight legs in order to document
the transition from polluted to marine air masses
at larger scales. A summary of the 11
CLOUDYCOLUMN scientific flights is given in
CCO.

Fig. 1 illustrates the flight 21 case, on 26 June
1997. The central graph shows the geographical
location and square flight track. The graphs on
the sides represent the vertical trajectory of the
aircraft with droplet N and drizzle Ny,p concen-
trations superimposed on a color scale. The flight
starts at 11:56 at the western corner (W), with 3
constant level legs (W-N, N-E, and E-S) below
and at cloud base (not shown in the figure).
Microphysical measurements start at 12:46 (S—W)
with a constant level leg (lower left corner in the
figure). The next leg (W-N) lasts from 12:58 to
13:12 with a series of 8 ascents or descents. The
flight continues with a N-E constant level leg
(1313:1326), a E-S series of ascents and descents
(1325:1340), a S—W constant level leg (1343:1354)
below cloud base (not shown in the figure), a
W-N series of ascents and descents (1358:1411),
a N-E constant level leg (1413:1425), and finally
a E-S series of ascents and descents (1426:1438).
The displayed data clearly illustrate the variability
of the microphysical properties within the strato-
cumulus layer. For example, drizzle formation can
be identified within the N-E leg, between 13:13
and 13:25, at the longitude —16.6 (close to the
northern corner).

The natural variability of cloud microphysics
and dynamics is the most serious drawback in the
identification of a relationship between aerosol
and microphysical properties at the scale of a
cloud system. When flying through a cloud layer,
the chances of crossing regions affected by either
mixing with dry air or drizzle precipitation are
significant. Therefore the analysis of only a few
vertical profiles does not lead to statistically signi-
ficant results. The analysis presented here for 8

flights of the CLOUDYCOLUMN experiment is
based on at least 15 cloud profiles per flight (8
and 17 July) and up to 35 profiles on 26 June.
The flight on 7 July, which corresponds to the
most polluted air mass, is not presented here
because the limited number of profiles prevents a
statistically significant analysis of the cloud micro-
physical properties.

3. Characterization of the droplet number
concentration

3.1. Scientific background

CLOUDYCOLUMN is devoted to the experi-
mental study of the aerosol indirect effect, that is
to changes in cloud radiative properties due to
changes in aerosol properties. The link between
aerosols and radiation starts with the relationship
between aerosol properties and the droplet
number concentration. For fixed values of the
updraft and aerosol properties, the droplet number
concentration can be calculated with an activation
model (Snider and Brenguier, 2000, hereafter
referred to as SB). In general, a polluted air mass
contains a larger concentration of aerosol particles
than a marine air mass and thus produces a larger
droplet concentration.

The variability of the updraft intensity at cloud
base is a significant source of variability in droplet
number concentration. For a fixed distribution of
cloud condensation nuclei, a stronger updraft gen-
erally results in a larger droplet concentration. A
complete characterization of the nucleating prop-
erties of aerosols should include a quantitative
assessment of this dependence of droplet concen-
tration on updraft velocity. The main difficulty in
the experimental study of this process is that the
relationship between aerosols and droplet concen-
tration is only valid within a non precipitating
updraft. The values of droplet concentration meas-
ured in other regions of the cloud are altered by
additional processes such as mixing with the over-
lying dry air and scavenging of condensation
droplets by drizzle.

Fig. 1. Quick-look plots for flight 21, on 26 June. The central graph shows the aircraft track, flown clockwise. The
graphs on the sides represent the aircraft altitude versus longitude for legs flown in cloud: lower-left for the S—-W
leg, upper-left for the 2 E-N legs, upper-right for the 2 N-E legs, and lower-right for the 2 E-S legs. The colors refer
to droplet number concentration, N, in the top panel and to the drizzle number concentration, Ngap, in the bottom
panel, with color scales as indicated in the figure. Legs flown below cloud base are not shown in the figure.
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Our objective in this section is to characterize
each situation with a distribution of droplet con-
centration values that can be further used for the
analysis of the aerosol/microphysics interaction.

