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ABSTRACT
Analysis of the microphysical structure of deep convective clouds using in situ measurements during the
Cloud Aerosol Interaction and Precipitation Enhancement Experiment (CAIPEEX) over the Indian peninsular region is presented. It is shown that droplet size distributions (DSDs) in highly polluted premonsoon
clouds are substantially narrower than DSDs in less polluted monsoon clouds. High values of DSD dispersion
(0.3–0.6) and its vertical variation in the transient and monsoon clouds are related largely to the existence of
small cloud droplets with diameters less than 10 mm, which were found at nearly all levels. This finding
indicates the existence of a continuous generation of the smallest droplets at different heights. In some cases
this generation of small droplets leads to the formation of bimodal and even multimodal DSDs. The formation
of bimodal DSDs is especially pronounced in monsoon clouds. Observational evidence is presented to suggest
that in-cloud nucleation at elevated layers is a fundamental mechanism for producing multimodal drop size
distribution in monsoon clouds as well as in most deep convective clouds. These findings indicate that inclusion of continued nucleation away from the cloud base into numerical models should be considered to
predict microphysics and precipitation of clouds in monsoons and other cloud-related phenomena.

1. Introduction
A major experiment named the Cloud Aerosol Interaction and Precipitation Enhancement Experiment
(CAIPEEX) is underway in India [conducted by the
Indian Institute of Tropical Meteorology (IITM); see
http://www.tropmet.res.in/~caipeex/] as an attempt to
identify and understand the pathways through which
aerosols may influence precipitation. Observations of
convective clouds, aerosol, and cloud condensation nuclei (CCN) at several locations were carried out during
this experiment with an instrumented aircraft during
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May–September 2009. Thus, clouds during premonsoon,
transition-to-monsoon, and active monsoon situations
were sampled at various locations. In situ measurements
were performed in clouds at heights up to 7 km above
the surface. This is significantly higher than most earlier
in situ cloud measurements other than the Monsoon
Experiment (MONEX) in the South China Sea (Houze
and Churchill 1984) and other experiments reported over
ocean pertaining to deep layer monsoon convection
such as the National Aeronautic and Space Administration (NASA) African Monsoon Multidisciplinary
Analysis (NAMMA) and the Aerosol and Chemical
Transport in Tropical Convection Experiment (ACTIVE),
(Heymsfield et al. 2009). These observations are unique
over the tropical continental region. For comparison,
the maximum height at which detailed measurements
of drop size distribution (DSD) in the Amazon region
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during the Large-Scale Biosphere–Atmosphere Experiment in Amazonia (LBA) and Smoke Aerosols, Clouds,
Rainfall, and Climate (SMOCC) field experiment were
performed at 4.2 km above the surface.
Premonsoon clouds develop in dry conditions, and, as
a result, cloud-base height exceeds 2 km. Monsoon clouds
develop in a very humid atmosphere, so cloud-base height
is generally well below 2 km. Premonsoon clouds develop
in the extremely polluted atmosphere. In spite of the fact
that concentration of aerosol particles (APs) in the atmosphere during monsoon period is quite high (see below, in
section 3), their concentration is significantly lower than
that in premonsoon clouds. Comparison of microphysical
structure of premonsoon and monsoon clouds is of great
importance for better understanding the role of both
humidity and aerosols with regard to clouds and raindrop formation. In monsoon clouds, the measurements
were performed at heights up to 5 km above cloud base.
These deep vertical layer observations above the cloud
base over continental areas had never before been available and thus the measurements in CAIPEEX are unique
for the investigation of processes of DSD formation.
The purpose of this study is to analyze the microphysical structure of premonsoon, transition, and monsoon clouds developing in different thermodynamic and
aerosol environments using in situ observations in CAIPEEX. The remainder of this article is organized as follows. In section 2, detailed descriptions of the cases
considered in the present study are provided; cloud microphysical characteristics of premonsoon, transition-tomonsoon, and active monsoon situations are described.
The microphysical structure of clouds as seen from the in
situ measurements is described in section 3. Discussion of
the results is presented in section 4, and section 5 summarizes the findings.

2. Case studies and equipment used
During the transition from premonsoon to monsoon,
measurements were made over the Indian peninsular
region with flights organized from Hyderabad (HYD;
17.458N, 78.468E) (Fig. 1). The Hyderabad mission registered the onset of the monsoon over that location on
21 June. Cloud DSDs were measured, along with three
wind velocity components, temperature, relative humidity, CCN concentration (using a CCN counter), aerosols
[size distribution, effective radius, and concentration using
a Passive Cavity Aerosol Spectrometer Probe (PCASP)]
and cloud parameters [droplet concentration and effective radius, cloud liquid water content, and drop size
distribution using a cloud droplet probe (CDP)] onboard
the CAIPEEX aircraft. The in situ data were obtained
with a temporal resolution of 1 s. Parameters used in this

1883

study are listed in Table 1 along with the details of instrument make, range, and resolution.
Observations of premonsoon, transition, and monsoon
convective clouds made on 16, 21, and 22 June 2009 with
the CAIPEEX aircraft over Hyderabad are considered
for detailed discussion. These three cloud observations
were carried out centered at 17.258N, 798E; 198N, 788E;
and 16.258N, 77.38E. Both upward and downward profiling of the cloud was done on 16 June with several
in-cloud penetrations at different heights z and at 500–
600 m deep inside the convective cores where droplet
concentrations of 300–500 cm23 were noted. However,
concentrations of 1000 cm23 were also noticed close to
the cloud base. Observations on 21 and 22 June were
carried out with downward profiling of the cloud. To isolate the convective cloud, observations carried out within
a 50 3 50 km2 area with an adiabatic fraction (ratio of
adiabatic liquid water and cloud liquid water) below 0.02
are screened out and excluded from the analysis presented in this study. This threshold is chosen by rigorous
analysis of data of different clouds observed during
CAIPEEX. Low adiabatic fraction could be used as a
measure of mixing in the clouds, which also indicates
pockets of isolated clouds that may not be part of the
main convective cloud. This criterion filtered out elevated
nonconvective clouds containing largely small droplets,
and data from less diluted convective clouds were only
used in the analysis. Cloud observations on 16 and 21
June characterized convective clouds at developing stages.
Observations of 22 June indicated a maturing cloud.
Monsoon onset in Hyderabad was 21 June. CAIPEEX
flight observations were carried out over an area of 150 3
150 km2 around Hyderabad in the northeastern, northern, and western sectors during the transition period. The
flight report indicated rapid growth of clouds. Strong
updrafts exceeding 3–6 m s21 below cloud base and
10 m s21 inside cloud were characteristic of these cases.
Figure 1 shows the 22 June clouds as seen using Cloud–
Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) (Fig. 1a) and Indian satellite
Kalpana (Fig. 1b) images. There was a CALIPSO pass at
0815 UTC on this day. The flight observations were
around 0750–1015 UTC. Figure 1a shows CALIPSO
total attenuated backscatter intensity, indicating clouds
and aerosols (white patches are clouds and yellow or red
are aerosols). This cloud developed above a polluted
boundary layer, but in relatively cleaner upper layers.
There are more aerosols at northern latitudes and aerosol
concentrations at upper levels depended on the transport
from the polluted locations. The cloud top is at around
7 km. The aircraft observations were taken when the
cloud matured at 0900 UTC. Cloud observations on 16,
21, and 22 June were performed over locations indicated in
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FIG. 1. (a) CALIPSO aerosol total attenuated backscatter showing clouds and aerosols. White patches are clouds
and yellow or red are aerosols. (b) Location of the measurements on Indian satellite Kalpana map; line is CALIPSO
pass. (c) Location of clouds in relation to HYD; color scale is measurement height (m) above surface.

