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Abstract 

Aircraft measurements of cloud condensation nuclei (CCN) and microphysics of clouds 

at various altitudes were conducted over India during CAIPEEX (Cloud Aerosol Interaction and 

Precipitation Enhancement Experiment) phase I and II in 2009 and 2010 respectively.  As 

expected, greater CCN concentrations gave rise to clouds with smaller drops with greater number 

concentrations (Nc). The cloud drop effective radius (re) increased with distance above cloud 

base (D). Warm rain became detectable at the tops of growing convective clouds when re 

exceeded 12 µm with appreciable liquid water content (> 0.01 g/Kg).  The re is determined by 

the number of activated CCN, Nad, and D. The Nad can be approximated by the maximum 

measured values of Nc. Higher Nc resulted in greater D for reaching the re threshold for onset of 

warm rain, re*, denoted as D*. In extreme cases of highly polluted and moist air that formed the 

monsoon clouds over the Indo-Gangetic plains, D* exceeded 6 km, well  above the 0°C isotherm 

level. The precipitation particles were initiated there as supercooled rain drops at a temperature 

of -8°C. Giant CCN reduced re* and D*, by initiating raindrops at warmer temperatures. This 

effect was found mainly in dusty air masses over the Arabian Sea. Besides, the aerosol effect on 

D*, D* was found to decrease with increase in cloud water path.  
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1. Introduction 

Anthropogenic cloud condensation nuclei (CCN) play a major role in determining cloud 

drop size distribution and precipitation forming processes. Much of the rainfall from convective 

clouds is initiated by drop coalescence. Clouds that form in air masses with higher CCN 

concentrations are composed of smaller droplets that are inefficient to coalesce into rain drops. 

Therefore, large concentrations of CCN (excluding giant CCN) suppress the formation of warm 

rain [Gunn and Phillips, 1957; Twomey, 1977; Albrecht, 1989; Rosenfeld, 2000; Jayaraman, 

2001; Ramanathan et al., 2001; Hudson and Yum, 2001; McFarquhar and Heimsfield, 2001; 

Yum and Hudson, 2002; Rosenfeld et al., 2001; Hudson and Mishra, 2007; Freud et al., 2008; 

Hudson et al., 2009]. Rainfall would be suppressed from clouds that do not grow to sufficient 

depth for warm rain initiation, but this does not necessarily decrease the rainfall amounts from 

much deeper clouds. This is because suppression of warm rain due to higher CCN concentrations 

can invigorate convection by releasing latent heat in the conversion from liquid to ice phase 

cloud particles; this can further increase cloud depth and cloud lifetime, and eventually may 

result in more precipitation [Andreae et al., 2004; Khain et al., 2005; Rosenfeld et al., 2008; Li et 

al., 2011]. Giant CCN (GCCN)  particles of diameter >1 µm condense to form large cloud drops, 

that more easily coalesce with the smaller drops  to become rain drops [Johnson, 1982; Beard 

and Ochs, 1993; Yin et al., 2000; Rosenfeld et al., 2002; Segal et al., 2004]. Thus, the GCCNs  

have the opposite effect to that of the small CCN particles on the onset of warm rain [Hudson et 

al. 2009; Arthur et al., 2010; Reiche and Lasher-Trapp, 2010; Hudson et al., 2011a]. Recent 

study by Gerber and Frick [2012] shows that GCCN significantly enhance rain in cumulus 

clouds only when cloud droplet concentration near its base   Nc is rather large, but GCCN have 

very  little effect on rain in clouds developing in pristine air. The altitude above cloud base (D) at 
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which warm rain initiates in convective clouds is defined here as the depth for warm rain (D*). D 

is the clouds depth i.e. distance from the clouds base. Larger concentrations of CCN increase D*, 

whereas larger concentrations of GCCN decrease D*. Therefore, it is important to quantify the 

interplay between CCN and GCCN on D* and to establish the relationship of aerosol 

microphysical effects on clouds.    

Theoretical studies show that the collision efficiencies of cloud droplets increase when 

the drop radius reaches 10 µm [Pruppacher and Klett, 1997]. Cloud drop effective radius (re) and 

its variation in convective clouds along the vertical dimension, has been shown to possess 

information about precipitation forming processes [Rosenfeld and Lensky, 1998]. re is defined as  
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where N and r are droplet concentration and radii, respectively. Greater D usually results in 

larger re. At sufficiently large D (i.e. D*) re = re*, which is the threshold for precipitation onset 

according to aircraft measurements by Gerber [1996], who found re* to be 14 µm in marine 

stratocumulus. Rosenfeld and Gutman [1994] combined satellite retrieved re and surface radar 

measurements to show re
* of 12 to 14 m. This was subsequently reproduced by the Tropical 

Rainfall Measurement Mission (TRMM) satellite [Rosenfeld, 1999, 2000; Rosenfeld et al., 2001; 