MARINE AIR, 25 June 1997
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3.2. Observations

The characterization of the droplet number
concentration is based on the series of ascents and
descents through the cloud layer. These have a
better statistical significance than constant level
legs for the description of the whole cloud layer.
Figs. 2, 3 illustrate the various steps in the selection
of appropriate cloud regions, as defined above, for
the 25 June case (Fig.2) and the 9 July case
(Fig. 3). Panel (a) is the frequency distribution of
the values of droplet number concentration meas-
ured over the whole flight during ascents and
descents (10 Hz values or about 10m spatial
resolution). The distributions are characterized by
a pronounced mode, with frequencies dropping
rapidly towards large values, while a plateau is
generally observed towards the small values. The
origin of such a plateau is not clear, since low
values of the droplet concentration can be due
either to mixing with dry air or scavenging by
drizzle particles. Underestimation of the concen-
tration also occurs when a significant fraction of
the droplets exist at sizes smaller than the min-
imum size detectable by the instrument (2.6 pm
for the Fast-FSSP). The concentration value at
99% of the cumulative distribution characterizes
the maximum concentration over the flight, Np,.

Panel (b) represents the frequency distribution
of the measured altitude above cloud base (h), for
10 Hz samples with concentrations larger than
PNpax (p from 20 to 90%). This figure reveals that
most of the large values of concentration are
observed in the central section of the cloud. At
low altitude, close to cloud base, droplets are
small and a significant part of the distribution is
below the Fast-FSSP detection threshold. This is
particularly noticeable on 9 July which is the most
polluted case, with the largest values of droplet
concentration and therefore the smallest droplet
sizes. Some of the low values on 25 June are also
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associated with drizzle. At higher altitudes, close
to cloud top, the low values are due to mixing of
the cloudy air with the overlying dry air. The
value of altitude at 97% of the cumulative distribu-
tion, for N > 0.2N,,,, defines the maximum cloud
geometrical thickness H,,, (hereafter referred to
as H).

Panel (c) is similar to (a) for only samples
located within a range of altitude between 0.4H
and 0.6H (solid line). As anticipated the distribu-
tions get narrower, except for the flights on 25 June
and 16 July (not shown), where the proportion of
small values of the concentration remains signifi-
cant. The next step (dotted line in (c)) is to reject
samples with values of drizzle concentration
greater than 2cm™3. This threshold value was
selected arbitrarily, but was found to characterize
well the regions with and without significant
amount of drizzle. Since drizzle measurements are
available only at 1 Hz, the rejection criterion is
applied to the 10 high resolution values of droplet
concentration corresponding to the 1 Hz drizzle
sample. For the 25 June case the difference between
the 2 distributions is noticeable. In fact, 25 June
is the cleanest case, with the lowest values of
droplet concentration, so that drizzle concentra-
tions are the largest observed during the
CLOUDYCOLUMN campaign. The rejection of
samples with drizzle, thus reduces significantly the
proportion of samples with a low droplet concen-
tration. For the 9 July case, the droplet concentra-
tion is large, drizzle production is inefficient, and
the drizzle criterion does not narrow the concen-
tration distribution (Fig. 3c, dotted line is over-
plotted by the solid line).

The last step aims at the rejection of samples
affected by mixing. The criterion is based on the
comparison between the LWC in the measured
sample and the adiabatic value, LWC,4, at the
altitude level of the sample. The adiabatic liquid

Fig. 2. Characterization of the droplet number concentration for flight 20, on 25 June. (a) Frequency distribution of
the values measured over all ascents and descents through the cloud layer, and the corresponding cumulative
distribution with the 99% value, N, indicated by a vertical bar. (b) Frequency distributions of sample altitudes,
for samples with a concentration larger than pN,,, with p from 0.2 to 0.9. The value of altitude at 97% of the
cumulative distribution for N > 0.2N,,,, defines the maximum cloud geometrical thickness H,,,, (hereafter referred
to as H). (c) Frequency distribution of the measured concentration, with 0.4H < h <0.6H (solid line), and also drizzle
concentration lower than 2 cm 3 (dashed line). (d) As in (c) for altitude selection, and LWC > 0.5LWC,4 (thin line)
or LWC > 0.9LWC,, (thick line). (e) Same as (d) with drizzle selection as in (c). (f) Frequency distribution of measured
concentration after drizzle and adiabaticity selection, normalized by Nycan- Npean 18 calculated from the distribution
shown in (e) with LWC > 0.9LWC,, (thick line). The thin line corresponds to the whole data set, without selection.
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POLLUTED AIR, 09 July 1997
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water content at the altitude h above cloud base
is calculated as LWC,4 = C,, * h, where C,, is the
moist adiabatic condensate coefficient which is
constant over a short altitude range such as
through stratocumulus clouds and depends
slightly on the temperature in the cloud layer
(Brenguier, 1991). Such a criterion of rejection of
samples affected by mixing is applied upon the
remaining samples after altitude selection,
panel (d) and also drizzle selection, panel (e). The
frequency distributions of droplet number concen-
tration corresponding to LWC > 0.5LWC,4 (thin
line) and LWC > 0.9LWC,4 (thick line) are plotted.
For the 25 June case, N,.,, increases from 57
(with altitude selection only) to 70 cm ™2 (with
altitude, drizzle selection, and LWC > 0.9LWC,,).
The proportion of low values has been slightly
reduced. The effect of the LWC criterion is more
noticeable in the 9 July case; Npe., raises from
192 to 244 cm ™3 (entirely due to the LWC cri-
terion). The mean value of the concentration
Npean» calculated from the distribution in (e), with
LWC > 09LWC,,, is selected as a reference for
each case.