Fig. 1c. Precipitation rates [from Tropical Rainfall Measuring Mission (TRMM) 3B42RT over a 100 3 100 km2
area around the cloud locations] on 16, 21, and 22 June
showed rain rates of 0.008, 0.03, and 0.508 mm h21, respectively. Corresponding accumulated rainfall estimates
are 0.02, 0.09, and 1.53 mm. The precipitation from 22
June cloud was noticed 3 h after the aircraft observation.
Radiosonde observations (Fig. 2) from 16 and 22 June
at Hyderabad showed signatures of a transition from
premonsoon (e.g., 16 June) to monsoon (e.g., 22 June)
conditions. The convective available potential energy
(CAPE) calculated from the radiosonde observations were
1677.8 and 2256.6 J kg21 and integrated precipitable
water was 4.3 and 4.39 cm for 16 and 22 June, respectively. The lifting condensation level (LCL) temperatures were 11.768 and 16.648C at pressure levels of

707.2 and 775.4 mb for 16 and 22 June, respectively. A
low-level westerly jet was established at 1.5 km above the
surface (Figs. 2 and 3a) and the easterly jet at the 17-km
level (Fig. 2), typical of the monsoon. Average air temperature near the surface varied from about 36.28C on
16 June to 338C on 22 June. The cloud-top temperatures
were about 2158 and 2208C, respectively. Average relative humidity in the boundary layer increased from 40% in
the premonsoon conditions to 70% in the monsoon case
because of the low-level moisture transport by the jet.
Aerosol concentration profiles from the PCASP for
cloud filtered data are presented in Fig. 3b. The observations of AP and CCN were carried out during the CCN
cycles below the cloud base. Aircraft ascended from
HYD, which is in the middle of three observation points
(Fig. 1c), on 16 June (in the southeastern sector), 21 June
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TABLE 1. List of instruments on board the CAIPEEX aircraft with data sampling details. CIP is the cloud imaging probe, DMT is Droplet
Measurement Technologies, and AIMMS is the Advanced Airborne Measurement Solutions air data probe.
Variable

Instrument

Range

Resolution

Cloud droplet spectra
Cloud particle spectra
Liquid water content
CCN
Aerosol
Temperature
Winds (U, W)
Relative humidity
Altitude

DMT CDP
DMT CIP
DMT LWC-100
DMT CCN counter
DMT PCASP SPP 200
AIMMS

2–50 mm
25–1550 mm
0–3 g m23
0.5–10 mm (0.1–1.2% SS)
0.1–3 mm
2308 to 2508C
0.01 m s21
0%–100%
0–610 m (0–2000 ft)

1–2 mm
25 mm
0.01 g m23
0.5 mm
0.02 mm
0.018C
—
0.1%
0.15 m

Radar altimeter

(in the northwestern sector) and 22 June (in the southwestern sector). Figure 3b showed a maximum concentration of 1000–2000 cm23 at 500 m above the surface that
reduced to 50 cm23 at 6.5 km. The premonsoon case was
characterized by AP concentrations exceeding 600 cm23
throughout the lower 4.5-km layer. However, monsoon
case is comparatively clean and high aerosol concentrations are noticed primarily below 2 km. It is to be noted
that AP concentration decreases drastically above the
boundary layer as the monsoon progresses. Note that the
AP concentration shown in Fig. 3b does not include APs
smaller than 0.1 mm. This explains the fact that CCN
concentrations (evaluated at 0.4% of supersaturation) are
much higher than AP concentrations (Fig. 3c).
CCN measurements at different supersaturations—
0.2%, 0.4%, and 0.55% or 0.6%, corrected for pressure
changes [the inlet pressure of CCN counter was kept at
500 hPa, and the SS drops at 0.07% (100 hPa)21]—were
done below the cloud base to estimate the CCN activity
spectra from Twomey equation NCCN5 NoSk, where No
is the CCN concentration at 1% supersaturation and k is
the slope parameter. The spectral estimates were carried
out for all updrafts with temperature changes in the
CCN chamber less than 0.158C s21. Estimated spectra
from observations are presented in Fig. 4 for the premonsoon, transition, and monsoon cloud samples.
Average CCN concentrations (estimated for 1% of supersaturation) from measured CCN spectra below
the cloud base were 7268.5 cm23 on 16 June, 4761 cm23
on 21 June, and 1655.4 cm23 on 22 June, again indicating highly polluted to less polluted conditions after
the monsoon onset on 21 June. These CCN measurements are made at 1-Hz intervals before entering the
cloud base. Estimated slope parameters for premonsoon
(16 June), transition (21 June), and monsoon (22 June)
clouds were larger than 1 and gradually decreased with
a reduction in the pollution levels. Such values of slopes
exceed those typically reported in measurements in both
maritime and continental air masses (Pruppacher and
Klett 1997). One can suppose that the values of the slope

parameters decrease beyond the range of the supersaturation settings used in the experiment. Note that high
values of the slope parameters indicate the existence of
a significant amount of small CCN that can be activated at
higher supersaturations. This point is important for the
analysis presented below.

