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While the demand for enhancing rainfall through
cloud seeding is strong and persistent in the country,
considerable uncertainty exists on the success of such
an endeavour at a given location. To understand the
pathways of aerosol-cloud interaction through which
this might be achieved, a national experiment named
Cloud Aerosol Interaction and Precipitation Enhance-
ment EXperiment (CAIPEEX) in two phases, was car-
ried out. The rationale of CAIPEEX, the strategy for
conducting the experiment, data quality and potential
for path-breaking science are described in this article.
Pending completion of quality control and calibration
of the CAIPEEX phase-11 data, here we present some
initial results of CAIPEEX phase-l1 aimed at docu-
menting the prevailing microphysical characteristics
of aerosols and clouds and associated environmental
conditions over different regions of the country and
under different monsoon conditions with the help of

an instrumented research aircraft. First-time simulta-
neous observations of aerosol, cloud condensation
nuclei (CCN) and cloud droplet number concentration
(CDNC) over the Ganges Valley during monsoon sea-
son show very high concentrations (>1000 cm™) of
CCN at elevated layers. Observations of elevated lay-
ers with high aerosol concentration over the Gangetic
valley extending up to 6 km and relatively less aerosol
concentration in the boundary layer are also docu-
mented. We also present evidence of strong cloud-
aerosol interaction in the moist environments with an
increase in the cloud droplet effective radius. Our ob-
servations also show that pollution increases CDNC
and the warm rain depth, and delays its initiation. The
critical effective radius for warm rain initiation is
found to be between 10 and 12 um in the polluted
clouds and it is between 12 and 14 um in cleaner mon-
soon clouds.

Keywords: Aircraft observation, CAIPEEX, cloud
seeding, cloud-aerosol interaction, cloud condensation
nuclei.

INDIAN agriculture being largely (two-thirds of the
cropped area) rainfed, any drought-like condition leads to
major loss of agricultural productivity and seriously
affects livelihood of a large population®. While major
droughts affect the whole country, even during a ‘normal’
monsoon year there are regions within the country that
may experience drought-like conditions®. Therefore, there
is considerable demand on increasing rainfall in these
regions by whatever possible means. Cloud seeding by
appropriate aerosols has been considered by many as the
panacea for the problem®. Unfortunately, jury has been
divided on the effectiveness of seeding on enhancing
rainfall*®. Early observations from aircraft records and
meteorological observations over India indicated predomi-

*For correspondence. (e-mail: jrksup@tropmet.res.in)
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nance of warm clouds® and warm-cloud seeding received
much attention’. The Indian Institute of Tropical Meteo-
rology (I1'TM) carried out cloud seeding experiment over
Baramati region, Maharashtra, during the period 1973-
74, 1976 and 1979-1986 using salt as the hygroscopic
seeding material®™*. The results indicated an approximate
increase of 24% in the rainfall'!. However, this increase
was with a caveat that it occurred when area seeding
rather than isolated cloud seeding was conducted. The
earlier experiment identified the conditions necessary for
cloud seeding, but the experiment ended before the tech-
nique was verified on independent samples. Since then,
new techniques for cloud seeding, such as flares have
been introduced. Hence it became necessary to revisit the
problem of cloud seeding scientifically, with emphasis on
the role of aerosol—cloud interactions on it.

With advances in seeding technology as well as the re-
cent accessibility with the state-of-the-art instrumentation
for cloud microphysical measurements, several interna-
tional experiments have been carried out in the recent
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years. These experiments examined possible enhance-
ment of precipitation through cloud seeding®. There was
however, considerable uncertainty over the outcome of
these experiments leading to either increase, decrease or
no change in precipitation. Therefore, it is not scientifi-
cally sound to carry out operational cloud seeding at a
particular location without establishing the feasibility of
precipitation enhancement at that location.

Rather disparate results of different experiments and
the resultant uncertainty in the effectiveness of cloud
seeding are linked to the basic principle on which these
experiments are based. At the heart of the issue are the
cloud condensation nuclei (CCN), which are aerosol parti-
cles on which water vapour condenses and initial cloud
droplets form and grow through the collision—coalescence
process to bigger droplets and eventual precipitation®.
The collision—coalescence becomes more efficient with
larger effective radius of the cloud droplets. Addition of
giant CCN (GCCN having 5-10 um radius; for example,
sea salt) to a cloud with numerous small droplets can
accelerate the rain-formation process****. Thus, most cloud
seeding efforts aim at putting certain amount of specific
types of aerosol with the potential for conversion to large
CCN in favourable regions of the cloud for accelerated
growth. The size distribution of the CCN is, therefore,
crucial for effectiveness of the rain formation. For exam-
ple, if the CCN distribution is skewed towards small size
(<1 um), it would produce numerous small droplets,
which may significantly reduce the effectiveness of the
collision—coalescence process and delay the warm rain
formation™>?. Therefore, effectiveness of seeding in
modifying the cloud and enhancing precipitation depends
crucially on the background CCN distribution (type and
concentration of aerosols). If the background CCN distri-
bution is such that enough concentration of larger size is
available, any addition of such CCN is unlikely to en-
hance precipitation®.