Rosenfeld and Woodley, 2003].  Lensky and Drori [2007] used a value of re
* = 15 m for satellite 

delineation of precipitating clouds. Aircraft observations in the Amazon have shown that the 

cloud drops form warm rain when the modal diameter of the cloud droplet mass spectrum 

exceeds diameter DL = 24 m [Andreae et al., 2004]; DL is the drop diameter of modal liquid 

water content. Recently, Freud and Rosenfeld [2012] and Freud et al. [2011] showed the 
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theoretical basis for the existence of re
*, and for the nearly linear dependence of D* on Nc. They 

showed that the fundamental reason for the relationship between D* and Nad (number of 

activated CCN into cloud drops) is the observation that re increases with D as occurs in adiabatic 

cloud parcels. Therefore, the adiabatic concentration of drops that are nucleated near cloud base 

and the adiabatic cloud water content, determine rv, the median volume radius of the cloud drops. 

Due to the similar shape of the drop size distributions at different heights, there is a very tight 

relationship between rv and re. Therefore, re is determined to a close approximation by Nad and D 

[Freud et al., 2012]. The maximum Nc near cloud base is closely related to Nad. Using aircraft 

measurements of convective clouds from very different climate regimes (including the data used 

in this study from 2009 during Cloud Aerosol Interaction and Precipitation Enhancement 

Experiment (CAIPEEX) phase I (hereafter CP–I) they showed that drizzle starts to form 

gradually in clouds with re>10 m, but it accelerates rapidly to rain i.e., precipitation mass 

exceeding 0.03 g Kg-1 at re ~14 m. Clouds over the Indian subcontinent  are found to form few 

drizzle droplets when re is  approximately 10 m, but more significant drizzle occurs at re >12 

m with precipitation mass then exceeding 0.01 g Kg-1. The rain rate increases sharply at re*=14 

m, at which precipitation mass exceeds 0.03 g kg-1 [Konwar et al., 2010; Freud and Rosenfeld, 

2011]. Here we show the relationships between CCN, D* and re
* over India and its coastal 

waters.  

Nearly 7.5 % of net Indian summer monsoon rainfall (ISMR) is due to heavy rainfall 

while 85% of net ISMR is due to low to medium rainfall. It is important to know how aerosol 

influences the convective precipitation processes albeit that the decadal ISMR trend is primarily 

governed by large scale dynamics and moisture inflow trends rather than aerosol trends [Konwar 
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et al., 2012a]. Since monsoon circulation is convectively coupled [Goswami and Shukla; 1984] 

understanding how aerosol and convective clouds interact is crucial.  Aircraft observations of 

aerosol and clouds were obtained during the CP-I (May to September, 2009) and CAIPEEX 

phase II (CP-II) conducted from September to October, 2010 over the Indian subcontinent. 

Detail of CAIPEEX objectives, flight patterns and execution of the experiment during intense 

observation periods at different locations are discussed in Kulkarni et al. [2012]. The flight 

observations considered here were carried out at various environmental conditions over the 

Indian subcontinent e.g. over the Indo-Gangetic plain (IGP) in the north, Bay of Bengal (BoB) at 

the east coast, Arabian Sea (AS) at the west coast of the Indian peninsula and over some of the 

land masses in central, northeast and southern India. Details of the observational dates and places 

are provided in table I. 

Here we utilize aircraft observations of CCN and cloud microphysical properties 

collected in extremely polluted conditions over IGP and pristine conditions over BoB during CP- 

I and CP-II. The objectives of this work are organized as follows:  

1. The extent that the pollution aerosol can push upward D* in convective clouds, as it 

determines the maximal depth of clouds in which air pollution can substantially 

suppress precipitation. Air pollution can possibly shut off precipitation completely 

from clouds with total cloud depth <D*. This study explores the relationship between 

D* and CCN measured right below cloud base.  

2. How GCCN counteract the effect of small CCN in determining D*. The interplay 

between CCN and GCCN on D* is investigated and an empirical relationship is 

provided. Also the relationship between Nc and D* is described.  
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2 Data Analysis 

Details of flight mission objectives, methodologies of data analysis and quality control 

applied to the Cloud Droplet Probe (CDP), Cloud Image Probe (CIP) and CCN instrument can be 

found in Kulkarni et al. [2012]. It may be important to learn if there was any apparent drift in dT 

(temperature difference between the top and bottom of the column of the CCN counter) during 

CP-I and CP-II.   The CCN counter was set at 0.2, 0.4 and 0.6 %SS during the campaign. The 

CCN counter was pre calibrated during CP-I while it was both pre and post calibrated during CP-

II. The SS-dT relationship is provided in supplementary Fig. S1. There was little drift in SS, 

lesser than 4 to 7% of actual pre calibrated SS of 0.17 to 0.48%SS at different dT (see 

supplementary table-S1). As a result, for a given aerosol size distribution with 100% solubility, 

error in CCN measurement was within 5% of actual CCN count, which may be considered as 

insignificant (for details please see Fig. S2, table-S1 and supplementary material).     