The last panel (f) shows the frequency distribu-
tion of the normalized concentration N/N,, ...
The thick line corresponds to the distribution after
complete selection (altitude, drizzle and LWC), as
in (e), while the thin line corresponds to the data
set without rejection, as in (a). It must be noted
that all the frequency distributions from (a) to (e)
have been calculated with respect to the total
number of samples in order to show the propor-
tion of samples lost after each selection criterion.
However the normalized distribution in (f) after
selection (thick line) is calculated with respect to
the number of remaining samples in order to
emphasize the shape of the distribution. The distri-
bution after selection is narrower than the original
distribution (thin line). This demonstrates that,
with a large number of vertical profiles, some of
the wvariability in the droplet concentration
resulting from mixing with dry air and drizzle
scavenging can be removed.

This procedure has been applied to 8 of the
scientific flights. The resulting distributions of the
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normalized droplet number concentration (similar
to the thick line in 2f and 3f) are summarized in
Fig. 4. In general the droplet concentration varies
between 0.5 and 1.5 of the mean value. The values
of mean concentration are particularly small on
the 25 June (70 cm™3) and 26 (55 cm™?) cases.
These 2 cases will be further considered as a
reference for marine aerosol. The largest value is
for the flight on 9 July, with a mean of 244 cm 3
and a maximum of 316 cm 2 (Fig. 3a). The other
cases are affected to varying degrees by anthropo-
genic aerosols, with mean values of the concentra-
tion between 100 cm 2 and 200 cm 3.

Table 1 compares the mean values of droplet
concentration with some preliminary results of the
analysis of aerosols properties, such as the con-
densation nuclei concentration (CN) from meas-
urements at the Hildago station (Rita Van-
Dingenen, personal communication), the 2 para-
meters of the CCN activation spectrum C and k,
and the CCN concentration at 0.5% supersat-
uration measured on board the M-IV (SB). In
Table 1, the flights have been ranked based on the
Niean Values. The 2 extreme cases, 26 June for the
marine reference and 9 July for the polluted one,
show respectively the smallest and largest values
of CCN concentration at 0.5% supersaturation.
However, overall, the aerosol properties do not
entirely agree with the droplet number concentra-
tion classification. For example, the 16 and 19 July
cases show very different CN concentrations, while
the values of mean droplet concentration are
similar. Further analysis is thus needed for a
column closure experiment on the activation pro-
cess. In particular measurements of aerosol and
chemical properties performed on board the C130
and the Pelican (Russell and Heintzenberg, 2000;
Johnson et al., 2000) might be helpful. The work
of SB shows that consideration of both the CCN
and the vertical velocity can explain much of the
flight-to-flight variability in droplet concentration.

This analysis of the concentration distributions
reveals that a cloud system cannot be character-
ized by a single value of the droplet concentration.
The variability in the droplet concentration during
a particular flight does not result from a variability

Fig. 5. Isocontours of the mean volume diameter d, versus altitude of the sample above cloud base h, for the same
flights as in Fig. 4. The 3 solid lines correspond to the adiabatic model for N,4 equal respectively to 0.5Ncan> Nmeans
and 1.5N,,.... The colour scale in (h) indicates the fraction of samples within each isocontour.