In order to understand interaction between the aerosols
and the clouds, it is essential to make simultaneous ob-
servations of aerosols, CCN and cloud droplet number
concentration (CDNC) as a function of depth of the
cloud. Also, in order to select a site for the cloud seeding
experiments, it is necessary to have a clear idea of the
background CCN distribution, and macrophysical and
microphysical characteristics of clouds over climatically
divergent regions of the country. Unfortunately, such ob-
servations did not exist, especially during the monsoon
season. Several important experiments have been carried
out in the recent years over the Indian region such as the
Indian Ocean Experiment (INDOEX)?™*, Indian Space
Research Organisation (ISRO)-conducted Aerosol Radia-
tive Forcing over India (ARFI) and Integrated Campaign
for Aerosols, gases and Radiation Budget (ICARB)??,
These experiments primarily aim at documenting vari-
ability and direct radiative effects of aerosols. These and
a few other experiments were conducted mainly during
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pre-monsoon or winter seasons. Cloud Aerosol Interaction
and Precipitation Enhancement EXperiment (CAIPEEX)
aims at filling some gaps in our knowledge on cloud-
aerosol interaction and cloud microphysics in different
regions of India, and response of cloud microphysics to
the seeding for rain enhancement. In order to estimate the
potential for local precipitation enhancement through
cloud seeding, a good knowledge of climatology of aero-
sols and CCN together with the prevailing cloud charac-
teristics, and dynamic and thermodynamic properties of
the atmosphere are essential. As the aerosol loading and
their characteristics are changing (increasing) rapidly due
to anthropogenic activity, such data collected a few decades
ago (such as the 1ITM experiments during the seventies
and early eighties) are not useful for making an estimate
of the current potential for cloud seeding. Also, since
simultaneous observations of aerosols, CCN and cloud
microphysical parameters during recent years over India
are not currently available, there is a great need for an
experiment to make these measurements over India. This
is the genesis of the CAIPEEX. Detailed science plan and
associated details of CAIPEEX are provided online at
http://www.tropmet.res.in/~caipeex/

Objectives and outline of CAIPEEX

With the above background, the CAIPEEX is planned to
achieve the following two major objectives:

(i) To make necessary simultaneous measurements of
microphysics of aerosols, CCN, cloud parameters
(number concentration, liquid water, particle size, etc.)
and large-scale meteorological conditions to docu-
ment and understand the pathways through which
aerosols interact with clouds and influence precipita-
tion over the continental Indian monsoon region.

(i) To quantify the efficacy of seeding in precipitation
enhancement over a suitable location in India. A
related objective is also to test the efficiency of dif-
ferent seeding materials in this process. (Also to for-
mulate guidelines for cloud seeding based on direct
observations.)

To achieve these objectives, the experiment was planned
to be carried out in two phases. Due to diverse climatic
conditions across the country and large seasonal cycle,
phase-l1 of CAIPEEX was conducted during May—
September 2009 from six base locations, namely Pune,
Pathankot, Hyderabad, Bareily, Bengaluru and Guwahati,
representing different environmental conditions ranging
from semi-arid Pathankot, Pune and Hyderabad, to moist
monsoon conditions over Bengaluru, Bareily and Guwa-
hati, aimed at collecting simultaneous microphysical prop-
erties of aerosols, CCN and clouds. One instrumented
aircraft was used for the purpose. For collecting back-
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ground thermodynamic data, radiosonde ascents were
also conducted in conjunction with aircraft-measured
parameters.

Phase-Il of CAIPEEX was planned to focus on the sec-
ond objective, namely to quantify the efficacy of seeding
in precipitation enhancement and to understand the
mechanism of aerosol-cloud dynamics interaction res-
ponsible for the process. For this purpose together with
the seeding experiments, growth and decay of the clouds
and their microphysical characteristics need to be meas-
ured. Based on preliminary results from phase-1, Hydera-
bad was considered as the base station for phase-II
experiment. Hyderabad is located in the rainshadow
region during the southwest monsoon on the eastern side
of the Western Ghats mountains, and the region around it
is vulnerable to drought conditions. In order to be able to
delineate the contribution of seeding from naturally
occurring precipitation, sample size needs to be suffi-
ciently large. As a result, the phase-11 experiment was
between the monsoon and post-monsoon seasons of 2010
and 2011. A double-blind randomized procedure in the
seeding experiments was followed to have statistical con-
fidence in the results.

The first year operations of phase-11 were carried out
during September and October 2010. Two instrumented
aircraft, one for solely seeding (called seeder aircraft) and
the other for both seeding and cloud microphysics meas-
urements (called cloud physics aircraft) were used. For
monitoring the clouds, a C-band radar was installed at
Solapur, about 267 km away from Hyderabad. During the
phase-11 second year, this radar was located in Mahabub-
nagar, approximately 100 km away from the Hyderabad
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Figure 1. 10OP bases from which flights were coordinated, and some
typical flight paths during CAIPEEX phase-I. (Inset) CAIPEEX phase-
11 flights.
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base. In addition, a S-band radar of India Meteorological
Department (IMD) located at Hyderabad was also used.
The main objectives of CAIPEEX phase-1l first year
were: (i) to carry out a pilot phase of main cloud seeding
experiment and (ii) continuation of the study of cloud
microphysics and cloud—aerosol interaction over land and
oceanic regions undertaken in phase-I.