3. Microphysical structure of premonsoon and
monsoon clouds
a. Vertical variation of cloud microphysical
parameters
Deep convective clouds profiled in the flight observations are considered for the analysis. Values of the

FIG. 2. The vertical soundings from 16 (solid) and 22 Jun
(dashed). Two smooth dashed lines (labeled 16 and 22) indicate
moist adiabats for the observation dates. Winds are plotted with
barbs for 22 Jun.
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FIG. 3. Vertical profiles of radiosonde (a) horizontal wind speed (bars; top x axis) and relative humidity (lines; bottom x axis), (b)
PCASP aerosol concentration, and (c) CCN concentration for premonsoon (thin solid), transition (dashed), and monsoon (thick solid)
case [note the logarithmic scale in (b),(c)] determined at ,1% supersaturation. Error bars are standard deviation of measurements
representing horizontal variations.

horizontally averaged cloud water content (CWC; for
droplet diameters less than 40 mm) measured in these
flights are shown in Fig. 5a. Each symbol represents
a CAIPEEX flight observation of a deep convective
cloud. Increase in the air humidity led to a decrease in
the cloud-base height from 2710 m on 16 June to 2450 m
on 21 June to 1950 m on 22 June. At heights below
4.5 km, the averaged CWC in monsoon clouds reaches
1.5 g m23 and exceeds those in premonsoon clouds and
in clouds developed during the transition period. Above
this level, CWC in the monsoon clouds decreases, while
in premonsoon clouds CWC continues to increase with
height. Above the 6-km level, CWC is larger in the
premonsoon cloud than in the monsoon cloud. The
CWC in premonsoon cloud reaches its maximum
near 7 km, where the averaged value of CWC is approximately 2 g m23 and the maximum CWC exceeded
3 g m23. The cause of the difference in the CWC behavior in premonsoon and monsoon clouds can be derived from Fig. 5b, which shows the vertical variation of

horizontally averaged values of effective radius hreffi in
these cases. The value of hreffi in the monsoon clouds
increases with height, much faster than in premonsoon
clouds, and reaches 14 mm near 4.5 km. According
to in situ measurements (e.g., Freud et al. 2008) and
numerical simulations (e.g., Pinsky and Khain 2002;
N. Benmoshe et al. 2011, unpublished manuscript), in
clouds developing in a relatively clean atmosphere,
efficient raindrop formation begins when the value of
effective radius exceeds 13–14 mm and in clouds developing in very polluted air when hreffi reaches 10–
11 mm. Accordingly, the decrease in the CWC above
4.5 km in monsoon clouds can be attributed to efficient
warm rain above this level (observed in situ measurements). In premonsoon clouds hreffi reaches 10–11 mm at
heights of 6.5–7 km, indicating significant delay in the
first raindrop formation as compared to monsoon
clouds. As noted by N. Benmoshe et al. (2011, unpublished manuscript), the lower threshold value of
hreffi in polluted clouds can be explained by the fact that
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FIG. 4. CCN activity spectra measured below the cloud base for
(a) premonsoon, (b) transition, and (c) monsoon cases. Each circle
in the plot corresponds to a CCN measurement below the cloud
base at approximately 100-m intervals.

the value of hreffi is determined largely by the diffusion
droplet growth, which is slow in these clouds because of
high droplet concentration (and low supersaturation).
Droplet collisions lead to formation of a low concentration tail of large cloud droplets, while most cloud
droplets remained small. Accordingly, droplets ascend
in cloud updrafts, so that the CWC increases in the
premonsoon clouds up to heights of 7 km. The appearance of raindrop formation in monsoon clouds at height
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of 4.5 km is related to higher air humidity (i.e., lower
cloud base level), largely, because of lower droplet
concentration as compared to the premonsoon clouds.
Figure 6 shows the detailed microphysical structure
of the clouds during all three flights. In contrast to results shown in Fig. 5, each symbol in Fig. 6 shows 1-s
averaged microphysical characteristics (corresponding
to about 100-m intervals as aircraft flew at average
speed of 100 m s21). Only in-cloud observations with
a CDP concentration greater than 20 cm23 were used
in the analysis. As mentioned earlier, only droplets
with adiabatic fraction exceeding 0.02 within a 50 3
50 km2 area are considered to isolate the deep convective cloud observations. This additional screening is
carried out to exclude any secondary cloud that may
contaminate the analysis. Each symbol represents the
following microphysical parameters: (a) vertical distribution of cloud droplet concentration (horizontal
axis scale), (b) cloud liquid water content (g m23; for
droplet diameters D , 50 mm; color coded), and (c)
effective radius reff (indicated by the size of symbols,
varying between 2 and 16 mm. Several symbols of different sizes and colors at a specific height indicate that
the aircraft was flying horizontally at same height,
where different effective radius and cloud water content are measured.
On 16 June, droplet spectra are characterized by higher
droplet concentration (1000 cm23) than on 22 June (200–
300 cm23). This is a direct indication of transition from
highly polluted premonsoon continental to less polluted
maritime monsoon conditions. Lower droplet concentration in monsoon clouds is associated with lower number of CCN available at the cloud base during the monsoon
case compared to the premonsoon case.
One can see significant variability of CWC at each
height level. The maximum values of CWC are of about
3 g m23 in all three cases (shown in blue in Fig. 6). In
monsoon clouds these high values of CWC are located in
large droplets (reff calculated over the 100-m flight segments is about 16 mm), with concentration up to 200 cm23
(Fig. 6c). In premonsoon clouds the large CWC is concentrated in intermediate size droplets (reff ’ 12 mm,
calculated over the 100-m flight segments) with concentration of about 900 cm23 (Fig. 6a). It is interesting
that in spite of the high variability of CWC, variability of
local (i.e., 1-s averaged) reff at horizontal traverses is
comparatively low (the size of the symbols in Fig. 6 at
each height level does not change significantly). The low
horizontal variability of reff in the presence of high
variability of CWC was also reported by Freud et al.
(2008) in the case of the LBA-SMOCC campaign in the
Amazon region. The reason for such an effect requires
special investigation.
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FIG. 5. Vertical variation of horizontally averaged (a) cloud water content (CWC) and (b) reff in clouds observed on
16, 21, and 22 Jun. Bar diagrams in (a) represent maximum CWC on 16 (black), 21 (gray), and 22 Jun (white hatched).

At the same time, Fig. 6 shows the existence of the
100-m intervals in clouds where reff is below approximately
8 mm (i.e., significantly lower than the horizontally averaged values of reff). In these intervals the values of
CWC are typically low. Most of the time, concentration

of these smallest droplets in these spatial intervals is below 100 cm23. These small droplets exist in premonsoon
clouds at all height levels (see Fig. 6a). In the transient
and monsoon clouds, the 100-m spatial intervals with
very low reff were found at certain height levels (see

FIG. 6. Microphysical parameters of clouds measured along airplane track on (a) 16, (b) 21, and (c) 22 Jun. Each
symbol represents averaging over 1-s time increment. CWC (g m23) is color coded; reff is given by size of symbols
varying between 2 and 16 mm.
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FIG. 7. Average DSD observed for three CAIPEEX flights during monsoon transition, on (a) 16, (b) 21, and
(c) 22 Jun. Legends correspond to time (UTC; HHMMSS) and height (meters) of observations. For example,
95551.7085 indicates 0955:51 UTC at 7085 m above the surface.

