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Abstract. The influence of aerosols on cloud properties over
North India which includes the Indo-Gangetic Plain has been
investigated for the years 2000 to 2010. During the years
2004, 2009 and 2010 there has been an abrupt increase in fine
mode aerosol optical depth (AOD) inducing a sharp decline
in cloud effective radius (CER) in the month of January. The
following monsoon during these years was a failure in the
region considered for the study. In the year 2010, a highest
AOD value of 0.35 was recorded in the month of January.
In accordance with the aerosol indirect effect, this large in-
crease in AOD resulted in a significant reduction in CER.
The monsoon season in that year was deficient in the study
region even though the rest of the country received above
normal rainfall. For the years when CER diminished below
12 microns in the month of May, a delay in the advancement
of monsoon towards North India is noted even after a nor-
mal or early onset in southern peninsula. Meanwhile, a rapid
progression took place when it was 12 microns or above.
During non-monsoon months an inverse relationship existed
between cloud effective radius and liquid water path and a
strong positive association occurred in the monsoon months.
Present analysis suggests that the excessive aerosol loading
and the associated aerosol indirect effects in the months prior
to the monsoon season has an effect on the propagation and
onset of the south west monsoon over the region.
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1 Introduction

It has been well established through modelling and obser-
vational studies that the properties of clouds located in the
vicinity of high aerosol concentrations are altered signifi-
cantly (Ackerman et al., 2000; Penner et al., 2004; Koren
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et al., 2005; Rosenfeld et al., 2006). The first indirect effect
or “Twomey effect” says that in a polluted environment, the
intensification of aerosols will lead to an increase in avail-
able cloud condensation nuclei (CCN) for cloud formation
(Twomey, 1977). Therefore, the presence of large amount of
CCN in the atmosphere results in smaller cloud droplets. A
decrease in droplet size has the additional effect of delaying
the onset of collision and coalescence in warm clouds, reduc-
ing precipitation efficiency. As a result the cloud liquid water
path increases along with the lifetime of the cloud (Albrecht,
1989) which is termed as second indirect effect.

Martins et al. (2009) has suggested that biomass burn-
ing aerosols delay the onset of precipitation through slower
droplet growth. Rosenfeld (1999) and Rosenfeld and Wood-
ley (2000) using aircraft data together with satellite data
demonstrated that in a polluted environment there is indeed
a suppression of rainfall due to the smaller size of cloud
droplet. This was later confirmed by a modelling study with
a cloud resolving model by Khain et al. (2001). In short, in a
polluted environment both the first and second aerosol indi-
rect effects lead to a reduction in precipitation (Ramanathan
et al., 2001) thereby causing a serious impact on regional
climate (Liao and Seinfeld, 1998; Chung and Ramanathan,
2004).

The aerosol optical depth is another parameter that has a
significant contribution to the radiative forcing whose mean
value is highly dependent on the meteorological conditions
and altitude at a given locality (Bhawar and Devara, 2010).
The potential effects of aerosol forcing on clouds and pre-
cipitation has been expounded upon in recent years (Menon
et al., 2002; Miller et al., 2004; Lau and Kim, 2006; Gau-
tam et al., 2009). An important factor mentioned in these
works is the aerosol induced thermodynamic effect resulting
from solar absorption by aerosols. This absorption of solar
radiation at the top of the atmosphere causes local heating of
the atmosphere and surface cooling. This could affect the at-
mospheric stability creating a temperature gradient between
the area underneath the aerosol layer and surrounding region
(Wang et al., 2009).
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The present analysis is done for 11 years from 2000 to 2010 over the North Indian region (690 E 

– 890 E; 210 N – 290 N) that includes IGP as shown in Fig 1. The chosen grid comprises of major 

industrial cities in India (New Delhi, Kanpur, Allahabad, Jamshedpur and Kolkata). The IGP 

with its unique valley type topography and rapid increase in population and urbanization has 

resulted in a sustained increase in aerosol burden during the last decade (Dey et al., 2004, Nair et 

al., 2007). The region is bounded by the Himalayas in the north, Thar Desert in the west, the 

Vindhyan mountain range in the south and Brahmaputra river basin in the east. During the non-

monsoon months, October to May, the weather in the location is dry with very little rainfall. 