The first objective was attempted in two ways: (i)
using research and seeder aircraft and (ii) using seeder,
research aircraft and a radar. The first method involves
measurements of the cloud microphysical parameters by
the research aircraft before and after seeding to test the
physical hypothesis of the seeding. The second method
rests on examining the evolution of the cloud structure
after seeding by radar observations, in addition to research
aircraft measurements. Efforts were directed to: (i) test
these two options, (ii) establish coordination among all
three components and (iii) test technical feasibility of
highly intense avionics-centred activity. About 200 h of
flying was completed by both aircraft. The research air-
craft was flown for 120 h and the seeder aircraft for 80 h.
Figure 1 (inset) shows the flight tracks of the aircraft dur-
ing phase-II first year.

The second year operations of CAIPEEX phase-Il were
conducted from September to November 2011. An
instrumented research and a seeder aircraft carried out the
research as well as seeding experiments. Both the aircraft
were flying together for 250 h. A fully randomized cloud
seeding experiment was conducted using both hygro-
scopic flares and salt powder as seeding agents. C-band
Doppler radar and S-band Doppler radar of IMD were
used during the campaign. The randomized cloud seeding
requires that the studied cloud is in the field-of-view of
the radar. A CAIPEEX convective forecast algorithm
developed at IITM and mesoscale forecasts from the
National Centre for Medium Range Weather Forecasting
(NCMRWEF), both at 3 km resolution have been routinely
used for randomized cloud seeding decisions. Research
flights to study aerosol distribution and cloud microphys-
ics over peninsular India, coastal convection and sam-
pling of convective clouds at the periphery of deep
convection were also carried out. Apart from the airborne
operations, a full-fledged Integrated Ground Observa-
tional Campaign (IGOC) at the central location,
Mahabubnagar, of aircraft operations was also carried
out. Surface-based instruments to measure boundary-
layer parameters, aerosols, CCN, trace gases, state para-
meters and atmospheric thermodynamics were deployed
at the IGOC site. TIFR Balloon facility, Space Physics
Laboratory (SPL) and University of Pune (UoP) partici-
pated in the IGOC.

As the data collected during these campaigns involving
aircraft instruments require careful quality control, the
phase-1l data are not yet ready for scientific analysis.
Therefore, we will not present results from the CAIPEEX
phase-11 in this article. We describe CAIPEEX phase-1 in
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some detail here and present a glimpse of the results that
can be derived from it.

Details of CAIPEEX phase-I
Bases and dates of observations

Phase-I was conducted during the period 14 May-30 Sep-
tember 2009. The aerosol (and hence CCN) distributions
vary significantly from pre-monsoon to monsoon and
post-monsoon season, and there is considerable variabil-
ity of dynamic and thermodynamic conditions across the
country during this period. Considering the logistic fac-
tors, six base stations were selected. Figure 1 shows the
bases from where the flights were operated and respective
flight tracks during phase-I. Table 1 shows the dates and
flying hours from these bases. The inset in Figure 1 cor-
responds to the flight tracks for both research and seeded
missions during CAIPEEX phase-1I first year. A total of
219 h of flying was done during the period. The aircraft
and the instruments used are described below.

Aircraft

A Piper Cheyenne model PA-31 T instrumented aircraft
was utilized in the programme. The aircraft was certified
for flying into known icing conditions and had a pressur-
ized cabin. It had capacity to carry a scientific crew of
four persons, and climb up to a maximum altitude of
8.5 km, with a range of 1200 nautical miles, and endur-
ance of 5 h with scientific payload. The minimum rate of
climb was 60.96 m/min.

List of instruments

The aircraft was fitted with several instruments for meas-
uring atmospheric state parameters (air temperature,

Table 1. Location of the bases, observation period and flying hours
for CAIPEEX phase-I. In addition to these flight records, there were
transition flights connecting different Intensive Observation Period

locations
10P location Observation period Flying hours
Pune 17-21 May 4.25
Pathankot 23-29 May 16.45
Bengaluru 1-8 June 7.55
Hyderabad 11-23 June 12.15
Bengaluru 26 June-13 July 9.55
Bareilly 15-24 July 17.15
Hyderabad 14-18 August 9.10
Bareilly 19-26 August 10.50
Guwabhati 29 August-15 September 13.15
Pune 16-25 September 20.25
Hyderabad 27-29 September 12.30
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pressure, humidity, etc.) and Global Positioning System
position. The list of instruments, their range, accuracy,
resolution and frequency and measured parameters are
given in Tables 2-4. In addition, measurements of ice nu-
clei, black carbon and trace gases were also carried out.
The filters for collecting the ice nuclei were provided by
the Department of Atmospheric and Space Sciences
(DASS), University of Pune. The measurements were
taken for 3 min, mostly in the cloud base. Few filters
were also taken at higher altitude, whenever it was con-
sidered to be necessary. The samples are analysed in the
cloud chamber available at DASS. The black carbon
measurements were done using an aethalometer from
IITM. The trace gas instruments did not work satisfacto-
rily during the first-year campaign. Simultaneous with the
aircraft flights, the radiosonde flights were operated from
the respective bases.

