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ABSTRACT 

Anthropogenic aerosols are known to alter clouds and their optical properties by serving 

as cloud condensation nuclei. An increase in aerosol concentration causing smaller but more 

cloud droplets for a fixed liquid water content, thereby resulting in an increased cloud optical 

thickness and increased reflectivity of solar insolation, is called the first aerosol indirect effect. 

This effect leads to radiative cooling of the Earth and has the potential to counteract the 

greenhouse effect to some extent. However, an adequate quantification of this process remains 

elusive and leaves many outstanding questions. Many studies have been undertaken to better 

understand the uncertainties in the aerosol indirect effect as the aerosol-cloud interactions are 

considered to be one of the most important and least known forcings in the climate system but 

the complexity of this problem seems to grow with each new study.  

        The objective of this study is to investigate and determine the problems in estimating the 

aerosol first indirect effect. The most common approach to estimate the indirect effect is to take 

into account only one or two controlling parameters, and emphasizing a result of a particular 

process, with all other processes being held constant. This type of simple approach often fails to 

extract the real aerosol indirect effect since many influencing factors that contribute to the 

change of cloud optical properties are interrelated in the nature. Furthermore, an incomplete 

specification of physical processes involved and not considering them simultaneously will 

produce inaccurate estimate of aerosol indirect effect. Therefore, in this study we have developed 

a methodology to untangle the aerosol effects from the interrelated factors, and then using 

satellite data, performed a comprehensive analysis of the aerosol indirect effect due to warm 

clouds over two oceanic regions. In this relatively idealized framework, the following four 

parameters can simultaneously contribute to the aerosol-related cloud radiative forcing: the 

change in spectral shape of the size distribution of cloud droplets (dispersion effect), the change 

in cloud droplet number concentration (Twomey effect), the change in cloud adiabaticity, and the 

change in cloud geometric depth, with variations in aerosol concentration. Furthermore, we have 

compared two different meteorological regimes, one (USWC, Pacific U.S. west coastal region) 

dominated by mainly stratiform clouds and the other (INDO, Indian Ocean region) by convective 
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clouds.  A detailed comparison of the mechanisms of aerosol-cloud microphysics/dynamics 

interactions in the two regions with different cloud types enables us to understand the 

dependence of the contributing parameters on cloud types.  

       Based on our framework and observational data primarily from satellite, our data analyses 

have resulted in the conclusion that of the four contributing factors, the number effect and cloud 

depth effects are the most important in both regions. Dispersion effect, even though it offsets the 

effect in increased droplet concentration, is small in magnitude and is not a significant 

contributor for either stratiform or convective clouds. The effect of cloud adiabaticity, which is 

indicative of entrainment mixing processes, is found to be dependent on cloud type, although its 

magnitude is relatively small and its sign is opposite for the two contrasting cloud types. These 

results cannot be derived from simply correlating cloud optical depth with aerosol concentration 

like done in earlier studies. It can only be derived under the multiple parameter analysis 

framework developed in this study. 
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CHAPTER 1 

BACKGROUND AND OBJECTIVES 

 

1.1 Introduction 

 

Earth’s surface temperature has increased by 0.6°C during the last century, reaching the highest 

levels in the last millennium. Years between 1995-2006 rank among the twelve warmest years in 

the instrumental record of global surface temperature since 1850.  This rapid temperature change 

is attributed to a shift of less than 1% in the energy balance between the absorption of incoming 

solar radiation and the emission of thermal radiation from the Earth system (IPCC Climate 

Change 2001). Anthropogenic greenhouse gases and aerosols are perhaps the greatest drivers of 

climate change by affecting the absorption, scattering and emission of radiation within the 

atmosphere and at the Earth’s surface. Their impacts on the radiation balance are different though 

and require different research approaches. Whereas greenhouse gases reduce the emission of 

thermal radiation to space, thereby warming the surface, aerosols mainly reflect and absorb solar 

radiation (the aerosol direct effect) and modify cloud properties (the aerosol indirect effect), 

thereby cooling the surface. Greenhouse gases are long-lived and are distributed uniformly over 

the globe whereas aerosols have a large spatial and temporal variability having a lifetime of only 

a week or less with peak concentrations near the source. Aerosols also differ from greenhouse 

gases in terms of its effect on clouds and precipitation. The quantification of aerosol radiative 

forcing is more complex than the quantification of radiative forcing by greenhouse gases. 

Frequent aerosol global measurements are required to elaborate models that provide realistic 

representations of the atmospheric aerosols to determine both the regional and global impacts on 

the energy budget (Andrea et al., 1986; Twomey et al.; 1984, Charlson et al., 1992). Important 

parameters associated with the quantification of radiative forcing are aerosol size distribution, 

change in aerosol size with relative humidity, complex refractive index, and solubility of aerosol 

particles. The ability to distinguish between natural and anthropogenic aerosols is also required to 

estimate radiative forcing. 

       Aerosol radiative forcing can be categorized into direct and indirect effects. The direct effect 

is the mechanism by which aerosols scatter and absorb shortwave and longwave radiation in the 

atmosphere thereby changing net radiative fluxes in the atmosphere. Scattering aerosols exert a 
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net negative direct radiative forcing by reflecting and absorbing solar radiation. Aerosols that 

absorb solar radiation may lead to a decrease in low-cloud cover and liquid water path, leading to 

a positive radiative forcing. For example, solar heating in the atmosphere may reduce ambient 

relative humidity, suppress convective overturning, and lead to evaporation of the clouds. This 

effect is called the semi-direct effect (Hansen et al., 1997). The indirect effect is broadly defined 

as the overall process by which aerosols modify the microphysical and hence the radiative 

properties, amount and lifetime of clouds. A key measure of influence of aerosol on cloud 

droplet number concentrations is the number concentration of cloud condensation nuclei (CCN). 

The cloud condensation nuclei are subset of aerosol particles that are sufficiently large and 

hygroscopic and upon which water vapor can condense to form droplets. Once the CCN is 

activated at the supersaturations achieved in clouds (~0.1–1%), the droplet grows by 

condensation to form cloud droplets. At a fixed liquid water content, the decrease in cloud 

droplet effective radius and an increase in cloud droplet number concentration associated with 

increases in cloud condensation nuclei results in an increase in cloud optical depth and cloud 

albedo. This effect has been called the ‘first indirect effect’ (e.g., Ramaswamy et al., 2001), the 

‘cloud albedo effect’ (e.g., Lohmann and Feichter, 2005), or the ‘Twomey effect’ (Twomey, 

1977). The microphysically induced effect on the liquid water content, cloud height, and lifetime 

of clouds causing a decrease in precipitation efficiency associated with increases in aerosols has 

been called the ‘second indirect effect’ (Ramaswamy et al., 2001), the ‘cloud lifetime effect’ 

(Lohmann and Feichter, 2005) or the ‘Albrecht effect’ (Albrecht, 1989). In this study we aim to 

investigate the first aerosol indirect effect. 

         Confirmation of the first Twomey effect comes from satellite and in situ observations with 

numerous field studies corroborating the theory. The image shown in Figure 1.1 is adapted from 

Han et al. (1994). They reported significant interhemispheric differences for both maritime and 

continental clouds and attributed this hemispheric contrast to the presence of an aerosol effect on 

cloud droplet size which is consistent with higher CCN concentration in the Northern 

Hemisphere due to anthropogenic production of aerosol precursors. A notable example of 

Twomey effect is the observation of ship tracks that perturb the marine stratus cloud decks off 

the coast of California as evidenced in Figure 1.2 (Coakley et al., 1987). The high concentration  
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Figure 1.1 The interhemispheric differences and general contrast in continental-maritime cloud 

particle radii  [Adapted from Han et al., 1994]. 

 

of aerosols obtained from in situ measurements at the Sichuan Basin, China, has been found to 

correlate well with the large cloud optical depth obtained from the ISCCP data archive, thus 

illustrating that highly polluted air can cause significant increases in cloud optical depth, and 

hence cloud albedo (Zhou et al., 1999). Radke et al. (1989) used ship track measurements to 

provide experimental verification of the effect. They found unambiguous increase in droplet 

concentration and cloud top albedo along the tracks resulting from enhanced CCN number 

densities due to emission from ships.  

        While the existence of the albedo effect is not in question, the quantification of this process 

is not well characterized and leaves many outstanding questions. Under different environmental 
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Figure 1.2 An image from MODIS where ship tracks can be easily seen as lines in these clouds 

over the Atlantic Ocean on the east coast of the United States. May 11, 2005 

 

conditions and with different observational approaches, the various measures result in persistent 

and large uncertainties in forcing. Sekiguchi et al. (2003) in their analysis of global observations 

of cloud droplet radii and aerosol number concentration, found that the correlation between the 

two variables can be negative, positive, or none, depending on the location of the clouds and 

time (Figure 1.3). They also showed the importance of spatial and temporal resolutions and scale 

dependence of the extent of relation between satellite and in situ measurements. These results 

could not be explained only with the first and second indirect effects of aerosols. Feingold et al. 

(2001) using observations in Brazilian biomass burning regions, found that the response of cloud 

effective radius to aerosol loading is greatest in the region where aerosol optical depth is the 

smallest. An incomplete knowledge of the aerosols’ impacts on cloud thermodynamic and 

microphysical processes may also cause the large uncertainties in the first aerosol indirect effect.  
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Figure 1.3 Distributions of the satellite observed correlation between log
10

N
a 

and log
10

r
e 

with 

three-month (March to May) POLDER data for 17.5º × 17.5º area sampling. [Adapted from 

Sekiguchi et al., 2003] 

 

Processes such as spectrum broadening of cloud droplets with aerosol loading, effect of aerosols 

on cloud water, thickness and coverage, meteorological influences etc. contribute to this 

uncertainty. Aerosol abundance often varies coherently with meteorological conditions. Hence it 

is difficult to distinguish whether the changes in cloud microphysical and radiative properties 

(such as cloud drop number concentration, liquid water path, and cloud geometric thickness) are 

caused by varying aerosol concentration or by different meteorological conditions (Hudson and 

Yum, 2001; Schwartz et al., 2002; Hegg et al., 2007).  These can lead to spurious contributions to 

the estimated aerosol indirect effect. Also the sensitivity of aerosol indirect effect to the 

representation of the processes such as entrainment etc. also contributes to the disparity. 

Moreover, aerosol clouds interaction involves an enormous range of spatial and temporal scales. 

The largest cloud systems can have length scales from hundreds of kilometers while the 

individual updrafts responsible for the production of new drops can have length scales down to 

tens of meters. Sizes of typical general circulation model (GCM) grid cells range from 4° x 5° to 
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2° x 2° and are on the order 25 to 100 km. Clouds often fill only a small fraction of the grid-cell 

area. Even the cloud-scale vertical velocities (~ 1m/s) which determine cloud supersaturations 

and the fraction of activated particles, are poorly resolved and not well represented by the GCM-

grid resolved vertical velocities which are very small (~1cm/s). Key parameters for determining 

the indirect effect are the effectiveness of an aerosol particle to act as a cloud condensation 

nucleus, which is a function of the size, chemical composition, mixing state and ambient 

environment (Penner et al., 2001).  

          Aerosol indirect radiative forcing remains one of the largest uncertainties in climate 

modeling and climate change predictions (IPCC 2007).  The root of this uncertainty is a lack of 

fundamental understanding of the feedbacks of external forcing on clouds and adequate 

parameterizations of important processes (Lohmann and Feichter, 2005; Lohmann et al., 2007).  

The aerosol indirect effect is estimated to vary from 0.0 to -4.8 Wm
-2

 in state-of-the-art global 

climate models (Penner et al. 2001) as compared to a 1.66+/-0.7 Wm
-2

 of forcing by greenhouse 

gases (IPCC 2007). The uncertainty in this estimation indicates that more investigations are 

needed to improve confidence in estimates of aerosol forcing and the role of aerosols in climate 

processes. In this study we will examine some of the factors that influence the value of the first 

aerosol indirect effect and try to determine their relative importance. Our aim is to analyze the 

mechanisms that lead to the disparity and spurious contribution to the estimation of aerosol 

effect. 

 

1.2 Objectives of this study  

Because the uncertainties associated with aerosol forcing are the major source of uncertainty in 

climate forcing, clearly, narrowing the uncertainty in the estimates of the indirect radiative effect 

of aerosols is one of the prerequisites for understanding how human activities influence the 

global climate system. The overall objective of this dissertation is to investigate and determine 

the problems in estimating the aerosol first indirect effect. 

Specifically, this dissertation will be composed of the following tasks: 

1. To develop a theoretical framework to study the aerosol indirect effect and to use it to 

understand the reasons for the discrepancies and uncertainties among the various published 

observed values of the aerosol first indirect effect.  
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2. To perform satellite data analysis focusing specifically on the interaction between aerosol 

loading and cloud droplet number concentration, cloud adiabaticity, cloud droplet spectral 

dispersion and cloud depth. 

3. To estimate the contribution of individual effects on the magnitude of the first aerosol indirect 

forcing and comparing the aerosol indirect effect between two different meteorological regimes. 

