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Arabian Sea Aerosol-Indian Summer Monsoon Rainfall
relationship and its modulation by El-Nino Southern
Oscillation
Gopinath Nandini 1, V. Vinoj 1✉ and Satyendra Kumar Pandey 1

The intensity of Indian summer monsoon rainfall (ISMR) over Central India (CI) is known to be positively correlated with the dust
aerosol loading over the Arabian Sea (AS) on short time scales of about a week. However, global oscillations such as the El-Nino
Southern Oscillation (ENSO) modulate both the rainfall over India and aerosol loading over the AS. This study uses long-term
satellite-based aerosol and gridded rainfall datasets to explore the correlation between AS aerosol and CI rainfall and their
relationship to ENSO. It is found that the highest correlation is during El-Nino (0.53), followed by Normal (0.44) and La-Nina (0.34)
years, closely following the overall dust aerosol loading over the AS. Spatially, irrespective of the phase of ENSO, the high aerosol
loading conditions are associated with increased winds over the AS, shifting eastward towards the Indian mainland and enhancing
rainfall over CI and elsewhere across the Indian landmass. In contrast, the low aerosol loading conditions over the AS are associated
with reduced winds, shifting westward away from the Indian mainland, suppressing rainfall over CI. In response to anthropogenic
climate change, the El-Nino-like conditions are likely to increase in the future, making the dust aerosol-induced monsoon rainfall
enhancement/modulation significant.
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INTRODUCTION
The atmospheric aerosols can modulate Earth’s climate directly by
scattering and absorbing the incoming solar and outgoing
terrestrial longwave radiation1–3 and indirectly by acting as cloud
condensation nuclei and ice nuclei, thereby modifying the overall
cloud properties4–6. Aerosols impact the local, regional and global
climate at different temporal and spatial scales through these
effects. They also modulate the Indian summer monsoon rainfall
(ISMR) through multiple pathways7–13. For example, solar dimming
induced by anthropogenic aerosols over the northern hemisphere
slows down monsoon circulation by altering the north-south
surface temperature gradient, reducing rainfall over the Indian
region14. This mechanism has been responsible for changes in
monsoon rainfall since the second half of the 20th century. On the
other hand, the atmospheric absorption by aerosols such as dust
and black carbon during the pre-monsoon season enhances early
monsoon rainfall by the elevated heat pump hypothesis (EHP)15,16.
The physical mechanism underlying the delayed response in
monsoon rainfall to pre-monsoon aerosol loading through EHP
still eludes the scientific community17–20. Against this backdrop, a
study showed that remote aerosols over West Asia/North Africa
and the Arabian Sea(AS) modulate monsoon rainfall on short time
scales of about a week21. The hypothesis states that the dust
aerosols accumulated over the AS cause atmospheric warming to
strengthen the monsoon circulation, leading to increased
monsoon rainfall over Central India (CI) in about a week. Following
this, few other studies using extensive satellite-based measure-
ments and simulations conducted by global and regional climate
models supported these findings and suggested similar hypoth-
eses and a few different variants22–24. In addition, in the future
warming scenarios, studies have indicated that the positive
correlation between dust loading over the AS and rainfall over
India may likely strengthen due to the increased wind speed over

the dust-source regions leading to increased transport of
aerosols25. Thus, the Indian monsoon rainfall is modulated by
remote dust feedback to a certain extent.
The ENSO significantly impacts both the ISMR and dust loading

over the AS. The El-Nino years are associated with deficit rainfall,
and most of the La-Nina years are associated with surplus rainfall
over India during the monsoon period26,27. Studies have also
shown that the changes in the circulation patterns and rain
associated with ENSO affect the emission and transport of dust
aerosols from nearby dust-source regions to AS28,29. Therefore,
changes in ENSO phases may alter the strength of the AS dust-
monsoon relationship with implications to monsoon rainfall.
Some studies have explored the effect of ENSO in modulating

the EHP mechanism over the Tibetan Plateau30,31. However, no
observational studies have examined the relationship between
Arabian Sea aerosols and Indian monsoon rainfall and its
sensitivity to ENSO. Also, recent studies have indicated that El-
Nino-like conditions will increase in the future due to anthro-
pogenic climate change32,33. Therefore, it is essential to under-
stand how ENSO may modulate the relationship between AS dust
aerosol and monsoon rainfall. Thus the primary objective of this
study is to explore how different phases of ENSO modulate the
strength of the correlation between AS aerosols and CI
precipitation.