The Aircraft Integrated Meteorological Measurement
System (AIMMS) measures the weather parameters,
namely barometric pressure, temperature, humidity and
three components of wind. It also measures the aircraft
position and other parameters like pitch and roll. For the
winds, the Kalman Filter Digital Signal Processing tech-
nique is used. AIMMS consists of four components; an
Air Data Probe (ADP), a carrier-phase geostationary
positioning satellite (GPS) measurement module, an iner-
tial measurement unit (IMU) and the Central Processing
Module (CPM). The ADP is mounted below the lower
wing surface, whereas the other three modules are located
in the cockpit. The system gives position and velocity
information from the GPS with six axis inertial rates from
three rate gyros and accelerometers of IMU, and aerody-
namically corrected 3D aircraft-relative flow vector data
from ADP. The CPM combines data from ADP and GPS
to determine winds to the accuracy of 0.5 ms™. It requires
power supply of 28 VDC, 100 mA for the system and 28
VDC, 8 A for the anti-ice system.

Selection of clouds and profiling strategy

Based on the analysis of synoptic situation and prediction
of thermodynamic conditions, a working area was chosen
with high potential for the development of cumulus (Cu)
clouds. It would be preferable to look for an isolated Cu
cloud in its growing stage at the up-shear part of a cloud
cluster with deep convective elements (so that we will
have a succession of growing towers until we reach the
maximum cloud top). But a field of clouds at different
heights is also a good choice. In some situations, deep
convective clouds were also profiled from top to bottom.
This provided one of the rare and first time continental
datasets of cloud microphysics with cloud profiling up to
a height of 7-7.5 km above the surface.

To understand the aerosol effects on the clouds, it
is important to make vertical profiles of the cloud
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Table 2. Details of aircraft instruments: State parameters and avionics

Variable

Make/instrument

Air temperature

Air temperature
(reverse flow)

Relative humidity

(reverse flow)

Barometric pressure

Wind (all the three

components)

Position (lat./long.)

Altitude

Geometric altitude

Aircraft attitude

(roll, pitch and yaw; °)
Angle of attack and

side-slip (°)
True air speed

Rosemount
102DB1CB
0.038” Dia
Bead Thermistor

Thermoset polymer

RH Sensor
MEMS Pressure
Sensor

Extended Kalman

Filter (EKF)
WAAS DGPS
WAAS DGPS
King KRA 405
Radar Altimeter
MEMS
IMU/GPS/EKF
MEMS Pressure
Sensor

MEMS Pressure

Sensor
Logging, telemetry ESD DTS (GPS)
and event markers

Black carbon aerosols Aethalometer (AE-42)

Range Accuracy Resolution Frequency
-50°C to +50°C 0.1°C 0.01°C 1Hz
-30°C to +50°C 0.05°/0.3°C 0.01°C <1lsTC
0% to 100% RH 2% RH 0.1% RH 5sTC

@ 20°C
0to 110,000 Pa 100 Pa 10 Pa 20 Hz
0.50 m/s 0.01 m/s 5Hz
@ 75 m/s TAS
2m <1lm 5Hz
—-300 to 18,000 m 5m <lm 5Hz
0 to 2000 ft 3% <500 ft 0.48 ft (0.15m)
5% >500 ft
—-60° to +60° 0.1° 0.01° 5 Hz
-15°to +15° 0.03° 0.001° 20 Hz
@ 150 m/s @ 150 m/s
0 to 150 m/s 0.1 m/s 0.01 m/s 20 Hz
1Hz
5 ng/m® 1 min

Table 3. Aerosol and cloud microphysics instruments from Droplet Measurement Technologies Inc. (DMT) such as cloud droplet probe (CDP),
cloud imaging probe (CIP), passive cavity aerosol spectrometer probe (PCASP), cloud condensation nuclei (CCN) counter, their range, resolution
and sampling frequency, and variables measured by each instrument

Variable Make/instrument Range Resolution Frequency
Cloud droplet spectra DMT CDP 2to 50 um 1to 2 um, 30 bins 1Hz
Cloud particle spectra DMT CIP 25 to 1550 um 25 pum, 62 bins 1Hz
Cloud particle image DMT CIP 25 to 1550 um 25 um

Liquid water content DMT LWC-100 0to 3 g/m? 0.01 g/m® 1 Hz
Liquid water content CDP calculated >3 g/m® 1Hz
Isokinetic aerosol inlet Brechtel double-diffuser inlet 28 Ipm 100 m/s
Aerosol spectrometer DMT PCASP SPP-200 0.1to 3 um 0.02 um, 30 bins 1Hz
CCN DMT CCN counter 0.5t0 10 um 0.5 um, 20 bins 1Hz