 

1.3 Organization of the dissertation 

The structure of this dissertation is organized as follows. The second chapter describes the 

mathematical framework for the analysis by establishing the theoretical relation between aerosol 

indirect effect and cloud microphysical variables and briefly describing the contributing factors 

taken into account for the estimation of aerosol indirect effect. Using data from published 

literature, the magnitude and variability of the various terms are surveyed for their contribution 

to the evaluation of aerosol first indirect effect. The data sets used, the region selected for 

analysis and the main methods used in this research are described in chapter 3. Major differences 

between the two selected regions in terms of their cloud microphysical and radiative properties 

are also illustrated in Chapter 3. Chapter 4 contains the findings of the research highlighting the 

variation and importance of each parameter in estimating the aerosol indirect effect. Chapter 5 

describes the change in cloud optical depth due to various mechanisms. It also includes the 

results of multiple linear regression analysis followed by summary and conclusions in the last 

Chapter 6. 
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CHAPTER 2 

DEVELOPING A MATHEMATICAL FRAMEWORK FOR 

UNDERSTANDING AEROSOL’S INDIRECT EFFECT 

Representation of the first indirect effect requires quantification of the observed change in cloud 

optical or microphysical properties [e.g. cloud optical depth (τd), albedo (ω), drop effective 

radius (re), drop number concentration (Nd)] with an observed change in aerosol amount [e.g., 

aerosol optical depth, light scattering coefficient, cloud condensation nuclei number 

concentration as proxy for aerosol number). As aerosol number concentrations (Na) increase, 

cloud drop number concentrations increase for fixed liquid water path. For constant cloud liquid 

water, an increase in Nd results in a smaller re causing a higher cloud optical depth and thus a 

larger albedo. Hence aerosol indirect effect is often quantified as 

 

                              
AIE = −

∂ ln r
e

∂ lnα
LWP

or
∂ lnτ

d

∂ lnα
LWP

or
∂ lnN

d

∂ lnα
LWP

  ,                                       (2.1)                 

 

where α can be aerosol number concentration (Na)  or some proxy such as aerosol optical 

depth(τa) or aerosol light scattering coefficient (σs), etc. The  liquid water path, LWP (i.e.,  the 

mass  of  cloud  liquid  water  in  a  vertical  column with  a  cross‐sectional  area  of  1  m2),  is 

approximately proportional to the product of τd and re. We use aerosol number in this study, 

which is reported as part of the MODIS aerosol retrieval products. Using the form ∂ lnN
d
∂ lnα  

to quantify aerosol indirect effect measure has no fundamental microphysical relationship to 

LWP, except indirectly through correlations between cloud turbulence and LWP. In reality, 

however, Nd is derived from LWP as discussed below, so that interpreting results achieved by 

sorting clouds by their LWP will have to be done with caution.  re is calculated from  τd and 

LWP and hence using the form ∂ ln r
e
∂ lnα  involves dependent microphysical variables and 

cannot be unambiguously sorted by LWP. For this study we employ ∂ lnτ
d
∂ lnα  as the tool to 

investigate aerosol cloud interaction as it provides a more direct link to the cloud radiative 

response by which the Twomey effect is defined owing to the relationship between τd and 



  9 

albedo. It also constitutes the set of three independently and directly measurable microphysical 

variable τd, LWP and α (Na) and hence can be unambiguously sorted by LWP. The AIE value 

emphasizes relative rather than absolute sensitivities, which is useful in reproducing trends 

without regard to the measurement biases (Garrett et al., 2004; Feingold et al., 2006). Below we 

describe the mathematical framework of our work. 

 

2.1 Mathematical framework 

The optical thickness of a cloud of depth H containing n(r, z)dr drops of radius between r, r+dr 

per unit volume at height z above cloud base may be formally defined as 

τd = n
0

∞

∫
0

H

∫ (r,z)πr2Qextdrdz                                                                                                         (2.2) 

where n(r,z)dr is drop number concentration at height z with radii between r, r+dr. H is the 

distance from cloud base to the cloud top or the cloud geometric thickness. Qext is the average 

extinction efficiency determined from Mie theory. For solar wavelengths the approximation  Qext  

equal to 2 is quite adequate for the range of droplet sizes expected and above equation reduces to 

τ
d

= 2π n(r,z)r
2
dr

0

∞

∫
 

 
 

 

 
 

0

H

∫ dz

                                                                                                                      (2.3)

 

We will assume that the mean number concentration  N(z) = n(r,z)dr∫  is roughly constant 

with height ❨N❨z❩=Nd❩ where Nd is the total droplet concentration.  

τ
d

= 2π

n(r,z)r
2
dr

0

∞

∫

n(r,z)dr
0

∞

∫
n(r,z)dr

0

∞

∫

 

 

 
 
 
 

 

 

 
 
 
 

dz

0

H

∫

                                                                                                  (2.4) 

τ
d

= 2π r
rms

2
N

d
dz

0

H

∫                                                                                                                       (2.5) 

where rrms is the root mean square radius of the size distribution. It is also the mean surface 

radius of the droplet size distribution. The effective radius of the droplet size distribution or the 

surface area-weighted mean radius (which is what is retrieved from cloud reflection 

measurements) is defined as (Hansen and Travis, 1974) 
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r
e

=
r
3
n(r)dr∫

r
2
n(r)dr∫

=
r
3
n(r)dr∫ n(r)dr∫

r
2
n(r)dr∫ n(r)dr∫

=
r
3

r
2

=
r
v

3

r
rms

2

                               (2.6) 

where  rv  is the mean volume radius of the droplet spectrum.  

      Martin et al. (1994) found an empirical relationship between re and rv using data collected in 

stratocumulus clouds with little entrainment during the First International Satellite Cloud 

Climatology Project (ISCCP) Regional Experiment (FIRE), the First Along Track Scanning 

Radiometer (ATSR) Tropical Experiment, and the Atlantic Stratocumulus Transition Experiment 

(ASTEX), given by r
v

3
= kr

e

3 . The parameter k, that describes the difference between the mean 

volume radius and the effective radius of a droplet distribution, is called the spectral shape 

parameter and depends on the skewness and dispersion of the droplet size distribution. It 

represents the effect of droplet spectral shape on radiation, and has been derived from in situ 

measurements that suggest that the value of the coefficient k varies from 0.67 ± 0.07 in 

continental air masses to 0.80 ± 0.07 in marine ones (Pontikis and Hicks, 1992; Martin et al., 

1994). The above relation between r
e

3  and r
v

3  is also true for primarily trade wind cumuli over 

the Indian Ocean region according to McFarquhar and Heymsfield (2001), provided that the 

clouds are sorted according to the degree of pollution. For the relatively narrow size distributions 

found in marine stratus there is typically little difference among re, rv and rrms, and these radii can 

be interchanged in the manipulation of the above equations as concluded by Grassi (1982), based 

on analysis of measured and assumed size distributions.  

     Using the relation between rv and re we get the following relation between rrms and rv

 

r
rms

2
=
r
v

3

r
e

=
r
v

3

r
v
k
−1/ 3

= k
1/ 3
r
v

2
  

r
rms

= k
1/ 6
r
v                                                                                                                                   

(2.7) 

Using equation (2.7) the equation for cloud optical depth (Eq. (2.5)) becomes 

τ
d

= 2π k
1/ 3
r
v

2
N

d
dz

0

H

∫
                                                                                                                  (2.8)

 

 From the definition of liquid water content 

W = ρ
w

4

3
π r

3
n(r)dr∫ = ρ

w

4

3
π

r
3
n(r)dr∫
n(r)dr∫

n(r)dr∫ = ρ
w

4

3
π r3N

d
= ρ

w

4

3
πr

v

3
N

d

                     (2.9) 
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where ρw is the density of liquid water. Using mean volume radius, rv =
3W

4πρ
w
N

d

 

 
 

 

 
 

1/ 3

 the 

expression for cloud optical depth becomes 

τ
d

= 2π k
1/ 3

0

H

∫
3W

4πρ
w
N

d

 

 
 

 

 
 

2 / 3

N
d
dz                                                                                               (2.10)

 

In order to account for the effect of entrainment-mixing processes on variability in cloud optical 

properties and aerosol-cloud interactions, we use cloud adiabaticity to characterize the 

subadiabatic character of the clouds. Assuming that the mean liquid water content increases 

linearly with height at some fraction η of its adiabatic value w(z) = ηCwz  where Cw, termed the 

moist adiabatic condensate coefficient , is a weak function of temperature in the cloud layer and 

its value ranges from 1 to 2.5×10
-3

 g m
-4

 for a temperature between 0° and 40°C (Brenguier, 

2000). It is constant over a short altitude range such as through stratocumulus clouds with a 

depth smaller than 1 km (Brenguier, 1991). The additional term (η) represents the departure of 

the liquid water content profile from adiabatic. The expression for cloud optical depth becomes 

 τd = 2π k
1/ 3

3ηC
w
z

4πρ
w
N

d

 

 
 

 

 
 

0

H

∫
2 / 3

N
d
dz  

       = 2π  η2 / 3
C
w

4 /3( )πρ
w

 

 
 

 

 
 

0

H

∫
2 / 3

k
1/ 3
N

d

1/ 3
z
2 / 3
dz  

        = 
6

5
πη2 / 3A2 / 3k1/ 3N

d

1/ 3
H
5 / 3.                                                                                                             (2.11) 

where A = A =
C
w

(4 3)πρ
w

 

We can decompose the above equation in the following form 

                       

d lnτ
d

d lnN
a

= c
1

d lnk

d lnN
a

+ c
2

d lnN
d

d lnN
a

+ c
3

d lnη

d lnN
a

+ c
4

d lnH

d lnN
a

+ c
0
                                   (2.12) 

The first term on the right hand side represents the dispersion effect, which describes broadening 

of the cloud droplet spectrum with aerosol concentration. The second term represents aerosol 

activation which determines the number of droplets nucleated and tells about the ability of 

aerosols to act as CCN. The third term represents the adiabaticity effect and describes the 

meteorological influences on the estimated value of indirect effect. The fourth term is the cloud 

layer thickness effect and c1, c2, c3 and c4 are constants. c0 is being placed in the equation to 
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account for processes not being considered in the simplified cloud model. While the first two 

terms on the right hand side are associated with the number effect or the Twomey effect alone, 

the last two terms contain contributions from dynamical environments and aerosol 

characteristics. The assumptions above that number concentration is roughly constant with height 

in the cloud and that liquid water content increases linearly with height are consistent with 

aircraft and balloon observations of both precipitating and nonprecipitating stratocumulus clouds 

in the north Atlantic, northeastern Pacific, and mid-Atlantic (Nicholls 1984; Caughey and 

Kitchen 1984; Austin et al., 1995; Brenguier et al., 2000). A linear increase of liquid water 

content is also found in the mean liquid water content profiles of many numerical simulations of 

layer clouds, including models based on higher-order closure (Wang and Wang, 1994) and two-

dimensional large eddy simulations with bin-resolved microphysics (Khairoutdinov and Kogan, 

1999).  

    We must emphasize that this is a simplified representation and that other parameters such as 

aerosol size, composition, and updraft velocity, also play a role in determining the ultimate 

magnitude of the aerosol indirect effect, even though they are not explicitly represented in the 

AIE calculations. Failure to account for factors other than aerosol concentration such as aerosol 

size distribution, or physical processes such as advection, in addition to measurement and 

retrieval errors, may account for AIE values falling outside the range of the theoretical bounds. 

To account for these unknown factors we placed c0 in Equation (2.12). In the following section 

we will discuss the factors contributing to the estimation of aerosol indirect effect 

 

2.2 Survey on the magnitude and variability of factors contributing to the 

estimation of aerosol indirect effect 

 

The factors responsible for variation in cloud optical depth with change in aerosol loading as 

shown in Equation (2.12), have been studied by various investigators. In this section we present a 

survey of published results and discuss the magnitude and variability of some of the mechanisms 

contributing to the determination of aerosol indirect effect. 
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2.2.1 Dispersion effect 

Most studies of the effect of aerosols on cloud radiative properties have considered only changes 

in the cloud droplet concentration caused by increasing the cloud condensation nucleus (CCN) 

concentration. The anthropogenic aerosols however exert an additional effect on cloud properties 

that is derived from changes in the spectral shape of the size distribution of cloud droplets in 

polluted air and has a significant role in determining cloud radiative properties. The broadening 

of the spectrum of cloud droplets with an increase in aerosol concentration is called the 

dispersion effect (Liu and Daum, 2002). Contrary to the effects of increased Nd with an increase 

in aerosol loading, the enhanced dispersion acts to diminish the cooling effect associated with the 

aerosol first indirect effect and exerts a warming effect on climate. Why increasing 

anthropogenic aerosols simultaneously increases the droplet concentration and the relative 

dispersion is still not clearly understood. Some possible explanations for the simultaneous 

increase of the relative dispersion and droplet concentration with increased aerosol loading are 

more complex chemical composition and a broader size distribution of anthropogenic 

aerosols, more small droplets competing for water vapor in polluted clouds compared to clean 

clouds that have fewer droplets and less competition, or a combination of the three (Liu and 

Daum, 2002). 

         The dispersion effect, which has been largely ignored in global climate models, is in part 

responsible for the large uncertainty in estimates of the indirect aerosol effects. The breadth of 

the cloud droplet spectrum is measured by the relative dispersion d and is defined as the ratio of 

the standard deviation to the mean radius of the droplet number size distribution 

d =σ r                                                                                                                                      (2.13) 

where σ is the standard deviation of the cloud droplet number size distribution and  is the mean 

radius (first moment of the distribution). Cloud droplet effective radius and volume mean radius 

are related by a coefficient k in large-scale models and it represents the effect of droplet spectral 

shape on cloud optical properties. Liu and Daum (2000) theoretically derived the parameter k to 

be inversely dependent on d through the relation 

 

k =
(1+ 2d

2
)
2 3

(1+ d
2
)
1 3

                                                                                                                         (2.14) 

 

r
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Table 2.1 adapted from Liu and Seinfeld (2006), lists the typical values of d and k as estimated 

by various investigators. Lu and Seinfeld (2006) also demonstrated that parametrized k [as 

proposed by Martin et al. (1994)] is a decreasing function of d. 