Surface winds are weak during most of the time in this dry season. These conditions are ideal for 

the congregation of aerosols and the favourable atmospheric conditions increase the life time of 

ambient aerosols, resulting in the excessive piling up of aerosols over the region. 

 

                                                  
Fig. 1 Map of India with grid chosen for the study. Major industrial and urban locations are also shown. 
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Fig. 1. Map of India with grid chosen for the study. Major industrial
and urban locations are also shown.

By means of atmospheric model, Lau et al. (2006) showed
that the accumulation of aerosols in the southern slopes of
the Himalayas alters the vertical and meridional heating pro-
files during pre-monsoon months. Using coupled ocean-
atmospheric model, Ramanathan and Ramana (2005) has re-
ported that aerosols in the region lead to a weakening of
monsoon circulation and a reduction of rainfall. Bollasina
et al. (2008) using statistical analysis of observational data
found a higher aerosol loading over the Indo-Gangetic Plain
(IGP) during the month of May resulted in a lower precipi-
tation over most parts of India. Since, monsoon circulation
is governed by the strength of the temperature gradient; any
modification of the thermal regime can affect the progress of
the Indian summer monsoon. Over the Indian region, only
a limited number of studies have been done on the aerosol
indirect effects. Using MODerate resolution Imaging Spec-
troradiometer (MODIS) data these studies both qualitatively
and quantitatively suggest that there exists a significant posi-
tive aerosol indirect effect over IGP (Tripathi et al., 2007) and
is one of the factors that modulate the Indian summer mon-
soon (Patra et al., 2005; Ravi Kiran et al., 2009; Panicker et
al., 2010). However, it is still uncertain how much the accu-
mulation of aerosols in the non-monsoon months affects the
onset and progress of succeeding monsoon season.

The present analysis is done for 11 years from 2000 to
2010 over the North Indian region (69◦ E–89◦ E; 21◦ N–
29◦ N) that includes IGP as shown in Fig. 1. The chosen
grid comprises of major industrial cities in India (New Delhi,
Kanpur, Allahabad, Jamshedpur and Kolkata). The IGP with
its unique valley type topography and rapid increase in pop-
ulation and urbanization has resulted in a sustained increase

in aerosol burden during the last decade (Dey et al., 2004;
Nair et al., 2007). The region is bounded by the Himalayas
in the north, Thar Desert in the west, the Vindhyan moun-
tain range in the south and Brahmaputra river basin in the
east. During the non-monsoon months, October to May, the
weather in the location is dry with very little rainfall. Surface
winds are weak during most of the time in this dry season.
These conditions are ideal for the congregation of aerosols
and the favourable atmospheric conditions increase the life
time of ambient aerosols, resulting in the excessive piling up
of aerosols over the region.

The IGP and the surrounding regions are a major source
of fine mode aerosols. The emissions from vehicles and in-
dustries dominate throughout the year. These sources inject
copious amount of aerosols due to the combustion of fossil
fuels such as coal, petrol and diesel (Ram and Sarin, 2010).
The hygroscopic particles such as sulphates which are emit-
ted from industries are mostly in fine mode and act as good
cloud condensation nuclei (Tare et al., 2006). The open burn-
ing of crop wastes and forests contribute to the aerosol con-
centration during the dry months over this region (Habib et
al., 2006). During this time dust aerosols also gets trans-
ported to the region by means of upper level westerlies (Léon
and Legrand, 2003). As the season progresses these dust
aerosols and the aerosols due to biomass and fossil fuel burn-
ing gets accumulated in the region.