0.1t01.2% SS

Table 4. Trace gases

Measurement Range

0O; 1 ppb-100 ppm
SO, 0.3-200 ppb

co <5 ppb

CO;

NO/NO,/NOy NO~10ppt@ 10s

NO, ~ 50 ppt @10 s
NOy ~ 100 ppt @10 s

microphysical properties (CDNC, liquid water and effec-
tive radius) from the cloud base to the height where all
the cloud water is exhausted. This is the most straight-
forward way to document the evolution of the clouds and
the precipitation formation processes in them. This way

CURRENT SCIENCE, VOL. 102, NO. 3, 10 FEBRUARY 2012

we can follow the cloud top as it develops, and are less
prone to precipitation falling from above from an
unknown altitude. Every cloud penetration is at least for
5s or longer and preferably on a level flight, so that
regions near the convective cores of the clouds could also
be sampled.

Data and quality control

The scientific instruments utilized in the programme were
factory calibrated at Droplet Measurement Technologies
Inc. (DMT). For liquid water content (LWC), the cloud
droplet measurements by hot-wire liquid water probe
(HW-LWC) are considered to be more reliable. Baseline
corrections for HW-LWC were done by taking into con-
sideration the reading of the previous 100s. The LWC
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Figure 2. Comparison of LWC measured from Johnson Williams hot-wire probe (HW_LWC) and derived from

cloud droplet probe (CDP_LWC) over six I0P bases.

measured by Cloud Droplet Probe (CDP) was compared
with HW-LWC from time to time for assessment on the
performance of CDP. A few days of comparison between
CDP LWC and HW-LWC is provided in Figure 2. A cor-
relation of 0.85 or greater is noted in the cases presented.
The cloud droplet probe was size calibrated from time to
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time in the field from known size of beads. The Cloud
Imaging Probe (CIP) data were post-processed (with the
codes provided by the manufacturer) to reduce the arte-
facts due to shattering effect of large hydrometeors by
taking into account of the inter-arrival time (=107 s)
of individual droplets®®. The Passive Cavity Aerosol

CURRENT SCIENCE, VOL. 102, NO. 3, 10 FEBRUARY 2012
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Spectrometer Probe (PCASP), the CCN counter and the
CIP probe were factory-calibrated. These instruments
performed satisfactorily during the experiment period.
For accurate CCN concentrations, pressure correction
was applied by a fraction of ambient pressure to the CCN
counter pressure of ~500 hPa. The actual supersaturation
(SS) drops by about 0.07% SS per 100 hPa decrease in
the CCN counter; effective SS was calculated for the
entire flight. The meteorological parameters such as tem-
perature, relative humidity, pressure and wind direction
were compared with in situ radiosonde observations.

Results from CAIPEEX phase-I

Simultaneous observations of particle size distributions
of aerosols, CCN and cloud droplets (cloud microphysics
parameters, aerosols and CCN) over different parts of the
country from May to September 2009 represent an un-
precedented dataset for studying various aspects of aero-
sol-cloud interactions over the region. The observations
during phase-1 were made from pre-monsoon to active
monsoon conditions and also in the break periods during
monsoon. An overview of the number concentration of
aerosols (N,), CDNC and CCN concentration. (Nccn;
CCN concentrations were typically measured with a SS
of 0.2%, 0.4% and 0.6%. CCN with a constant SS of 0.4
was used in the analysis presented in this study.) All data
of CCN and aerosol number concentration were cloud-
screened with a condition of CDNC < 20 cm™. The area
averaged rainfall (Tropical Rainfall Measuring Mission
(TRMM)) for each 1° x 1° box over the base locations
(listed in Table 1) where we have simultaneous observa-
tions of aerosol, CCN and CDNC (N, Nccy and CDNC)
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Figure 3. Tropical Rainfall Measuring Mission (TRMM) rainfall
(1° x 1° area around CAIPEEX IOP locations (Table 1) as marked in
the map). Cloud-averaged droplet number concentration; aerosol num-
ber concentration and CCN number concentration from CAIPEEX air-
craft observations are presented.
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is presented in Figure 3. It is interesting to note that N,
and Nccny did not decrease drastically after the rain
events. This indicated that aerosols did not get removed
by scavenging and there is a constant source of aero-
sols/CCN throughout the monsoon season. CCN concen-
trations are higher than aerosol concentrations at most
locations due to the fact that measurement of aerosol
concentration by PCASP is limited to only accumulation-
mode particles. Average CDNC is in the 200-500 cm™
range. To study the high aerosol concentrations and their
persistence over the whole CAIPEEX campaign, vertical
profiles of cloud-screened aerosol number concentration
and CCN number concentration are analysed in the next
section along with the air-mass trajectories.