RESULTS AND DISCUSSION
The correlation between the AS aerosols and CI rainfall
A study first reported the short-term correlation between aerosol
loading over the AS and monsoon rainfall over CI21. They used 10
years of daily/weekly mean aerosol and rainfall datasets to reveal
this relationship. In this paper, the first step is to identify whether
this correlation could be captured by legacy aerosol datasets such
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as the National Oceanic and Atmospheric Administration –
Advanced Very High-Resolution Radiometer (NOAA-AVHRR), rea-
nalysis such as Modern-Era Retrospective analysis for Research and
Application (MERRA), and gridded observational rainfall data from
the India Meteorological Department (IMD).
Figure 1 shows the spatial correlation patterns (between weekly

mean aerosol loading over the AS and rainfall over CI) using four
different Aerosol Optical Depth (AOD) datasets (AVHRR, MERRA,
Moderate Resolution Imaging Spectroradiometer (MODIS) -Terra
and Aqua) during the monsoon season from June to September
(JJAS). The spatial pattern of correlation of AOD at each grid point
over the AS with ISMR spatially averaged over CI is captured by
AVHRR AODs (Fig. 1a). The maximum positive correlation is over
the north-central AS (10–25°N and 50–75°E). The correlation
patterns are similar to those reported using satellite measure-
ments and climate model simulations21. Using the general
circulation model CAM5 (Community Atmosphere Model), Vinoj
et al. 21 showed that only dust aerosols could produce such
positive correlation patterns. The correlation values also decrease
towards the South of AS. While Fig. 1 shows a positive correlation
between AOD over the AS, Arabian Peninsula, and West Asia, a low
or negative correlation is seen over the Eastern Indian region. The
similarity in correlation patterns between AVHRR and other
aerosol datasets such as MODIS and MERRA reconfirms previous
findings, thereby providing confidence in using AVHRR-AOD in the
analysis and inferences made in the later sections.
The AOD over the Arabian Sea is dominated by sea salt and dust

during the monsoon season17,34,35. Studies based on ship-based
measurements have shown that sea-salt aerosols contribute to
20–60% of the total aerosol loading over the AS36. More recent
studies17 suggest that the AS has the highest aerosol loading
during the monsoon season, with up to 80% of measurements

identified as either desert dust or contaminated/polluted dust.
Following this, another study22 found that desert dust aerosols
contribute to 53% of the total AOD over the AS. Detailed back
trajectory analysis has shown that aerosols over North AS are
transported from nearby dust-source regions, e.g. the Arabian
Peninsula, the Horn of Africa, Iran, Iraq and Indo-Pak deserts. Only
aerosols from the Horn of Africa are transported to the Southern
AS, resulting in lower dust concentration and lower total column
AOD34. These studies indicate that natural dust aerosols dominate
the AS during the monsoon season in addition to the locally
emitted sea-salt aerosols. Thus changes in dust transport from the
adjoining regions are expected to modulate the aerosol loading
and the correlation patterns over the AS. Therefore, their
sensitivity to different phases of ENSO is explored in the
succeeding sections. Any reference to correlation hereon would
mean the correlation between aerosol loading over the AS and
rainfall over the CI region unless specified.

The impact of ENSO on the observed correlation over the AS
There are numerous local, regional, and global factors that affect
the interannual variability and strength of the monsoon.
Especially, the influence of ENSO on ISMR has been a subject of
considerable interest37–41. The El-Nino years are associated with
deficit rainfall (including drought conditions), whereas La-Nina
years are related to excess rainfall (including floods) over the
Indian region. Similarly, dust transport over the AS depends upon
the strength and direction of winds over the adjacent desert
regions29. Past studies have reported that winter La-Nina leads to
a negative precipitation anomaly over the West Asian/Arabian
Peninsular regions and results in more dust generation and
emissions in the following summer28,42. Another study using
monthly mean Aerosol Index (AI) and Oceanic Nino Index (ONI)