Fig. 6). Note that even when reff is large, small droplets
can exist in the spectra. But if reff is small, the existence
of small droplets is obvious. Below we will show that
very small droplets exist at most of height levels in the
transient and monsoon clouds in spite of comparatively
high values of horizontally averaged reff.

b. Vertical variation of drop size distribution
functions
The most informative microphysical characteristics of
clouds are the number concentration spectra (DSDs) and
their evolution with height. Figures 7a–c show the combined DSD from a CDP and a cloud imaging probe (CIP)
measured at different elevations for the 3 days (16, 21, and
22 June). CIP data were corrected for shattering of hydrometeors using interarrival time (Baumgardner et al.
2001) and for nonspherical particles based on algorithms
provided by the manufacturers. Each DSD is obtained
by averaging over flight pass lengths (we will show

subsequently that the flight pass length averages conceal
some very important aspects of DSD) ranging from 300 to
1000 m. As monsoon conditions progress, a gradual shift
in the DSD toward higher droplet diameters is noticeable,
indicating bigger droplets and higher cloud liquid water
content in the droplets that grew beyond the limit of warm
rain onset (D . 40–50 mm). The shift of the DSD maximum toward larger sizes on 22 June is clearly noted. DSDs
in the monsoon clouds are wider and contain more large
cloud droplets at lower levels as compared to the premonsoon clouds. The peak of the DSD in the monsoon
clouds is located at diameters of about 50 mm as compared
to 30 mm in premonsoon clouds (indicated by vertical lines
in Fig. 7). The process of raindrop formation is much more
efficient in the monsoon clouds due to collisions and coalescence. While in the premonsoon clouds, nonnegligible
concentration of large droplets with D . 50 mm (obtained from CIP) appear at elevations of 7 km, raindrops appear at levels of 4–5 km in the monsoon case.
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FIG. 8. Vertical distribution of bin-averaged [in the D bins ,10 mm (dashed–dotted), ,20 mm (thick), 20–40 mm (thin), and 40–50 mm
(dashed)] number concentration at 100-m height intervals for three CAIPEEX flights on (a) 16, (b) 21, and (c) 22 Jun. Vertical profile of
the droplet spectrum dispersion (line with open circles) is also presented. All data are screened for adiabatic fraction . 0.02.

A specific feature of all DSDs is the existence of small
droplets with diameters lower than 15 mm at higher levels.
In some cases these small droplets form a second mode
in the DSDs; that is, bimodal (or even multimodal)
DSDs are formed. Note that horizontal averaging can
mask some fine features (say, the existence of bimodal
DSD) because second peaks in the DSDs in flight pass
lengths are centered at different drop sizes.
To investigate formation of DSD in more detail, 1-s
DSDs were used for further analysis. These DSDs were
used to integrate number concentration in the respective
droplet diameter bins. The average number concentration is calculated in four drop diameter ranges (D ,
10 mm, D , 20 mm, 20 , D , 40 mm, 40 , D , 50 mm).

These ranges were chosen to follow the growth of droplets by diffusion and to reveal formation of large drops by
collisions. Only CDP data were used in this analysis and
CIP data (D . 50 mm) were not used. Figure 8 shows
vertical profiles of DSD dispersion s/r (where s is the
width of the spectrum and r is the droplet mean radius), as
well as number concentration of droplets within the
chosen size ranges. One can see that DSD dispersions do
not show any tendency to decrease with height (as should
follow from the equation for the diffusion growth). Such
behavior of DSD dispersion was reported in several
studies (e.g., Politovich 1993), but in much weaker cumulus clouds with significantly lower cloud-top height.
The DSD dispersion is about 0.32 in the premonsoon
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clouds. Dispersion of DSD in the monsoon cloud is
highly variable (0.25–0.6) with height. At 6.5 km the
DSD dispersion reaches 0.5–0.6 in monsoon (22 June)
clouds. Since the mean droplet radius typically increases
with height, as such the DSD dispersion behavior indicates DSD broadening with height in all cases.
The DSD broadening is closely related to the formation of large drops and of the smallest droplets. The
changes of dispersion are well correlated with changes of
the concentration of small cloud droplets: the increase in
the concentration of the smallest droplets leads to an
increase in the DSD dispersion (e.g., Pinsky and Khain
2002). While the concentration of the smallest droplets
indicates the tendency to decrease with height in premonsoon clouds, it is nearly constant above 3 km in
monsoon clouds. Note that at some heights the concentration of the smallest droplets increases with height.
For instance, a significant increase was observed at z .
6 km in monsoon clouds (Fig. 8c).
Observations also show that concentration of cloud
droplets with diameters 20 , D , 40 mm and large
droplets with 40 , D , 50 mm increases with height.
Such an increase is caused by diffusional growth of
smaller droplets and drop–drop collisions. These factors
act as the sink of smallest droplets. The presence of the
small droplets in the DSD at most height levels indicates
the existence of the source of the small droplets inside
of clouds. This is especially pronounced in monsoon clouds
in which concentration of droplets in the three lowest
size ranges remains nearly constant above 3 km, despite
the continuous generation of the largest drops and small
raindrops.
The question then arises: what is the mechanism responsible for appearance of small droplets at elevated
layers?
In this study we present evidence of two mechanisms
responsible for small droplets production and DSD
broadening: in-cloud nucleation in cloud updrafts and
cloud droplet evaporation in cloud downdrafts.

c. In-cloud nucleation in cloud updrafts
Several physical mechanisms were proposed to explain the formation of small droplets in clouds well
above the cloud base, including mixing of cloudy volumes with dry environment near the lateral cloud
boundaries (Warner 1973); partial evaporation of cloud
droplets within undersaturation zones due to entrainment and mixing of relatively dry environmental air
(Paluch and Knight 1984; Brenguier and Grabowski
1993; Su et al. 1998; Lasher-Trapp et al. 2005); and nucleation of new droplets on CCN penetrating a cloud
through lateral cloud boundaries (e.g., Phillips et al.
2005; Fridlind et al. 2004).

Another mechanism of appearance of small droplets
and formation of bimodal and multimodal DSD is incloud nucleation of droplets on CCN ‘‘penetrating a
cloud through the cloud base and ascending together
with cloud droplets formed at low levels’’ (Pinsky and
Khain 2002, p. 502). Such in-cloud nucleation takes
place when supersaturation within an ascending cloud
parcel exceeds its local maximum near the cloud base
(Ludlam 1980; Ochs 1978; Song and Marwitz 1989;
Korolev 1994; Pinsky and Khain 2002; Segal et al. 2003;
Phillips et al. 2005; Magaritz et al. 2009).
It is known that supersaturation is not measured in
situ observations. However, in warm and mixed-phase
clouds, in zones with significant liquid water content,
supersaturation rapidly tends to the quasi-state value Sqs
(Squires 1952; Korolev and Mazin 2003):
Sqs (t) 5 A1

W
,
4pnm rN

(1)

where nm is the coefficient of molecular diffusion of water
vapor, N is the droplet concentration, and W is the vertical
velocity. The coefficient A1 5 (g/T)(Lw /cp Ry T 2 1/Ra ),
where T is temperature, Ra and Ry are the gas constants
for air and water vapor, Lw is the latent heat of condensation, and g is gravitational acceleration. Thus, in
these zones Sqs can be used for estimation of real supersaturation.
The supersaturation maximum near cloud base is
typically below 1%. If W is high enough in cloud updraft,
the supersaturation above the cloud base increases and
may become higher than the supersaturation maximum
near the cloud base leading to in-cloud nucleation and
formation of the second mode in DSD consisting of
small cloud droplets. In a cloud layer in which supersaturation continuously increases with height, in-cloud
nucleation will also take place continuously. Equation
(1) also indicates the possibility of another mechanism
of the supersaturation increase: in the regions where
droplet collisions are efficient, the concentration of
droplets decreases. Besides fallout of raindrops through
unloading, an increase in the vertical velocity also leads
to an increase in supersaturation. These mechanisms
may lead to in-cloud nucleation (Pinsky and Khain 2002;
A. Khain et al. 2010, unpublished manuscript, hereafter
KPPB).