The cloud probes utilized in this campaign had round tip, the limitations of this type of 

tip are discussed in detail by Korolev et al. [2011]. Recent findings show that the shattering 

effect can cause artifacts of greater concentrations of small size ice hydrometeors when the CIP 

is exposed to mixed or ice phase hydrometeors [Korolev et al., 2011]. However, these problems 

did not affect the present study, which is focused on warm rain. The CDP measures Nc of 

diameter 2.5 to 50 µm in 30 size bins while the Forward Scattering Spectrometer Probe (FSSP) 

measures Nc of diameter 2.5 to 47 µm in 30 size bins. During CP-II, the FSSP measured the 

cloud droplets.   
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3. Results 

3.1 Cloud Droplet Size Distributions of convective clouds 

Here, we analyzed in detail, the hydrometeor images recorded in young growing 

convective clouds from their base to their tops, and identified the altitude at which precipitation-

sized particles were observed. We considered measurements of 25 growing convective clouds 

where warm rain was formed. These young convective towers were profiled vertically in 300-

500 m steps, from cloud base up to cloud top or vice versa, to altitudes of 8 km. Only young 

developing convective clouds were selected for horizontal penetrations at 100-300 m below 

cloud top, so that the observed rain drops could not have fallen from much greater altitudes, but 

must have developed or formed within or close to the measured cloud volume. A schematic 

diagram illustrating the in-situ onset of warm rain process in convective cloud is shown 

conceptually in Figure 1. This figure also shows how D* was measured. We consider rain liquid 

water content (RLWC) of the liquid hydrometeors (diameter of 50-1550 µm) and re threshold as 

criteria for warm rain onset as measured by the CDP. For temperatures below 0°C only 

supercooled rain drops are considered. Drizzle drops, can initiate at re =11 but more so at re= 12 

µm with a minimal initial amount of RLWC of 0.01 g/m3. We conservatively used the following 

criteria for initiation of rain formation when the first appreciable drizzle drops are formed; i.e. 

RLWC> 0.01 g/m3 and   re
*>12 µm [Konwar et al., 2010; Freud and Rosenfeld, 2012].  

One of the major objectives of CAIPEEX was to study cloud microphysical properties in 

different environments over the Indian subcontinent. Large variability of aerosol optical depth is 

observed over the Indian subcontinent from MODIS satellite [Prasad et al., 2004]. There is also 

large variability in CCN concentrations (NCCN) and thermodynamic conditions over the Indian 
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subcontinent, which would produce variability in cloud droplet size distributions, D* and re
*. A 

tail of large drops that nucleate on GCCN can lead to earlier formation of rain drops [Johnson, 

1982]. Examples of cloud droplet size distribution profiles over various land masses, AS and IGP 

are shown in Figure 2a-e. The growing convective elements were horizontally penetrated either 

from cloud base to the aircraft ceiling height, which is 8 km or vice versa. Two cases of inland 

cloud observations over Raichur and East of Bangalore are shown in Figure 2a,b. Profiles of 

cloud drop size distributions (DSDs) for two successive days on 24 August and 25 August 2009 

are presented in Figure 2c,d. Cloud DSDs over the AS are shown in Figure 2e. The threshold of 

modal cloud drop liquid water content of DL = 24µm for warm rain formation as found by 

Andreae et al., [2004] for the Amazon is shown on each panel by a solid vertical line. It is 

important to note that the DSDs can be different on different days, and even on successive days 

at the same location depending on the meteorological conditions. Westerly winds prevailed over 

Bareilly in IGP on 24/08/2009 while easterly winds prevailed on 25/08/2009 on successive days 

(not shown here). Larger tails of large droplets was observed at cloud base on 24/08/2009 over 

IGP while on 25/08/2009 narrower DSDs at the cloud base were observed; D* for these 

successive days were 5.98 and 5.30 km respectively (see table I). The NCCN  at the cloud base 

was more when westerly wind prevailed compared to easterly wind on these two successive days 

i.e. on 24/08/2009 and 25/08/2009 respectively, suggesting the important role played by wind 

direction in modulating the cloud properties. Very hazy atmosphere with poor visibility was 

observed over the IGP regions. Ample monsoon rain resulted in flooding over the IGP region 

during the observational days which also added to the increase in moisture level. Studies by Dey 

et al. [2004] suggested that aerosol distribution over IGP is bimodal but due to the increase in 

coarse mode aerosol, a third peak at 1 µm is obtained which may be due to the growth of dust 
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particles at high relative humidity. The dust particles are transported from the middle-east and 

the Thar Desert in western India when westerly wind prevailed during the monsoon season.  