Cloud droplet spectral broadening is an important parameter and is directly related to the 

warm rain initiation problem. While theoretical condensational growth predicts narrowing of 

droplet spectra under adiabatic conditions (Rogers and Yau, 1989), broadening is prevalently 

observed in real clouds (Martin et al., 1994 and Hudson and Yum, 1997). Although it has been 

well established that three physical processes (condensation, evaporation and collection) are 

involved in the formation of warm rain, many issues regarding the initiation of warm rain remain 

unsolved.  It is this observed fact of droplet spectral broadening, which is key to explaining how 

coalescence occurs in warm clouds leading to precipitation in realistic times (i.e., 30 min).  

Cloud condensation nuclei (CCN) spectra and updraft determine the broadness of the droplet 

spectrum of an adiabatic cloud parcel. These two factors also determine cloud supersaturation 

(S), and S in turn determines condensational growth rate of each cloud droplet. Droplet spectra  

 

Table 2.1 Observed values of relative dispersion (d), skewness (s) and spectral parameter (k) 

[Adapted from Lu and Seinfeld (2006)]  

 
Reference Cloud Types d (Dispersion) s (Skewness) k 

Martin et al. [1994] Maritime  

Continental 

0.33 ± 0.08 

0.43 ± 0.06 

 0.8 ± 0.07 

0.67 

Gultepe et al. [1996] Stratus over the east coast of Canada   0.72 

Ackerman et al. [2000] MAST ambient    0.49 (MRF)a 

Miles et al. [2000]b  Marine stratus 

 

 

Continental stratus 

0.41 (their Table 3) 

0.395 (near cloud base) 

0.38 (their Table 3) 

0.483 (near cloud base) 

  

McFarquhar and 

Heymsfield [2001] 

INDOEX pristine clouds 

Polluted clouds 

Drizzling pristine clouds 

0.26 ± 0.08 

 

0.36 ± 0.08 

0.005 ± 0.67 

 

0.47 ± 0.83 

0.83 ± 0.08 

 

0.73 ± 0.08 

0.6 ± 0.28 

(can be low as 

0.41 ± 0.29) 

Brenguier et al. [2003] Stratocumulus clean 

Stratocumulus polluted 

  0.8 

0.9c 

aMRF is the UK C-130; UW is the University of Washington Convair 580. 
bSummary results of 17 separate studies. 
cValue is from pages 6– 9 but is not found in their cited reference [Pawlowska and Brenguier, 2000]. 
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become narrower as the growth continues, but the rate of narrowing is slower when cloud 

supersaturation is lower. Therefore, cloud droplet spectra are broader for more continental clouds 

(i.e., higher CCN concentrations) and for weaker updrafts because both conditions are associated 

with lower cloud supersaturation. Breadth of the cloud droplet spectrum also influences the 

process of autoconversion whereby large cloud droplets collect small ones and become 

embryonic raindrops. The autoconversion rate is expected to increase in the presence of a few 

large droplets (e.g., Beard and Ochs, 1993). A tendency towards broader droplet spectra in 

polluted air masses may substantially offset the suppression of autoconversion that typically 

occurs in GCMs when the autoconversion rate is allowed to respond to increased droplet 

concentration. This effect is generally not considered in GCMs, and is another important topicfor 

future research. The variation in dispersion parameter (d) due to aerosol loading may have 

concomitant influence on these processes. Despite the progress, quantitative understanding of 

relative dispersion and its relationship to cloud droplet number concentration (Nd) and aerosol 

properties is in its infancy.  

 

2.2.2 Number effect  

The increase in cloud droplet concentration with aerosol loading with liquid water content held 

constant is called the Twomey effect or the number effect. Linking aerosol particles to cloud 

droplets is probably the weakest point in estimates of the indirect aerosol effects. The size 

distribution and chemical composition of the atmospheric aerosol are determined by a number of 

physiochemical processes, including formation of condensable vapors, nucleation of aerosol 

particle embryos from these vapors, condensational and/or coagulation growth of the aerosol, 

and cloud physical processes. 

          One of the crucial challenges is to determine the ability of aerosol particles to act as CCN 

at water vapor supersaturations S that are relevant for atmospheric conditions. Whether a 

particular particle becomes activated depends on its size and its content of soluble material, in 

addition to the degree of supersaturation achieved in the cloud and the rate at which the 

supersaturation changes. The larger the size of a particle, the more readily it is wetted by water, 

and the greater its solubility, the lower will be the supersaturation at which the particle can serve 

as a CCN. Concentrations of activated aerosol particles (CCN) as a function of supersaturation, 

is called the CCN spectra. Empirical expressions have been proposed for the activation spectrum 
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of CCN (in cm
-3

) as a function of supersaturation S (in %) (Twomey, 1959; Ghan et al., 1993; 

Hobbs, 1993) that are of the form CCN(S) = cS
κ , where CCN is the number of drops activated at 

supersaturation S (percentage of relative humidity minus 100%), c and κ are empirical 

parameters for a given air mass related to the number of CCN and the slope of the size 

distribution. Since S is measured in percent supersaturation, S = 1 corresponds to 1% 

supersaturation, and c is the CCN concentration activated at 1% supersaturation and is a function 

of aerosol number density and mass concentration while κ is related to aerosol specie and must 

be inferred from observations. The values for c and κ vary considerably depending on the type of 

air mass present at the particular place. According to Hegg et al. (1991), the CCN spectra also 

vary with season, such that the values for c and κ are generally larger in summer than in winter. 

      To a first approximation, the number concentration of cloud droplets might be expected to 

increase one-for-one with an increasing number of aerosol particles in the size range suitable for 

activation. However, the supersaturation time history of an air parcel itself depends on the 

number of CCN; additional particles act to depress the maximum supersaturation that can be 

achieved. In such a regime the number of cloud droplets formed does not increase one-to-one 

with an increase in the CCN concentration (Gillani et al., 1992). The updraft velocity during 

cloud condensation determines the maximum supersaturation (Smax) in a cloud parcel (increase in 

updraft velocity gives rise to higher Smax) and, thus, the activated droplet concentration for the 

same CCN spectra. In general, droplets in cloud parcels with stronger updrafts are smaller 

because more activated droplets are competing for the available water vapor. In spite of higher 

concentrations, droplet spectra are narrower for stronger updrafts because higher S makes the 

spectra narrower faster. 

    Besides aerosols, other processes like entrainment evaporation can also modulate Nd. The 

increase in updraft velocity not only gives rise to higher Smax but also produces larger turbulent 

mixing which causes a decrease in cloud drop number due to more evaporation. Thus the 

increase in CCN due to higher Smax  may balance decrease due to evaporation. In order to treat 

cloud droplet formation accurately, the aerosol number concentration, its chemical composition 

and the vertical velocity on the cloud scale need to be known. Ideally, all the controlling factors 

should be considered in order to better understand aerosol indirect effect. The problem is that 

these mechanisms appear to be dependent upon each other, and accounting for them is 

impossible with the current understanding of aerosol indirect effect.  
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2.2.3 Cloud adiabaticity  

During adiabatic cloud development the liquid water content evolves adiabatically with height 

and cloud droplet number concentration remains constant throughout the cloud depth 

(Pruppacher and Klett, 1978) when collision/coalescence between droplets is neglected. 

Adiabatic cloud liquid water contents are however atypical of most clouds or cloud parcels that 

are influenced by entrainment of out-of-cloud air at the top of the cloud or from the sides of the 

clouds. This mixing and incorporation of undersaturated environmental air into the cloud, apart 

from modifying the temperature and dynamical structure of clouds, can substantially change 

their liquid water content (W), droplet number concentration, and size distributions n(r), hence 

also modifying the optical characteristics such as effective radius and liquid water path. In 

general entrainment reduces W and broadens n(r) drop size distribution, while Nd can be 

increased or decreased compared to their adiabatic values (Penner and Chuang, 1999; Gerber et 

al., 2005; Meskhidze et al., 2005). Shao and Liu (2006) demonstrated that the strength of the 

aerosol first indirect effect is about half that estimated by many previous investigators, and 

attributed the difference to the evaporation associated with entrainment-mixing processes.  

       When unsaturated ambient air is entrained into clouds, some of the cloud water evaporates to 

saturate the entrained parcels of air, thereby reducing the cloud liquid water content. 

Simultaneously, the entrained air contains unactivated aerosol. During mixing with cloudy air 

these are exposed to supersaturation conditions and may partly activate. Thus, small and recently 

activated droplets are added continuously to the cloud air and this results in much greater 

dispersion of the cloud droplet spectra. The process of mixing between clouds and their 

environment is complicated and not fully understood.  It is crucial to understand the actual 

mechanics of the mixing process, which can be either homogeneous or inhomogeneous 

depending on the details of the actual manner in which droplets were evaporated, as the 

homogeneous and heterogeneous mixing apparently produce different microphysical responses 

(Kim at el., 2008). In homogeneous mixing the typical time scale of the mixing between the 

cloud air and the environmental air, through turbulence, is small compared to the typical time 

scale for condensational growth of the entrained particles (Su et al., 1998). In that case, the 

entrained drops and the drops initially present in the cloud are subjected to the same saturation 

(Mason and Jonas, 1974; Lee et al., 1980). In inhomogeneous mixing (Baker et al., 1980) as well 

as entity mixing (Telford and Chai, 1980), on the other hand, the mixing time scale is larger than 
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the time scale for condensational growth, and different droplets encounter different saturation 

conditions that resulted in the complete evaporation of some droplets and no evaporation of other 

droplets, indicating the importance of cloud dynamics in controlling droplet concentrations and 

distributions than the preexisting aerosol (CCN spectra) (Hudson, 1993). 

      It is not our aim to study the process of mixing in itself, but the influence of entrainment on 

cloud dynamical and microphysical parameters. The variation of liquid water path, which is 

known to play a major role in determining the clouds’ radiative forcing (Dong et al., 2002; Kim 

et al., 2005), due to these non-adiabatic processes would induce the uncertainty in estimating 

aerosol indirect effect since the physics that underlie the first indirect effect dictate that the 

indirect effect comparison must be made between clouds having the same liquid water content.  

In order to examine the effect of entrainment-mixing processes on cloud optical properties, 

adiabaticity, defined as the ratio of the observed liquid water content (W) to the corresponding 

adiabatic liquid water content Wad (liquid water content increasing linearly with height), can be 

used as a proxy for mixing. Kim at al. (2003) showed that the sensitivity of effective radius to 

adiabaticity is almost comparable to the sensitivity to cloud thickness and cloud drop number 

concentration, which is indicative of importance of adiabaticity in understanding aerosol indirect 

effects.  

 

2.2.4 Aerosol composition and aerosol size distribution  

Physical properties such as total number concentration; size distribution and the chemical 

composition of submicron atmospheric aerosol particles are key parameters that control the 

indirect radiative forcing of the climate by aerosols. Aerosol schemes in climate models are too 

simplistic.  The true manifestation of the aerosol first indirect effect rests upon nucleation of 

observed aerosols into cloud droplets, described by the CCN activity spectrum. To a first 

approximation, the ability of a particle to act as a CCN at a given saturation S depends on the 

number of potential solute molecules it contains, which is a function of its size and composition. 

Thus, knowledge of both particle size distribution and size-resolved particle composition is 

necessary to predict ambient CCN concentrations. The effect of aerosol chemical composition on 

CCN activation is largely unknown. Chuang et al. (2002) illustrated the impact of aerosols with 

different origins on drop nucleation and showed that the percentage increase in drop 

concentration decreases with the increasing submicron aerosol volume. Because of the smaller 
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mean radius for continental aerosols, the cloud drop concentration would become more easily 

‘‘saturated’’ for drops nucleated on continental aerosols. Hence there is a need to precisely link 

precursor gases to aerosol formation and size distribution and to quantitatively describe the 

existing levels of global aerosol loading.  

      The chemical composition of aerosol particles is diverse, complex and variable with location 

and condition. The particles comprise many inorganic and organic compounds ranging in 

solubility, density and, surface tension. Most studies frequently assume implicitly or explicitly, 

that the soluble material in aerosol particles comprises of inorganic components. This 

assumption of an externally mixed inorganic salt aerosol appears not to be applicable even in the 

most pristine regions. Nenes et al. (2002) examined various chemical factors resulting from 

anthropogenic activities and argued that if neglected they could produce variations in droplet 

number concentrations comparable to those of Twomey effect. It is therefore of great importance 

to assess the relative contributions of particle size distribution and chemical composition to CCN 

activity.  Dusek et al. (2006) have recently showed that aerosol particles’ ability to act as CCN 

(i.e. CCN concentrations) are mainly determined by the aerosol size or the number size 

distribution and that the particles’ chemical composition plays a secondary role in CCN 

activation. Tropospheric aerosol mass size distributions are typically observed to be dominated 

by two modes with a minimum separating the two modes at around 1- to 2-µm diameter (Pandis 

et al., 1995). Particles in the submicrometer mode ("fine particles") have different sources, much 

lower rates of removal by dry deposition, much higher mass scattering and absorption 

efficiencies, and much higher number concentrations than the "coarse" particles of the 

supermicrometer mode. Consequently, the first step toward including the effects of aerosol size 

distribution in global models should be to capture the essential differences between these two 

modes. There is also a need for separating aerosol influences on cloud microphysics from 

meteorological factors and other cloud dynamics in order to better quantify the indirect effect.  
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CHAPTER 3 

DATA AND METHODOLOGY 

3.1 Data 

 

Satellite data are well suited to study aerosol effects on the large scale (Kaufman et al., 2002). 

