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Association of higher (lower) rainfall with lower (higher) Aerosol Optical Depth (AOD) is consistent with
the understanding that increased washout (build-up) and shorter (longer) life-time of aerosols occur in
wetter (drier) conditions. Given the life-time of aerosols, it is imperative to examine how aerosols impact
active/break (wetter/drier than normal) spells, prominent intraseasonal variability (ISV) of Indian
summer monsoon (ISM), through their composite analysis using recent satellite observations of aerosols
and cloud properties, circulation and rainfall. Dust aerosols can act as CCN and participate eDciently in
cloud processes during active phase. During breaks, build-up of desert dust transported by prevalent
circulation, is associated with lower cloud eAective radius implying aerosols’ indirect eAect where they can
inhibit cloud growth in the presence of reduced moisture and decrease precipitation eDciency/rainfall.
Correspondingly, correlation albeit small, between intraseasonal anomalies of AOD and rainfall is negative, when AOD leads rainfall by 3–5 days implying that indirect aerosols impact is eAective during
breaks, though it is not the dominant responsible factor. During breaks, lower shortwave Cux at top of
atmosphere hints at dust-induced semi-direct eAect. As breaks are permanent features of ISM, incorporation of dust-induced feedbacks in models, is essential for improved ISV simulation and ISM prediction.
Keywords. Dust aerosols; monsoon breaks; aerosol indirect eAect; aerosol optical depth; cloud eAective
radius.

1. Introduction
Indian summer monsoon rainfall (ISMR) exhibits
considerable yearly variation (Bgure 1) or interannual variation (IAV) despite the consistent seasonal reversal of circulation (Gadgil 2003). The
strong link between the slowly evolving Sea Surface
Temperature (SST) changes in the equatorial
PaciBc known as the El Niño-Southern Oscillation
(ENSO) and monsoon is demonstrated as increased

tendency for deBcit rainfall during El Niño and
excess rainfall during its opposite phase, La Niña
(Rajeevan 2012 and references therein). Droughts
in 2002, 2004, 2009 and 2015 have occurred when
El Niño and excess rainfall such as 2007 and 2011
have occurred when La Niña conditions prevailed
in the PaciBc. In addition, the positive (negative)
Equatorial Indian Ocean Oscillation (EQUINOO)
phase which is represented by anomalies of easterly
(westerly) zonal wind over the central equatorial
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Indian Ocean, is associated with the positive
(negative) anomalies of ISMR (Gadgil et al. 2004).
Most of the ISMR extremes (more than or equal to
the standard deviation, ±r) are related to ENSO
and/or EQUINOO modes (Sajani et al. 2015 and
references therein), as can be seen from table 1. For
example, the ISMR extreme of 2002 (2007) was
linked with the unfavourable (favourable) phase of
both ENSO and EQUINOO. During 2002 drought,
negative EQUINOO phase strengthened the
adverse impact of the El Niño. However, there are
some extremes not related to the relevant phase of
El Niño or EQUINOO, viz., 2013, and so are some
mild departures (more than or equal to ± r/2 and
less than ± r) such as 2000 and 2005.
Apart from the large-scale forcings, anomalous
and markedly different onset and subseasonal
progression of summer monsoon in a particular
season can occur by virtue of the internal variability of the Indian summer monsoon system
(Goswami 1998), that can also decide the departure of ISMR for that year (e.g., Sajani et al. 2007;
Krishnamurthy and Shukla 2007). The internal
atmospheric variability over the Indian region
primarily arises due to the intraseasonal variability
(ISV) and inCuences the ISM in many ways. The
magnitude of ISV is comparable to that of
the seasonal cycle and much greater than the IAV
of ISMR (Waliser 2006). ISV manifests predominantly in two major period ranges of 10–20 days
(quasi-biweekly) and 30–60 days (monsoon
intraseasonal oscillations, MISOs). The quasi-biweekly mode (Krishnamurti and Ardanuy 1980;
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Ortega et al. 2017 and references therein) is
primarily linked with the northwest propagation of
synoptic scale systems (low pressure systems of 2–5
days duration) originating from the Bay of Bengal
and Rossby waves augmented by the average
monsoon Cow (Wang and Xie 1997).
The dominant low frequency component of ISV,
i.e., the 30–60 day timescale MISOs are characterized by northward propagation of cloudiness
and precipitation over the Indian region (Sikka and
Gadgil 1980). This mode basically determines
wetter/drier spells or active/break spells of rainfall
during the monsoon season, which is found to be
the dominant factor in deciding seasonal monsoon
rainfall (Rajeevan et al. 2010). ISMR manifests as
break (with spare or no rainfall) and active spells
(with good rainfall) over Indian region especially
over the monsoon trough zone (Blanford 1886)
coinciding the inter-tropical convergence zone
(ITCZ) over central India or the continental tropical convergence zone (CTCZ) in the monsoon
season (Rajeevan et al. 2010). The phases, timings,
and periods of MISOs closely determine the onset/
withdrawal of monsoon, as well as the interannual
variation (IAV) of monsoon. Agriculture and
economy are also strongly aAected by the MISOs.
Thus, understanding this mode if it is partly or
entirely due to any known forcing and thereby
utilizing it for modelling it, is important as it has
tremendous impact on the society and economy of
the nation. The prediction of the MISOs is also a
major challenge in monsoon research. Its accurate
representation will reduce the model biases at

Figure 1. Normalized departures of JJAS all-India rainfall (AIR, averaged over the Indian region) from the climatology of
1951–2000 based on IMD data of Pai et al. (2014), showing the interannual variability and extremes of ISMR which are more
than one standard deviation (deBcits denoted as red sticks and excesses denoted as green sticks). Symbols in red represent El
Niño and negative EQUINOO and symbols in green represent La Niña and positive EQUINOO.
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Table 1. Extremes of ISMR and their link with El Nino,
~ La Nina,
~ and
positive (+ ve) and negative ( ve) EQUINOO events.
Excess [ r
2006
2007
2011
2013
El Niño;