1) OBSERVATIONAL INDICATIONS OF IN-CLOUD
NUCLEATION

Below we present observed data that can be interpreted as support for the existence of the in-cloud
droplet nucleation on small CCN penetrating through
cloud base. Note first that the concentration of aerosols
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FIG. 9. Relationship between quasi-steady supersaturation and W for concentrations of droplets with D , 10 mm
(color scale) and at different heights (size of symbols) for (a) 16, (b) 21, and (c) 22 Jun; all data screened for adiabatic
fraction of 0.02.

surrounding the cloud rapidly decreases with height
in the monsoon cases (Figs. 3b,c). Thus, it is unlikely that
the lateral CCN penetration of AP is the major cause of
the in-cloud nucleation above the 5-km level. Second,
estimates show that the distance that aerosols can penetrate into the cloud through the lateral cloud boundary
due to turbulent diffusion during the time of an air parcel
ascent from cloud base to cloud top does not exceed
several hundred meters (e.g., Khain and Pokrovsky
2004). At the same time, the increase in the concentration
of small droplets was often observed within clouds at
distances exceeding 500 m from cloud edges, quite close
to the cloud core.
One necessary condition for in-cloud nucleation is
comparatively high values of supersaturation. Figure 9
shows the relationship between Sqs [Eq. (1)] and W for
concentrations of droplets with diameters below 10 mm
(represented by color scale) and at different heights
(represented by size of symbols). We concentrate first
on the relationship between the cloud updrafts and
positive Sqs in the figure. Some important features could

be noted: there is considerable variation in Sqs along
a flight track and at different elevations, with peaks
up to 5%–8% in cloud updrafts. Such values significantly exceed the maximum (;0.5%) values of Sqs in
comparatively small cumulus clouds measured during
the Cooperative Convective Precipitation Experiment
(CCOPE) (Politovich and Cooper 1998). These values
are also larger than the maximum of 3% calculated
for intermediate-size (5-km top height) cumulus clouds
simulated using the cloud model with spectral bin microphysics (Kogan 1991). High peaks of Sqs were observed at different height levels, including the 6-km
level. The values of Sqs calculated at levels close to cloud
base were typically lower than 2%, but in some cases the
peaks reached a few percent more. Note that the values
of Sqs cannot be used for estimation of real supersaturation near cloud base (Korolev and Mazin 2003): in the
vicinity of cloud base the mean drop radius is very small,
and Sqs calculated using Eq. (1) is significantly higher than
the real supersaturation (e.g., Politovich and Cooper
1998). Taking into account that the maximum values
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clouds. Each symbol represents a CAIPEEX flight observation of a deep convective cloud. The diagram also
includes observations from premonsoon highly polluted
cases (indicated with rectangular boxes) near the Himalayan region. One can see a positive correlation between concentration of small droplets and concentration
of CCN below cloud base. We interpret this relationship
as evidence for the fact that small APs in the boundary
layer indeed cause the in-cloud nucleation (in zones of
high supersaturation aloft) and the DSD broadening at
the elevated layers.

2) FORMATION OF BIMODAL AND MULTIMODAL
DSDS IN THE MONSOON CLOUD
FIG. 10. Relationship between mean aerosol concentrations below cloud base and bin-average number concentration of droplets
(CDNC) with D , 20 mm for CAIPEEX observations. CDNC is
averaged at 1–3 km and 4–6 km above cloud base from the drop
size distribution sampled at 1-s intervals. Boxed symbols correspond to two premonsoon highly polluted cases.

of droplet concentration measured in premonsoon and
monsoon clouds were about 1000 and 400 cm23, respectively (Fig. 6), and with the CCN activity spectra shown in
Fig. 4, cloud-base supersaturations of these clouds can be
evaluated as about 0.3% in premonsoon cloud and 0.4% in
monsoon clouds, respectively. It means that peaks of supersaturation aloft exceeded the values of supersaturation
at cloud base. It is apparent that the supersaturation peaks
are associated with high values of W or there is decrease in
the number concentration of droplets (high supersaturation is also noticed at locations where concentration is low,
due to unloading of large drops).
Supersaturations of 5%–8% can lead to activation of
the smallest aerosols with diameters of soluble part of
about 0.005 mm. According to the evaluations, cloudbase supersaturation did not exceed about 0.4%, so that
aerosols with diameters of soluble fraction below about
0.005 mm remained unactivated at the level of cloudbase supersaturation maxima. Significant concentrations of
such aerosols in both maritime and continental air masses
were reported in many studies (e.g., Hobbs 1993; Jaenicke
1993; Pruppacher and Klett 1997).
Another necessary condition for in-cloud nucleation
is the existence of a significant reservoir of small CCN.
Figure 10 presents a scatter diagram showing the relationship between the cloud averaged concentration of
droplets with D , 20 mm in the 1–3-km and 4–6-km
layers above the cloud base and the aerosol concentration in the layer below the cloud base (excluding the
entrainment layer of 200-m depth just below cloud base)
for several CAIPEEX flight records of deep convective

Examples of DSDs measured in the cloud core of
monsoon cloud (22 June 2009) at 2.8-, 3.1-, and 5.1-km
heights are presented in Fig. 11. Each DSD in the figures
is plotted for every 1 s (which means approximately at
100-m length interval). Formation of a bimodal DSD is
clearly seen at z 5 2.8 km (Fig. 11a) and z 5 3.1 km (Fig.
11b), with two maxima in DSD spectra at 20 and near
10 mm. CIP images showed cloud droplets and no precipitation-sized particles. Note the existence of high
variability of DSD along aircraft legs at the same height
levels. Some DSDs contain a significant amount of small
droplets and highly pronounced secondary peaks in the
DSD, while other DSDs do not reveal such secondary
peaks. As mentioned above, averaging the DSD along
the airplane track may mask the in-cloud nucleation.
The variation of concentration, LWC, effective radius,
Sqs, and adiabatic fraction also could be registered along
with DSD. The bimodal DSDs are especially noticed at
locations where adiabatic fraction exceeds 0.5 in the
strong updrafts. The width of DSDs increases with
height. The main peak is shifted at the 5.1-km height
from 20 to about 30 mm. The DSDs at 5.1 km also indicate a significant concentration of droplets smaller
than 25 mm forming the specific shape of distributions
with low slopes within drop diameters from about 10 to
25 mm. This part of DSD forms, supposedly, as a result
of several acts of in-cloud nucleation with successive
diffusional growth of nucleated droplets. Since diameters of smaller droplets increase faster in cloud updrafts
than those of larger droplets, the gaps between secondary peaks decrease (or fully disappear), resulting in
formation of plateaus with low slope. CIP images in this
case showed the existence of a few rain drops.