Chemical analysis of aerosol collected over IGP indicated increases in mineral dust during the 

monsoon season [Ram et al., 2010]. Simulations carried out with NASA Global Modeling 

Initiative chemical transport model suggests that mineral dust through water absorption onto the 

surface of the particles can increase cloud droplet activation by enhancing its CCN activity 

[Karydis et al. 2011]. The cloud base DSDs over the AS on 5/7/2009 (Fig 2e) were characterized 

by a much larger tail than over the IGP on 25/8/2009 (Fig. 2c) period,  this implies the presence 

of GCCNs in the boundary layer, which were probably due to desert dust  and sea salt particles. 

The dust was transported from the Arabian Peninsula, and reduced the visibility over coastal 

waters off Mangalore to less than 5 km. DSDs grown in pristine conditions are shown in Fig 2f, 

where the cloud droplets grew faster and resulted in wide cloud droplet spectra just above cloud 

base. Such wide droplet spectra with different fall velocities favors collision, coalescence 

processes and early onset of warm rain.   

3.2 Evolution of re with respect to T  

The growth of re
 with respect to T is shown in Figure 3. Values of re

* at which onset of 

warm rain took place in the convective clouds are provided in table I. The effective radius, re 

increased with cloud depth at different rates for these different locations. Even over IGP on 

24/08/2009 and 25/08/2009 the characteristics of re-T profiles are very different for successive 

days. The re grew fast by vapor condensation over AS and reached D* of about 2.0 km cloud 

base. The air had many GCCN that formed large tail of large drops near cloud base, which 

accelerated the rain in this dusty air over the sea. Over the IGP, re grew more slowly. The cloud 
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base heights of the monsoon clouds were low (see table 1) and varied from 0.5 to 2 km with 

warm cloud base temperatures.  Clouds over the IGP had to grow deeper (D* ~ 6.0 km) before 

precipitation-sized particles were first observed which is slightly below the cloud tops. 

Precipitation initiated as super cooled rain droplets formed at ~ -8˚C over IGP regions. In 

contrast, over the AS, with only slightly lower cloud bases, warm rain formed at a temperature of 

8˚C. In the convective clouds with higher cloud bases (~2.0 km) over land precipitation was 

initiated as supercooled rain at around -5˚C (see table I).  For clouds grown in the most pristine 

air over BoB, cloud droplets grew larger so that D* was only 0.40 km. The clouds over the BoB 

were found to precipitate at a relatively warmer temperature primarily due to being grown in 

pristine conditions.  

Clouds over Silchar and Khasi Hills, which are located near to the wettest place on Earth 

in Northeast  India (NEI), formed warm rain at 4 to 5 °C (not shown here), which is a warmer 

temperature than clouds over central India  or IGP. This was observed despite relatively high 

NCCN over this region. The clouds over Silchar formed rain drops when re
*

 became ~15 µm. 

While at another location Nagaon in NEI, warm rain formed at T* -3 °C where re* was found to 

be ~14 µm (see table I). T* is the temperature for onset of warm rain. Supercooled rain prevailed 

well above the 0 °C isotherm level in these clouds.  The reason for these differences in T* is 

mainly due to the differences in cloud base temperatures. Freud and Rosenfeld [2012] showed 

that re* is determined by Nad and by the adiabatic cloud water. Nad is determined by the CCN 

spectra and cloud base updraft. The adiabatic water is determined by cloud base temperature and 

pressure. The existence of T* near or below 0°C for most of the continental clouds grown in the 

polluted conditions, even when cloud base temperature is quite high (well above 20°C, see table 
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I), means that much of the precipitation over the Indian subcontinent was initiated as supercooled 

rain.  

3.3 Control of CCN and GCCN on Warm Rain Depth 

Initiation of precipitation may also be triggered by cold processes [e.g., Lamb et al., 

1981], but here we limit our study to the warm rain process where precipitation was initiated as 

rain drops, even when T*<0°C, where rain initiates as supercooled water. We investigated here 

relationship between the NCCN at 0.4% SS (N0.4%) below the cloud base and Nc above cloud base. 

N0.4% were found after establishing the CCN-SS relations of the form CCN=c SSk, just below the 

bases of the convective clouds (see table I). The values of the power ‘k’ are relatively high over 

the land, which are typical of continental environment [see table 9.2 in Pruppacher and Klett, 

1997; Cohard et al., 1998]. Relatively smaller values of ‘k’ obtained over AS and BoB indicate 

maritime air mass, consistent with ‘k’ values reported elsewhere [see table 9.1 in Pruppacher 

and Klett, 1997]. The means of the few largest cloud droplets concentrations (i.e. within 2% of 

the maximum Nc) at D of 0-4 km of the convective clouds were determined. The maximum Nc 

in the convective clouds was not always near cloud base but was often found at greater D. This is 

attributed mostly to the fact that the clouds grow taller above the bases that formed in the 

strongest updrafts where Nad is greatest.  Maximum Nc was probably not due to secondary 

nucleation [Pinsky and Khain, 2002], at least not in the polluted cases with relatively high cloud 

base and strong cloud base updrafts. Scatter plot for N0.4%  vs Nc is shown in figure 4.  The Nc do 

not increase linearly with increase in the NCCN. A power law of the form Nc = a NCCN
b is assumed 

between them, where ‘a’ is the coefficient and ‘b’ is the exponent to be determined. The 

relationship of Nc = 21.57 NCCN
0.44 was obtained at 95% confidence level with correlation 
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coefficient R of 0.84. This means that the CCNs do not nucleate into cloud droplets linearly i.e. 