Fig. 1 Observed spatial correlation between AS aerosols and CI rainfall. The spatial pattern of the correlation coefficient between weekly
mean AOD over AS and rain over CI (region inside the box) for a AVHRR(1981–2013), b MERRA-2(1981–2013), c MODIS-Aqua (2002–2013) and
d MODIS-Terra (2000–2013). The black dots represent the statistical significance at 95% confidence level.
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from October to May showed that during El-Nino conditions,
warm SST anomalies over the Pacific Ocean remotely cause the
zonal circulation to be pronounced with well-defined areas of
rising motion over the Arabian Peninsula and sinking motion over
the Indian subcontinent resulting in an overall reduction in
monsoon rainfall. At the same time, the intense westerly at
700hPa during El-Nino transports large quantities of dust aerosols
from the Arabian Peninsula towards the East to the AS. In contrast,
a weak and less organized zonal circulation system associated
with cold SST anomalies over the Pacific Ocean suppresses the
aerosol loading during the La-Nina phase over the AS29. Thus, it is
clear that ENSO simultaneously alters the intensity of ISMR and
dust aerosol loading over the AS.
One more aspect that needs to be clarified is the use of

different ENSO indices based on the application in various studies.
For example, a study conducted to explore the impact of ENSO on
the aerosol loading over the Indo-Gangetic Plain (IGP) and Tibetan
Plateau and on the EHP mechanism showed increased (decreased)
aerosol loading over Northern India during La-Nina (El-Nino),
leading to the amplification of the ISMR30. Whereas another study
showed that, during pre-monsoon, enhanced loading of absorb-
ing aerosols over the IGP could reduce the severity of drought
during El-Nino years by invoking the EHP mechanism31. Thus, one
study states that increased aerosol (over North India and Tibetan
Plateau) during La-Nina increases rainfall due to strengthened EHP
(pre-monsoon ENSO indices). Still, another study shows an
enhancement in aerosol loading during El-Nino leading to
increased rainfall, thereby suppressing the effect of drought that
often prevails during the El-Nino period over India (monsoon

ENSO indices). Although both studies show rain enhancement due
to higher aerosol loading, their conclusion shows aerosol-induced
rainfall enhancement at different ENSO phases. This disagreement
is attributable to the difference in the years considered as El-Nino/
La-Nina in these studies due to the different periods used to
extract the ENSO indices.
Though El-Nino peaks during the winter season, previous

studies have shown that the simultaneous effect of ENSO on ISMR
is stronger than the delayed impact40,43,44. Therefore, it is essential
to use simultaneous ENSO indices to avoid ambiguity in
interpreting the results from various studies. This study considers
the ENSO indices concurrent to the monsoon season (see data
and methods section for more details).
Figure 2a–c shows aerosol loading over the AS during different

phases of ENSO, El-Nino, La-Nina, and Normal. The years classified
into El-Nino and La-Nina are 1982, 1987, 1991, 1997, 2002, 2004,
2009 and 1985, 1988, 1998, 1999, 2000, 2007, 2010, 2011,
respectively, based on the ONI (see also data and methods
section) during JJAS. The spatial gradients (north-west to south-
east for both AOD and AI) indicate that the dust primarily
contributes to the variability in the aerosol loading. It can be seen
that the AI values, which are more sensitive to absorbing aerosols
like dust, are higher over the Arabian Peninsula and the AS during
El-Nino compared to La-Nina and Normal years. The correlation
between aerosol loading over the AS and rainfall over CI are
calculated separately for each of the three ENSO phases (see Fig.
2d). The correlation is highest during El-Nino (0.53), followed by
Normal (0.44) and La-Nina (0.34) years. The fact that all three
phases show statistically significant correlation indicates that the