Meteorologically, IGP is a sensitive region because of the
location of monsoon trough and also the descending limb of
the Hadley Circulation during the summer monsoon season.
The position of the Inter Tropical Convergence Zone (ITCZ)
is necessary for the progress and the intensity of monsoon
circulation. During the northern hemispheric summer sea-
son, the apparent position of ITCZ passes through this study
region. If any imbalance in the vertical thermal structure oc-
curs due to aerosol forcing, then it will translate into a mod-
ification in thermal gradient. The fine mode aerosol parti-
cles that reside inside a cloud particle as CCN can alter the
vertical thermal stability by modifying the cloud properties
(Wang et al., 2009). The possible impacts of aerosols on the
hydrological cycle are very complex. It is interesting to know
if there is any aerosol induced effects on monsoon progress
and its onset, which is still a least explored facet in atmo-
spheric science.

2 Data description

Monthly mean MODIS data onboardTerra andAquasatel-
lites are used to determine the cloud and aerosol proper-
ties over the chosen location with equatorial crossing time
10:30 h and 13:30 h local solar time, respectively (Levy et
al., 2007). The dataset after March 2010 is taken from
Aqua satellite. The C005 Level 3 (spatial resolution 1◦

×

1◦) MODIS products are obtained from the website (http:
//giovanni.gsfc.nasa.gov/).
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Since MODIS cannot directly provide aerosol speciation,
fine mode fraction (FMF), which is the ratio of fine mode
aerosol optical depth to the total aerosol optical depth, is of-
ten used a proxy for delineating anthropogenic fine mode
aerosols at 550 nm from coarse mode aerosols (Bellouin et
al., 2008; Jones and Christopher, 2007; Yu et al., 2009). An-
thropogenic aerosols such as sulphates and carbonates (black
carbon and organic carbon) are considered as fine mode
aerosols and they produce high FMF values, whereas natu-
ral aerosols which consists of mechanically produced dust
and sea salt aerosols are coarse mode in nature resulting in
lower FMF values (Kaufman et al., 2005). In this study, fine
mode aerosol optical depth at 550 nm is used to signify the
presence of anthropogenically produced aerosols.

The cloud properties analysed in the present study are liq-
uid water path (LWP) and cloud effective radius (CER) in
water clouds. The LWP is defined as the column amount of
liquid water in the cloud. It has a significant role in the trans-
port of latent heat in the earth-atmosphere system. The CER
is an area-weighted mean radius of the cloud droplets and is
determined as;

re =

∫
∞

0 r3n(r)dr∫
∞

0 r2n(r)dr

where, r = particle radius;n(r) = particle size distribution
(number of particles per cm2 with radius in the ranger and
r +dr microns). The MODIS algorithm uses near infrared
to mid-infrared measurements to retrieve CER that are then
converted to LWP.

The accuracy of satellite estimates of AOD was first
suggested based on theoretical analyses (Kaufman et al.,
1997). Over the land, the MODIS-derived AOD are validated
against the in situ AOD observed at AERONET stations,
which shows that AOD retrievals in the visible wavelengths
are generally within the pre-launch uncertainty (Jethva et
al., 2007; Remer et al., 2008). An inter-comparison of
MODIS derived AOD with AERONET observations over In-
dia are found to be in reasonably good agreement with the
ground-based sun photometer observations of AOD over the
Gangetic plain (O’Neill et al., 2003; Jethva et al., 2005;
Aloysius et al., 2008). Uncertainty analysis reveal that for
thick clouds the error is CER is less than 0.1 microns, but
for thin clouds the error in CER is around 0.3 microns (Tri-
pathi et al., 2007). We recognize the errors involved in the
retrieval of aerosol and cloud products from MODIS which
is a limitation of this study.

3 Results and discussion

3.1 First indirect effect

Figure 2 illustrates the monthly mean time series analysis
between AOD of fine mode aerosols and cloud effective ra-
dius (CER). In order to bring out the AOD and CER vari-

between 2005 and 2010. The rectangular boxes in both the panels indicate the non-monsoon 

months (October to May).  