3) FORMATION OF BIMODAL DSD IN THE
PREMONSOON CLOUD

DSDs in highly polluted premonsoon clouds are typically unimodal. Since DSDs are narrower in these
clouds, the diameters of the first (larger) mode in these
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clouds are smaller and the gaps between modes are less
pronounced or absent. This finding in the premonsoon
clouds is presented in Fig. 12a. The increase in the
number concentration of smaller droplets (,10 mm)
results in the broadening of DSD, without a well-defined
second mode in the DSD. Unimodal DSD with broadening is rather persistent and a DSD without such effects
is rare. It is remarkable; in these clouds at some 100-m
length intervals bimodal and multimodal DSD were
observed in cloud cores as well (Fig. 12b). Bimodal DSD
were found in transition period clouds with updrafts
exceeding 4 m s21 and an adiabatic fraction greater than
0.5 (Fig. 12c). The prevalence of multimodal DSD increased for the transition cloud (Fig. 12c). This type of
situation was more often noticed in this cloud at different levels. Another interesting situation is presented in
Fig. 12d at 0939:14 and at 0939:15 UTC that a significant
increase in the droplet concentration is noted in strong
cloud updrafts and with a relatively small adiabatic
fraction (0.05 and 0.08), but at the cloud core 600–700 m
away from the cloud edge. This is a good example where
in-cloud nucleation is noticed in regions where liquid
water content has decreased because of the unloading of
large droplets. The subsequent increase in vertical velocity leads to supersaturations of 0.92% and 1.17%.
More often the formation of bimodal and multimodal
DSDs in clean maritime clouds is attributed to higher
values of supersaturation in maritime clouds. In this
context, it is remarkable that observations (Figs. 12b,c)
indicate the existence of bimodal DSD in highly polluted premonsoon and transition period clouds as well.

d. Observations of small droplets in cloud downdrafts
In this section we consider the existence of small
droplets in the cloud downdrafts. Figure 9 shows that in
deep cumulus clouds strong downdrafts exist with velocities up to 12 m s21. Such downdrafts are especially pronounced in monsoon clouds at the mature stage. Typically
the absolute values of Sqs in downdrafts are lower than
1% (Fig. 9); that is, undersaturation is quite low. The
comparatively low absolute values of Sqs in downdrafts
are related to the fact that downdrafts in cloud cores
typically arise from upper levels where liquid water content [and integral radii length rN in Eq. (1)] is high.

FIG. 11. Plots of 1-Hz droplet size distributions in cloud core of
monsoon cloud (22 Jun 2009) at (a) 2.8, (b) 3.1, and (c) 5.1 km.
Legend shows time, height, cloud droplet concentration, effective
radius, vertical velocity, Sqs, and adiabatic fraction. A representative CIP image is shown alongside each figure.
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FIG. 12. Examples of bimodal and multimodal DSDs in premonsoon cloud at (a) 6.1 and (b) 5.4 km and transition cloud at (c) 5.7 and
(d) 5 km where in-cloud nucleation in the strong updrafts is noticed. Legend as in Fig. 11.

Figure 13 shows 1-Hz DSDs in cloud core of monsoon cloud (22 June 2009) at 4.4- and 6.7-km height
levels in the presence of downdrafts. Analysis shows the
existence of small droplets in zones of cloud downdrafts.
We suppose that the smallest droplets observed in
downdrafts are formed by partial evaporation of

cloud droplets, some of which formed during in-cloud
nucleation in previous updrafts and originate from
higher levels in the cloud. This evaporation can lead to
the formation of the minimum in the DSD at drop diameters of 18–20 mm (seen in Fig. 13a at z 5 4.4 km).
Evaporation of larger cloud droplets and small
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raindrops cannot be the only reason for the formation of
the 10-mm-diameter droplets because the peaks of large
droplets centered at 25–35 mm remain in downdrafts.
Another profound example of bimodal DSD in the
premonsoon cloud is presented in Fig. 13c at 6.2 km. A
few raindrops were found in this section of the cloud
pass. Two modes are clearly divisible in the weak undersaturation. It is remarkable that adiabatic fraction is
approximately 0.4.
One can argue that contribution of raindrop breakup
to the formation of smallest droplets is likely negligible.
Breakup of raindrops is efficient for raindrops with diameters exceeding a few millimeters (Low and List 1982;
Pruppacher and Klett 1997; Straub et al. 2010). The
concentration of such raindrops is several orders of
magnitude lower than the concentration of the smallest
cloud droplets. According to recent results (e.g., Straub
et al. 2010), the number of fragments (i.e., smaller drops)
formed during breakup of a raindrop varies within the
range of 2–5. It means that the number of drops formed
by breakup remains much lower than the concentration
of the smallest droplets observed in downdrafts. Moreover, the size of drops formed as a result of breakup
typically exceeds 100–200 mm (Straub et al. 2010) (i.e., is
much larger than the size of smallest droplets).
The partial (and possibly total) evaporation of small
droplets in downdrafts suggests the possibility of the
mechanism of successive nucleation/denucleation (evaporation) during recirculation in cumulus clouds. Typically
this mechanism is considered in relation to DSD formation in stratocumulus clouds where updrafts and downdrafts are on the same order of magnitude (e.g., Erlick
et al. 2005; Magaritz 2009). The mechanism by which
aerosols formed by evaporation of droplets in one cloud
give rise to the formation of another cloud was discussed
by Xue et al. (2010), who analyzed linear warm clouds
over two successive mountains. The process of droplet
evaporation, as well as recirculation and nucleation/
denucleation mechanisms, leads to the DSD broadening
in stratocumulus clouds (Korolev 1995; Erlick et al. 2005;
Magaritz et al. 2009). The role of such processes in mature
cumulus clouds that already contain raindrops requires
further investigation.

e. Multimode DSD distribution in mixed-phase
clouds

FIG. 13. As in Fig. 11, but at (a) 4.4 and (b) 6.7 km in the presence of
downdrafts.

The number of detailed measurements of DSDs in
mixed-phase clouds at heights of 7 km is quite limited.
Our emphasis in current section is to analyze the DSD
shape at elevated layers where cloud droplets, rain drops,
and graupel coexist. Figure 14 shows DSDs for the approximately 6.7-km level (4.2 km from cloud base) from
21 June (Fig. 14a) and for the approximately 7.1-km level
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FIG. 14. (a),(b) DSDs along a flight pass length from (a) 21 Jun, indicating in-cloud nucleation leading to small
drops and (b) 22 Jun, indicating in-cloud nucleation contributing to broadening of DSDs. Pass length averaged DSD
is bimodal as shown. (c),(d) CIP images show clear indications of mixed phase (ice, rain, and cloud droplets) on (c) 21
and (d) 22 Jun.