DeBcit
\– r

Mild excess
[ r/2

Mild deBcit
\ – r/2

2005

2000
2001

2002
2004
2009
2014
2015
La Niña;

ve EQUINOO;

seasonal timescale and helps better understand the
IAV. These factors will result in improvement
of the predictability of ISMR at all timescales
(Krishnamurthy and Shukla 2000).
The largest ISMR deBcit in recent decades was
2002 characterized by an intense and long break
during July that lead to all-India rainfall being
*19% less than its long-term average (Sajani et al.
2007) and 2007 was an excess ISMR year (Bgure 1).
Observed daily rainfall anomalies averaged over
the CTCZ region (Gadgil and Joseph 2003, shown
in the inset of Bgure 2) during June–September of
2002 and 2007 from the daily long-term mean of
1951–2000 period (Bgure 2), show that severe
deBcit (excess) conditions prevailed over the region
in 2002 (2007). The evident differences between the
two years are the intensity, number and duration
of breaks during the season. Intense and prolonged
spells of no rain or breaks, are known to have
remarkable impact on ISMR (Gadgil and Joseph
2003). For example, it can be seen that intense and
prolonged break in July and absence of a strong
active spell (unlike in 2007) led to the drought in
2002 (Sajani et al. 2007). Hence, the investigation
of regional factors aAecting the ISV, specifically the
break spells, is important.
Indian region is known to have immense concentration of natural and anthropogenic aerosols,
which naturally impact summer monsoon hydrological cycle through direct radiative forcing by
cooling the land and reducing the north–south
temperature gradient (Ramanathan et al. 2001;
Sajani et al. 2012 and references therein). Some of
these aerosols which are hydrophilic in nature can
aAect cloud formation process through activation
of cloud condensation nuclei (CCN) or ice nuclei
(IN) and some results in indirect eAect through
aerosol–cloud–precipitation
interaction
(e.g.,
Quaas et al. 2009). Elevated heat pump mechanism
was proposed by Lau et al. (2006) through which
the absorbing aerosols enhance all-India rainfall

+ ve EQUINOO.

during June–July. The observational study by Jin
et al. (2014) demonstrated that dust-induced
atmospheric heating enhance the southwesterly
and northwesterly wind anomalies over Arabian
Sea, which further generate transport of more
moisture to Indian subcontinent and leads to positive precipitation anomaly over the central East
Indian region. Vinoj et al. (2014) using satellite
observations and models reported that dust
induced atmospheric warming over Arabian Sea
can simulate the atmospheric feedback processes,
resulting in enhanced summer monsoon rainfall
over central India and also showed a positive correlation between West Asian dust and ISMR over
timescales of about a week.
However, given the rather short lifetime of
aerosols, it would be interesting to understand how
the aerosols aAect the monsoon ISV or its prominent component, the active-break spells. Over
India, aerosol loading shows a seasonal cycle with
high loading throughout winter to pre-monsoon
months and less loading in the summer monsoon
months due to the wet scavenging of aerosols (e.g.,
Sajani et al. 2012). However, during the break
conditions, especially long breaks, the build-up of
aerosols in drier conditions can result in indirect
impacts of aerosols changing the spatial distribution of the heating, which in turn can inCuence the
evolution of the active-break cycle.
There are several studies which suggested the
aspect of absorbing aerosols such as dust and carbonaceous aerosols in aAecting the interannual and
ISV of ISMR (e.g., Hazra et al. 2013; Jin et al. 2014;
Lau 2014; Vinoj et al. 2014; Harikrishnan et al.
2015; Solmon et al. 2015; Lau et al. 2017; and references therein). The persistent large-scale wind
Cow linked with the break phase is found to be
instrumental in extensively transporting the dust
aerosols from the deserts of West Asia and Africa
(Prijith et al. 2013; Kaskaoutis et al. 2014) which
can result in direct climate forcing by scattering
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Figure 2. Variation of the daily rainfall averaged over the CTCZ region (shaded in the inset diagrams) during June to September
of the drought year 2002 (top panel) and the excess monsoon year 2007 (bottom panel). Rainfall above (below) the long term
(1951–2000) mean is shaded in green (brown). Inset: June–September mean rainfall anomaly over the CTCZ region in 2002 (top
panel) and 2007 (bottom panel).

and absorption of shortwave radiation (Kaufman
et al. 2002). Dust aerosols are eAective ice nuclei
(IN) and initiate the formation of ice particles
(DeMott et al. 2003; Mohler et al. 2003), when dust
particles interact with other aerosols to form a
soluble coating or dust aerosols in polluted environment and additionally due to their huge size act
as cloud condensation nuclei (CCN) (Levin et al.
2005; Hunang et al. 2006a; Levin and Cotton 2009;
Wang et al. 2010) and result in indirect forcing
through strengthening cloud albedo and reducing
convection (Albrecht 1989). Given the available
moisture, enhanced atmospheric aerosol loading
reduces the cloud droplet size and leads to inhibition of rain process and cloud growth through
collision and coalescence (Rosenfeld 1999). The
study by Rosenfeld et al. (2001) found that clouds
forming within the desert dust contain small droplet and produce little rainfall by drop coalescence.
The reduction of rainfall from clouds aAected by
desert dust can cause drier soil, which in turn raises
more dust, thus providing a possible feedback loop
to further decrease in precipitation.
The study of Bhattacharya et al. (2017) on
transitional phases, suggests that break to active
transition has higher cloud liquid water and lesser
rain productivity than in the opposite transition
and this chieCy due to the indirect eAect of
enhanced aerosol loading during breaks. The study
of Hazra et al. (2013) based on model simulations,
explains inCuence of aerosols on transitions of
intraseasonal oscillations of the ISM through
interactions among direct radiative forcing,

large-scale dynamics and cloud microphysics. This
study demonstrates that increased absorbing
aerosols during the break phase enhances the
land–sea temperature disparity and strengthen the
moisture transit which leads to active spell.
Heating as the result of dust aerosols in breaks
may cause significant modiBcation in regional scale
mechanisms in addition to/in absence of large scale
mechanisms induced by remote forcings such as
ENSO and EQUINOO. However, the evidences for
the possible role of regional aerosols in inCuencing
monsoon active-break spells in a composite manner
are not examined so far using the satellite observations of aerosols and cloud properties available
since the last 15 years. Thus, the link between
regional aerosols and clouds/rainfall during active/
break composite spells with a special emphasis on
the break spells during which aerosol build-up is
significant, is investigated in this study. We discuss
the evidences of potential role of regional aerosol
interaction with clouds, radiation and circulation
during monsoon break spells.