They are well distributed on the globe and among various seasons and provide a much broader 

basis for the statistics compared to ground based observational data, with large number of data 

points. Many remote sensing algorithms have been developed, and the most notable is the 

archived retrieval product from MODerate Resolution Imaging Spectroradiometer (MODIS). In 

this study we use data from the MODIS, a key instrument launched aboard the NASA’s Earth 

Observing System Terra and Aqua satellites in December 1999 and May 2002. It has 36 channels 

spanning the spectral range from 0.41 to 15 µm representing three spatial resolutions: 250 m (2 

channels), 500 m (5 channels), and 1 km (29 channels). The MODIS has a viewing swath width 

of 2,330 km and views the entire surface of the Earth every one to two days. MODIS data from 

the Aqua satellite are analyzed for the purpose of this study. The data products that we use in this 

analysis are MYD06 data (for cloud products) and MYD04 data (for aerosol products). In 

addition the Advanced Microwave Scanning Radiometer - Earth Observing System (AMSR-E) 

data (LWP product) and NCEP–NCAR reanalysis surface data are also used. They are briefly 

described below. 

    For the purpose of our analysis and based on equation (2.12) we will use several satellite 

retrieved cloud and aerosol products. We will obtain data for cloud droplet effective radius, 

cloud optical depth, cloud top temperature from MODIS cloud products from the Aqua platform. 

In conjunction with liquid water path data from AMSR-E, we will use these to derive other 

parameters such as cloud droplet concentration, relative dispersion, liquid water content and 

adiabaticity. Cloud geometrical depth will be computed using MODIS cloud top temperature and 

relative humidity data from NCEP–NCAR reanalysis surface data. The MODIS aerosol products 

from the Aqua platform such as column CCN number concentration, Angstrom exponent, 

aerosol optical depth will also be used here. 
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MODIS CLOUD property data - The MODIS cloud product retrieval uses four of its visible 

(0.645 µm) and near-infrared (1.64, 2.13, and 3.75 µm) spectral bands for daytime shortwave 

cloud retrieval over land surfaces, with 0.858 or 1.240 µm replacing 0.645 µm over ocean and 

bright snow/sea ice surfaces, respectively. Cloud droplet effective radius and cloud optical depth 

in the solar spectrum are derived in the absorbing band at 2.1 µm channel assuming plane-

parallel homogeneous clouds above a black surface in combination with a non-absorbing band at 

0.65, 0.86, and 1.2 mm over land, ocean, and ice surfaces, respectively (Platnick et al., 2003). 

The underlying principle on which the retrieval technique is based is the fact that the reflection 

function of clouds is primarily a function of the cloud optical thickness at a nonabsorbing band in 

the visible wavelength region, whereas the reflection function is primarily a function of cloud 

particle size at a water absorbing band in the near infrared (Nakajima and King, 1990). Since the 

shortwave cloud radiative properties depend almost exclusively on these two parameters, their 

retrieval is very important.  

 

MODIS AEROSOL property data - The aerosol properties, such as the aerosol optical depth 

(τa), Angstrom exponent (reflecting aerosol size information), and aerosol column number 

concentration (Na), are also obtained from the MODIS orbital aerosol product (Remer et 

al.2005). The Angstrom exponent describes the variation of aerosol optical depth with the 

wavelength. It is related to the shape of the aerosol size distribution and is a good indicator of 

particle size. Urban and industrial pollution and smoke from vegetation burning (mostly 

anthropogenic) have mostly fine aerosol and have a large Angstrom exponent. Dust and marine 

aerosols (mostly natural) are dominated by coarse aerosol and hence a small Angstrom exponent, 

but with significant fine aerosol fraction (Tanré et al., 2001; Kaufman et al., 2001). Aerosol 

optical depth describes the attenuation of radiation in the atmosphere due to aerosol scattering 

and absorption. It is the integrated extinction coefficient over a vertical column of unit cross 

section from the Earth surface to the top of the atmosphere. Values vary widely depending on 

atmospheric conditions, but are typically in the range 0.02-0.2 for visible radiation.  Aerosol 

concentration is a measure of the amount of aerosol particles (e.g. number, mass) per unit 

volume of air.  

    The aerosol retrieval makes use of seven of these channels (0.47–2.13 µm) to retrieve aerosol 

characteristics. Unlike earlier satellite sensors, which did not have sufficient spectral diversity, 
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MODIS has the unique ability to retrieve aerosol optical thickness with greater accuracy and to 

retrieve parameters characterizing aerosol size (Tanré et al., 1996; Tanré et al., 1997). The 

MODIS aerosol algorithm is actually two entirely independent algorithms, one for deriving 

aerosols over land (Kaufman et al., 1997) and the other for aerosols over the ocean (Tanré et al., 

1997). Over the ocean, MODIS uses the aerosol spectral signature in a wide range (0.47–2.1 µm) 

to distinguish small pollution particles from coarse sea-salt and dust. MODIS measures aerosol 

optical thickness (τa) with an estimated error of ±0.05±0.20τa over the land and ±0.03±0.05τa 

over the ocean. Over land, MODIS uses the 2.1-µm channel to observe surface-cover properties, 

estimate surface reflectance at visible wavelengths, and derive τa from the residual reflectance at 

the top of the atmosphere. Angstrom exponent here is derived at wavelengths of 0.55 and 0.87 

µm. Column Cloud Condensation Nuclei (CCN) number concentration at 0.55 micron (cm
-2

) is 

used here as a proxy for aerosol number Na. Also we have used the MODIS data only over ocean 

because of their better accuracy.  

 

AMSR-E data - The Advanced Microwave Scanning Radiometer - Earth Observing System 

(AMSR-E) is a twelve-channel, six-frequency, conically scanning passive-microwave radiometer 

system aboard the NASA Aqua satellite. It measures horizontally and vertically polarized 

brightness temperatures at 6.9 GHz, 10.7 GHz, 18.7 GHz, 23.8 GHz, 36.5 GHz, and 89.0 GHz. 

The AMSR-E instrument measures geophysical variables related to the Earth's water cycle, 

including: precipitation rate, cloud water, atmospheric total water vapor, sea surface winds, sea 

surface temperature, sea ice concentration, snow water equivalent, and soil moisture. Spatial 

resolution of the individual measurements varies from 5.4 km at 89 GHz to 56 km at 6.9 GHz. 

All variables are measured over oceans and are generated from the ocean algorithm based on the 

physical Radiative Transfer Model (RTM) developed by Wentz and Meissner (2000). The RTM 

consists of an atmospheric absorption model for water vapor, oxygen and liquid cloud water and 

a sea surface emissivity model that parameterizes the emissivity as function of sea surface 

temperature, sea surface salinity, sea surface wind speed and direction. The ocean swath product 

contains sea surface temperature at 56 km and 38 km resolution, near-surface wind speed at 38 

km and 21 km resolution, columnar water vapor at 21 km resolution, columnar cloud liquid 

water (or LWP) at 12 km resolution, and quality flags. The algorithms for columnar water vapor 

and columnar liquid cloud water use only the 18.7, 23.8, and 36.5 GHz channels. The AMSR-E 
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infers liquid water path over water from microwave radiances at 36.5GHz, after estimates of sea 

surface temperature, wind speed, and column water vapor are obtained from various 

combinations of AMSR-E frequencies (Wentz and Meissner, 2000). 

 

NCEP-NCAR reanalysis data - We have also used the 6-hourly National Centers for 

Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) reanalysis 

surface daily data for year 2007 and 2002 on 2.5° x 2.5° global grid provided by the 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at 

http://www.esrl.noaa.gov/psd/ (Kalnay et al.,1996). 

 

3.2 Region of study 

For the purpose of this study we use data for the year 2007 and 2008 over the following two 

regions. The first region comprises of US west coast area between 45ºN to 20ºN and 110ºW to 

130ºW hereafter referred to as ‘USWC’ region. Clouds in this region have been studied by many 

investigators (e.g. Coakley and Walsh, 2002; Twohy et al., 2005; Martin et al., 1994; Segrin et 

al., 2007; McComiskey et al., 2009 etc.). The second region is the rectangular geographical area 

between 60ºE and 95ºE and from 15ºS to 25ºN, which includes the Indian subcontinent as well as 

the adjacent Arabian Sea, Bay of Bengal and a part of the Indian Ocean.  The Arabian Sea is 

surrounded by arid and semi-arid regions, which are a source of wind-blown dust particles as 

well as anthropogenically produced sulfate and carbonaceous particles. This region will be 

hereafter referred to as ‘INDO’ region.  

       The USWC region is characterized by low level stratus clouds. Stratiform clouds are 

common along the eastern branch of the North Pacific subtropical high pressure cell, a region 

frequently characterized by cold sea surface temperatures, weak upward surface fluxes, and 

moisture confined below a well-defined marine atmospheric boundary layer subsidence 

inversion. The USWC experiences much of its persistent stratus during the warm season (May-

September) when stability is typically strongest during the summer months. In general, the 

inversion capped marine atmospheric boundary layer are not restricted to the warm season as the 

USWC is under the influence of the subtropical high throughout the year allowing for seasonal 

changes in its position and strength and intermittent passage of synoptic systems primarily in 

winter and spring. The shallow stratocumulus clouds cover over 34% of the world’s oceans and 
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are believed to be most susceptible to the Twomey effect. Low-level stratus clouds have 

a substantial impact on the global climate contributing about a third of the earth's global albedo 

thereby reducing the shortwave radiation received at the earth’s surface. Since these clouds have 

large spatial extent, are relatively thin, and cover a low-albedo surface, the planetary albedo is 

more sensitive to aerosol-induced changes in their microphysics compared with other clouds 

(e.g., Penner et al., 1994) and hence it is critical to understand the indirect aerosol effect for 

marine stratus.  

       The INDO region, on the other hand, is primarily characterized by convective clouds. 

Although not as widespread over the oceans as stratocumulus, convective clouds cover extensive 

regions of the tropical and mid-latitude oceans and continents during winter months. The warm 

waters of the Indian Ocean contribute to triggering deep convection, which play an important 

role in the diabatic forcing of the tropical circulation. The cross equatorial low level flow into 

this regime of deep convection is associated with the Intertropical Convergence Zone (ITCZ). 

The tropical Indian Ocean provides an ideal and unique natural laboratory to observe and 

understand the role of anthropogenic aerosols in climate forcing. It is the only place in the world 

where an intense source of anthropogenic trace species, their reaction products (e.g., sulfate, 

ozone), and continental air from the Northern Hemisphere is directly connected to the pristine air 

of the Southern Hemisphere by a cross equatorial monsoonal flow into the ITCZ providing a 

significant perturbation to the marine “background” aerosol loading. McFarquhar and 

Heymsfield (2001) demonstrate the similarity of the INDO region clouds to continental clouds to 

establish that anthropogenic pollutants from the Indian subcontinent spread to great distances. 

The ideal time to examine this aspect of the aerosol-climate problem is during winter monsoon 

during December to April when the gaseous and particulate pollutants emitted by the Indian sub-

continent and the south Asian region are transported by the persistent northeastern low-level 

monsoonal flow over the Bay of Bengal, and the Arabian Sea, which for this time of the year 

often have large cloud free regions. Stratocumulus that form in the offshore flow are broken and 

thin and the cloud cover fraction is typically small. Polluted air flows over the entire north Indian 

Ocean reaching as far south as 5˚ to 10˚ S. The high rates of aerosol emission over the Indian 

subcontinent and low rates of emission near the intertropical convergence zone, only 1500 km 

south of the continent gives rise to strong gradients in aerosol observations (Rhoads et al., 1997; 

Jayaraman et al., 1998) causing the corresponding gradients in cloud microphysical and optical 
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characteristics. As the ITCZ moves northward in April and May, deep convective clouds (that 

form off the coast of India) are likely to ingest aerosols from the high aerosol concentration 

regions. Thus conditions are ideal for the study of the transport of continental materials, typically 

non-sea-salt sulfate, carbonaceous particles, and mineral dust over the ocean surface, 

the formation of new particles during transit and the consequent radiative forcing of the aerosol 

products. During the southwest summer monsoon months from June to September, the Indian 

subcontinent and the surrounding oceanic areas experience strong presence of very high 

convectively formed clouds (mainly deep convective cores, stratiform clouds and anvil cirrus). 

Apart from being responsible for precipitation, these clouds influence radiative balance of the 

region significantly and also play a crucial role in transporting mass and moisture to the upper 

levels of the troposphere (Gettelman et al., 2002; Fischer et al. 2003). Representation of this 

region is extremely critical in global models because of the role of the Tropics in driving the 

circulation of the planet and because the growing population and industry in the region will 

likely lead to a substantial increase in anthropogenic pollutants in the coming years. This 

examination will enable us to identify mechanisms of different cloud and aerosol effects on 

radiation in deep convection as compared to those in warm shallow clouds, which have garnered 

much more attention than deep convective clouds in climate studies. 

 

3.3 Methodology 

MODIS observes detailed aerosol and cloud properties with resolution of 0.5-1 km and we 

utilize the cloud and aerosol data products such as cloud droplet effective radius, re, cloud optical 

depth τd, aerosol optical depth τa, aerosol concentration Na etc. that are retrieved routinely by 

MODIS algorithms. We use aerosol column concentration as a surrogate for the concentration of 

aerosol that interacts with the cloud layer (Tanré et al., 1997). These data contain rich and 

valuable information that can be used to investigate the relationship between aerosols and clouds. 

This approach has been successfully undertaken by a number of investigators for water clouds. 