(4.3 km from cloud base) from 22 June (Fig. 14b). Flight
passage length is about 600 m. DSDs on 22 June are significantly wider than those on 21 June. One can see high
variability of DSDs along the flight track. The concentration of small droplets varies considerably (by more than
an order of magnitude). Some of the DSDs are bimodal
and contain a second peak at small drop sizes. This bimodal nature of the DSD may at times get obscured by
averaging along flight pass length as illustrated here for
average DSD. It is to be emphasized that similar DSDs are
seen for several flight passes and the bimodal distribution
is statistically grounded. On 22 June the second mode
centered at D ’ 10 mm is seen at each pass, so the two
modes do not disappear by spatial averaging. One can see
that the second mode (which we attribute to in-cloud nucleation) takes place in the presence of supercooled raindrops and graupel (see CIP images in Fig. 14d for the same
time sections, indicating the presence of cloud water).
We interpret the existence of small droplets in the
presence of ice as the evidence that supersaturation in
cloud updrafts in mixed-phase clouds can be both over

the water and ice. KPPB showed that formation of ice
may decrease droplet concentration by riming, which in
turn can increase supersaturation with respect to water
and foster new in-cloud nucleation. Recently, Heymsfield
et al. (2009) reported the formation (new nucleation) of
cloud droplets above 6 km in maritime clouds. It seems
that the DSD structure shown in Fig. 15 indicates the efficiency of such mechanism in continental clouds as well.
The appearance of small crystals in measurements due
to breakup of large aggregates at the tips of the probe
(the effect of shattering in ice clouds) is now widely
discussed (McFarquhar et al. 2007; Heymsfield 2007;
Jensen et al. 2009; Korolev et al. 2011). The probability
of artificial appearance of small droplets in the measured DSDs is much less for many reasons. Comparison
of DSDs measured in clouds using an old probe and a
modified probe (free from this instrumental deficiency)
does not reveal any difference (A. Korolev 2010, personal communication) for water clouds. The shattering effect is a widespread problem in the case of ice
clouds containing a significant amount of large aggregates
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FIG. 15. The conceptual scheme of droplet spectra formation
in deep convective clouds [after Pinsky and Khain (2002) with
changes for monsoon clouds].

(Korolev et al. 2011). In the mixed-phase cloud observations presented here, the number concentration of
large aggregates is very low (see Figs. 14c,d). But it is
apparent that shattering effects could not contribute to
such large concentrations of the smallest particles. So the
small particles are water droplets, observed primarily in
the cloud updrafts. The contribution of shattering of aggregates, if any exists, will be investigated in a future
study for clouds containing such aggregates.

4. Discussion
In situ measurements provided unique information
concerning mechanisms of DSD formation in clouds
developing under different thermodynamic and aerosol
environments. The formation of small droplets and
DSDs with significant values of dispersion, as well as
formation of bimodal and multimodal 1-Hz DSDs, likely
can be attributed to the process of in-cloud nucleation of
small CCN ascending from the cloud base. This hypothesis is supported by high values of quasi-stationary
supersaturation that can reach about 5%–8% at significant distances above cloud base, as well as by high
correlation of the concentration of smallest droplets at
high levels (e.g., at 6–7 km) with the AP concentration
in the boundary layer below cloud base.
These findings correspond to the scheme of the DSD
formation described by Pinsky and Khain (2002) and
KPPB and adapted for specific conditions of monsoon
clouds (Fig. 15). At the cloud base, the size distribution
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of aerosols (nonactivated CCN) is wide and includes
particles with dry radii ranging from about 0.002 to
about 2 mm (Hobbs 1993; Pruppacher and Klett 1997).
The existence of small CCN follows from the in situ
observations indicating very high values of slope parameter. According to our results, supersaturation at
cloud base did not exceed 0.3%–0.4%, so that CCN with
dry radii below about 0.05 mm remained nonactivated
near cloud base. Droplets activated near the cloud base
give rise to the formation of the first mode in DSD,
which plays a dominant role in warm rain formation. If
the supersaturation in updraft exceeds the maximum
supersaturation values reached below, a new CCN activation (i.e., in-cloud nucleation of droplets) takes place,
giving rise to formation of the second cloud mode of the
DSD. In zones of efficient collisions between drops and
rapid fallout of rain, the droplet concentration decreases
and vertical velocity increases (possibly because of partial
unloading of the large drops). As a result, the supersaturation may substantially increase and a new portion of
the smallest CCN is activated, producing small droplets at
heights 4–6 km above the cloud base.
The continuous presence of small droplets at higher
levels in monsoon clouds indicates continuous in-cloud
nucleation caused by an increase in supersaturation with
height in accelerating cloud updrafts. Note that small
droplets after their in-cloud nucleation start growing
faster than larger droplets, which leads to a decrease or
even disappearance of gaps between the modes, leading
in turn to a unimodal DSD having a dispersion of 0.2–0.3
and containing very small droplets at high levels.
It is typically assumed that in-cloud nucleation takes
place largely in maritime clouds where cloud-base supersaturation is low and rapidly grows with height because of low droplet concentration and an increase in
vertical velocity (Warner 1969a,b; Pinsky and Khain
2002; Segal et al. 2003). The results of the in situ observations presented in the present study show that
in-cloud nucleation is a much more widespread phenomenon than was widely assumed. This finding agrees
well with that of Heymsfield et al. (2009), who reported
an especially high concentration of small droplets at
elevated heights in polluted maritime clouds observed in
the African monsoon study NAMMA.
Another finding is the existence of strong downdrafts
in convective clouds, especially pronounced at the mature stage of monsoon clouds. Analysis shows that small
droplets form in downdrafts, likely because of the evaporation of larger cloud droplets, most of which were probably nucleated in cloud updrafts. Formation of small
droplets in cloud downdrafts also fosters DSD broadening.
Evaporation (partial or total) of droplets in cloud downdrafts suggests that the mechanism of successive droplet
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in-cloud nucleation/denucleation (evaporation) can take
place not only in stratocumulus clouds, but also in deep
cumulus clouds. The role of such mechanisms should be
investigated in more detail in numerical simulations.
The features of DSD evolution in polluted premonsoon
and monsoon clouds found in the in situ measurements are
of great importance in many aspects. Note that the drop–
drop collision rate is determined by the shape of local
DSDs (calculated at scales of 100 m and even smaller),
and not by DSDs averaged over large distance. As shown
by Pinsky and Khain (2002), the existence of the second
mode may accelerate the collision rate by about 30%.
The possible effects of new droplets on the rate of riming, as well as on vertical velocity related to additional
latent heat release (KPPB) are also of importance.
Formation of new droplets by in-cloud nucleation may
help to explain many cloud microphysical phenomena such
as a high optical depth of cloud anvils in maritime deep
convective clouds within the intertropical convergence
zone, high concentration of small ice crystals in cloud anvils
above the level of homogeneous freezing, lightning in the
eyewalls of tropical clouds (charge separation requires a
significant supercooled water at temperatures colder than
2208C), and so on. Since concentration of small ice crystals
affect cloud radiative properties, in-cloud nucleation
leading to formation of small droplets and small crystals
by homogeneous freezing becomes an important mechanism influencing cloud radiative properties.
The existence of small droplets in mixed-phase clouds
indicates the existence of supersaturation in cloud updrafts both over the ice and water. Moreover, the results
suggest that formation of ice can decrease droplet concentration and increase supersaturation with respect to
water, leading to new in-cloud nucleation (as simulated
by KPPB). We believe that second mode seen in Fig. 14
consists of liquid droplets, also seen in the CIP images,
but not of the smallest ice crystals formed by the Hallet–
Mossop ice-multiplication mechanism (hereafter the
H-M mechanism; Hallet and Mossop 1974), since the
concentration of the smallest droplets is much higher
than that of crystals that can be produced by the H-M
mechanism. This finding indicates that the Wegener–
Bergeron–Findeisen (WBF) process, by which ice in
mixed-phase clouds grows at the expense of evaporating
droplets, turns out to be inefficient. This conclusion agrees
well with those reached from theoretical considerations of
Korolev (2007) and numerical simulations of mixed-phase
cumulus clouds (e.g., KPPB). Note that the theoretical
background of glaciogenic cloud seeding with silver iodide
(AgI-aimed rain enhancement) is based on the WBF
mechanism. It means that the concept of glaciogenic
seeding, at least in relation to convective clouds, should
possibly be reconsidered.