2. Datasets and methodology
Recent India Meteorological Department (IMD)
observed high resolution (0.25 9 0.25) rainfall
data of Pai et al. (2014), circulation Belds from
ERA-Interim reanalysis (Dee et al. 2011), satellite
based aerosol datasets and Cloud and the Earth’s
Radiant Energy System (CERES) Aqua Edition
3A Single Scanner Footprint (SSF) radiation
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[Shortwave Cux (SWF) and Longwave Cux (LWF)
at top of the atmosphere (TOA)] datasets (Huang
et al. 2006a) are analysed in this study.
In this present study, we used MODIS
(MODerate Resolution Imaging Spectroradiometer
onboard Terra satellite) collection 6 (C6) L2
aerosol optical depth (AOD) and L3 cloud properties since 2000 (Levy et al. 2015). The frequency
of MODIS Level-2 data is 144 Bles per day. We
have binned each granule and averaged to uniform
grid to make daily data at 0.5 9 0.5 resolution.
Monthly data is then constructed from the daily
data at 0.5 9 0.5 resolution. For the analysis of
cloud properties such as cloud eAective radius
(CER), cloud optical thickness (COT) and cloud
water path (CWP), we used Terra MODIS Level-3
product (Platnick et al. 2015), since 2000.
The uncertainty in AOD remote sensing estimation arise mainly due to two reasons, invalid or
missing values due to the presence of snow or
clouds and the other is the measurement uncertainties. The measurement uncertainties arise from
cloud screening, large variations in underlying
surface reCectance, spectral band signal-to-noise
characteristics, etc. The inaccurate determination
of surface reCectance can cause significant biases in
retrieved aerosol properties. Usually, AOD derived
over land exhibits higher uncertainties, where
surface reCectance cannot be avoided and several
assumptions are needed to connect aerosol type
and underlying surface features (Kaufman et al.
1997; Levy et al. 2013). For obtaining aerosol
properties, C6 version have three separate algorithms. The Dark Target algorithms for retrieving
(1) over ocean, (2) over dark-soiled/vegetated land
and Deep Blue for retrieving, and (3) over arid/
desert land. For the present analysis, we have
utilized the merged (AOD˙550˙Dark˙Target˙
Deep˙Blue˙Combined) data with the best quality
retrievals (QAC = 3).
Cloud contamination is one of the known
disturbing issues for satellite aerosol products.
EDcient cloud screening for aerosols retrieval
required reBned algorithm and multi-spectral visible and infrared radiance data (Remer et al. 2005).
The function of MODIS cloud-mask is to conserve
the products of the MODIS aerosols retrieval
algorithm from cloud eAects although maintaining
enough product availability at all levels of aerosols
loading. The usage of too strong cloud mask causes
inadequate aerosols coverage and failure to fully
remove cloud leads to cloud contamination. In
MODIS C6 improvisation of cloud-mask resulted in
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retrieval of additional pixels in areas of low optical
depth (s \ 0.15) as well as areas of high optical
depth (s [ 0.75) within the smoke plume (Levy
et al. 2013).
MODIS C6 retrievals have made through many
improvements for both DB and DT algorithms, for
DB algorithm improvements have expanded the
coverage to all cloud-free and snow-free land surface, revision in cloud screening and cirrus recognition, an improved aerosol model scheme for
recognition of dust particles, database of normalized difference vegetation index (NDVI) dependent
dynamic surface reCectance, and an updated
quality assurance Cags (Hsu et al. 2013), reBnements for DT algorithm are in terms of dependence
of NDVI index, updated and revised cloud mask for
thin cirrus clouds and identiBcation of heavy
smoke, etc., in terms of dependence of NDVI index,
updated and revised cloud mask for thin cirrus
clouds and identiBcation of heavy smoke, etc. The
expected error (EE) of DB algorithm over-land is
±(0.05+20%) (Hsu et al. 2013; Shi et al. 2013;
Sayer et al. 2013) and DT algorithm over land is
±(0.05+15%) (Levy et al. 2013; Remer et al. 2013).
The validation of MODIS C6 AOD algorithm by
Mahawish et al. (2017) over Indo-Gangetic plain
reported merged product shows lower bias due to
the opposite bias tendency of DT (+ve bias) and
DB ( ve bias).
We have also compared MISR (Multi-angle
Imaging Spectro Radiometer) globally gridded
monthly and daily Level-3 (0.5 9 0.5 resolution)
AOD at 558 nm since 2000 with MODIS AOD at
550 nm. MISR AOD retrieval algorithm is based on
look up table (LUT) approach that comprises
predeBned set of aerosols types, geometries and
loading, and surface types like water bodies, vegetated areas, etc. AOD uncertainty over land is 20%
AOD or 0.05, whichever is larger (Kahn et al.
2001). MISR absorbing AOD (at green band with a
nominal centre wavelength of 555 nm, https://
eosweb.larc.nasa.gov/project/misr/level3/overview)
is also used.
For validation of satellite observations, we have
compared them with ground based AErosol
RObotic NETwork (AERONET) AOD at 550 nm
(Holben et al. 1998) from the Level-2 qualityensured AERONET data of the IIT Kanpur site.
The comparison of AOD from MODIS and MISR
with ground based AERONET data for Kanpur
station (26.512 latitude and 80.231 longitude,
marked in the inset of Bgure 2) from 2001 to 2014,
is shown in Bgure 3. AOD from MODIS TERRA
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Figure 3. Comparison of AOD from MISR (558 nm) and MODIS TERRA and AQUA (at 550 nm) satellite products with ground
based AERONET AOD (at 500 nm) at the Kanpur station (marked in the inset of top panel of Bgure 2) during 2001–2014.