Fig. 2 Spatial pattern of AOD and Aerosol Index over the AS. a El-Nino, b La-Nina and c Normal years. The colour bar shows the AOD, and
the contour lines indicate AI. d The black bar represents the correlation coefficient calculated for weekly mean AOD over the AS(10–25°N and
50–75°E) and the CI region separately for El-Nino (7 years, sample size n= 121), La-Nina (8 years, n= 139) and Normal years (n= 309) during
the period 1981–2013. The grey bars represent the Spatio-temporal mean of AI over the AS and one standard deviation. Values of correlation
coefficients are statistically significant above 95% confidence level.
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link between AS/West Asian dust and monsoon rainfall is robust
and exists during all phases of ENSO. It is also interesting to
observe the enhancement and reduction of correlation during El-
Nino and La-Nina respectively. These phases of ENSO are typically
associated with drought/lower rainfall (during El-Nino) and flood/
higher rainfall (during La-Nina) over the Indian region. Thus, there
is a contrast in the correlation patterns and the overall rainfall
changes over India, associated with ENSO. When one weakens the
prevalent seasonal rain, the other strengthens the coupling
between aerosols over the AS and rainfall over CI on short time
scales. Figure 2d indicates that the relative value of correlation and
mean AI during different ENSO phases are similar. Both peak
during El-Nino and decrease during La-Nina. The variability in AI
(as seen in error bars) also follows a similar pattern indicating the
tight coupling between large-scale oscillations such as ENSO, dust
emission over the Arabian region, transport to the AS, and rainfall
over the CI region.
Further analysis was carried out by separating these periods

based on high and low aerosol loading conditions over the AS
during different ENSO phases. It may be cautioned that the strong
relationship between ENSO-related circulation and the West
Asian/AS aerosol-monsoon correlation does not in any way
negate the dust-induced short period rainfall enhancement
discussed by the previous investigators21,22,24,45.

Changes in AOD, wind speed and rainfall
Further analysis is carried out to elucidate how rainfall over CI and
wind speed over the AS changes corresponding to different
aerosol loading conditions (low and high) within different phases
of ENSO (Fig. 3). The high AOD period is those days with AOD
greater than the 80th percentile of the daily time series. Similarly,
the low AOD period is those days with AOD lesser than the 20th
percentile of the daily time series. The segregation of both high
and low AOD days is done separately for each ENSO phase; please
refer to the data and method section for more details.
Figure 3a shows the mean AOD during high and low aerosol

loading conditions and the mean AOD climatology (i.e. consider-
ing both high and low aerosol loading periods) for each ENSO

phase. Interestingly, in both climatology and high loading
conditions, the values of AOD and AI follow the pattern observed
for the correlation discussed earlier, i.e. the highest values
correspond to El-Nino, followed by Normal and La-Nina years.
However, neither climatological wind speeds over the AS nor the
climatological rainfall over the CI follows the correlation’s relative
magnitude (Fig. 3b, c). This indicates that the correlation follows
the overall aerosol loading over the AS, implying that high dust/
aerosol presence is crucial for the observed correlation and
changes.
The highest climatological winds are observed during La-Nina,

followed by Normal and El-Nino years. On the other hand, the
highest rainfall is observed during the Normal period, followed by
La-Nina and El-Nino years. It may be noted that past studies
considering the entire Indian region showed surplus rainfall
during La-Nina and droughts during El-Nino. However, this work
focuses only on the CI rainfall. Hence, these slight discrepancies
may result from regional differences in the rain and their
modulation by large-scale ENSO phases. However, the crucial
observation in the above analysis is that the AS aerosol-monsoon
correlation is mainly linked to the climatological mean of aerosol
loading. This is in concurrence with previous studies that showed
that sufficient dust loading is an essential prerequisite for this
correlation to be strong21.
So far, the discussions are primarily based on the climatological

mean of AOD, wind speed and rainfall. The overall meteorology
and corresponding circulation are expected to differ during
different ENSO phases. This may also partly explain why mean
wind speed and rainfall do not follow the same pattern as
correlation during different phases of ENSO. Therefore, comparing
the wind speed and rain directly may not be ideal. To bring all
these changes in mean AOD, wind speed, and rainfall correspond-
ing to different ENSO phases into a common framework, the same
analysis was also carried out using anomalies represented by
changes w.r.to their respective climatologies (see Fig. 3d-f). It is
observed that AOD anomalies for high and low loading conditions
are as high as 80% and as low as 40%. Whereas the same for AI is
~±30%. However, the highest value of AOD anomaly corresponds
to Normal years followed by La-Nina and El-Nino.