Unique in situ measurements during CAIPEEX indicated dramatic differences in microphysics (and seemingly in accumulated surface precipitation) between
premonsoon and monsoon clouds considered in this
study. The difference in CCN concentrations seems to
be the main factor, determining the difference in cloud
microphysics. Using a cloud parcel model, Reutter et al.
(2009) showed that the concentration of droplets depends on the ratio between vertical velocity (determining supersaturation) and the CCN concentration,
which is able to activate at supersaturations forming in
clouds at particular vertical velocities. In their simulations, Reutter et al. (2009) calculated droplet concentrations for a wide range of updraft velocities from 0.25
to 20 m s21. In the CAIPEEX clouds under consideration here, the differences in the vertical velocities in the
cases considered were not as crucial as in the simulations
by Reutter et al. (2009). Under this situation, the difference in concentration of CCN that can be activated at
supersaturations below 0.3% is, as we believe, the major
factor responsible for difference in the heights of first
raindrop formation. The crucial effect of CCN concentration on the height of raindrop formation is stressed in
many observational (e.g., Rosenfeld and Lensky 1998;
Rosenfeld et al. 2008; Freud et al. 2008; Andreae et al.
2004) and numerical studies [see review by Khain (2009)].
Therefore, any numerical model aimed at prediction of
precipitation during the monsoon period should take
aerosol effects into account. The implications for observations is also highlighted that small aerosols (CCN)
are often not measured by standard CCN probes, which
indicates the necessity of increasing the range of supersaturation to determine the proper CCN size spectrum.

5. Summary of main findings
Seminal observations of continental clouds up to 7 km
above ground are performed during CAIPEEX. In
situ measurements of dynamics and microphysics of
premonsoon and monsoon clouds indicate dramatic differences. The analysis reveals several new findings as follows:
d

d

d

DSDs broaden faster in continental monsoon clouds
developing in relatively clean air as compared to
premonsoon clouds developing in highly polluted air.
Cloud droplets grow faster in monsoon clouds and
reach a size that can trigger efficient collisions earlier
and at lower levels than in premonsoon clouds. This
leads to different heights of onset of raindrop formation above the cloud base: about 4.5 km in premonsoon clouds and about 2.7 km in monsoon clouds.
Intense raindrop formation in monsoon clouds begins
when effective radius reaches about 14 mm, which is in
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agreement with other studies (e.g., Freud et al. 2008;
Pinsky and Khain 2002). In the case of very polluted
premonsoon clouds, the effective radius remains below
14 mm, similar to results reported by Freud et al. (2008)
for extremely polluted clouds measured in situ in the
LBA-SMOCC campaign in the Amazon region. Thus,
for very polluted cases the critical size of effective
radius can be considered to be about 10–12 mm.
Detailed analysis of DSD evolution with height, as
well as of the variability of DSDs and other microphysical parameters along flight trajectories at the same
altitude, was performed. The following main features of
DSDs were found:
d

d

d

d

d

d

In spite of significant variations of CWC along horizontal flight trajectories, variations of effective radius
at these levels are comparatively small. This result
agrees with that reported by Freud et al. (2008) and
requires further investigation.
Droplet spectrum dispersion in premonsoon cloud is
about 0.3, and ranges from 0.3 to 0.6 in monsoon
clouds. No tendency of the dispersion to decrease with
height up to height levels of 7 km was found, which is
similar to studies of much weaker cumulus clouds by
Politovich (1993). These values of dispersion are much
higher than those expected in adiabatic cloud updraft
due to droplet growth through diffusion.
Small droplets with diameters below about 10–20 mm
exist nearly at each level, including the levels located
at the distances of several kilometers above cloud
base. These small droplets were found within clouds at
significant distances from cloud edges in zones of high
supersaturations in cloud updrafts. Small droplets
were found also in downdrafts in undersaturated
regions but were more frequently observed for monsoon cloud.
The concentration of these small droplets at some
height levels a few kilometers above cloud base can
experience dramatic jumps. In the monsoon cloud, the
rapid increase in the concentration of small droplets
was found just above the level of intense raindrop
formation. Within the layer of appearance of small
droplets, the concentration of large droplets decreased,
indicating unloading due to raindrop settling.
High correlation was found between concentration of
smallest droplets at high levels (e.g., at 6 km) and
aerosol concentration below cloud base.
Many individual (1 Hz) DSDs are bimodal or multimodal (especially in monsoon clouds), which is attributed to the presence of small droplets. The horizontal
averaging can mask the multimodality of individual
spectra because of different locations of secondary
modes in the individual DSDs.
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In general, the results clearly indicate a dramatic effect of aerosols on cloud microphysics and precipitation
formation in agreement with earlier studies (e.g., Andreae
et al. 2004; Freud et al. 2008; Levin and Cotton 2009;
Khain 2009) and show essentially that in-cloud nucleation and evaporation and resulting bimodal DSDs are
fundamental processes to be accounted for in numerical
models, including large-scale and climate models to predict monsoon rainfall.
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