there is a decrease in the ratio of Nc/N0.4% at higher NCCN. The non linearity between the   NCCN 

and Nc  , which was predicted by Twomey [1959], is due to the  greater competition  for available 

moisture  at higher Nc due to higher NCCN which  thus lowers the SS. The SS is reduced by the 

greater surface area of the larger number of growing droplets when NCCN is higher [Hudson et 

al., 2010].   At higher NCCN,  Nc  was closer to NCCN at lower SS while at lower NCCN, Nc was 

closer to NCCN at higher SS. Hudson et al. [ 1984] suggested that effective SS occurs at the SS 

where NCCN  equals Nc. 

Figure 5a,b shows control of  N0.4% and GCCN on D*.  Increase in concentrations of small 

CCN at cloud base increased D* (Fig. 5a). Since D* has a linear relationship with Nc (discussed 

in section 3.4) and Nc is non linearly related with NCCN, D* is found to have non linear 

relationship with NCCN.  D* has a sound correlation of 0.73 with NCCN. A power law of the form 

D*=0.31 NCCN
0.31 was found between them.  As discussed in the introduction, greater GCCN 

concentrations induce   earlier precipitation. The GCCN produce large cloud droplets that   can 

exceed a diameter of 30 µm at small D, in both continental and maritime conditions. The 

observed large cloud drops near cloud base can be used for inferring the GCCN concentrations 

[Hudson and Yum; 2001].  The combination of Passive Cavity Aerosol Spectrometer (PCASP)-

CDP and PCASP-FSSP measurement below cloud base,  were used to estimate giant and 

ultragiant particle  concentrations, which  probably resulted in broad cloud base DSDs over AS 

[Konwar et al.; 2012b]. In this study, the role of GCCN was inferred by the mass normalized 

reflectivity (m6m3) of the cloud droplet spectrum at the base,    
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where m6 is the sixth and m3 is the third moment of DSDs. Large mass normalized reflectivity 

indicates the impact of GCCN that nucleated at the cloud base . The extended tail in Fig. 2e 

indicates the effect of GCCN on cloud base DSD. A scatter plot between GCCN and D* is shown 

in Figure 5b. A weak negative correlation of R=-0.24 is found between GCCN and D*. This 

means that the effect of CCN in pushing D* to greater values is counteracted by the GCCN, 

which results in smaller D*. The effect of GCCN was quite significant at very high NCCN 

(polluted aerosol) over IGP (Fig. 5b). In relatively less polluted air masses with lower NCCN, the 

already low D* does not leave much room for the effect of GCCN of further lowering D*.  

The interplay between CCN and GCCN on D* is illustrated in greater detail in Figure 6 

where it can be seen that with increase in NCCN, D* clearly increases. With increase in GCCN, as 

represented by an increase in the mass normalized reflectivity, at the same NCCN, D* mostly 

becomes smaller. However, the importance of GCCN was more significantly realized over the 

marine polluted environment of the AS, where warm rain formed at 8˚C. It is to be noted here 

that this figure consists of convective clouds that occurred in conditions from pristine to polluted. 

Convective clouds grew over the IGP region formed supercooled water at -8 °C found to be 

influenced by GCCN, though less substantially. It may be noted that during break or weak 

monsoon conditions over Indian subcontinent, high CCN concentrations can shut off warm rain, 

instead initiate mixed phase precipitation [Konwar et al., 2010]. From regression relations 

between D*, CCN0.4% SS and m6m3, the empirical relation is found to be of the form,  

                 D* = 2.43 * log10 N0.4% – 1.33 *log10 m6m3                           (3) 
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The relationship between D* and N0.4% and m6m3 are significant at 95% confidence level. The 

scatter plot between the estimated and observed D* is shown in Figure 7. Correlation coefficient 

of 0.86 exists between them with mean square error of 0.74 km. A practical implication of this 

relation is that given N0.4% and m6 m3 at the cloud base it may be possible to estimate D*.  

Besides the aerosol effect on the onset of warm rain, updraft and mixing also have an 

important role. The cloud parcels are subjected to velocity fluctuations and mixings due to the 

presence of turbulence [Beard and Ochs, 1993]. Other than CCN, different cloud base updraft 

velocity and temperature could also lead to different supersaturation maximum, which could 

produce different Nc. In this study we have shown the important role played by CCNs in 

delaying the warm rain process and GCCN’s counteracting the effect of CCN to reduce the warm 

rain depth.  