and AQUA compares well and are closer to the
AERONET observation. But, MISR AOD is systematically much lower than the AERONET
observation. Hence, we mainly use MODIS Terra
AOD for further analysis. MODIS and MISR
onboard the same satellite platform, MODIS has a
total of 36 spectral channels, containing cirrus
cloud sensitive channels and also infrared channels,
which gives an improved eDciency of identifying
the existence of cloud in an observed scene
(Ackerman et al. 1998).
The mean dust AOD proBle retrieved from the latest version of Cloud-Aerosol Lidar and Infrared
PathBnder Satellite Observation (CALIPSO Version
4.20) Level 2 data from http://eosweb.larc.nasa.gov/
PRODOCS/calipso/table˙calipso.html is analysed to infer the dust aerosol loading during active
and break phases of monsoon. This data at 5 km
horizontal resolution is available since 2006 (Omar
et al. 2009). This data has gone through considerable
improvement with lidar ratio selection algorithm and
aerosol subtyping. For good quality data, quality
assessment such as quality screen with AOD uncertainty, with extinction quality control (QC) Cags and
with cloud-aerosol discrimination (CAD) score are
carried out. The preliminary validation study by Kim
et al. (2018) reported that AOD inconsistency
between CALIOP and AERONET/MODIS reduced.
We have used UV-absorbing aerosols index
(AAI) estimated by Ozone Monitoring Instrument
(OMI) onboard the NASA Aura satellite (Torres
et al. 2013) from 2005 to 2014. In this study, we
used AOD retrieved using OMAERUV algorithm.
The OMI-retrieved AOD values could be biased
due to calibration oAset and subpixel cloud contamination (Ahn et al. 2008). Ahn et al. (2008)
reported that the OMI shows a reasonable agreement with MODIS and MISR observations in

seasonal annual cycles of aerosols over most of the
major emission sources of biomass burning and
mineral dust from desert. The expected uncertainty in AOD is about ±30% AOD or 0.10,
whichever is greater over land (Ahn et al. 2014).
The study of Gass
o and Torres (2016) reported
that OMAERUV algorithm is good enough in
eliminating cloudy scene with in the instrument
limitation, under the best condition for aerosols
retrieval (quality Cag 0) shows residual cloud
contamination bias towards high AOD values.
Two heating datasets based on Tropical Rainfall
Measuring Mission–Precipitation Radar (TRMMPR) observations, provided by Japan Aerospace
Exploration Agency (JAXA) have been used in this
study. First is the monthly gridded heating data
retrieved from Spectral Latent Heating (SLH)
algorithm (Shige et al. 2009 and references therein)
during the analysis period at 0.5 spatial resolution
and 0.25 km vertical resolution. In addition to total
heating Q1 (apparent heat source, Yanai et al.
1973; Rajendran et al. 2004), this algorithm provides its partitioning into stratiform and convective heating. Second is the latent heating (LH) and
moisture sink (Q2) estimates from TRMM-PR
which has a 13.8 GHz Ku band frequency, utilizing
the SLH algorithm. These datasets having temporal resolution of around 16 orbits per day and
horizontal resolution of around 5 km. Its swath
width is around 247 km consisting 49 angle bins.
One granule of PR data is one orbit which is having
around 9140 scans. Layer averaged (0.0–0.5, 0.5–1,
1–2 km etc.) latent heating proBles data has 19
vertical layers. We have taken this Level-2 swath
data and converted it into gridded data using
nearest neighbour algorithm (Romatschke et al.
2010). Here for distance calculations, great circle
distance formula is used. The resultant daily data
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is gridded to a spatial resolution of 0.25 for not to
miss even short life convective systems.
To analyse the phase relationship among AOD
and precipitation over India on intraseasonal
timescales related with active-break cycle during
boreal summer, 20–100 day band pass Bltered
(BPF) anomalies are derived. Daily departures
from seasonal climatology (annual average plus
Brst four harmonics as done by Rajendran et al.
2018) for the period 2000–2014, are taken as daily
anomalies. These daily anomalies are subjected to
20–100 day bandpass Bltering to compute the
intraseasonal anomalies (following Kumar et al.
2013).