Tellus 52B (2000), 2



878

H. PAWLOWSKA AND J.-L. BRENGUIER

25 June 1997

8
a
8|
=
24
Q
o
AL
N
0 J Mo,
0.0 05 1.9 31.5 20 25
dv/dvld
8 July 1997
8
c
6
=
g 4 b
(3]
o
2| N A U e
0.0 05 1.:? s1.5 20 25
dv/dvnd
16 July 1997
8 i
e :
6
=
g G feeeeeeeeeieene e e e
(]
N \
2
NS
0
0.0 05 1.:9 31.5 20 25
dv/dv-d
18 July 1997
8 T
g
6
=
LY e S——
[
; M
%
0
00 05 10 15 20 25

a?/a?

vad

j ] &

26 June 1997

00 05 10 15 20 25

a3/a?

vad

9 July 1997

00 05 10 15 20 25

3,43
4/d\

17 July 1997

f
4| H ...................................
00 05 10 15 20 25
dj/dv:l’nd

19 July 1997

00 05 10 15 20 25
a3/l

vad



STRATOCUMULUS CLOUDS

in the aerosol properties, since aerosols are well
mixed horizontally in the boundary layer as indi-
cated by CCN measurements performed below
cloud base (SB). It is rather due to the variability
of the wupdraft intensity at the cloud base.
Additional processes such as mixing with the
overlying dry air and scavenging by drizzle par-
ticles also contribute to the variability. Finally,
instrumental artifacts are likely to affect the meas-
urements when the droplet sizes are close to the
limits of the instrument range. The 2 examples
presented demonstrate that the procedure of rejec-
tion of samples where the values of droplet concen-
tration have been altered by either mixing with
dry air, drizzle or instrumental artifact is effective
at reducing the observed variability. Nevertheless,
the resulting distributions are still broad with
values ranging from 0.5 to 1.5 times the mean
value of the droplet concentration. Despite this
natural variability, the difference between marine
air masses and the polluted ones is clearly reflected
in the mean values of droplet number
concentration.

4. Characterization of the droplet sizes

4.1. Scientific background

It has been shown in Section 3 that the cloud
droplet number concentration is dependent upon
the aerosol properties. However, cloud radiative
properties are also dependent upon droplet sizes.
More precisely, they are governed by 3 parameters:
the extinction coefficient, the single scattering
albedo and the asymmetry factor. These para-
meters characterize the local optical properties
and are controlled by the droplet spectrum. They
can be parameterized as functions of LWC and
droplet effective diameter d, = d3/d?, where d, is
the mean volume diameter and d; is the mean
surface diameter of the droplet size distribution
(Hansen and Travis, 1974; Slingo and Schrecker,
1982; Twomey and Cocks, 1989). These para-
meters are highly variable both in the horizontal
and in the vertical, as are the LWC and the droplet
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spectra. Cloud radiative properties, reflectivity,
absorption and transmissivity, are strongly
dependent upon the values of these parameters
and their spatial distributions. Simple radiative
transfer calculations have been performed with
the plane-parallel hypothesis (cloud microphysical
properties uniform in the horizontal and in the
vertical) (Slingo, 1989). However, cloud inhomo-
geneities and their effects on cloud radiative prop-
erties must be taken into account for more
accurate predictions of the aerosol indirect effect
(Cahalan et al.,, 1995; Barker, 1996).

The most obvious discrepancy between an ideal-
ized plane-parallel model and actual clouds is the
vertical profile of the droplet size distribution. The
LWC in an adiabatic convective parcel increases
almost linearly with altitude, LWC,4(h)=C,h
(Brenguier, 1991). Since the droplet concentration
is constant in an adiabatic parcel, the mean droplet
volume also increases linearly with altitude:

Cyh

dBg= 1"
vad — 1 N .
snpw ad

(1)

The variability of the actual droplet spectra with
respect to the adiabatic reference arises from the
same processes that control the variability of the
droplet number concentration (mixing and drizzle).
The adiabatic reference corresponds to a convective
parcel which originates from the cloud base and
ascends without mixing with the environmental air.
As long as the droplet number concentration is
constant (adiabaticity), the process is reversible
during up- and downward motions of the parcel.
The droplet concentration, however, can be affected
in stratocumulus clouds by cycling circulations of
the cloud parcels through the layer. In such a case,
the process is no longer reversible and the droplet
concentration can be progressively reduced by deac-
tivation of some nuclei (Korolev, 1995).