Satellite data were used on a global scale to measure the effect of aerosol on cloud properties like 

cloud droplet size, liquid water content and cloud cover (Nakajima et al., 2001, Breon et al., 

2002, Sekiguchi et al., 2003). For the purpose of this analysis we computed several parameters 

like cloud depth H, cloud droplet concentration Nd, liquid water content W, adiabaticity η and 

relative dispersion d. Below we briefly describe the method used to compute these parameters.  
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     Cloud geometric depth in this study was estimated using the temperature difference between 

the lifting condensation level (LCL) and cloud top. LCL coincides with the cloud base level and 

was determined using reanalysis relative humidity data and pixel level MODIS near-surface air 

temperature data. Denoting the temperature difference between LCL and cloud top by ∆T, the 

temperature lapse rate Γ=dT/dz and the cloud depth H are related via ∆T≈ΓH. A lapse rate of 7.5 

K/km is used here (Shao and Liu, 2009). Cloud depth data corresponding to each pixel level 

MODIS data was thus obtained. It should be remembered though that the general difficulty in 

determining cloud base temperature when soundings are unavailable limits the accuracy. The 

cloud depth data thus obtained were used to compute Nd in conjunction with LWP data from 

AMSR-E. The AMSR-E ocean swath product contains columnar cloud liquid water at 12 km 

resolution. Each granule spans approximately 50 minutes. MODIS cloud product parameters are 

produced at a spatial resolution of either a 1 by 1 kilometer or a 5 by 5 kilometer (at nadir) pixel 

array with each product file covering a five-minute time interval. The cloud depth data obtained 

at the same resolution as MODIS data was collocated with liquid water path data from AMSR-E 

before computing Nd.  

      We will calculate cloud droplet concentration Nd using satellite retrieved re, τd and LWP. The 

assumption of horizontally and vertically uniform clouds as used in radiative transfer 

calculations ignores droplet size growth with altitude above cloud base. Assuming adiabatic 

clouds as proposed by Brenguier et al. (2000) and Schüller et al. (2005), cloud droplet 

concentration can be computed from cloud optical depth and cloud droplet effective radius for 

liquid water clouds. The assumption of adiabatic clouds implies that air parcels ascend 

adiabatically within a cloud with the cloud droplet number concentration remaining constant in 

the vertical after aerosol activation is completed at cloud base, while liquid water content and 

thus cloud droplet radius increases monotonically with height above the cloud base. Based on 

Brenguier et al. (2000), with the coefficient γ =1.37 10
-5

 m
-0.5

 (Quaas et al., 2006), the cloud 

droplet number concentration can be expressed in terms of the cloud-top droplet effective radius, 

re, and the visible cloud optical depth, τd, as N
d

= γτ
d

1/ 2
r
e

−5 / 2 . Martin et al. (1994) proposed a 

parameterization for effective radius of droplets in layer clouds as r
e

= (3W /4πρ
w
kN

d
)
1/ 3

 where 

ρw is the density of liquid water and k is the spectral shape parameter. Neglecting dispersion 

effect on re allows us to compute Nd as N
d

= AWr
e

−3 where A is a proportional coefficient 

approximately equal to 0.30 cm
3
 g

-1
. We will use both methods to compute Nd and will compare 
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the results. 

     To quantify the cloud adiabaticity denoted by η, we use the ratio W/Wad as an indicator of 

entrainment-mixing evaporation, where W and Wad represent the observed cloud liquid water 

content and the corresponding adiabatic value, respectively. Liquid water content is assumed to 

increase linearly with height and is given by 2LWP/H. Also, considering that cloud geometric 

depth H is proportional to the adiabatic cloud liquid water content, we use  (W/H) as a proxy for 

η. 

     Relative dispersion d defined as the ratio of the standard deviation to the mean radius of the 

droplet number size distribution d =σ r  where σ is the standard deviation of the size distribution 

and  is the mean radius (first moment of the distribution) is computed over each 1°
 
x 1° grid 

using the pixel level effective radius data collected over the grid and computing its mean and 

standard deviation. 

    For all computation purposes we will choose only those data pixels, where the retrieval is the 

most reliable (in the interval 4 µm ≤ reff ≤ 30 µm and 4 ≤ τd ≤ 70; Nakajima and King, 1990). 

Only liquid water clouds are considered in this study because 90% of the tropospheric aerosols 

are distributed below 3-km altitude (Griggs, 1983). Moreover, aerosol effects on ice clouds may 

be different than on liquid water clouds. In order to ensure that only liquid water clouds are 

considered we will choose those grids where the grid-box mean cloud top temperature is larger 

than 273 K. Thin clouds (where LWP < 30 gm
−2

) are excluded since neither a clear distinction 

between aerosols and clouds, nor an accurate retrieval of cloud properties is reliably possible. 

We will only consider LWP < 150 g m
-2 

representing clouds that are most likely non 

precipitating as in the presence of precipitation, aerosol would be scavenged from the 

atmosphere. For each of the cloud and aerosol parameters, all the individual pixel values are 

collected for each 1° × 1° map grid cell for each season and averaged to get seasonally averaged 

data. Aerosol non-homogeneity has a spatial scale of 50–400 km (Anderson et al, 2003), 

allowing the 1° resolution study. For the INDO region we use data over the winter months of 

December, January and February (DJF) and for the USWC we use data over the summer months 

of June, July and August (JJA) to generate seasonally averaged data files over the regions.  

 

 

 

r
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3.4 Comparison of aerosol and cloud radiative properties of the two regions 

The two regions, INDO and USWC, chosen for this study differ from each other in many aspects 

as we will show below. While the USWC region is characterized by mainly stratiform clouds, 

the INDO region has prevalant convective clouds. Ramanathan et al. (1989) indicated that the 

radiaitve properties of deep convective clouds were different from those of stratiform clouds, 

regarding the modulation of outgoing longwave radiation. Lee et al. (2008) found aerosol effects 

on cloud mass and precipitation were different for deep convective and shallow stratiform 

clouds. Using histogram analysis and scatter plots we will highlight the difference in the cloud 

microphysical and radiative properties of the two regions because of the different dynamical and 

meteorological conditions prevalent in the two regions.  

 

3.4.1 Aerosol distribution and properties in the two regions 

Figures 3.1 through 3.5 below depict the differences in the aerosol conditions in the two regions 

in terms of distribution of aerosol column concentration, Angstrom exponent and aerosol 

effective optical depth. The distribution maps of Angstrom exponent and aerosol column 

concentration are shown in Figures 3.1 and 3.2.  Both regions show a distinct gradient of aerosol 

concentration moving from coast outward to ocean though it is more pronounced for the INDO 

region. This is because a large and persistent flow of continental and anthropogenic aerosols are 

advected from the land into the Tropical Indian Ocean by the northeasterly winds during the 

winter months and mix with the marine atmosphere.  The satellite-measurable variable Angstrom 

exponent is a good indicator of aerosols’ particle size. It is useful for distinguishing between 

large and fine aerosol particles as the ability of a particle to act as a CCN is largely controlled by 

aerosol size rather than composition (Dusek et al., 2006). Large values of Angstrom exponent 

above unity imply fine particles indicating urban/industrial pollution and smoke from vegetation 

burning (mostly anthropogenic), while below 0.5 we have coarse particles representative of dust 

and marine aerosols (mostly natural). Aerosol sizes are more diverse in the INDO region 

compared to the USWC. Figure 3.3 shows the distribution of aerosol concentration for the two 

regions.  Figure 3.4 shows that for the USWC region all the Angstrom exponent values are above 

0.5 while for the INDO region while some Angstrom exponent values are below 0.5. This 

implies mostly continentally influenced air masses in both   regions. The aerosols in the USWC 

region are more uniform in terms of both aerosol particle size and spatial distribution than the  
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Figure 3.1 Distribution of Angstrom exponent for DJF and JJA over INDO and USWC 

respectively, for years 2007 and 2008. 
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Figure 3.2 Distribution of aerosol concentration (cm
-2

) for DJF and JJA over INDO and USWC 

respectively, for years 2007 and 2008. 
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Figure 3.3 Histogram of aerosol concentration (Na × 10
-8

 cm
-2

) for DJF and JJA over INDO and 

USWC respectively, for years 2007 and 2008. 

 

INDO region. For the USWC region the aerosol effective optical depth lies mostly between 0.1 – 

0.2 while for the INDO region the values range from 0.05 – 0.5 (Figure 3.5). The diverse 

distribution and types of aerosols are responsible for the larger range of effective optical depth in 

the INDO region compared to the USWC. 

       It can be seen from the plot of Angstrom exponent versus Na (Figure 3.6) that the Angstrom 

exponent in general increases with Na indicating that a larger aerosol number concentration often 

corresponds to a smaller averaged size. The positive correlation between the two variables is 

significant at the 0.95 confidence level. For the INDO region Angstrom exponent shows a steep 

increase in fine (anthropogenic) aerosols as the concentration of aerosols increases at first (below 

Na=2x10
8
 cm

-2
) and a subsequent more gradual slope.  
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Figure 3.4 Histogram of Angstrom exponent for DJF and JJA over INDO and USWC 

respectively, for years 2007 and 2008. 

 

 

 

Figure 3.5 Histogram of aerosol effective optical depth for DJF and JJA over INDO 

and USWC respectively, for years 2007 and 2008. 
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Figure 3.6 Scatter plot of Angstrom exponent parameter as a function of aerosol optical depth for 

DJF and JJA over INDO and USWC regions for 2007 and 2008, respectively. 

 

3.4.2 Cloud properties in the two regions 

 The cloud properties in the two regions differ remarkably from each other. Figures 3.7, 3.8 and 

3.9 show the histogram analysis of cloud effective radius, cloud optical thickness and LWP for 

the two regions. The geographical distribution maps are shown in Figures 3.10, 3.11 and 3.12. 

The cloud droplet effective radius data for the USWC region mostly lies below 15µm while the 

effective radius values in the INDO region are mostly above 15µm. Cloud optical thickness over 

both regions is in different regimes as well. Over the USWC region maximum data lies in the 

range of 5 – 10 while over the INDO region less than five. Liquid Water Path over the USWC is 
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Figure 3.7 Histogram of cloud droplet effective radius (µm) for DJF and JJA over INDO and 

USWC respectively, for years 2007 and 2008. 

 

mostly constrained in a narrow regime between 20-75 gm
-2

. The INDO region has a wider range 

of LWP as large as 200 gm
-2

. The distribution map shows smaller values of LWP near the coast 

and larger values going farther from the coast over the ocean. The cloud properties over the two 

regions are overall found to be in different regimes. The INDO region has larger cloud effective 

radius (> 15 (µm), smaller cloud optical depth (< 5) and larger LWP. The USWC on the other 

hand has smaller effective radius (< 15 (µm), larger optical depth (> 5) and a smaller LWP (<75 

gm
-2

). Selection of the INDO and the USWC region for the purpose of our analysis helps us 

investigate different regimes of aerosol types and meteorological situations.  
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Figure 3.8 Histogram of Cloud Optical Thickness distribution for DJF and JJA over INDO and 

USWC respectively, for years 2007 and 2008. 

 

 

 

Figure 3.9 Histogram of liquid water path (gm
-2

) for DJF and JJA over INDO and USWC 

respectively, for years 2007 and 2008. 
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Figure 3.10 Distribution of cloud droplet effective radius (µm) for DJF and JJA over INDO and 

USWC respectively, for years 2007 and 2008. 
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Figure 3.11 Distribution of cloud optical thickness for DJF and JJA over INDO and USWC 

respectively, for years 2007 and 2008. 
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Figure 3.12 Distribution of liquid water path (gm
-2

) for DJF and JJA over INDO and USWC 

respectively, for years 2007 and 2008. 
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CHAPTER 4 

OBSERVED RELATIONS BETWEEN AEROSOL LOADING 

AND CLOUD PROPERTIES 

As we showed in Chapter 2 aerosol cloud interactions are not only determined by the properties 

of clouds and aerosols, they are also determined by the conditions of environment and 

meteorological influences. Attempts are made here to determine the extent to which adiabaticity, 

dispersion, cloud thickness etc. affect cloud properties, apart from their contribution to aerosol 

first indirect effect. We compute statistical relationships between aerosol column concentration, 

Na and adiabaticity, dispersion, cloud thickness, droplet number concentration, cloud optical 

depth etc. and between various cloud and radiation quantities. Following a similar method as 

Feingold et al. (2003), we have quantified the strength of the aerosol-cloud interactions as the 

relative change in cloud optical depth (τd) with a relative change in Na, " ln#d " lnN
a

so that a 

linear regression between lnτ
d
 and lnN

a
 gives us the strength of the aerosol-cloud interaction. 

To correlate cloud and aerosol properties, we have divided the two selected regions into a 

number of multi-pixel sub-grids of 1° × 1° as shown in Figure 7.1.  If there are fewer than five 

data pairs in a grid cell then that grid is discarded. Because the MODIS cloud mask program 

identifies a pixel either as clear/aerosol or cloud, and because the current MODIS cloud and 

aerosol algorithms cannot simultaneously detect or retrieve aerosol and cloud parameters for a 

single pixel, we have performed the correlation analysis using the aerosol and cloud properties 

averaged over three months (DJF for the INDO region and JJA for the USWC region) within 

each 1° × 1° grid that contains both cloud and aerosol pixels. We search for statistically 

meaningful correlations between cloud parameters and aerosol number. Finally we apply 

multiple regressions to distinguish the aerosol effect on clouds from that of coincidentally 

changing meteorological conditions. It should be noted that for the analysis below we have not 

necessarily assumed a cause-effect relationship behind the aerosol - cloud/radiation correlations. 