3. Aerosols–rainfall relationship
during monsoon
The AOD, convection and rainfall during 2002
deBcit monsoon were compared with those during
2007 by Sajani et al. (2016) in their Bgure 5. Spatial
distribution of AOD at the time of drought in 2002
showed that there were persistently high positive
AOD anomalies over northern India and IndoGangetic plain and nearly opposite distribution
was seen during the excess monsoon of 2007.
Typically, reduced (enhanced) rainfall was found
to be associated with enhanced (reduced) AOD
during deBcit (excess) monsoon years. Seasonal
AOD anomalies thus occur to be having a closereverse relationship with the corresponding
anomalies of rainfall. In fact, AOD anomalies were
exceedingly positive in July of the deBcit years of
2002 and 2004 when standardized ISMR anomalies
were 4.07 and 1.25, respectively, and were
negative in July 2005 when ISMR anomaly was
1.51. Thus nearly inverse relationship between
AOD and rainfall was seen in the anomalies on
monthly scale as well. This is consistent with the
perceptive that increased washout of aerosols take
place in rainy conditions, and aerosol life times are
longer in arid conditions.
3.1 Aerosol impacts on intraseasonal timescales
Considering the short life span of aerosols in the
atmosphere, next we analyse the relationship
between aerosols and rainfall/clouds on intraseasonal timescales. During these times, rainfall
does not occur continuously rather occurs as active
and break spells. There are different criteria for
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deBning active and break spells. Ramamurthy
(1969) reported that during break phase, the
rainbelt is shifted to the foothills of the Himalayas,
northward from its normal position. Also, rainfall
increases over southeastern peninsular India. Since
the dominant mechanism playing the decisive role,
behind the nature and evolution of different activebreak spells are complex (Webster et al. 1998), we
focus on understanding the composite behaviour of
this component of ISV in the context of aerosols.
Pai et al. (2016) determined active/break events
over India during 1901–2014 using criteria of
Rajeevan et al. (2010) using a precipitation index
over the Central Indian core monsoon region. The
active and break days delineate by computing the
time series of area averaged rainfall over the core
monsoon region and standardizing the daily rainfall anomaly (estimated by subtracting the daily
climatology) against daily standard deviation.
When the standardized rainfall anomaly averaged
over the core monsoon zone is above 1 (below 1)
for at least for three subsequent days, the period is
taken as active (break) spell. These are mostly
comparable with the spells identiBed by earlier
studies based on similar rainfall criteria. In this
study, we use the active and break spells identiBed
by Pai et al. (2016) since 2000 (listed in their
tables 1 and 2). The total number of breaks days
we considered in this study are 120 days and active
days are 107.
We examine the variation in AOD, rainfall, circulation, radiation and cloud properties between
break spells which correspond to the heat-low
regime and active spells representing the dynamiclow or moist convective regime (Ramage 1971) of
monsoon. Large-scale atmospheric Belds, aerosols
and cloud properties for composite active and
break spells are computed by averaging daily data
for all the active and break days during 2000–2014,
separately. The distribution of composite rainfall
and AOD anomalies for the active and break phases (Bgure 4), shows that enhanced (reduced)
rainfall anomalies are observed over CTCZ region,
along the Indo-Gangetic plain and the orographic
west coast of India (northeast India) in active
phase. On the contrary, rainfall gets suppressed
(enhanced) over CTCZ and west coast of India
(along the foothills of the Himalayas and northeast
India) during the break phase. During the active
phase, aerosol content is reduced over most parts of
India, whereas the AOD anomalies are positive
over India during the break phase. The aerosol
build-up over central India and the northern parts
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(a)

(b)

Figure 4. (a) Top panels: Composite anomalies of AOD during active (top-left) and break (top-right) phases of monsoon.
(b) Bottom panels: The same as (a), but for rainfall during active (bottom-left) and break (bottom-right) phases. The anomalies
statistically significant at 95% conBdence level are shaded.

of the CTCZ region, in the break phase, is
conspicuous.

3.1.1 Build-up of absorbing dust aerosols under
drier and more stable conditions
During the transition from active to break spell,
there is a shift in the circulation from moist
dynamic-low kind to a drier heat-low kind, over the
monsoon zone of central India (Raghavan 1973;
Rajeevan et al. 2008). The heat low circulation is
characterized by intense heating at the surface and
weak ascent in the lower levels with subsidence
above. The composite anomalies of divergence and
wind vectors at 850 hPa during active and break
days are shown in Bgure 5. In contrast to the active
phase characterized by cyclonic circulation with
associated large-scale convergence of the winds,
over central India, there is anomalous anticyclonic

circulation with strong divergence over the region
during break phase. The westerly wind anomalies
during breaks imply that the large increase in the
aerosol loading over the central Indian region can
be contributed by the transport of aerosols from
west. These aerosols get trapped in the lower
atmosphere because of the large-scale subsidence
above the boundary layer typically associated with
the break condition. The anomalous westerly wind
Cow from the deserts of Africa, west Asia and Thar
desert can transport dust and lead to loading of
dust aerosols over the Indo-Gangetic plain and
northwestern India.
The build-up of dust aerosols during break days
becomes evident in the vertical distribution of dust
aerosols and the height up to which they can reach
over the Indian region from the CALIPSO data
(Bgure 6). A total of 12 (13) break (active) days are
examined for the analysis which met the condition
that the CALIPSO tracks are over the Indian
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(a)

(b)

Figure 5. Composite anomalies of divergence (9105) and wind vectors at 850 hPa during (a) active (left) and (b) break (right)
phases of monsoon.
(a)

(b)

Figure 6. CALIPSO tracks and AOD along the track over the Indian region (available to the north of 15N) during monsoon
(a) break days (total 12 days, top panel) and (b) active days (total 13 days, bottom panel). Different colours represent different
days.

longitudes and available to the north of 15N and
dust aerosol is the main component (depend on
CALIPSO aerosol class). It can be seen that AOD
and the vertical extension of aerosols are larger
during break days than during active days. In
break days, large AODs varying from 0.5 to 2.3 are
observed to the north of 15N.

This also implies that these dust aerosols
radiative impact could add regional details to the
large-scale forcing. Absorbing aerosols such as dust
can alter the radiative balance both at the surface
and TOA and heating induced by them during
monsoon can cause significant difference in local
scale mechanisms to inCuence the existing ISV
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Figure 7. Composite Absorbing Aerosol Index (AAI) during (a) active (left) and (b) break (right) phases of monsoon.

conditions, even in the presence of broad extent
meteorological processes. The association of AOD
and rainfall during active and break episodes have
connection with the circulation induced by largescale forcings, they are also related with the cloud
microphysics that could be impacted by the
aerosols.
Consistently, OMI based absorbing aerosol index
(AAI) for active and break composites are shown in
Bgure 7. Positive (negative) AAI values indicate
absorbing (non-absorbing) aerosols such as dust
and smoke, and close to zero values indicate minimal aerosols or clouds (Torres et al. 2007). The
spatial distribution of higher values of AAI represents the accumulation of absorbing aerosols
mainly desert dusts, over India during the breaks.
The highest values of AAI are observed over
northwest India during breaks, whereas AAI for
active spells are very less. This is consistent with
the differences seen between break and active
composites based on the absorbing AOD from
MISR (not shown).
Data of heating in the atmosphere in relation to
convection from microwave sensors onboard
TRMM satellites separate the clouds into two form,
convective and stratiform clouds. The composite
vertical proBle of latent heating (LH) and moisture
sink (Q2) derived from daily data, averaged over the
CTCZ region for the active and break phases, as
well as the corresponding proBles of convective and
stratiform heating derived from the monthly data of
July 2002 (a deBcit rainfall month) and June 2007
(an excess rainfall month) are shown in Bgure 8.