When the parcel is mixed with dry air, the
number concentration is reduced by dilution and
evaporation of some droplets. The mixing process
can be either homogeneous or inhomogeneous
(Baker et al., 1980). During a homogeneous pro-
cess, all the droplets are exposed to the same

Fig. 6. Distributions of mean volume diameter normalized by the adiabatic value d,/d,,q, for the same 8 flights as
in Fig. 4. Thin line: samples with h > 0.4H and d,,4 calculated with N,q = N,,c.n. Thick line: samples with h > 0.4H,
Noap <2 cm ™3 LWC > 0.9LWC,4, and d, 4 calculated with N,g = Nyzmpie, Where Nygppr is the droplet concentration

actually measured in the sample.
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STRATOCUMULUS CLOUDS

Table 1. Summary of the 8 flights, with date, mean
droplet concentration, N,..,, condensation nuclei
concentration, CN, the C and k coefficients of the
CCN activation spectra, and the concentration of
activated CCN at 0.5% supersaturation

Datt Npa, CN CCNC CCNk CCN 0.5%
26June 55 320 125 1.02 62
25June 70 360 132 04 100
17July 110 580 550 0.90 295

16 July 128 590

19 July 128 1030 340 0.55 232

18 July 183 1090 750 113 343
8July 196 3090

9July 244 1170 520 0.44 383

subsaturation and partially evaporated until the
mixed parcel reaches saturation. The reduction in
droplet concentration is concomitant with a reduc-
tion in droplet sizes. During an inhomogeneous
mixing process, some regions of the parcel are
fully evaporated until the entrained air comes to
saturation. The remaining droplets are not affected
by evaporation. In such a case the droplet number
concentration is more reduced than during a
homogeneous process (by dilution and by total
evaporation of some droplets). However the shape
of the droplet spectrum is not modified, so that
the mean volume diameter is constant. The tran-
sition from homogeneous to inhomogeneous
mixing is determined by the evaporation time
scale which is proportional to the droplet surface.
The 9 July case shows a mean droplet diameter
2 times smaller than the 25 June case, that is
droplet surfaces 4 times smaller. This change in
droplet size could explain the different responses
to the LWC criterion discussed in Subsection 3.2.

After the concentration has been reduced by
mixing, further ascent or descent of the parcel will
result in some deviation from the adiabatic refer-
ence, according to Ad3=CwAh/(énpr), where
N < N,4. The changes in droplet size with altitude
are thus more important than in an adiabatic
parcel, with a faster evaporation during a descent
and a faster growth during ascent. If the total
droplet surface has been significantly reduced,
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there is a possibility of activation of new nuclei,
with the appearance of very small droplets in the
spectrum. Finally, mixing between parcels of
different origins and kinematics, as well as scaven-
ging by drizzle, produce broad spectra. The ana-
lysis of the measurements aims at the identification
of the most significant processes and the character-
ization of the resulting spectra.

4.2. Vertical profile of mean volume diameter

As was done for the characterization of the
droplet number concentration, the series of ascents
and descents were used here rather than the
horizontal legs to better document the whole cloud
layer. Fig. 5 shows the isocontours of frequency
distribution of mean volume diameter d, versus
altitude above cloud base, h, for the 8 flights
already presented in Fig. 4, without any selection
criterion. The 3 solid lines in each graph corre-
spond to the linear relationship between d3,4 and
h as predicted by eq.(1), with values of N4
respectively equal to 0.5Npean> Nmean» and
1.5Nean- The values of Ny, for each flight are
the same as in Fig. 4. This summary of the cam-
paign reveals that droplet sizes are increasing with
altitude, as predicted by the adiabatic model, with
a variability corresponding to the observed varia-
bility in droplet concentration. The difference
between the flights, in terms of microphysical
properties, is enhanced when considering the ver-
tical profile of droplet diameters, compared to
droplet number concentration: 9 July thus appears
as the most polluted flight, followed by 8 and 18
July; 16, 17, and 19 July show properties inter-
mediate between marine conditions and the pol-
luted ones, while 25 and 26 June exhibit pure
marine characteristics. In particular, it is noted
that the precipitation efficiency is likely to be
higher for the 25 and 26 June flights, with values
of d, larger than 25 pm, while it is probably very
low for the 9 July case, with values of d, smaller
than 15um. This specific question will be
addressed in a forthcoming paper.