The above observational evidence indicates that  higher NCCN increases  D*  while higher 

GCCN concentrations counteract it by reducing D*. During the monsoon season, the Indian 

subcontinent receives moisture due to the strong westerly and, southwesterly wind from the AS 

and southerly wind from the BoB. We investigated whether, D* has a relationship with the liquid 

cloud water path CWP (g/m2), which is the amount of column cloud water  obtained from Terra 

Moderate Resolution Imaging Spectroradiometer (MODIS) [King et al., 1992]. For this, we 

considered the closest satellite measured CWP to areas over which the convective clouds were 

measured (table I). A weak relationship exists between D* and CWP i.e. D*=3.66 - 0.0032 CWP, 

with R = -0.19 and significant at 65% confidence level, indicates that with increase in cloud 

water availability in the atmosphere D* decreases slightly. This relation is probably real, because 

theoretical considerations imply that because re at a given D should be larger for greater LWP 
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with a given Nc [Freud and Rosenfeld, 2012]. It is found that CWP has no meaningful 

relationship with Nc or NCCN. It is shown by Li et al. [2011] for, the Southern Great Plains site in 

the USA, that NCCN has a weak relationship with wind speed and shear but no significant 

relationship with other meteorological parameters such as temperature profiles, dew point 

temperature, pressure, or humidity. The generation of GCCNs from the sea surface however 

increases with the increasing low level wind speed [Colón-Robles et al., 2006; Hudson et al., 

2011b].   

 

3.4 Influence of Cloud drop Number concentrations on Warm Rain Depth 

In the last sections, it was shown that with increase in NCCN the Nc also increased (see 

figure 4). Since Nc increases with NCCN and in turn D* also becomes larger, it is important to 

know the direct relationship between D* and Nc. Freud and Rosenfeld [2012] have shown based 

on fundamental theoretical considerations that Nad and D* must be nearly linearly related to each 

other. Because Nad and Nc are linearly related, especially at lower NCCN, D* should increase 

nearly linearly with Nc. This can be qualitatively explained by the fact that there is an inverse 

relationship between Nc and re for a given cloud depth.  Therefore, larger Nc should induce 

greater D*.  The scatter plot between Nc and D* is shown in figure 8.  A correlation coefficient of 

0.79 was found between Nc and D*.  Linear fit between Nc and D* above 99.95% confidence 

level yield the relationship of D*=0.0035 Nc +1.2 (indicated by solid line in figure 8).  
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4. Discussion and Summary 

This work studies the microphysical effect of aerosol on tropical convective cloud 

developed in both pristine and polluted conditions over the Indian subcontinent. These cloud 

microphysical data were collected over the Indian subcontinent in 2009 and 2010 through the 

CAIPEEX experiment. Based on the effective radius (re>12 µm) and RLWC (>0.01 gm/cm3) at 

which collision efficiency increases sufficiently to form warm rain at the tops of growing 

convective towers,  the influence of aerosol on the depth of warm rain is studied. The 

relationship between warm rain depth D*, CCN, GCCN and Nc are also shown. The important 

findings of this study are summarized as follows: 

 The cloud droplet concentration increases non-linearly with the increase in  NCCN 

which is in agreement with the finding of Twomey [1959] that may be attributed 

to the decrease in SS as the CCN compete for the available moisture in the cloud 

parcel [Hudson et al., 2010]. At higher NCCN,  Nc  was closer to NCCN at lower SS 

while at lower NCCN, Nc was closer to NCCN at higher SS       

 Increasing concentrations of CCN push depth for warm rain to greater heights 

non-linearly in the convective clouds. In extreme polluted cases D* exceeds 6 km. 

In the most pristine case found over BoB rain initiates at a very shallow cloud 

depth of 0.40 km. This result is consistent with the theoretical result that aerosol 

pushes the depth for warm rain by Freud and Rosenfeld [2012]. 

  The GCCN were found to decrease the depth for warm rain, counteracting the 

effect of small CCN. However this effect was secondary to the effect of small 

CCN, The effect of GCCN was quite significant at very high NCCN (polluted 
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aerosol) over IGP. In the less polluted air masses with lower NCCN, the already 

low D* does not leave much room for the effect of GCCN of further lowering D*. 

Recent study by Karydis et al. [2011] suggests that water coating on dust particles 

can enhance CCN activity. Over the AS where desert dust and sea salt are 

suspected to act as GCCN, the GCCNs are instrumental in forming rain particles 

at lower D*. The effect of GCCN found in this study is in agreement with Hudson 

et al. [2011a] and Gerber and Frick [2012].     

 The depth for warm rain initiation increased linearly with the drop number 

concentrations (Nc) which again indicates that with increase in Nc the coalescence 

and collision efficiency decreases [Gun and  Phillips, 1957] which is in 

agreement with the theoretical result of Freud and Rosenfeld [2012].  