 

Fig. 2 Monthly mean time series between fine mode AOD and CER. The rectangular boxes indicate the dry months 
when fine mode AOD and CER shows a negative relation. 
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Fig. 2. Monthly mean time series between fine mode AOD and
CER. The rectangular boxes indicate the dry months when fine
mode AOD and CER shows a negative relation.

ability precisely, the eleven year data is splitted into two pan-
els as shown in the figure. The top panel gives the time se-
ries between AOD and CER for the years 2000 to 2004 and
the bottom panel that for the years between 2005 and 2010.
The rectangular boxes in both the panels indicate the non-
monsoon months (October to May).

From Fig. 2, it can be seen that AOD undergoes strong
seasonality over the region. The fine mode AOD dominates
during non-monsoon months in almost all the years except
2005 and 2007. Our analysis reveals that after the year 2002
there is pronounced loading of fine mode aerosols. The fig-
ure also shows that whenever there is a large concentration
of fine mode aerosols in the non-monsoon months, as evi-
dent from the high AOD values, there is a substantial reduc-
tion in CER. It is clearly shown in Fig. 2 that when aerosol
loading peaks in the month of January there is a subsequent
decrease in CER. This relationship is not valid during the
monsoon season probably due to the predominance of coarse
mode aerosols. To verify the degree of this inverse relation-
ship, a quantitative analysis is done between CER and AOD.
A scatter plot is drawn between CER and AOD for the non-
monsoon months and is given in Fig. 3.

It is evident from Fig. 3 is that CER and AOD are highly
anti-correlated during the non-monsoon months with a corre-
lation coefficient of−0.62. This justifies our reasoning that
there is in fact a decrease in CER due to an increase in AOD.

www.ann-geophys.net/29/1605/2011/ Ann. Geophys., 29, 1605–1612, 2011
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Fig. 3. Scatter plot between fine mode AOD and CER indicating a
negative correlation in non-monsoon months.

A notable feature is that for the years, 2004 and 2009, a high
AOD of 0.3 occurred in the month of January. Consequently,
a decrease of CER below 11 microns is also noticed in the
same month. These observations are in concurrence with the
first indirect effect in which excessive amount of fine mode
aerosols results in the reduction of CER.

In all these years of higher aerosol loading, the following
monsoon was a failure in the region considered for the study.
The drought conditions that prevailed in 2009 enabled the at-
mospheric aerosol loading in large quantities. The peak AOD
value of 0.35 observed in January 2010, which is the highest
in the decade, indicates the large concentration of fine mode
aerosols in that year. A reduction of CER to 10 microns,
which is also the least value in the decade, is seen in the
same month.

According to monsoon report issued by the Indian Mete-
orological Department (http://www.imd.gov.in/section/nhac/
dynamic/monsoonreport2010.pdf), the monsoon that fol-
lowed had a deficit of 24 % in June rainfall for the year 2010.
A reduction in rainfall persisted throughout the monsoon
season (June–September) while rest of the country received
more than normal rainfall. Even though it is not certain about
the exact cause for this reduction in rainfall, it can be postu-
lated that the aerosol forcing and the indirect effect could
be a possible reason. Further detailed analysis is required
to understand the actual mechanism that drives the monsoon
circulation over this region.

The years (2004, 2009 and 2010) also apprehend sig-
nificance due to El-Nĩno conditions that prevailed dur-
ing those occasions. Dry season associated with El-
Niño is favourable for the production of aerosols and
the absence of rainfall increases its life time over
the region. This explains the large AOD seen dur-
ing the non-monsoon period. Moreover, as indicated
by Oceanic Nĩno Index (http://www.cpc.ncep.noaa.gov/
products/analysismonitoring/ensostuff/ensoyears.shtml) se-
vere El-Nĩno conditions occurred in the non-monsoon

Table 1. Monsoon onset dates over Kerala and IGP.

Year Onset (Kerala) Onset (IGP)

2000 1 Jun 7 Jun
2001 26 May 17 Jun
2002 9 Jun 20 Jun
2003 13 Jun 20 Jun
2004 3 Jun 15 Jun
2005 7 Jun 23 Jun
2006 26 May 24 Jun
2007 28 May 18 Jun
2008 31 May 12 Jun
2009 23 May 28 Jun
2010 31 May 4 Jul

months of 2010, which justifies the higher aerosol content
in that period.