 

4.1 Cloud droplet spectral dispersion 

The dispersion effect as described in section 2.2.1, states that an increase in aerosol 

concentration results in broadening the spectrum of cloud droplets (Liu and Daum, 2002).  
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Figure 4.1 Distribution of cloud droplet spectral dispersion (d) for DJF and JJA over INDO and 

USWC region respectively, for 2008 and 2007. 

 

In order to explore the extent to which relative dispersion, d as defined in section 2.2.1, either 

enhances or diminishes the aerosol indirect effect, we need to understand the relationship 

of relative dispersion to the aerosol number concentration and its distribution. The variation in 

dispersion with aerosol loading and those due to other factors like cloud depth and cloud  
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Figure 4.2 The dependence of the spectral dispersion (d) on aerosol loading (Na) for DJF and 

JJA over INDO and USWC region respectively, for 2008 and 2007. 

 

adiabaticity for the two regions are explored through scatter  plots  below  and  results  compared  

with  other investigators’ results. The results for the regression of ln(d) and ln(Na) are 

summarized in Table 4.5. 

        Figure 4.1 shows the distribution of dispersion for the INDO and the USWC regions. The 

INDO region has a north to south gradient with larger values of dispersion near the coast and 

diminishing as we move farther away. The USWC has a fairly constant value over most part. The 

response of d to increased aerosol loading, Na varies considerably for the two regions. There is a 

substantial increase in the spectral dispersion due to increase in aerosol loading for the INDO 

region and a significant (at 0.95 confidence level) positive correlation. As explained in section 

2.2.1 k inversely depends on d. Hence a positive correlation between d and Na would suggest  
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Figure 4.3 Scatter plot of spectral dispersion, d with cloud geometric depth, H (km) for DJF and 

JJA over INDO and USWC region respectively, for 2008 and 2007. 

 

 thereby diminishing the sensitivity of τd with respect to Na and hence the 

aerosol indirect effect. This is consistent with Liu and Daum (2002) that compiled observations 

that showed a systematic increase in the breadth of the cloud droplet spectrum with increasing Nd 

(and hence Na since Nd is positively correlated with Na as will be shown in section 4.2 below). 

They argued that the tendency of d to increase with Nd (or Na) may substantially negate the effect 

of increased Nd (or Na) on effective radius and hence on cloud albedo. The enhanced spectral 

dispersion acts to offset the cooling effect associated with the aerosol first indirect by as much as 

10% to 80% and exerts a warming effect on climate. The USWC region on the other hand, does 

not show an identifiable relationship between d and Na. Therefore, the observation data indicate 

that the manner in which aerosol loading affects cloud drop dispersion, depends on atmospheric  

d lnk d lnN
a
< 0
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Figure 4.4 Scatter plot of spectral dispersion, d with cloud adiabaticity, ηx10
3
 (g m

-2
km

-2
) for 

DJF and JJA over INDO and USWC region respectively, for 2008 and 2007. 

 

conditions. In our particular case, under the more convective and more polluted INDO region, 

the impact is significant while under the more stable and less polluted USWC region, the impact 

is less clear. One explanation for the simultaneous increase in d and Nd with aerosol loading is 

that anthropogenic aerosols have a more complex chemical composition and a broader size 

distribution than marine aerosols, and that the more numerous small droplets formed in a 

polluted cloud compete for water vapor and broaden the droplet size distribution compared with 

clean clouds that have fewer droplets and less competition (Liu and Daum, 2002). The broader 

aerosol distribution found in the INDO region (Figure 3.3) could be contributing to the larger 

relative dispersion observed in the INDO region (Feingold and Chuang, 2002).  

      In addition to aerosols, cloud dynamics such as updraft velocity and turbulent entrainment 

and mixing also affect the relative dispersion and has been studied by many investogators.  
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Table 4.1 Summary of correletion coefficients of d versus H and d versus η for INDO and 

USWC region for 2007 and 2008. ✓ and ✗ denote whether the correlation is significant at 0.95 

confidence level or not respectively. 

 

INDO 2007 INDO 2008 USWC 2007 USWC 2008  

Corr     Sig Corr   Sig Corr   Sig Corr   Sig 

     d Vs H -0.64          ✓ -0.323        ✓ 0.318        ✓ 0.316       ✓ 

     d Vs η 0.105         ✓ 0.006         ✗ -0.159        ✓ -0.224       ✓ 

 

Spectral broadening of cloud droplets can occur through small-scale turbulence and associated 

fluctuations in supersaturation (Warner, 1969; Baker et al., 1980) or through variations in updraft 

velocity at cloud base (Hudson and Yum, 1997; Erlick et al., 2005). Nicholls and Leighton 

(1986) and Martin et al. (1994) showed that the dispersion is approximately constant with height 

in stratocumulus clouds in contrast to observations made in cumulus clouds by Warner (1969) 

where the dispersion increases with height, suggesting that spectral broadening in cumulus is 

intimately linked with the continuous entrainment of sub-saturated air whereas the much more 

limited cloud top entrainment occurring in stratocumulus has a much less significant effect. 

Derksen et al. (2009) in their study of trade-wind cumuli with lateral entrainment found that 

droplet spectra are relatively insensitive for small variations in initial vertical velocity and degree 

of entrainment. Scatter plots of the dispersion, d with cloud geometrical depth, H and cloud 

adiabaticity, η are shown in Figure 4.3 and 4.4 respectively. The corresponding regression 

results are summarized in Table 4.1. For the USWC region the dispersion has a significant 

positive correlation (at 0.95 significance level) with cloud geometric depth and a significant 

negative correlation with cloud adiabaticity (consistent with Hudson and Yum, 1997). Hence as 

clouds in the USWC region become more sub adiabatic and thicker the spectral dispersion in 

cloud droplets tends to increase. For the INDO region the response of dispersion to η and H is 

opposite. Dispersion has a significant negative correlation (at 0.95 significance level) with cloud 

depth. The less sub adiabatic thinner clouds, have larger dispersion values. This implies that the 

effect of dispersion on cloud aerosol interaction will also be influenced by cloud dynamics.  

     Also notable is that the magnitude of relative dispersion, d is smaller in the USWC region 

than in the INDO region. This is consistent with observation by Liu and Daum (2002) that 

polluted clouds exhibit larger relative dispersion, d as compared with more pristine marine 
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clouds. The INDO region clouds are similar to continental clouds as anthropogenic pollutants 

from the Indian subcontinent spread to great distances (McFarquhar and Heymsfield, 2001).  

 

4.2 Cloud droplet number concentration 

The increase in cloud droplet concentration with aerosol loading with liquid water content held  

 

 

Figure 4.5 Distribution of cloud droplet number concentration, Nd (cm
-3

) for DJF and JJA over 

the INDO and USWC regions respectively, for 2007 and 2008.  
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Figure 4.6 (a) Nd distributions derived from Method 1 for DJF and JJA over INDO and USWC 

respectively, for 2007 and 2008. (b) Nd distribution derived from Method 2 for DJF and JJA over 

INDO and USWC respectively, for 2007 and 2008. 
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Figure 4.7 Scatter plots of ln(Nd) versus ln(Na) for DJF and JJA over INDO and USWC 

respectively, for 2007 and 2008. 

 

constant is called the Twomey effect or the number effect. We will use two different methods to 

derive cloud droplet concentration Nd as described in section 3.3. Method 1 uses MODIS τc and  

re data to compute Nd while Method 2 uses AMSR-E LWP data and the MODIS retrievals of 

cloud effective radius co-located with AMSR-E LWP data. The range and distribution of 

computed Nd data are found to be similar. Figure 4.5 shows the distribution of Nd over the INDO 

and the USWC region. Nd has a pronounced gradient in the USWC region with larger values 

near the coast and diminishing farther away form the coast. The INDO region the distribution 

pattern is broken and scattered. For the USWC region most of the droplet number concentration 

data is in the range 25-50 cm
-3

. For the INDO region Nd data has a wider range with most data  
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Figure 4.8 Scatter plots of liquid water path with cloud droplet number concentrations for DJF 

and JJA over INDO and USWC respectively, for 2007 and 2008. 

 

lying in the range 10-50 cm
-3

 (Figure 4.6). For our analysis we will use Nd derived from Method 

2. Cloud droplet number concentration is positively correlated to aerosol concentration. In the 

absence of other influences this would imply reduced re when LWP stays constant, leading to 

more reflection due to increased surface area and hence albedo enhancement. But when other 

meteorological influences are taken into consideration, does the increase in Nd with Na translate 

into increased reflectance and hence the cooling effect associated with the Twomey effect? Next 

we will examine the response of cloud liquid water path associated with changes of cloud droplet 

number concentration, as it is an important part in estimating the aerosol indirect effect. The 

inherent assumption in Twomey hypothesis is that of constant liquid water content because it is 

presumed to be little affected by changes in CCN concentrations. The dataset of Leaitch et al. 

(1992) has been cited by Boucher and Lohmann (1995) and others as support for the assumption 
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that LWP is constant even though Nd and re are changing. In GCMs cloud liquid water path has 

been parameterized either as constant (Twomey effect) or increasing with increasing droplet 

number concentrations due to suppression of drizzle (Albrecht effect).  Many studies however 

have ignored this requirement and have found constant liquid water path assumption to be not 

valid (Twohy et al., 2005). 

       Figure 4.8 shows a significant negative correlation of cloud liquid water path with increasing 

droplet number concentration for both regions. Han et al. (2002) in their global survey for water 

clouds found similar trend of decreasing LWP with increase in Nd in about one-third of the cases 

and an absence of LWP changes in response to increases in the column-averaged droplet number 

concentration for another one-third of the cloud cases. Other studies (Jiang et al., 2002; 

Brenguier et al., 2003; Twohy et al., 2005) have highlighted the sensitivity to LWP, linking high 

pollution entrained into clouds to a decrease in LWP and a reduction in the observed cloud 

reflectance. Enhanced droplet number concentration could be playing a role in inducing the 

decoupling of the boundary layer, reducing water vapor supply from the surface and desiccating 

cloud liquid water. 

 

Table  4.2 Summary of Correletion Coefficients of LWP Versus Nd for INDO and USWC region 

for 2007 and 2008. ✓ and ✗ denote whether the correlation is significant at 0.95 confidence level 

or not. 

 

INDO 2007 INDO 2008 USWC 2007 USWC 2008 

Corr     Sig Corr  Sig Corr  Sig Corr  Sig 

 

LWP Vs Nd 

-0.380       ✓ -0.311      ✓ -0.588      ✓ -0.584      ✓ 

 

 

4.3 Adiabaticity 

Meteorological processes such as drizzle and entrainment are mainly responsible for 

subadiabatic liquid water content profiles frequently observed in the continental and marine 

stratus clouds (Kim et al., 2005; Chin et al., 2000; Miller et al., 1998; Albrecht et al., 1990). The 

subadiabatic character of the clouds, or adiabaticity (η), has been used here to characterize the 

entrainment-mixing processes. On examining the distribution of adiabaticity for the two regions  



  50 

 

 

Figure 4.9 Distributions of cloud adiabaticity (ηx10
3
) (g m

-2
 km 

-2
) for DJF and JJA over INDO 

and USWC respectively, for years 2007 and 2008. 
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Figure 4.10 Variation of cloud adiabaticity, η (g m
-2

 km 
-2

) with increased aerosol loading, Na 

(cm
-2

) for DJF and JJA over INDO and USWC respectively, for 2007 and 2008. 

 

shown in Figure 4.9, the clouds are found to be more subadiabatic near the coast than over the 

ocean for the INDO region while for USWC the clouds get more subadabatic further away from 

the coast. Figure 4.10 shows the variation of ln(η) with ln(Na). For the USWC region the 

adiabaticity shows positive correlation with aerosol loading and hence enhancing the Twomey 

effect while the INDO region the correlation is negative. The regression results are summarized 

in Table 4.5. In order to determine the extent to which cloud adiabaticity affect the cloud optical 

properties, apart from the aerosol first indirect effect, we plot η against H and LWP (Figures 

4.11 and 4.12, respectively).  

     For both the INDO and the USWC regions the thicker clouds tend to be more subadiabatic. 

Observational evidence that thicker clouds tend to exhibit stronger entrainment mixing has been  
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Figure 4.11 Variation of Cloud depth, H (km) with adiabaticity, ηx10
3
 (g m

-2
 km

-2
) for DJF and 

JJA over the INDO and the USWC respectively, for 2007 and 2008. 

 

Table 4.3 Summary of correletion coefficients of H versus η, LWP versus η and re versus η for 

the INDO and the USWC region for 2007 and 2008. ✓ and ✗ denote whether the correlation is 

significant at 0.95 confidence level or not.  

 

INDO 2007 INDO 2008 USWC 2007 USWC 2008  

      Corr     Sig Corr   Sig Corr   Sig Corr   Sig 

H Vs η -0.043     ✗ -0.277      ✓ -0.603      ✓ -0.681       ✓ 

LWP Vs η 0.094      ✓ 0.079       ✓ -0.249       ✓ -0.150      ✓ 
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Figure 4.12 Variation of liquid water path, LWP (gm
-2

) with adiabaticity, ηx10
3
 (g m

-2
km

-2
) for 

DJF and JJA over the INDO and the USWC respectively, for 2007 and 2008. 