As was done for the droplet number concentra-
tion, the mean volume diameter d, has been

3

Fig. 7. Isocontours of the measured concentration normalized by Npe.n, versus d> normalized by d3,4, for the same
flights as in Fig. 4. The solid lines indicate LWC values from 10% to 100% of LWC,4. Right-hand axis gives values
of d,/d,,q. The colour scale in (h) indicates the fraction of samples within each isocontour.
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normalized. The adiabatic LWC is calculated for
each sample from its altitude above cloud base.
The value is then divided by Np., to derive the
adiabatic mean volume diameter d,,4. The distri-
bution of (d,/d,,q)° is plotted in Fig. 6 for the 8
flights. The cube of the diameter ratio is used for
a better comparison with the concentration varia-
bility, since LWC oc Nd3. The thin line represents
the frequency distribution of the ratio, for samples
higher than 0.4H. The value of d,,4 is derived from
(1) with Ny = Ncan- Droplet spectra measured at
a lower altitude are rejected because they are
truncated by the instrument and because the low
values of d,,4 are affected by errors in the estima-
tion of the cloud base altitude. The peak of the
distribution is located between 0.7 and 0.9, that is
mean volume diameters between 89% and 96%
of the adiabatic value. The distribution extends
from about 0.2 (16 July) to 2 (19 July), that is a
dispersion slightly larger than the dispersion of
the concentration distributions. The thick line
corresponds to the frequency distribution of the
(d,/d,q)° ratio at altitudes higher than 0.4H and
the same LWC and drizzle selection criteria as
for the concentration (LWC>09LWC,; and
Noap <2 cm™3). The adiabatic reference is now
derived from (1) with N,g = Ngampie>» Where Nogmpie
is the droplet concentration actually measured
within the sample. The dispersion is significantly
reduced, with the largest frequency at values
slightly lower than the adiabatic. The maximum
values of the ratio are smaller than 1.5 of the
adiabatic reference. In Fig 6, the difference
between the 2 distributions is mainly due to the
value selected for N4, either Nyean O Ngyppre- In
fact, the selection of the samples with respect to
adiabaticity or the absence of drizzle does not
improve significantly the variability in droplet size.
This feature suggests that most of the size variabil-
ity is related to fluctuations of the droplet concen-
tration and that cloud cells, with a certain droplet
concentration at the CCN activation level, keep
their identity during their ascent through the cloud
layer. This statement will be further validated in
the next section. Fig. 6 demonstrates that the
adiabatic model provides an accurate description
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of droplet growth in stratocumulus despite the
effects of mixing and drizzle scavenging.

4.3. Concentration/size correlation

Fig. 6 suggests that the concentration of CCN
activated at the base of the convective cores
determines the spectral shape up to the cloud top
and that the 2 processes which affect droplet
number concentration, namely mixing with dry
air and drizzle scavenging, do not further modify
significantly the spectral shape. For drizzle scaven-
ging, this observation can be explained by the fact
that collection efficiency depends on the fall vel-
ocity difference between a collecting drop and the
collected droplets. As a first approximation, it can
be assumed that cloud droplets are so small, that
their fall velocity is negligible. Thus, all the drop-
lets in a spectrum have the same probability of
being collected by a drop, entirely determined by
the collecting drop size. Therefore drizzle forma-
tion shall not affect the original droplet size distri-
bution. In order to understand the effect of mixing
it is valuable to consider concurrently the values
of droplet number concentration and diameter in
each sample (10 Hz). Fig. 7 summarizes this ana-
lysis. The X axis is the droplet number concentra-
tion normalized by its mean value. The adiabatic
LWC is then calculated from the altitude h of the
sample and the measured value of mean volume
diameter is normalized by the adiabatic value,
d,q, derived from eq. (1) with N,y = Npean- The
point with coordinates (1, 1) thus corresponds to
an adiabatic LWC value. All points along the
100% isoline (X x Y =1) represent samples with
values of concentration and sizes different from
the mean, but with a LWC still equal to the
adiabatic value. Other isolines correspond to
values of LWC lower than the adiabatic from 90%
to 10% of the adiabatic.

There are 2 interesting features to consider in
these plots.