It is well known that monsoon circulation is driven by land
sea temperature contrast. Over the Indian region, the entry
point of southwest monsoon is through Kerala coast which
is situated at the southern part of peninsular India. After
normal onset that usually occurs on 1 June, monsoon circu-
lation steadily progresses northwards and normally reaches
IGP on 15 June. During the last decade, except for the years
2000 and 2004, even after an early or normal monsoon onset
over southern peninsula, the progress and subsequent onset
of monsoon got delayed over North India (see Table 1). It
may be noted that for all these years CER was well below
12 microns in the month of May. In the years 2006, 2009
and 2010, this delay in onset was so pronounced in North
India that even after an early onset in southern peninsula
(Kerala), the advancement of monsoon towards North India
got delayed by two to three weeks. In 2000 and 2004 the
CER was above 12 microns. In 2000, there was a swift ad-
vancement of monsoon over North India. During 2004, even
though it was a delayed onset over Kerala, the monsoon pro-
gressed rapidly towards North India to reach there on actual
onset date (Pai and Rajeevan, 2009;http://www.imd.gov.in/
section/nhac/dynamic/Monsoonframe.htm). If second indi-
rect effect holds then a decrease in CER should decrease the
precipitation efficiency leading to an increase in LWP.

3.2 Second indirect effect

Precipitation efficiency in clouds can be identified by means
of changes in LWP with respect to CER. Larger the LWP
lesser will be the precipitation efficiency (Reid and Hobbs,
1998; Schwartz et al., 2002). Several studies have shown
that both LWP and CER change with varying aerosol con-
centrations (Minnis et al., 1992; Han et al., 1994). Figure 4
depicts the scatter plot between LWP and CER for both non-
monsoon and monsoon months. It is seen that during non-
monsoon months, a decrease in CER results in an increase
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in LWP. The scatter plot shows that they are anti-correlated
with a correlation coefficient of−0.68.

This result is in accordance with the observations made by
Rosenfeld (1999) and Ferek et al. (2000) in which they show
that smaller CER lead to an increase in LWP suppressing
drizzle formation in smoke plumes and ship tracks. The sup-
pression of drizzle enhances cooling below the cloud base be-
cause smaller droplets evaporate more quickly. This cooling
acts along with the radiative heating of the cloud base to sup-
press turbulent mixing, de-coupling the cloud from the rest
of the boundary layer restricting the supply of water vapour.
This reduction in water vapour from the surface leads to de-
crease in LWP and thinning of the cloud layer. During non-
monsoon months the clouds present over the region will be
optically thinner which is evident from the lower LWP val-
ues. These values during non-monsoon months are found to
be less than 80 g m−2. For a cloud to precipitate it is required
to attain larger value of LWP so as to maintain its precipita-
tion efficiency. When the CER decreases, the drag on the up-
drafts produced by raindrops gets reduced, allowing a greater
number of smaller droplets to reach higher altitudes, caus-
ing additional latent heat when they freeze. Therefore the
stability of the atmosphere at the lower levels gets increased
further inhibiting the possibility of precipitation. Such a con-
dition is more pronounced in a polluted environment as that
in IGP. The water droplets that are unable to precipitate re-
main in the atmosphere, and accounts for the higher water
content in clouds.

An increase in water loading in the clouds suggests a re-
duction in the precipitation efficiency. As a result, when
the CER becomes very small (in the range of 10 to 11 mi-
crons) there is an appreciable rise in LWP to as high as 80 to
90 g m−2. When the CER increases to 12 microns and above
there is a depletion of LWP to below 60 g m−2. In short, it
can be ascertained that when CER increases the LWP in the
clouds get depleted. In a polluted environment this reduction
of LWP is attributed to the entrainment of dry air into clouds
resulting in an evaporation of cloud droplets (Ackerman et
al., 2004).