 

reported from in situ aircraft measurements (e.g., You and Liu, 1995). Bower and Choularton 

(1992) discussed much greater influence on the droplet effective radius and liquid-water content  

in convective clouds by the dry-air entrainment than in layer clouds. Even though there is a large 

scatter in the data, LWP show a significant correlation with η. While the INDO region LWP 

shows a significant positive correlation the USWC shows a significant negative correlation with  

η. In the INDO region entrainment mixing is enhancing the water vapor supply while in the 

USWC region it leads to desiccating cloud liquid water. Hence the nature of mixing plays a role 

in its influence on cloud-aerosol interaction. 
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4.4 Cloud depth 

Cloud depth was computed for the two regions using the method described in section 3.3. Cloud 

geometrical depth data in the USWC region mostly lie between 500m and 800m. The INDO 

region has clouds with varying depth from 500 m to 1130 m. Clouds are shallower near coast and  

 

 

 

Figure 4.13 Distribution of cloud geometrical depth, H (km) for DJF and JJA over INDO and 

USWC respectively, for 2007 and 2008. 
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Figure 4.14 Scatter plots of cloud depth, H (km) versus cloud droplet effective radius, re (µm) for 

DJF and JJA over the INDO and the USWC respectively, for 2007 and 2008. 

 

become deeper farther away from the coast for both regions (Figure 4.13). In order to check for 

the soundness of the computed cloud depth data we plot H against re and LWP. The aircraft 

measurements in low clouds have shown that re generally increases with height for nondrizzling 

clouds (Martin et al., 1994; Miles et al., 2000; Wood, 2000). From the plot of cloud depth versus 

effective radius (Figure 4.14) it can be clearly seen that re increases with cloud depth H, defined 

as height above cloud base. Figure 4.14 shows that cloud LWP exhibits a roughly linear 

dependence on cloud thickness. This is consistent with aircraft and balloon observations of both 

precipitating and nonprecipitating stratocumulus clouds in the north Atlantic, northeastern 
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Figure 4.15 Scatter plot of liquid water path, LWP (gm
-2

) versus cloud depth, H (km) for DJF 

and JJA over INDO and USWC regions respectively, for 2007 and 2008. 

 

Pacific, and mid-Atlantic (Nicholls 1984; Caughey and Kitchen 1984; Austin et al. 1995; 

Khairoutdinov and Kogan 1999; Brenguier et al. 2000). This is also in agreement with the 

assumptions used in deriving the working equation earlier that liquid water content increases 

linearly with height. A significant positive correlation indicates that LWP variability is closely 

related to cloud thickness variability.                     

      Next we examine the variation of cloud thickness with changes in aerosol particle 

concentration. Regression results of ln(H) against ln(Na×10
-8

) are summarized in Table 4.5. A 

significant negative correlation for both regions indicates cloud thinning with aerosol loading. 

This is contrary to Albrecht hypothesis (Albrecht, 1989) according to which an increased aerosol 

loading leads to cloud thickening. The change in H with increasing Na may also be caused due to  
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Figure 4.16 Scatter plots on ln(H) versus ln(Nax10
-8

) for DJF and JJA over INDO and USWC for 

2007 and 2008. 

 

H and Na being spatially correlated with each other and increased Na not necessarily causing the 

change. The reduction in depth is consistent though with the decrease in LWP with increase in 

Nd as seen above (Figure 4.12). Some possible explanation could be decoupling of the boundary 

layer, reducing water vapor supply from the surface and desiccating cloud liquid water due to 

enhanced droplet number concentration. Jiang et al. 2002; Ackerman 2004 attributed the thinning 

observed to the presence of strong turbulence in the marine boundary layer, which increases the 

rate at which warm, dry overlying air is entrained. This drying and warming decreases the 

moisture to the extent that clouds becomes thinner as Nd is increased (with increase in Na). It is 

crucial therefore to understand the factors controlling this feedback response. Depending on the 

cloud type, feedbacks involving cloud thickness can substantially reduce or enhance changes in 

cloud albedo due to change in droplet concentration (Boers and Mitchell 1994; Pincus and 

Baker, 1994) caused by aerosols. The response of cloud thickness to changes in aerosol particle 
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concentration must be taken into account for accurate prediction of global albedo by climate 

models.  

 

Table 4.4 Summary of correlation coefficients of H versus re and LWP versus H for the INDO 

and the USWC region for 2007 and 2008. ✓ and ✗ denote whether the correlation is significant 

at 0.95 confidence level or not respectively. 

 

INDO 2007 INDO 2008 USWC 2007 USWC 2008  

     Corr     Sig Corr  Sig Corr  Sig Corr  SIg 

       H Vs re 0.635       ✓ 0.458       ✓ 0.580        ✓ 0.280          ✓ 

    LWP Vs H 0.802        ✓ 0.540       ✓ 0.709       ✓ 0.612          ✓ 

 

Table 4.5 Summarizing the correlation coefficients of ln(d), ln(Nd), ln(η) and ln(H) versus ln(Na) 

and their significance. ✓ and ✗ denote whether the correlation is significant at 0.95 confidence 

level or not. 

 

 ln(d) vs ln(Na) ln(Nd) vs ln(Na) ln(η) vs ln(Na) ln(H) vs ln(Na) 

 Corr      Sig Corr    Sig Corr    Sig Corr     Sig 

INDO 2007  0.914       ✓ 0.429        ✓  -0.063        ✓ -0.657       ✓ 

INDO 2008  0.851       ✓ 0.432        ✓ -0.138         ✓ -0.324       ✓ 

USWC 2007  0.270      ✓ 0.358        ✓  0.177         ✓ -0.129       ✓ 

USWC 2008 -0.089      ✗ 0.401        ✓  0.386         ✓ -0.517       ✓ 
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CHAPTER 5 

 

ASSESSMENT OF AEROSOL INDIRECT EFFECT USING 

SATELLITE DATA 

 

5.1 Variation in cloud optical depth 

     An increased number concentration of cloud droplets due to aerosol loading leads to enhanced 

multiple scattering of light within clouds causing an increase in the albedo of the cloud. This 

increase in the amount of solar radiation reflected back to space by clouds is the c loud albedo 

effect or the Twomey effect. Change in the Earth's albedo can be a powerful driver  

 

 

Figure 5.1 Scatter plots of ln(τd) versus ln(Nax10
-8

) for DJF and JJA over the INDO and  the 

USWC respectively, for 2007 and 2008. 
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Figure 5.2 Scatter plots of cloud optical depth, τd versus relative dispersion, d for DJF and JJA 

over the INDO and the USWC respectively, for 2007 and 2008. 

 

of climate. A change of just 1% to the Earth's albedo has a radiative effect of 3.4 Wm
-2

, 

comparable to the forcing from a doubling of carbon dioxide. A larger cloud optical depth 

implies a larger albedo and vice versa. 

    The change in cloud optical depth can be a result of many factors. Here we investigate the 

relationship and dependence of cloud optical depth to various parameters. Figures 5.1 through 

5.6 show cloud optical depth, τd as a function of Na, d, Nd, η, H and re.  The straight lines denote 

linear fittings of data points. The regression results of τd versus Na, d, Nd, η, H, re and LWP are 

summarized in Table 5.1. Figure 5.1 shows a decrease in cloud optical thickness with aerosol 

loading for the INDO region (a significant negative correlation at 0.95 confidence level). For the 

USWC also the cloud optical thickness has a negative correlation to aerosol loading but it is not 
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Figure 5.3 Scatter plots of cloud optical depth, τd versus cloud droplet concentration, Nd (cm
-3

) 

for DJF and JJA over the INDO and the USWC respectively, for 2007 and 2008. 

 

significant. This is contrary to the expected increase in cloud reflectivity with increased aerosol 

loading with other quantities being fixed. τd is positively correlated to the cloud depth, H over 

both the regions indicating deeper clouds to be having a large optical depth. As the liquid water 

content of the cloud increases the cloud geometrical thickness increases (significant positive 

correlation between the two) and so does the cloud optical thickness. Response of τd to cloud 

adiabaticity however is opposite in the two regions. The change in re due to increased Na and the 

response of τd to change in re (Figure 5.6) and is distinctly different in the two regions. The cloud 

effective radius is negatively and strongly correlated (significant at 0.95 confidence level) with 

Na in the INDO region. In the USWC region the relationship is weak and even positively 

correlated. The cloud optical depth is positively correlated (significant) to re in the INDO region  
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Figure 5.4 Scatter plots of cloud optical depth, τd versus cloud adiabaticity, ηx10
3
  (g m

-2
 km

-2
) 

for DJF and JJA over the INDO and the USWC respectively, for 2007 and 2008. 

 

i.e. decrease of τd as the effective radius size decreases which is contrary to the Twomey 

hypothesis, and negatively correlated in the USWC region. While re is negatively correlated 

(significantly) to Nd in both the regions, it does not translate into increased reflectivity in both 

the regions. This indicates the presence of complex feedbacks and other processes that need to be 

taken into account. In the INDO region τd has a significant negative correlation with Nd while the 

USWC has a mixed response. Dispersion has a significant negative correlation to τd. It is also 

significantly positively correlated with aerosol loading Na. The increase in dispersion could be a 

possible cause for offsetting the enhancement of cloud optical depth/cloud reflectivity due to 

increased aerosol loading.        

        We looked at the effect of individual cloud parameters in affecting cloud optical depth. The 

factors described above affecting the cloud albedo do not act in isolation but are simultaneously 
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Figure 5.5 Scatter plot of cloud optical depth. τd versus cloud depth, H (km) for DJF and JJA 

over INDO and USWC respectively, for 2007 and 2008. 

 

Table 5.1 Correlation coefficients between Cloud optical depth, τd and d, η, H, Nd, Na, LWP and 

re and their significance are tabulated below. ✓ and ✗ denote whether the correlation is 

significant at 0.95 confidence level or not. 

 

 τd vs d τd vs Nd τd vs η τd vs H τd vs LWP  τd vs re 

 Corr Sig Corr Sig Corr Sig Corr Sig Corr Sig Corr Sig 

INDO 2007 -0.485 ✓ -0.222 ✓ 0.108 ✓ 0.562 ✓ 0.406  ✓ 0.340  ✓ 

INDO 2008 -0.405 ✓ -0.181 ✓ 0.059 ✓ 0.215 ✓ 0.395  ✓ 0.200  ✓ 

USWC 2007 -0.494 ✓ 0.017 ✗ -0.061 ✗ 0.183 ✓ 0.264 ✓ -0.099 ✗ 

USWC 2008 -0.353 ✓ -0.110 ✗ -0.026 ✗ 0.369 ✓ 0.147  ✓ -0.161 ✓ 
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Figure 5.6 Scatter plot of cloud optical depth, τd versus cloud droplet effective radius, re (µm) for 

DJF and JJA over INDO and USWC respectively, for 2007 and 2008. 

 

influencing each other through myriad complicated feedbacks. In the next section a multiple 

linear regression is performed to identify the relative importance/strength of these mechanisms in 

changing the cloud albedo. 

 

5.2 Untangling the Aerosol Indirect Effect 

To untangle and differentiate the effect of aerosol and cloud dynamics/meteorological conditions 

on cloud properties, we use multiple linear regression. It is however not possible to untangle the 

aerosol indirect effect with high degree of confidence until regional models can predict cloud 

evolution with high precision. Here we are mainly trying to eliminate the influence of 

meteorological parameters that can impact simultaneously both aerosol concentration and cloud 

development, generating false correlation between them. The regression analyzes the dependence 

of cloud albedo on aerosol loading, cloud depth, cloud droplet concentration and cloud 
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adiabaticity. Nonlinearity in the relationships among the parameters may reduce the efficiency of 

the multiple regressions. Logarithm values are used here to reduce nonlinearity in the regression. 

The analysis is used to address the following problems: 

1) The relative sensitivity of each of the contributing terms and the actual contribution of 

each of the terms in influencing the cloud optical depth/cloud albedo for each of the two 

regions. 

2) Gain understanding of how clouds and aerosols affect radiation in convective clouds as 

compared to stratiform clouds and to find factors controlling the dependence of those 

effects on cloud types. 

 

 

 

Figure 5.7 INDO and USWC region divided into 1°x1° grids. Only grids over ocean have been 

considered here.  
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Based on the slope of best-fit straight lines in the correlation study, we try to statistically 

quantify the aerosol cloud interaction. The slope values are indicative of the sensitivity of cloud 

properties to variation in aerosol properties. In order to calculate the slopes, we divide the INDO 

and USWC regions into 5°x5° grid boxes as shown in Figure 5.7. The slopes 
" ln#
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                            (5.1)                     
 

This is essentially same as Equation (2.12) since the spectral shape parameter, k is a decreasing 

function of relative dispersion, d as discussed is Secion 2.2.1.  The factor co accounts for 

processes not being considered in the simplified cloud model. The coefficients c1, c2, c3, c4 

indicate the relative sensitivity of the effect of relative dispersion, cloud droplet number 

concentration, cloud adiabaticity and cloud depth, respectively. They provide an estimate of the 

effect of a unit change in an independent variable, holding the other variables constant. If an 

explanatory variable is highly correlated with another independent variable then we have an 

imprecise estimate of the effect of independent changes in that explanatory variable. We have 

used here the Variance Inflation Factor (VIF) to detect multicollinearity or the intercorrelation of 

independent variables (Rawlings, Pantula and Dickey, 1998). The value of VIF greater than five 

usually indicates a high multicollinearity. The square root of the VIF tells us how much larger 

the standard error (SE) is, compared with what it would be if that variable were uncorrelated 

with the other independent variables in the equation. Table 5.2 shows the VIF and SE values.  

Less than 5 values for VIF indicate that the variance of the estimated regression coefficients will 

not be increased because of collinearity and we can carry out the multiple linear regression.  