(i) Quasi-adiabatic samples: a large proportion
of the samples are aligned along the 100% isoline
(25 and 26 June, 16, 17 and 19 July). This corre-
sponds to the relation expressed by eq.(1) for

Fig. 8. Distributions of the coefficient k =d3/d? for the same flights as in Fig. 4. Upper panel: scatter plot of the
k values versus sample altitude above cloud base (h). Lower panel: frequency distribution of k for samples above 0.6H.
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regions that are not affected by mixing or drizzle.
Typically, regions of concentration lower than the
average are characterized by larger droplets. This
feature implies that such regions are ascending
from the cloud base with a constant value of the
droplet concentration, and that the variability of
droplet concentration arises from fluctuations of
the updraft speed at the cloud base.

(ii) Sub-adiabatic samples: sub-adiabatic values
of LWC are principally due to a reduction of the
concentration rather than a reduction of the drop-
let size. For example, on 8 and 9 July, values as
low as 10% of LWC,4 have been observed, with
concentration values of the order of 0.1N_ .,
while d3? is never lower than 0.6 of its reference
value. This feature is referred to in the literature
as inhomogeneous mixing. The same feature
cannot be seen in the marine cases because of a
processing artifact: LWC can only be calculated
when the droplet concentration is larger than
20cm 3, for statistical significance. Hence, for
25 June (N, =70 cm~3) and 26 (N,q = 55 cm ~3),
samples with a droplet concentration lower than
0.3N,q and 0.4N,4 respectively, are not reported
in the graph.

It must be noted that these 2 features do not
appear similarly in the 8 graphs. The concentra-
tion/size relationship in quasi-adiabatic samples is
more pronounced at low values of the mean
droplet concentration, while the inhomogeneous
mixing feature is more apparent at high mean
concentration values. It is not clear yet if this
difference reflects a physical phenomenon or the
processing artifact mentioned above.

5. Effective diameter

As discussed in the scientific background sec-
tion, cloud optical properties do not depend upon
the mean volume diameter of the droplet size
distribution but rather upon its effective diameter.
However the adiabatic model and the above obser-
vations are applicable to the parameterization of
the mean volume diameter. It is therefore neces-
sary also to document relationships between d,
and d, = d3/d?. For example, Pontikis and Hicks
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(1992) and Martin et al. (1994) have shown that
the coefficient k = d3/d? varies from 0.67 + 0.07 in
continental air masses to 0.80 4+ 0.07 in marine
ones. Fig. 8 is a summary of the k distributions
for the 8 flights of the CLOUDYCOLUMN cam-
paign. The figure shows a scatter plot of the k
values versus altitude above cloud base in the
upper panel, and the k frequency distribution in
the lower panel. Brenguier et al. (2000a) compare
the radiative properties derived with a plane-
parallel model (constant effective radius) and those
derived with an adiabatic stratified model. They
demonstrate that, for the derived reflectances in
the visible and near infra-red to be equivalent in
the 2 models, the value of effective radius in the
plane-parallel model shall be between 5/6 and
100% of the value of effective radius at the top of
the stratified model r,(H ), depending on the values
of H and N. 5/6r.,(H) is equivalent to r,(0.6H).
The k frequency distributions are therefore
restricted to the altitude range between 0.6H and
H. The results confirm previous observations with
the largest k values associated to marine air
masses.

Since polluted clouds are characterized by
smaller droplet sizes than the marine ones, this
observation also suggests that k might be related
to the droplet mean volume diameter. This state-
ment is reinforced by the fact that in the k vertical
profiles (Fig. 8), the values are lower at the cloud
base, where droplets are smaller. In fact the feature
reported by Pontikis and Hicks (1992) and Martin
et al. (1994) is simply a consequence of the fact
that the difference between the effective diameter
and the mean volume diameter is limited to less
than 3 um. Fig. 9 shows the difference as a function
of d,, for all the samples higher than 0.6H in the
left panel, and the same samples after selection for
adiabaticity and drizzle as in Fig. 4, in the right
panel. The selection criteria reduce significantly
the fraction of samples with a difference larger
than 2 um. The variability is slightly lower in the
polluted cases with smaller values of d, (8 and
9 July). The flight on 16 July exhibits values up
to 3. This flight shows also the broadest concentra-
tion distribution in Fig. 4 and the most scattered
distribution of k in Fig. 8. The analysis of the

Fig. 9. Scatter plot of the d, —d, versus d, for samples above 0.6H, for the same flights as in Fig. 4. Left panel: no
selection. Right panel: with adiabaticity and drizzle selection as in Fig. 4.