In the monsoon season a high positive correlation of 0.83
exists between CER and LWP. It can be reasoned that the
positive correlation is seen between LWP and CER dur-
ing the monsoon season is due to the dominant presence of
marine air-mass. In such a state, the atmosphere will be
predominantly composed of coarse mode aerosol particles.
Therefore, as suggested by Rosenfeld et al. (2002), these
coarse mode hygroscopic CCN override the precipitation-
suppression effect of the large number of finite aerosols
formed from anthropogenic sources. At high concentrations,
these large aerosol particles undergo collision and coagula-
tion and may grow to precipitation size by collecting small
cloud droplets. Coagulation process is more enhanced when
there is fast relative particle motion such as that occurring in
shearing or turbulent flows. These types of flows are more
frequent in the monsoon season so that it induces increased
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Fig. 4. Scatter diagram between LWP and CER for(a) non-
monsoon months and(b) monsoon months.

coagulation rates between particles. Therefore, the coagula-
tion of particles at higher concentrations rapidly reduces the
number density of finer mode of aerosols while increasing
the droplet size, which explains the higher LWP during the
monsoon season.

Availability of enormous amount of humidity is another
important factor that has to be taken into account during the
monsoon season. In this season, the relative humidity (RH) is
very high; as a result it gives an opportunity for the increase
in water vapour condenses upon aerosol particles. Eventu-
ally, these particles begin to grow with increasing RH. This
growth in particle diameter intensifies the thickness of cloud
which is explained by increasing values during the monsoon
season. The water holding capacity of the cloud droplet in-
tensifies with the buildup of the LWP and this explains the
close association between LWP and CER.

Present study confirms that the aerosol first and second in-
direct effects are occurring over the region and as pointed
out by Ramanathan et al. (2001), the enhanced loading of
fine mode aerosols should lead to a reduction in precipita-
tion. The associated modifications in thermal stability should
influence the atmospheric circulation thereby affecting the
monsoon progression and onset over the region.

www.ann-geophys.net/29/1605/2011/ Ann. Geophys., 29, 1605–1612, 2011
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4 Conclusion

Taking into consideration on the limitations attributed to the
MODIS data sets, we summarize the results obtained from
the present study as follows. During non-monsoon months
there is indeed a decrease in CER with increase in aerosol
concentration which is in accordance with well known first
indirect effect or “Twomey effect”. Fine mode aerosols
which are present in large quantities during these months
are responsible for the inverse relationship existing between
these two parameters. This inverse relationship is more
prominent in the non-monsoon months of the years 2004,
2009 and 2010 for which El-Niño conditions occurred. The
pre-monsoon seasons of 2004, 2009 shows an abnormal rise
in fine mode AOD to 0.3. A significant reduction in CER is
observed and following monsoon season was in the region.
Quantitative analysis establishes the negative correlation be-
tween CER and AOD during the non-monsoon months at a
correlation coefficient of 0.62. It is seen that in the month
of May, when the CER diminished below 12 microns, there
was a delay in advancement and onset of monsoon over
North India even after a normal or early onset over south-
ern peninsula. In the years 2000 and 2004 when CER was
above 12 microns, there was a rapid advancement of mon-
soon towards the region. Highest AOD of the last decade
was recorded in the year 2010 resulting in a reduction of
CER to its least value in the month of January. Subsequently,
there has been a deficiency of 24 % in June rainfall alone
and monsoon was a failure in the entire season over the re-
gion while rest of the country received above normal rain-
fall. The present analysis further reveals that the AOD value
in January may be a precursor to the performance of the fol-
lowing monsoon season. Moreover, LWP and CER exhibit
an inverse correlation of 0.68 during non-monsoon months,
while high positive correlation of 0.83 existed during mon-
soon months. The analysis manifests that a change in cloud
particle size affects the precipitation efficiency in the clouds
negatively during the non-monsoon months. These results
signify that “second indirect effect” indeed occurs and a de-
crease in CER affects the onset of precipitation in clouds.
Therefore, from these results, it can be postulated that the
combination of both the first and second indirect effects act
to influence the monsoon onset and its progression towards
the North Indian region.
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