The heating proBles of stratiform and convective
components are distinctly different. Convective
heating is positive throughout the atmosphere and
shows clear difference between drier and wetter
phases. In contrast, the stratiform heating is high in
the upper-levels which signify a stronger uppertroposphere heating response and there is not much
difference in its proBle during excess and deBcit
monsoon rainfall periods. The responses of total LH
and Q2 show clear difference between active and
break phases. It is to be noted that the latent
heating is very minimum throughout the vertical
column including the lower troposphere during
breaks. During break, both quantities are very less
which is consistent with the absence of deep convection and the small moist anomaly in the lower
troposphere and drier anomaly aloft clearly
indicates that the heating is associated to shallow
convection (Zhang and Mu 2005).
3.2 Aerosol indirect impact during
monsoon breaks
During breaks the aerosol loading can increase as
the residence time of aerosols increases under drier
than normal conditions. These aerosols can participate in cloud and rainfall processes in different
ways; as CCN/IN or as absorbing particles readjusting solar energy as thermal energy. Aerosols–
cloud interaction is thus one of the least
understood and one of the most uncertain factors in
climate science. Numerous studies based on satellite data showed regional and global aerosol impact
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Figure 8. Vertical proBles of LH and Q2 for active (dashed
lines) and break (solid lines) composites and convective and
stratiform heating for wetter month of June 2007 (dashed
lines) and drier month of July 2002 (solid lines) averaged over
the CTCZ region.

on clouds (e.g., Kaufman and Nakajima 1993; Han
et al. 1994; Rosenfeld 1999, 2000; Nakajima et al.
2001; Br
eon et al. 2002; Sekiguchi et al. 2003;
Quass et al. 2004; Kaufman and Koren 2006; Lebsock et al. 2008; Costantino and Br
eon 2010, etc.).
The studies of aerosol indirect eAect shows, aerosol
concentration found to be positively correlated
with cloud droplet number concentration (Nakajima et al. 2001; Sekigughi et al. 2003; Kaufman
et al. 2005; Quass et al. 2006), cloud cover (Kaufman and Korean 2006), cloud liquid water path
(Sekigughi et al. 2003; Quass et al. 2004; Kaufman
et al. 2005) and negatively correlated with cloud
drop eAective radius (Nakajima et al. 2001; Br
eon
et al. 2002; Sekigughi et al. 2003; Quass et al. 2004;
Kaufman et al. 2005). There are also studies which
showed positive, negative or no correlation among
aerosols and cloud properties generally and cloud
water path specifically (Lebsock et al. 2008). When
AOD is below (above) the peak values, cloud
properties such as the mean cloud water path
(CWP) are found to be positively (negatively)
correlated with mean AOD. Several satellite
observations examined the aerosols indirect eAect
over Indian region (e.g., Chylek et al. 2006; Tripathi et al. 2007; Bollasina et al. 2008; Ravi Kiran
et al. 2009; Bhawar and Devara 2010; Panicker
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et al. 2010; Manoj et al. 2011, 2012). Active and
break spells of monsoon showed significant inCuence on the build-up of aerosols and associated
interaction with clouds (Ravi Kiran et al. 2009;
Manoj et al. 2011). But an analysis of composite of
active and break spells over a decade has not been
done to see, if there is a consistent presence of a
cause–effect relationship on intraseasonal timescale other than rain causes washout of aerosols.
As there is significant change in aerosol loading
between active and break monsoon phases, we
further examine the associated changes in cloud
properties. All cloud properties also show distinct
differences between the two phases, out of which
the spatial distribution of composite anomalies of
cloud optical thickness (COT) and cloud eAective
radius (CER) during active and break phases, are
shown in Bgure 9. Anomalously high (low) COT is
observed over the CTCZ region during active
(break) days. Nearly opposite conditions prevail
over the foothills of the Himalayas and northeast
India as seen in the rainfall changes (Bgure 4b).
These changes correspond well with the changes in
the convective activity and rainfall over India
(Bgure 4b). There are near-opposite changes in the
CER between the active and break composites
(Bgure 9b) as well. The weighted average of cloud
droplets size distribution is the cloud-effective radii
(CER).
Enhanced aerosol concentration can lead to
reduction in CER and thus increase in cloud albedo
and cooling of the climate system (Twomey 1977;
Chylek et al. 2006). During the break (active) days,
over northwestern and central India, CER is
anomalously low (high), implying the possibility
for indirect eAect of aerosols on clouds. However, in
a seemingly slight disagreement with aerosol indirect eAect, CER over a small part of eastern CTCZ
region shows opposite anomalies in break phase,
despite more homogeneous change in corresponding AOD (Bgure 4a). Chylek et al. (2006) suggested
that the ice crystal’s eAective radius is shifted
towards the larger sizes than smaller sizes when
high aerosol loading occurred over the north Indian
Ocean. They had suggested that this arises by
virtue of the combined eAect of meteorological
conditions and opposite aerosol indirect eAect due
to heterogeneous ice nucleation. Here, we have
examined variations of CER for warm and ice
phased clouds separately and found that the pattern slightly more coherent in CER changes for
warm clouds (not shown). However, more analysis
is required to understand the role of meteorological
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(a)

(b)

Figure 9. (a) Top panels: Composite anomalies of COT during active (top-left) and break (top-right) phases of monsoon.
(b) Bottom panels: The same as (a) but for CER during active (bottom-left) and break (bottom-right) phases. The anomalies
statistically significant at 95% conBdence level are shaded.