Tellus 52B (2000), 2



886

Fig. 10. Frequency distribution of d, —d,, for samples
above 0.6H, over the 8 flights shown in Fig. 9, without
adiabaticity and drizzle selection.

aerosol properties below cloud base reveals that
their distribution was not homogeneous in the
boundary layer. Flight 16 is thus likely to corre-
spond to uncommon aerosol properties and will
need further analysis.

However, Fig. 10, for the d, — d, frequency distri-
bution calculated over the 8 flights, confirms that
most of the d, —d, values range between 0.2 and
1.8. The values of k reported previously are in
agreement with this range. For example, a value
0.67 for continental clouds corresponds to d, — d, =
1.5 um with d, =12 um (see 8 July 1997 or 9 July
1997 in Fig. 9). Similarly, a value 0.80 for marine
clouds corresponds to d, —d, = 1.4 um with d, =
20 pum (see 25 June 1997 or 26 June 1997 in Fig. 9).
The parameterization of the cloud microphysical
properties for radiative transfer calculations in stra-
tocumulus clouds can be derived from the adiabatic
model as follows. After the droplet concentration
has been diagnosed from a parameterization of the
activation process, the vertical profile of mean
volume diameter is directly derived from the adia-
batic LWC. The effective radius, required for the
calculation of the local cloud radiative properties
can then be approximated as d, =d, + 1 um.

6. Conclusions

8 flights among the 11 performed during the
CLOUDYCOLUMN campaign have been ana-
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lyzed. Each flight is characterized by a typical
value of droplet concentration. This value is
derived as the mean of the frequency distribution
of the values of droplet concentration measured
at 10 Hz (10 m spatial resolution) during ascents
and descents through the cloud layer. A selection
procedure is applied to reject values affected by
instrumental artifact, mixing effects and drizzle
scavenging. The resulting distributions of concen-
tration normalized by the mean value are similar
for the 8 flights, ranging from 0.5 to 1.5 of the
mean, and the mean value is dependent upon
aerosol and CCN properties.

The frequency distributions of mean volume
diameter versus altitude above cloud base reveal
that droplets are growing according to the adia-
batic model, with a variability corresponding to
the variability in droplet concentration. The ana-
lysis of the correlation between concentration and
size suggests that the variability of the droplet
concentration in quasi-adiabatic regions is due to
fluctuations of the updraft speed at cloud base,
and that the decrease of LWC in sub-adiabatic
regions is mainly due to a reduction of the droplet
concentration, while droplet sizes are less affected
by the mixing process (inhomogeneous mixing).

Finally, the relationship between the mean
volume diameter and the effective diameter is
examined. The CLOUDYCOLUMN data sup-
port previous conclusions from the ASTEX experi-
ment, that the ratio k = d3/d?, increases from 0.67
in continental clouds to 0.80 in marine ones. In
fact, it appears that such a feature can be simply
explained by the fact that the difference between
the effective and the mean volume diameters is
almost constant at all altitudes above cloud base
and in all types of clouds. The values of d, —d,
range between 0.2 and 1.8. Since the mean volume
diameter increases with the altitude above cloud
base, the ratio k=d3/d? increases too and tends
towards unity. For the same reason, namely that
the mean volume diameter is larger in marine
clouds than in the continental ones, at the same
altitude above cloud base, the k-ratio is larger in
marine clouds than in the continental ones.

A large sample of vertical profiles of the micro-
physics through stratocumulus clouds has been
analyzed. It provides a firm validation of the
adiabatic model for the parameterization of these
profiles. With such a model it is possible to predict
the LWC as a function of altitude and the droplet

Tellus 52B (2000), 2



STRATOCUMULUS CLOUDS

effective diameter, when the droplet concentration
is fixed. Integrals of the optical properties of the
droplet spectrum over the cloud depth can then
be derived. Further analysis is thus needed for the
development of a parameterization of the droplet
concentration as a function of the aerosol proper-
ties. Adiabatic cells cover only a fraction of a
cloud system. The analysis presented here shows
that the reduction of LWC in sub-adiabatic
regions is mainly due to a reduction in droplet
concentration, while the effective diameter is less
altered by the mixing process. Therefore additional
work is also needed for characterizing the effect
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of sub-adiabatic regions on the radiative proper-
ties of a cloud system (inhomogeneous cloud bias).
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