Aerosol and CCN profiling during CAIPEEX
phase-I

Aerosol and CCN (concentration) vertical profiles at dif-
ferent locations are shown in Figure 4a and b. Aerosol
and CCN concentrations along the flight tracks indicated
large spatial variability (shown by the error bars). It is of
interest to note the strong elevated pollution layer around
1-4 km at Pathankot on 24 May. Highest concentration is
observed at elevated layers between 1 and 4 km, and not
at the surface. Corresponding CCN observations show a
maximum in the boundary layer with a dip at 1.5 km and
near-constant values until 5 km. These observations were
taken during the prevailing pre-monsoon, dry, super-
continental conditions. The orographic effects in this
region (Kashmir Valley) are found to have a crucial role
in the elevated aerosol layer that is directly linked to the
local circulation patterns adhering to the slopes, which
brings valley pollution to elevated layers (more detailed
study in this regard is under review; J. Geophys. Res.). At
elevations above 1km, long-range transport from the
Middle Eastern region with mid-level trajectories showed
a subsidence in the Kashmir Valley, as reported by
Krishnamurti et al.?®,

On 11 June 5-km deep aerosol layer was noticed over
Hyderabad with CCN concentration >1000 cm™ in this
thick layer with mid-level flow and with continental air-
mass characteristics. On 13 July at Bengaluru, there were
very less aerosol and CCN concentrations with active
southwesterly monsoon condition. The occasional increase
in the aerosol/CCN concentration at specific levels is
attributed to the samples from regions adjacent to the
clouds. During active monsoon, the boundary layer aero-
sol concentrations are higher (>2000 cm™) over Bareily
(24 August), than those over the peninsular region. These
high concentrations are noted throughout the lower 4 km
layer, with maximum difference in the boundary layer.
The boundary layer trajectory shows continental influ-
ence pertaining to the lower boundary layer and also to
large-scale subsidence. The CCN vertical profile showed
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Figure 4. Vertical distribution of aerosol concentrations from (a) aerosol and (b) CCN concentration at different locations. Each point
corresponds to aerosol measurements averaged for every 200 m level and the error bar corresponds to variation within 200 m. All data are
cloud-screened. (c), The Hysplit backward (5 days) trajectories for the five cases at the respective IOP locations.

good resemblance to the aerosol vertical profiles, indicat-
ing the dominance of fine-mode aerosols. Under weak
monsoon conditions over Pune region (16 September),
there were converging low-level westerlies and north-
westerlies in the mid-layer. The low-level NNW light
winds prevailing over this region transported pollution
from the continental region and the build-up of pollution
in the boundary layer.

These results indicate that though there is significant
reduction in the aerosol concentration during the active
monsoon conditions, replenishment of aerosols in the mid-
layer maintains a fairly high ambient concentration of
aerosols and CCNs. The minimum average aerosol con-
centration in the 1-4 km layer is approximately 500 cm™
and that for CCN is 1000 cm™. High CCN concentration
also indicates the presence of fine-mode aerosols. One
interesting observation is that there is high (> 1000 cm™)
and uniform concentration of aerosols in a deep layer
during the break monsoon conditions, where there is mid-
level intrusion of dry air. The existence of Elevated Pol-
lution Layer (EPL) during the different experimental
campaigns has been discussed by many researchers®” .
In contrast to these studies, during CAIPEEX, we noticed
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very deep layers with high concentration of aerosols and
CCN, sometimes greater than that in the boundary layer
or with high concentrations up to 4-5 km. It was noted
that aerosol transport to mid-levels was also taking place
through vertical mixing from the boundary layers in the
presence of a weak inversion layer.

Cloud-aerosol interactions in different monsoon
environments

Observations of CDNC and effective radius (resr) using
the CDP probe, boundary layer aerosol concentration (N,)
using the PCASP probe and water vapour mixing ratio (r)
using the AIMMS probe are used to illustrate the cloud—
aerosol interaction in the monsoon environment. Cloud-
averaged effective radius increases with boundary layer
water vapour (Figure 5a); cloud droplets grew in size in
the moist monsoon environments. Each point in Figure 5
corresponds to a CAIPEEX phase-l observation. In the
pre-monsoon dry conditions, the effective radius is well
below 10 pm. As indicated in Figure 5b, CDNC is more
(300-600 cm™) in the presence of numerous aerosols
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Figure 5. Relation between (a) water vapour mixing ratio in the boundary layer and effective radius and (b) bound-
ary layer aerosol number concentration and cloud droplet number concentration.

(concentration exceeding 1000 cm™). Due to the small
droplet size (<10 um), pre-monsoon droplets are not ef-
fective in the collision processes. Growth through diffu-
sion is slow and the droplet spectrum is narrow in these
clouds, similar to the reported polluted/smoky cases with
decrease in precipitation, characterizing narrow droplet
spectra'!’. This leads to increase in the height of the col-
lision level, such that raindrop formation is delayed.

A relationship between CDNC and aerosol concentra-
tion (CDNC = 3.75 Na-160.37 with a correlation coeffi-
cient R = 0.68; Figure 5b) is noted. It has been noticed
that moist monsoon conditions characterize incloud nu-
cleation of interstitial aerosol particles and can contribute
to the increase in the small droplet humber concentra-
tions®!. This effect was more efficient in the deep clouds
during monsoon compared to pre-monsoon conditions.