conditions or large-scale dynamics behind the
relationship over a restricted region over the eastern edge of the CTCZ, during break phase. Overall,
the anomalies in cloud properties such as CER
during break phase when AOD is anomalously high
over India, suggests the possible indirect impact of
aerosols. Correspondingly, the cloud water path
(CWP) is anomalously low during breaks
(Bgure 10). It is important to note that Kaskaoutis
et al. (2012) using satellite and ground based
observations, along with chemical transport models, suggested a strong cause-and-effect association
between the deBcit of rainfall in 2002 and successive increased dust aerosols that inCuenced the
dynamics of aerosols and climatic conditions of
northern India.
From the indication of the indirect impact of
aerosols during break phase, it is imperative to
analyse the impact of the heavy accumulated aerosol
loading on the evolution of breaks. As a Brst step, we

classify the active and break spells into three categories based on their duration, viz., 3–5 days, 6–8
days, more than 9 days for breaks and 3 days, 4–5
days and more than 5 days for active spells. From the
average anomalies of AOD and rainfall over the
CTCZ region (Bgure 11), it can be observed that
the AOD anomaly increases systematically with
increase in the duration of the break spell. However,
such a clear association between AOD and rainfall
anomalies are not seen for active spells. For breaks,
there is a clear inverse relationship which makes it
imperative to examine if the aerosols could possibly
reinforce the breaks as AOD increases. Hence, it is
important to further analyse the role of building up
of huge amount of aerosols occurring during breaks,
given the fact that these aerosol particles can indirectly modulate the cloud properties and suppress
the rainfall amount (Bgures 9b and 10b), though the
conclusive evidences can come from dedicated
modelling experiments.
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Figure 10. Composite anomalies of cloud water path during (a) active (left) and (b) break (right) phases of monsoon. The
anomalies statistically significant at 95% conBdence level are shaded.
(a)

(b)

Figure 11. Mean AOD and rainfall anomalies averaged over the CTCZ region for three categories of (a) break (left) and
(b) active spells (right) based on their duration.

3.2.1 Possible semi-direct impact
Semi-direct eAect of aerosols is the result of direct
interaction with radiation which can indirectly
inCuence the climate by altering the clouds. The
absorption of shortwave radiation leads to heating
of the atmosphere. The semi-direct eAect depends
on the presence of clouds, the single scattering
albedo (SSA), the surface albedo and the vertical
distribution of aerosols. Observational studies
using satellite data showed that dust aerosols are
likely to evaporate the clouds when aerosols are
present within or above clouds over arid and
semiarid regions (Huang et al. 2006b; Wang et al.
2010). The studies on semi-direct eAect of dust
aerosols showed reduction in the cloud thickness
(Huang et al. 2006a, b; Su et al. 2008). The analysis
of heating rate during a break period showed an
anomalous increase of 3 K/day than the seasonal

mean which indicates the relevance of dust induced
lower atmospheric warming (Harikishan et al.
2015), though this heating can be partly contributed by the dynamical changes associated with
the monsoon breaks.
It is however, interesting to explore whether
semi-direct eAect of aerosols exists through the
interaction of absorbing dust aerosols with monsoon environment generally during all break spells.
Composite anomalies of SWF and longwave LWF
at top of the atmosphere for break and active
phases are shown in Bgures 12 and 13, respectively.
Notice that SWF anomalies are positive for active
spells and negative for break spells (Bgure 12). This
indicates that aerosols accumulated during break is
associated with trapping of solar radiation which
can possibly contribute to warm the environment.
The impact of dust aerosols is more prominent for
SWF, which is an indicator of the semi-direct
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Figure 12. Composite anomalies of shortwave Cux (SWF) at TOA during (a) active (left) and (b) break (right) phases of
monsoon. The anomalies statistically significant at 95% conBdence level are shaded.

(a)

(b)

Figure 13. Composite anomalies of longwave Cux (LWF) at TOA during (a) active (left) and (b) break (right) phases of
monsoon. The anomalies statistically significant at 95% conBdence level are shaded.

eAect. The observed LWF anomalies over western
CTCZ is negative during active spells and positive
during break phase (Bgure 13). The increase in
LWF could be due to the dust induced greenhouse
eAect. It was identiBed earlier that in active phase,
COT is larger as clouds can grow taller. But in
breaks, in addition to the drier conditions, the dust
aerosols can augment suppression of cloud growth
(Bgure 9a). Correspondingly, the cloud water path
(CWP) appears to be anomalously low during
breaks (Bgure 10). The decrease in CWP during
break could also be due to increased evaporation of

cloud droplets caused by heating due to increased
dust aerosols which is known as the semi-direct
eAect (Huang et al. 2006b).
3.3 Temporal phase relationship
between rainfall and AOD
To validate the aerosol indirect impact, we examine if there is any temporal phase relationship
between rainfall and AOD on intraseasonal
time-scales associated with the active-break cycle
during boreal summer. Correlation between daily
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Figure 14. (a) Top-left panel: Local grid-point correlation between 20–100 day band pass Bltered anomalies of daily AOD and
rainfall when AOD leads rainfall by 3 days. (b) Bottom-left panel: Same as (a) but for the correlation between unBltered daily
anomalies of AOD and rainfall when AOD leads rainfall by 3 days. (c) Right panel: Observed lead-lag correlation between 20–100
day band pass Bltered anomalies of daily AOD and rainfall averaged over India, the CTCZ region and box region shown in the
left panels.

anomalies (20–100 day band pass Bltered) of AOD
and rainfall where AOD leads rainfall by 3 days,
is shown in Bgure 14 (lag equal to 3 days,
Bgure 14a) and corresponding unBltered anomalies
of AOD and rainfall (Bgure 14b). The correlations
are poor between the unBltered anomalies
(Bgure 14b), but increases significantly between
Bltered anomalies (Bgure 14a). When the lag is
considered, the correlations significantly increases
over most parts of India. As a result, there is a
sharp peak of negative correlation at a lag of 3 to
5 (Bgure 14c) when AOD leads rainfall for the
region denoted by the box in Bgure 14(a). This
peak negative correlation at days 3 to 5, when
AOD leads rainfall (rainfall lags behind AOD
maximum by 3–5 days) indicates that on intraseasonal timescales, aerosols are having an impact
on rainfall possibly through changes in atmospheric dynamics. However, there is no distinct
peak for positive correlation, i.e., when rainfall
leads AOD on intraseasonal timescales.
As discussed before, this could be predominantly
due to the indirect impact and to a less extent due

to semi-direct eAect of absorbing aerosols on
reducing rainfall after aerosol build-up during
break days. However, the magnitude of the correlation coefBcient is –0.25 for intraseasonal anomalies, which suggests that the impact of aerosols on
rainfall, on this timescale is not very intense and
aerosol indirect impact is not the primary factor
responsible for the break spell. However, this
implies that the huge build-up of dust aerosols
during long breaks can result in aerosol indirect
impact modulating the break conditions and
thereby possibly reinforcing/extending the break
spell.