El-Nino La-Nina Normal
3

4

5

6

7

8

9

10

R
ai

nf
al

l(m
m

/d
ay

)

El-Nino La-Nina Normal
4

6

8

10

12

14

W
in

ds
pe

ed
(m

/s)

El-Nino La-Nina Normal
-40

-30

-20

-10

0

10

20

30

W
in

ds
pe

ed
 a

no
m

al
y(

%
)

El-Nino La-Nina Normal
0

0.2

0.4

0.6

0.8

1

1.2

A
O

D

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

A
er

os
ol

 In
de

x

Climatology
High AOD
Low AOD
Overall climatology
AI

El-Nino La-Nina Normal
-100

-50

0

50

100

A
O

D
/A

I a
no

m
al

y(
%

)

El-Nino La-Nina Normal
-40

-30

-20

-10

0

10

20

30

R
ai

nf
al

l a
no

m
al

y(
%

)

(a) (b) (c)

(d) (e) (f)

AOD

AI

Fig. 3 Response of AOD/AI, winds over AS and rainfall over CI to high and low aerosol loading conditions over the AS. a Mean of AOD
(filled) and AI (unfilled), b wind speed over AS, c rainfall over CI for the three phases of ENSO considering the climatology and the high/low
aerosol loading conditions. d AOD/AI, e wind speed, f rainfall, anomalies in terms of percentage w.r.to the climatology of corresponding ENSO
phase. The black dashed lines correspond to overall climatology considering all years.
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A similar analysis for wind speed and rainfall anomalies reveals
an interesting pattern. The anomalies of wind speed and rainfall
are negative during low AOD and positive during high AOD for
different phases of ENSO. They (for both high and low loading
conditions) follow the correlation (shown in Fig. 2d) with the
highest anomalies corresponding to El-Nino followed by Normal
and La-Nina years. Rather than the exact numbers, the relative
magnitude of wind speed and rainfall between the different ENSO
phases is relevant here. Thus, these apparent relationships
between correlation, dust/aerosol loading, the anomaly of wind
speed and rainfall indicate strong coupling between each other.
The direction of these coupling (what leads to what) has been the
subject of many past studies46,47. Hence, further discussions will
explain the concurrent changes in regional rainfall, circulation and
moisture convergence.
The increase/decrease in wind speed/rainfall obtained for

different phases of ENSO and aerosol loading conditions within
each phase may not be attributed to dust aerosols over the AS
alone. A positive anomaly of 30% in rainfall should not be
construed as a response driven by aerosols alone but as an overall
response due to changes in large-scale circulation and the
potential feedback from dust aerosols. Previously, model simula-
tions45 revealed that an enhancement of dust emission over the
West Asian region increases the rainfall over India by
0.20–0.40 mm/day. Thus, an enhancement in dust aerosol loading

indicated by higher AI/AOD over the AS may positively affect the
ISMR. Earlier studies have shown overall dust-induced feedback in
rainfall of ~621–10%24,45. Thus, any environmental condition
favoring high dust aerosol over the AS will lead to short period
enhancement in rainfall and thus enhance this correlation. It is
known that the rainfall over CI lags behind aerosol loading
conditions over the AS by 7–12 days21,24, and hence this
information has also been incorporated in the analysis by
extracting (and averaging) rainfall with a lag of 7–12 days w.r.to
aerosol loading.
The later sections will explore the spatial pattern of the changes

in winds, moisture convergence and rain corresponding to high
aerosol loading conditions within each ENSO phase.

The rainfall pattern and its changes during high AOD
Past studies have confirmed the impact of remote dust radiative
forcing in modulating the monsoon rainfall21–23. However, all
these results slightly differ in terms of the resulting spatial pattern
of the rainfall. One study observed increased rainfall over the
whole Indian region except South-East22. Another study using a
Regional Climate Model (RCM) suggested that the dust aerosols
could increase South India’s rainfall but decrease rainfall over
Central and North India23. As pointed out earlier, the potential
effect of dust aerosols on rainfall strengthens with the loading of

Fig. 4 Rainfall over India during El-Nino, La-Nina and Normal years. a–c climatological rainfall (mm day-1) pattern, d–f rainfall anomalies,
g–i rainfall anomalies expressed in terms of percentages.
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aerosols over the AS. Therefore, only the spatial pattern of rain
corresponding to high dust conditions is shown here.
We analyzed the spatial distribution of climatological rainfall