        Table 5.3 summarizes the regression coefficients. The sign of the coefficients indicates 

whether the feedback from that parameter will be positive or negative when acting alone and the 

magnitude tells the relative sensitivity of each parameter. Table 5.4 gives the values of the slopes 
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Table 5.2 Variance Inflation Factor for the coefficients c1, c2, c3 and c4. SE is the standard error 

(square root of the VIF). 

 

     c1 (SE)    c2 (SE)   c3 (SE)     c4 (SE) 

INDO 1.008 (1.004) 1.066 (1.032) 1.070 (1.034) 1.003 (1.002) 

USWC 2.914 (1.707) 3.393 (1.842) 1.971 (1.404) 4.474 (2.115) 

 

Table 5.3 Table shows coefficients obtained from a multiple linear regression with 

 as the dependent, and slopes , , , 

 as the independent variables. R
2
 is the multiple linear correlation coefficient.  

 

 c0 c1 c2 c3 c4 R
2
 

INDO -0.048 -0.0529 0.1110 -0.0446 0.5813 0.140 

USWC -0.028 -0.4712 0.7922 -0.1430 0.9737 0.890 

 

Table 5.3 summarizes the regression coefficients. The sign of the coefficients indicates whether 

the feedback from that parameter will be positive or negative when acting alone and the 

magnitude tells the relative sensitivity of each parameter. Table 5.4 gives the values of the slopes 

of the best fit straight lines from the correlation study for the INDO and USWC region. The 

product of the slope and the regression coefficient gives the actual contribution of each 

dependent variable to the estimate of cloud-aerosol interaction effect and the results are 

summarized in Table 5.5 and described below. 

 

• Change in dispersion with aerosol loading has a negative feedback and offset the increase 

in cloud optical depth with increased aerosol loading for both the INDO and USWC 

region. The order of magnitude of the contribution is similar for both regions. 

• Change in cloud droplet concentration Nd with aerosol loading has a positive feedback to 

the increase in cloud optical depth with increased aerosol loading. There is an order of 

magnitude difference in the contribution between the two regions with contribution being 

larger in the USWC. Earlier plot of τd versus Nd indicated a significant negative 

correlation for the INDO and mixed response for USWC. Those relations are due to the 

influence by other terms. The result here underscores the importance to untangle the 
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interrelated factors with the framework developed in this study. 

• Change on cloud adiabaticty, η with aerosol loading has a positive feedback in the INDO 

and a negative feedback for the USWC to the increase in cloud optical depth with 

increased aerosol loading. There is an order of magnitude difference in the contribution 

between the two regions, the INDO region having lesser contribution from change in η 

than the USWC region. 

• Change in cloud geometrical depth, H with aerosol loading has a negative feedback on 

the increase in cloud optical depth with increased aerosol loading. There is an order of 

magnitude difference in the contribution between the two regions, the INDO region 

having lesser contribution from change in H than the USWC region.  

 

The R
2
 value shows that for the USWC the above multiple linear regression can explain 89% of 

the total variance in " ln#
d
 or " ln#

d
" lnN

a
. The large R

2
 suggests that Δ lnd  (or ), 

Δ lnN
d
, " ln#, Δ lnH  are sufficient to explain most of the variance in " ln#

d
. For the INDO 

region on the other hand only 14% of the total variance in " ln#
d
 (or " ln#

d
" lnN

a
) can be 

explained by the above multiple linear regression. This illustrates the difficulty to assess the 

aerosol indirect effect over convective clouds, which may explain why there have been few 

observational studies so far targeted for convective clouds. 

    Of the four contributing factors, the number (Nd) and cloud depth (H) effects are the most 

important in both regions. The number effect, which is the originally proposed Twomey effect, is 

the dominant factor in the stratiform cloud USWC region, while it is the second largest in the 

convective INDO region. This result confirms Twomey’s original hypothesis, i.e., increased 

aerosol concentration leads to more cloud drops and increased cloud albedo. This is particularly 

true in stratiform regions. This result cannot be derived from simply correlating cloud optical 

depth with aerosol concentration like done earlier by Sekiguchi et al. (2003). It can only be 

derived under the multiple parameter analysis framework developed in this study. 

      The other large factor, cloud depth effect, may or may not be a direct consequence of aerosol. 

In other words, the change of cloud depth can be a result of change in aerosol loading (e.g. Boers 

and Mitchell, 1994; Pincus and Baker, 1994). But equally possible, it is just a coherent variation 

of atmospheric stability and aerosol loading as suggested by Shao and Liu (2004). Because of its 

large magnitude, in controlling aerosol’s indirect effect, it is recommended that further studies be 

Δ lnk
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conducted in the future. 

       The dispersion effect, which has attracted much attention in the past years (e.g. Liu and 

Daum, 2002), turned out to be a smaller contributor to the overall magnitude of the aerosol 

indirect effect, although the sign of the effect obtained in this study is consistent with earlier 

studies, i.e., opposite to the number effect.  

       The cloud adiabaticity effect is found to be dependent on cloud type although its magnitude 

is relatively small. In convective regions, its effect is very small and likely to enhance the 

number effect. In stratiform regions, it reduces the increase of optical depth caused by increased 

aerosol number concentration.  

 

Table 5.4 Slopes of the best fit straight lines from the correlation study for INDO and USWC 

region. 

 

 Δ lnd Δ lnN
a

 Δ lnN
d
Δ lnN

a
 " ln# " lnN

a
 Δ lnH Δ lnN

a
 

INDO 0.2405 0.4510 -0.0375 -0.1595 

USWC 0.0525 0.6180  0.3320 -0.1515 

  

 

Table 5.5 Magnitude of the contribution of each dependent parameter to the estimate of aerosol-

cloud interaction. 
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Δ lnH
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INDO     -0.0127 0.0501        0.0017    -0.0927 

USWC     -0.0247        0.4896 -0.0475    -0.1475 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

Anthropogenic aerosols are known to alter clouds and their optical properties by serving 

as cloud condensation nuclei. An increase in aerosols causing an enhanced number of water 

cloud droplets with reduced sizes for fixed liquid water content, resulting in increased cloud 

optical thickness and increased reflectivity of solar insolation, is called the first aerosol indirect 

effect. Many studies have been undertaken to better understand the uncertainties in the aerosol 

indirect effect. However, the complexity of this problem seems to grow with each new study as 

the aerosol-cloud interactions are considered to be one of the most important and least known 

forcings in the climate system.  

         The objective of this study is to investigate and determine the problems in estimating the 

aerosol first indirect effect. The most common approach to estimating the indirect effect is to 

take into account only one or two controlling parameters, and illustrating the result of a particular 

process, with all other processes being held constant: Focusing primarily on the relationship 

between cloud drop number concentration or cloud effective radius or cloud optical depth with 

an aerosol parameter (e.g. aerosol optical depth or aerosol index or aerosol light scattering 

coefficient etc.) and subsequently using slope of the linear fit between the two as a measure of 

the strength of the indirect effect. This type of simple approach often fails to extract the real 

aerosol indirect effect since many influencing factors that contribute to the change of cloud 

optical properties are interrelated in the nature. Therefore, in this study we have developed a 

methodology to untangle the aerosol effects from the interrelated factors, and then using satellite 

data performed a comprehensive analysis of the aerosol indirect effect due to warm clouds over 

two oceanic regions.  

First, based on hitherto observational knowledge of liquid water clouds, we derived an 

analytical expression that connects cloud optical properties to satellite observable geophysical 

parameters. A theoretical framework to assess how aerosol loading would affect cloud optical 

depth (therefore cloud albedo) is then established. In this relatively idealized framework, the 

following four parameters can simultaneously contribute to the aerosol-related cloud radiative 

forcing: the change in spectral shape of the size distribution of cloud droplets (dispersion effect), 
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the change in cloud droplet number concentration (Twomey effect), the change in cloud 

adiabaticity, and the change in cloud geometric depth, with variations in aerosol concentration. 

While some of these effects had been evaluated separately based on observations by previous 

investigators, this study is the first to be able to assess them simultaneously owing to the 

establishment of the above framework. 

 To assess the magnitudes of the aerosol's indirect effect, satellite data from MODIS and 

AMSR-E, as well as NCEP-NCAR reanalysis data are used. Aerosol number concentration and 

size-related parameters have been derived from MODIS observations at visible and near-infrared 

channels. Cloud droplet number concentration and liquid water content have been estimated 

from MODIS visible/near-infrared and AMSR-E microwave data. Combining MODIS infrared 

cloud top temperature and estimated cloud base height, the depth of clouds has been determined. 

Finally, by comparing observed liquid water path with its adiabatic value for the same cloud 

depth, the adiabacity of clouds has been determined. Furthermore we have compared two 

different meteorological regimes, one (USWC, Pacific U.S. west coastal region) dominated by 

mainly stratiform clouds and the other (INDO, Indian Ocean region) by convective clouds. 

General circulation model studies have mainly focused on the representation of cloud and 

aerosol effects on radiation in stratiform clouds. Their effects on radiation in convective clouds 

have not been represented as explicitly as stratiform clouds. A detailed comparison of the 

mechanisms of aerosol-cloud microphysics/dynamics interactions in the two regions with 

different cloud types enables us to understand the dependence of the contributing parameters on 

cloud types. Our analysis shows that in the two geographical regions selected, INDO and 

USWC, each with different aerosol properties and meteorological conditions, the cloud and 

aerosol effects in convective clouds operate differently as compared to stratiform clouds.  

 Based on the newly developed working framework and observational data primarily from 

satellite, our data analyses have resulted in the following conclusions:  

(1) Of the four contributing factors, the number (Nd) and cloud depth (H) effects are the most 

important in both regions. The number effect, which is the originally proposed Twomey effect, is 

the dominant factor in the stratiform cloud USWC region, while it is the second largest in the 

convective INDO region. This result confirms Twomey’s original hypothesis, i.e., increased 

aerosol concentration leads to more cloud drops and increased cloud albedo. This is particularly 

true in stratiform regions. This result cannot be derived from simply correlating cloud optical 
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depth with aerosol concentration like done earlier by Sekiguchi et al. (2003). It can only be 

derived under the multiple parameter analysis framework developed in this study.  

 

(2) Because of its large magnitude, the cloud geometrical depth effect plays an important part in 

controlling the magnitude of aerosol indirect effect and should be properly taken into account. 

However, it should be noted that the effect could be either due to change in aerosol concentration 

or simply a result of coherent variation of atmospheric stability and aerosol loading. 

(3) The dispersion effect, even though it offsets the effect in increased droplet concentration, is 

small in magnitude and does not contribute substantially to the overall aerosol indirect effect. 

Because this effect has the opposite sign to the originally proposed Twomey effect, it had been 

attracting ample attention in the past (e.g., Liu and Daum, 2002). However, based on our 

analysis, this effect is not a significant contributor for either stratiform or convective clouds. 

 

(4) The effect of cloud adiabaticity, which is indicative of entrainment mixing processes, is 

found to be dependent on cloud type although its magnitude is relatively small. In convective 

regions, its effect is very small and likely to enhance number effect or the Twomey effect. In 

stratiform regions, it reduces the increase of optical depth caused by increased aerosol number 

concentration.   

 Finally, even though the framework developed here incorporates various processes, it still 

might only be a partial set of known aerosol-cloud interaction processes. Due to the complexity 

of various atmospheric interactions involved, we introduced a factor c0 in Eq. (2.12) to account 

for unknown aerosol-cloud interaction processes. These could be a result of, for example, aerosol 

size, chemical composition of the aerosols and its ability to act as a cloud condensation nuclei 

etc.  

      There is a lot of uncertainty regarding the magnitude (Penner et al., 2001) and even the sign 

of the aerosol indirect effect (Sekiguchi et al., 2003). Anthropogenic aerosols have been 

identified by IPCC as the most uncertain climate forcing constituent and have emphasized the 

importance of producing unbiased estimates of the uncertainty in aerosol indirect forcing. 

Incomplete specification of physical processes involved and not considering them 

simultaneously will produce inaccurate estimate of aerosol indirect effect. While the framework 
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developed in this study is the first step toward untangling the interrelated influencing factors on 

aerosol's indirect effect, it is still based on an idealized "cloud model". Further research needs to 

be done for the development of a unified framework in which all (or more) aerosol-cloud 

interaction processes (e.g. aerosol chemical composition etc.) can be treated in a physically 

consistent manner in order to develop a better understanding of the role that aerosol indirect 

effects play in the current climate and how they may influence future climate change. 

Additionally, cold clouds with ice particles have not been considered at all in this study. Majority 

of precipitation in nature originates from the formation of ice particles in clouds. Therefore, how 

aerosol interacts with cold clouds and in turn modulates hydrological cycle is another important 

area of research.  
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APPENDIX A 

SYMBOLS USED 

 

re          Cloud Droplet Effective Radius 

rrms     Root Mean Square of Droplet Size Distribution 

rv         Mean Volume Radius of the Droplet Spectrum 

r          Mean Radius      

ρw       Density of Liquid Water 

n(r)      Cloud Droplet Size Distributions  

Cw       Moist Adiabatic Condensate Coefficient 

τd           Cloud Optical Depth 

LWP    Liquid Water Path 

W        Liquid Water Content 

H         Cloud Depth 

η          Cloud Adiabaticity 

Nd        Cloud Droplet Number Concentration 

k          Spectral Shape Parameter 

d           Could Droplet Spectral Dispersion  

σ           Standard Deviation of the Size Distribution 

Na         Aerosol Column Concentration 

τa          Aerosol Optical Depth 

CCN    Cloud Condensation Nuclei 

S         Supersaturation 

Qext     Extinction Efficiency 

K         Kelvin 
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