Black carbon vertical profiling and heating rates

Several studies have reported the presence of BC aerosols
in the upper troposphere and lower stratosphere, espe-
cially those carried out during the TRACE, INDOEX,
ACE-Asia campaigns®**. BC measurements over the
Indian region have been undertaken mainly during the
ISRO-GBP observational campaigns like the Land Cam-
paign (LC Il) conducted in 2004 and the ICARB cam-
paign conducted in 2006 (refs 24, 36-40). Table 5 shows
a comparison of results reported by these studies with the
present study. Recently, more observations have been
made with the help of balloon facility*®. However, simul-
taneous observations of aerosol, BC and CCN vertical
profiles and cloud microphysical parameters under differ-
ent environments were lacking until the observations dur-
ing CAIPEEX*,

The BC concentrations measured during the aircraft
manoeuvring were averaged for every 500 m height to
obtain the mean value representing that altitude. All the
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data points were corrected for temperature and pressure
variations. Aircraft measurements of BC mass loadings
indicated a decrease with height; however, several inter-
mediate layers containing anomalously high BC loadings
were frequently encountered. Figure 6 depicts the vertical
profile of BC mass concentration over Bengaluru on
3 June 2009, and over Hyderabad on 11 June 2009. The
trajectories on 3 June showed maritime origin in the
boundary layer and upper layers. The trajectories showed
low-level convergence from the west and mid-level dry-
air intrusion from the north and northeast. On 11 June,
the low-level westerly convergence was still prevalent.
Over Hyderabad, the mean BC mass concentration at the
surface was 1665 ng m~, which decreased to 221 ng m™
at 6 km. Similarly, over Bengaluru, the mean BC concen-
tration at the surface was 1295 ng m™, which decreased
to 70ngm= at 6 km. The higher BC concentrations
observed in the elevated layers at both the locations can
be attributed to convective transport from surface
sources. In addition, based on the air-mass trajectories,
long-range transport of BC from continental sources is
important. Air-mass trajectories showed strong mid-level
continental influence for the 11 June case.

The derived BC number density at the surface was used
in the optical properties of aerosols and clouds (OPAC)
model*” to derive BC aerosol optical depth, which was
incorporated in the Santa Barbara Discrete ordinate
Radiative Transfer model (SBDART)® to derive short-
wave fluxes (0.3-3 um) at the surface. Also, aircraft-
measured vertical profiles of BC, temperature and relative
humidity up to 7 km were used. In addition, MODIS-
derived columnar water vapour and Ozone Monitoring
Instrument (OMI)-derived column ozone values were
used. The fluxes were derived for no BC aerosol condi-
tion also, and the difference in fluxes with and without
BC aerosol condition was calculated for deriving radia-
tive forcing. The rate of change of temperature (dT/dt) in
a layer due to radiative heating/cooling is presented in
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Table 5. Review of black carbon (BC) measurements in India
Location Period BC at the surface (ug) BC at Maximum altitude (ng)  Reference
Hyderabad (ISRO/LC 1) 19-20 February 2004 3.50 0.80 at 2.2 km 36
Kanpur (ISRO/LC II) 4 and 12 January 2004 7.29 1.00 at 1.8 km 37
Kanpur 18 and 19 June 2005 ~7.50 (FN and AN) ~2.5(FN) at 1.8 km 38
~7.50 (AN) at 1.2 km
Bhubaneswar off Bay of Bengal 28 March 2006 1.50 1.50 at 3 km 39
(ISRO/ICARB)
Chennai (ISRO/ICARB) 1-8 April 2006 ~1.80 ~1.80 at 3 km 40
Hyderabad (ISRO) March 2010 ~3 ~2.5at~8.5km 40
Hyderabad (CAIPEEX) 11-21 June 2009 1.668 0.366 at 6.8 km Present study
Bengaluru (CAIPEEX) 27 and 28 June 2009, 4.849 0.214 at 7 km Present study
1-3 July 2009
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Figure 6. Mean vertical profile of BC mass concentration along with (a correlation coefficient R=0.57) and without (a correlation

heating rates on 3 June over Bengaluru (a) and on 11 June over
Hyderabad (b).

Figure 6. BC-induced atmospheric heating rates were
found to follow the same pattern as those of the vertical
BC profiles for that period. The heating rate is higher
than 0.2 K day™ and varies to maximum of 0.4 K day™
for elevated layers with high BC mass. For 3 June, the
maritime influence dominates in the upper layers. Heat-
ing rate is considerably low compared to 11 June. The in-
stantaneous BC aerosol-induced radiative forcing over
Hyderabad for 11 June 2009 was —19.5 and 9.5 Wm™
over the surface and top of the atmosphere (TOA) respec-
tively.