4. Concluding remarks
Indian region is known to have high concentration
of anthropogenic aerosols which significantly
inCuence summer monsoon hydrological cycle
through their radiative forcing. Typically,
droughts (excesses) with lower (higher) than normal precipitation is observed to be associated with
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higher (lower) than normal AOD. In fact, they
were highly positive in July of the drought years,
2002 and 2004 and were highly negative in the
excess month of July 2005. Thus, the analysis of
AOD and rainfall showed that AOD anomalies are
in a near-inverse relationship with rainfall on seasonal and monthly timescales. This is consistent
with the perceptive that increased washout of
aerosols take place in rainy conditions, and aerosol
life times are longer in arid conditions. Given the
rather short life time of aerosols, it is thus imperative to understand how the aerosols can possibly
impact the monsoon ISV, particularly its prominent component, viz., the active-break spells.
Thus, we analysed the relationship between aerosols and rainfall/cloud properties in intraseasonal
timescales.
Large-scale atmospheric Belds, aerosols and
cloud properties for composite active and break
spells are computed by averaging daily data for all
the active and break days during 2000–2014 period
taken from Pai et al. (2016), separately. In order
to address the aerosol impact on monsoon in
intraseasonal timescales, we analyse the changes in
cloud properties and large-scale atmospheric
dynamics due to aerosol radiative eAects during
active and break spells over India. The data sets
used are gridded IMD rainfall observation, aerosols
and cloud properties from MODIS, OMI,
CALIPSO, MISR, and AERONET, TRMM PR
heating, CERES radiation data and circulation
data based on ERA-Interim reanalysis. The main
Bndings of the study are summarised as follows:
• Significant increase in the aerosol loading is
found over central India in the composite breaks
phase. During breaks, the anomalous westerly
wind Cow from the deserts of Africa, west Asia
and Thar desert transports absorbing type
aerosols possibly dust and lead to increased
loading of dust aerosols over the Indo-Gangetic
plain. This increased dust aerosols get trapped in
the lower atmosphere because of the large-scale
subsidence above the boundary layer typically
associated with the break condition.
• During the break (active) days, over most parts
of India, CER is anomalously low (high). This
indicates the possible indirect eAect of aerosols
on clouds during breaks, where increased aerosols under limited moisture content scenario
inhibits cloud growth and thereby further suppresses precipitation during breaks. Absorbing
aerosols such as dust can alter the radiative
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•

•

•

•

balance both at the surface and top of the
atmosphere and anomalous heating induced by
them during monsoon can cause modiBcations in
the dynamical/circulation patterns, can enhance
or possibly reinforce the existing break conditions or add regional details to the large-scale
meteorological processes. Conclusive evidences
to establish these processes can come from
dedicated modelling experiments.
AOD anomaly increases systematically with
increase in the duration of the break spell.
However, such a clear association between
AOD and rainfall anomalies are not seen for
active spells. For breaks, there is a clear inverse
relationship which appears to imply the possibility of the aerosols reinforcing the breaks under
increased loading given the fact that these
aerosol particles indirectly modulate the cloud
properties and suppress the rainfall amount.
SWF at TOA is found to be less during
composite break spells indicating the interaction
of the long range transported dust aerosols with
SWF which in turn implies its semi-direct eAect.
This also reveals that during long breaks, dust
induced semi-direct eAect could also be eAective
in addition to the indirect eAect. The vertical
proBles of temperature during the long breaks
hint at the semi-direct eAect when the breaks are
intense and long, which are impacted by excess
dust-induced heating and further intensiBcation
of the monsoon break circulation features (not
shown). More analysis of accurate observational
datasets and sensitivity experiments with skillful
climate models are needed to establish the dust
induced indirect and semi-direct eAects.
In case of cloud parameters, significant differences exist between active and break composites.
Dust aerosols can participate in cloud processes
as CCN in warm clouds/IN in cold clouds.
However, when dust aerosol build-up peaks
during intense break conditions, predominantly
the indirect eAect along with the semi-direct
eAect can possibly lead to reduction in rainfall.
The local grid-point correlation between daily
anomalies (20–100 day band pass Bltered) of
AOD and rainfall during monsoon, shows significant negative correlation when AOD leads
rainfall by more than 3 days. As discussed in
previous sections, this could be predominantly
due to the indirect impact and to a lesser extent
due to the semi-direct eAect of absorbing
aerosols in reducing rainfall after desert transported dust aerosols build-up during break days.
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However, the magnitude of the correlation coefBcient is –0.25 which shows that the impact of
aerosols on rainfall is not very intense on
intraseasonal timescales and aerosol impact is
not the primary/dominant factor responsible for
the break phase. However, the huge build-up of
dust aerosols during long breaks can possibly
result in the aerosol indirect impact. During
break period, the impact of dust aerosols is not
only limited to indirect and semi-direct eAects
but also extends to dynamical/circulation features through increased heating and as a result,
this feedback can reinforce the break conditions
and thereby extend the break spell. This can be
established through modelling studies.
Active-break cycle is inherent to the ISM irrespective of aerosols eAect. Our paper attempted to
convey that when dust aerosol loading is substantial like during intense break spells, they can
modulate/reinforce the break spell through its
indirect eAect. The outcomes of this paper are
important for monsoon breaks and thus incorporation of dust aerosol induced heating in models is
essential for simulation of MISOs and thereby for
improved prediction of ISM.
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