 In most of the continental clouds the pollution levels produced clouds with large 

drop number concentrations that caused the precipitation to be initiated above the 

0°C isotherm level as supercooled rain drops. While for the convective clouds 

over the Arabian Sea and Bay of Bengal precipitation processes initiate at a very 

warm temperature, even at 25 ºC over the BoB.   

 Besides the aerosol influence on D* over the Indian subcontinent, the cloud water 

path (CWP) also plays a role. Though D* and CWP have low anti-correlation 

between them, with increase in CWP the D* is found to decrease. This suggests 

that with increasing moisture quantity the shallow convective clouds would 

precipitate earlier i.e. shallow D*, which may play a role in the redistribution of 

precipitation from such clouds in a global warming scenario. For example, the 
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observed increasing decadal trend of moisture content over AS to the west of 80 

°E is expected to result in increasing re which in turn increases contribution from 

low to medium rainfall [Konwar et al., 2012]. In contrast moisture content to the 

east of 80 °E is expected to decrease re and respectively decreases low to medium 

rainfall. 
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Table I: Observational dates and location, Time of flight in Indian Standard Time (UTC+5:30 hr), 

MODIS cloud water path CWP (g/m2), Cloud base height Cb (km), Cloud base temperature (ºC)  Mass 

Normalized Reflectivity m6m3 (mm3), Warm Rain Depth D* (km), effective radius re
*at D*, temperature 

T* at D* for the convective clouds, maximum cloud droplets Nc (cm-3),  CCN-SS relationships of the form 

CCN=cSSk at cloud base as obtained from aircraft measurements  during CAIPEEX phase I (2009) and 

phase II (2010). The SS was set at 0.2 %, 0.4 % and 0.6%. , c is the concentration at 1%SS. 

  
Sl. 
No. 

Date and Location Time of flight   
(IST) ,Start 
Time-End 
Time 

CWP 

g/m2 

Cb 

Km 

TCb 
 
ºC 

m6m3 

mm3 

WRD 
D* 
km 

re
* 

µm 
T* °C    Nc 

cm-3 
CCN at 
0.4%SS 
cm-3 

          
CCN=cSSk 
c K 

1 22nd Jun, Raichur 13:15 - 16:15 43 2.02 15.50 795 3.25 14.97 -4.86 337 657 1939 1.18 
2 27nd Jun, East-

Bangalore 
11:25 - 15:00 173 2.15 14.45 1423 4.28 13.94 -9.03 978 1769 1975 0.12 

3 28th Jun, Western Ghat 12:25 - 15:40 150 1.90 17.62 2692 2.90 11.00 -1.00 870 2095 3665 0.61 
4 05th Jul, AS 11:55 - 15:10 237 0.60 21.00 10659 1.92 13.50 11.79 433 884 1532 0.60 
5 07th Jul, AS 11:40 - 15:20 240 0.68 20.17 6718 1.14 11.06 8.29 534 964 1672 0.60 
6 13th Jul, AS 12:15 - 16:00 274 0.62 21.50 4174 1.90 10.59 11.4 508 1402 3412 0.97 
7 13th Jul, Western Ghat 12:15 - 16:00 274 1.90 15.30   956 0.98 13.00 9.26 262 735 1080 0.42 
8 14th Aug., Hyderabad 14:35 - 17:20 69 1.98 16.40 2340 4.08 11.77 -5.24 571 2446 10500 1.59 
9 16th Aug., Hyderabad 14:35 - 16:40 121 1.44 18.80 1726 4.55 15.07 -6.24 600 2049 5667 1.11 
10 18th Aug., IGP 13:00 - 16:15 121 1.00 23.80 5107 4.81 10.82 -2.06 1257 10635 27580 1.04 
11 23th Aug.,IGP 14:15 - 17:00 69 1.17 22.12 3096 5.24 11.93 -7.23 994 7418 17080 0.92 
12 24th Aug.,IGP 14:10 - 16:20 84 0.74 25.00 2237 5.98 12.57 -8.28 1090 8887 18840 0.82 
13 25th Aug., IGP 14:15 - 16:15 219 0.65 24.50 1069 5.30 14.35 -6.56 875 3361 14300 1.58 
14 30 Aug, Khasi Hills 14:45 - 17:00 165 0.90 20.00 1960 3.40 15.50 4.00 300 1153 1980 0.59 
15 04th Sep Nagaon 12:45 - 16:05 253 1.08 24.00 1314 2.95 14.16 -3.00 575 2470 12391 1.76 
16 04th Sep  Silchar 12:45 - 16:05 211 1.48 20.75 1298 3.05 15.60 5.00 561 2434 7112 1.17 
17 06th Sep Silchar 11:45 - 14:15 159 1.64 18.36 1654 2.97 15.90 4.30 350 1229 3131 1.02 
18 28th Sep 