Warm rain initiation, role of pollution and critical
cloud effective radius

As mentioned earlier, existence of high concentration of
aerosols and hence CCN may lead to distribution of the
available liquid water content onto a large number of
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coefficient R = 0.67) data from Bareilly in the Indian Ganges Valley
(1GV).

small drops. The data during CAIPEEX phase-l1 were
examined to determine the level at which warm rain ini-
tiation takes place as a function of CCN at cloud base.
Figure 7 shows that with increase in CCN concentration,
the temperature difference between the cloud base (Tcp)
and warm rain onset temperature (Tyy,) increases. In other
words, higher the CCN concentration, higher the tempe-
rature difference, i.e. (Tcp — Twr)°C. This means that CCN
concentration is an important parameter for the onset of
warm rain in the convective clouds. Large CCN concen-
tration reduces the collision—coalescence efficiency of
cloud droplets, thus depriving them from forming large
droplets, a primary ingredient for the onset of warm rain.
However, initiation of warm rain may not only depend on
the mean CCN concentration, but also on the distribution
of giant CCN at the cloud base and on the presence of
updraft velocity. The outliers are the points correspond-
ing to the observations in the highly polluted conditions
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a, Frequency distribution of cloud droplet effective radius over Pune, Pathankot and Hyderabad dur-

ing the pre-monsosoon and transition to monsoon conditions. Frequency distribution of re¢ under no rain (b) and

rain (c) for all cloud observations.

over the Indian Ganges Valley (IGV). Such observations
need further detailed study and are outside the scope of
this article. Detailed analysis will be carried out on this
issue and will be reported elsewhere.

Theoretical calculations'? and in situ observations over
other parts of the world**** demonstrated that warm rain
formation is initiated if the effective radius (re) of cloud
droplets exceeds 12 um, such observations are not avail-
able over the continental Asian monsoon environment. As
ress vVaries with height within the cloud, satellite observa-
tions are also inadequate in giving this distribution. An
example from the CAIPEEX phase-l1 observations is
given in Figure 8a for the pre-monsoon transition to
monsoon conditions to illustrate this aspect. Figure 8a
shows frequency distribution of cloud droplet effective

CURRENT SCIENCE, VOL. 102, NO. 3, 10 FEBRUARY 2012

radius during pre-monsoon dry conditions over Pune,
Pathankot and Hyderabad, and monsoon conditions over
Hyderabad. The conditions over Pune on 19 May,
Pathankot on 24 May and Hyderabad on 16 June are rep-
resentative for pre-monsoon conditions. From 18 to 22
June, there was transition to monsoon conditions over
Hyderabad. It may be noted that the effective radius is
less than 10 um for Pune and Pathankot, indicating less
suitability for seeding. It may also be noted that over
Hyderabad, there is a clear transition to higher effective
radius exceeding 10 um. And for monsoon conditions,
the bimodal nature of distribution is evident with a peak
at smaller drop effective radius and at high effective
radius, exceeding the critical effective radius of 14 um
attributed to the incloud nucleation and droplet evapora-
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tion®. It may also be noted that coexistence of small and
large droplets will accelerate collision and coalescence
and precipitation formation.

All the observations collected during CAIPEEX phase-
| from the CDP when categorized with respect to rain for-
mation indicate that warm rain initiation takes place from
cloud droplet size of 10 um and above. Most frequently,
warm rain starts above 12 um. Drizzle forms from 10 um
onwards and the isolated drops are mostly of the re be-
tween 8 and 12 um. At no precipitation condition the
cloud droplets were mostly of res ranging from 3 to
12 pm. The CDP re shows an increasing trend with rain
types (from no rain condition to rain through isolated
drops and drizzle). To interpret the results in another
way, the frequency distribution of r¢; for no rain (Figure
8b) and rain (Figure 8c) conditions indicates that the
threshold for warm rain at the top of the growing convec-
tive cloud is seen beyond 12 um and is more prominent
from 14 pm onwards. However, it should be noted that
most of the cloud penetrations targeted non-precipitating
clouds and there may be a slight observational bias from
the selection of the clouds.

Our results are in general agreement with those of
Rosenfeld et al.** and Freud et al.**. The value of critical
rere for Indian monsoon clouds is 14 um (refs 31, 45).
This information is useful to assess potential of the
clouds for seeding. It is likely that effective radius less
than 8 um may have less amenability to produce rainfall
compared to drop effective radius of 10-12 um. Further
studies on the suitability of clouds for seeding based on
these observations are underway.

Conclusion

The genesis and scientific basis for conducting CAIPEEX
over the Indian monsoon region is described together
with state-of-the-art instruments used for a variety of
measurements. The objective of this article is to provide
the background technical details that would be required
for more specific scientific articles to follow. Objectives
of both phase-l1 and phase-ll operations are described
together with observational strategy for both the phases.
However, due to technical constrains, only a few impor-
tant results from CAIPEEX phase-I are presented in this
article. The following are some important results.

e Simultaneous observations of aerosol, CCN and
CDNC over the Indian region during monsoon season
show very high concentrations (> 1000 cm™) of CCN
at elevated layers.

e Observations of elevated layers with high aerosol
concentration over the Gangetic Valley extending up
to 6 km and relatively less aerosol concentration in
the boundary layer are also documented.

e We also present evidence of strong cloud-aerosol
interaction in the moist environments and an increase
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in the cloud droplet effective radius. CDNC increases
with an increase in the aerosol number concentration.

Our observations also show that pollution increases
the warm rain depth and delays its initiation. The
critical effective radius for warm rain initiation is
found to be between 10 and 12 um in the polluted
clouds, while it is between 12 and 14 um in cleaner
monsoon clouds.
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