(Fig. 4a-c) and anomalies (Fig. 4d-i) during high loading
conditions. The rainfall over India during high aerosol loading
conditions over the AS is widespread across India, with the highest
increase over the North, Central and North-Western India except
the rain shadow region to the East of the Western Ghats. In
climatology, the spatial pattern of rainfall is similar during all three
phases, with the anomalies comparatively higher during El-Nino
followed by Normal and La-Nina. It is also found that spatial
heterogeneity of rainfall anomalies is highest during La-Nina
during high aerosol loading conditions indicating that the
increase/decrease in rainfall is not as homogeneous compared
to El-Nino and Normal years. The obtained results are consistent
with past findings21,22. Thus, the increased aerosol loading over
the AS is also associated with increased rainfall over large swaths
of land area over the Indian region where the monsoon is active
and not just over CI. This indicates there is no specific regional
selectivity in enhancing rainfall over India associated with high
dust/aerosols over the AS, especially during El-Nino and La-Nina.
However, one crucial difference is the enhancement in the rain
covering the Northern part of Peninsular India during the Normal
years w.r.to El-Nino and La-Nina years. In addition, there also
appears to be an asymmetry between rainfall responses over most
of India and North-East (NE) India. It is currently unclear why this
difference exists. Overall, the El-Nino period with high aerosol
loading over the AS is associated with a significant enhancement
in rainfall over wet regions excluding NE India. The Normal years
with high aerosol loading over the AS are associated with more
widespread rain over India, especially in the Southern Peninsular
region.

Concurrent changes in winds and moisture transport
The climatological wind pattern during monsoon has its maximum
wind speed over the region around 5–15°N and 50–60°E in the AS.
The area of maximum wind speed is shifting northeastward
(10–15°N and 60–70°E) towards the Indian mainland during high
aerosol loading conditions. The spatio-temporal average of mean
wind speed (shown in Fig. 3b) for high aerosol loading conditions
is similar for all the different phases of ENSO. However, the spatial

distribution (Fig. 5) of climatological wind speed reveals marked
differences in patterns with large spatial extent during La-Nina
and least during El-Nino. While considering high AOD conditions, the
highest enhancement in winds (with large spatial extent) is observed
during El-Nino, followed by Normal and La-Nina. This is subsequently
also related to enhanced moisture transport (Fig. 5d-f) during high
dust episodes, potentially resulting in increased rainfall. High
moisture transport regions also spread across the CI region during
El-Nino years compared to La-Nina (where the enhancement is
significant over the AS but does not get extended over the CI region)
and Normal years (Fig. 5d–f).
A study was conducted to analyze the causality of the positive

correlation obtained by Vinoj et al. 21 between dust aerosols over
the AS and rainfall over CI46. They concluded that the increased
precipitation over CI is associated with a cyclonic circulation over
the Bay of Bengal. The northwesterly winds transporting the dust
aerosols to the AS are part of this regional circulation and are thus
interlinked. Their study suggests that maximum AOD over the AS
is seen days before the maximum precipitation over CI and
concludes that dust direct radiative forcing may not necessarily
lead to these correlations. From this study, it is clear that though
wind speeds are almost similar for high aerosol loading conditions
for all the ENSO phases, the rainfall anomalies exhibit a distinct
pattern (with the highest increase in rainfall for El-Nino followed
by Normal and La-Nina years) and this pattern (see Fig. 3f)
matches the aerosol loading (dust indicated by AI) pattern over
the AS corresponding to different ENSO phases (see Fig. 2d). If
winds, dust, and rainfall are all interlinked to a single exogenous
factor, the anomalies of all these parameters should also have
followed each other. However, Fig. 3 shows that this is not the
case. Also, the anomalies of both winds and rainfall follow the
climatological aerosol loading rather than its anomalies. This may
indicate more complex interactions between these parameters
over this region that are not evident directly from observations.
Thus, it appears that the overall dust loading is a much more vital
component than the anomalies induced by changes in winds, as
indicated by certain studies46. It may be stated that though
circulation may be affecting the dust loading46, the dust has its
own feedback effect21, through which it influences rainfall over
India. Thus it may be stressed that external factors such as large-
scale oscillations as discussed in this paper and those pointed out
by other studies46,47 do not negate the possibility of dust-induced