Visakhapattanam 
13:35 - 17:40 323 0.76 20.85 917 4.61 13.20 -1.0 830 2731 10700 1.49 

                                                                                            CAIPEEX Phase II 

19 14 Sep,  Raichur 13:00 - 15:18 101 1.00 23.00 772 3.00 11.00 9.55 336 316 558 0.62 

20 16 Sep, Hyderabad 13:01 - 15:38 70 1.50 19.00 450 2.20 13.79 -6.0 361 288 645 0.88 

22 23 Sep, Hyderabad 12:59 - 15:14  78 0.58 25.37 1006 1.95 15.50 15.00 210 306 593 0.72 

23 26 Sep., BoB 11:27-  13:13 143 0.55 21.56 1448 1.78 11.00 17.00 110 174 308 0.62 

24 27 Sep., BoB 11:36 - 13:30 65 0.60 25.77 4508 0.40 13.52 24.70 47 79 150 0.69 

25 29 Oct., BoB 11:58-15:00 347 0.80 24.8 999 2.30 14.24 9.00 114 286 440 0.47 
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Figure Captions 

Figure 1: A schematic diagram for a developing convective cloud with images of in situ 

hydrometeors at cloud top that represent the microphysical processes. The effective radius (re) is 

shown conceptually by the blue line, re reaches 12µm when precipitation is first seen at a cloud 

depth. When precipitation forms (RLWC> 0.01 g/m3)the distance from cloud base to 

corresponding cloud  depth is called the depth of warm rain, D*.  

Figure 2: Evolution of cloud droplets over (a) Raichur on 22/06/2009, adopted from Konwar et 

al. [2010], (b) East of Bangalore on 27/06/2009, over Bareilly in Indo-Gangatic Plan on (c) 

24/08/2009 and (d) 25/08/2009, (e) over the Arabian Sea on 05/07/2009 and (f) over the Bay of 

Bengal on 27/09/2010. The vertical solid line indicates the modal LWC diameter of 24 µm for 

onset of warm rain (Andreae et al., 2004). The legend on each panel shows the UTC time in 

hour, minute and seconds of the cloud pass and altitude separated by a dot with corresponding 

DSD.  The DSDs are the mean of instantaneous DSD per second collected within a cloud pass 

length considered for more than 3 sec. The DSD profiles show a nice evolution of the cloud 

droplet spectrum with altitudes though the convective clouds are turbulent in nature. Also note 

the cloud base DSD tails extended to larger drop diameters over Bareilly (panel c) when westerly 

wind prevailed and Arabian Sea (panel e) that signify the presence of giant CCN. Large cloud 

droplets at cloud base were absent when easterly wind prevailed over IGP (panel d) 

Figure 3:  Evolution of effective radius (re) vs T over Raichur, Bangalore, Indian Ocean off the 

coast of Mangalore, Indo-Gangatic Plains (IGP) and Bay of Bengal. The most polluted case is 

for IGP while most pristine is for BoB. The critical re at 12 µm for triggering drop coalescence 

and collision is shown by the solid line. The re at the Bay of Bengal case  does not increase above 

17 m due to rainout (Rosenfeld and Lensky, 1998). The re-T relationship over Raichur on 
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22062009 is adopted from Konwar et al. [2010]. The altitude corresponding to T is provided in 

colorbar. 

Figure 4: Relationship between CCN Concentrations at 0.4% Supersaturation (N0.4%) below 

cloud base and Cloud Droplet Concentrations (Nc) a few kilometers above cloud base of the 

convective clouds. A nonlinear fit of the form Nc=21.63 N0.4%
0.44

  is  significant at 95% 

confidence level since relationship between them is non-linear [Twomey 1959].   

Figure 5: (a) Cloud condenstion nuclei (CCN) control  of the warm rain depth. Greater CCN  

concentrations increase the depth of warm rain  D*. (b) Giant CCN concentrations lower the 

warm rain depth, significant to 75% confidence level. The Giant CCN concentration is  

approximated by the ratio of sixth moment of cloud base DSD to third moment of cloud base 

DSD (mass normalized reflectivity, mm3 ). Presence of GCCN is indicated by large value, of  

mass normalized reflectivity primarily due to long tail of cloud base DSD (see figure  2e).  

Figure 6: Interplay between CCN at SS=0.4% and GCCN on the depth of warm rain.  High CCN 

concentrations push the depth for warm rain higher (D*) while GCCNs (large Mass Normalized 

DSDs) induce smaller D*. For a given CCN, more GCCN (larger circle) show shallower depth 

for initiation of warm rain, D* .   

Figure 7: Observed vs. estimated warm rain depth as obtained from multiple regression relation  

of CCN,  m6m3 and D*. 

Figure 8: Relation between Cloud Droplet Concentrations (Nc) and Warm Rain Depth (D*) with 

correlation coefficient of 0.79.  
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