Fig. 5 Changes in wind pattern and moisture transport over the AS. a–c The contour shows the climatological wind speed, the colour bar
shows the wind speed anomalies during high AOD over the AS w.r.to climatology, the vector shows the anomalies in wind direction. d–f The
colour bar indicates moisture transport anomalies at 850 hPa level (q*u), the vector shows wind direction anomalies.

G. Nandini et al.

6

npj Climate and Atmospheric Science (2022)    25 Published in partnership with CECCR at King Abdulaziz University



feedback. Instead, these circulation changes induced by regional
features (such as monsoon depressions) or ENSO may enhance
the overall dust loading over the AS, thereby causing changes to
CI rainfall. Interestingly, even under conditions where droughts are
expected (El-Nino period), the rainfall increases over CI during
high aerosol loading conditions indicating that the AS dust effect
is important, significant and discernible.

METHODS
Data
We have used the long-term AOD during the period 1981–2013 from
National Oceanic and Atmospheric Administration – Advanced Very
High-Resolution Radiometer (NOAA-AVHRR) (0.1° × 0.1°)48, Moderate
Resolution Imaging Spectroradiometer (MODIS) onboard the Terra
(Aqua) satellites (1.0° × 1.0°) during the period 2000–2013
(2002–2013)49, Modern-Era Retrospective analysis for Research and
Application (MERRA-2) (0.625 × 0.5°)46 during the period 1981–2013 over
South Asian domain along with daily gridded rainfall data from the
Indian Meteorological Department (0.25 × 0.25°) over the CI region
(16.5–26.5°N and 74.5–86.6°E)50 to explore the AS dust and ISMR
correlation. In addition, Aerosol Index (AI) measured using the
instrument TOMS (Total Ozone Mapping Spectrometer) onboard the
satellites Nimbus-7 (1981–1993), Earth Probe (1996–2004), and
the instrument OMI (Ozone Mapping Spectrometer) onboard Aura
(2005–2013) is also used51. To understand the circulation features and
moisture transport, the zonal and meridional winds, and specific
humidity at 850 hPa level are obtained from the ERA5 reanalysis data
with a resolution of 0.25° × 0.25° during the period 1981–201352. All data
are obtained at daily temporal resolution. The AVHRR is one of the
earliest sensors used to retrieve aerosol optical depth from measure-
ments in the visible and near-infrared, beginning in the late 1970s.
AVHRR orbits the Earth at an altitude of 833.0 km and has a swath width
of 2399.0 km. The instrument observes Earth in six wavelengths from
0.58 to 12.5 µm48. The aerosol products from MODIS onboard the Aqua
and Terra satellites are extensively studied and validated49–51. However,
this data are available only since 2000 (Terra) and 2002 (Aqua),
respectively. MERRA-2 is a chemical reanalysis product that is widely
used and is created through satellite data assimilation and validation by
the National Atmospheric and Space Administration (NASA). Due to its
unique retrieval methodology, TOMS AI is highly sensitive to absorbing
aerosols (e.g. dust and black carbon). It is also one of the longest and
most widely used satellite measurement products available for scientific
research activities.

Correlation analysis
The correlation between the AS aerosols and CI monsoon rainfall is
calculated using the following two methodologies. The AOD retrievals
from satellites during monsoon are sparse due to frequent cloudiness.
Therefore, we have followed a strategy to use weekly mean AOD maps (at
each grid) and weekly mean (spatially averaged) central Indian rainfall as a
time series. During the monsoon period (June–September), these time
series are used as two independent variables that are then correlated with
each other using the widely used Pearson’s correlation coefficient (see the
result in Fig. 1). The above analysis follows the methodology developed by
an earlier study21. The second method concerns calculating the Pearson’s
correlation coefficient between AS AOD and CI rainfall for the different
phases of ENSO (see the next section for their definition). In this case, the
AVHRR-AOD values over the region having maximum correlation in the AS
(10–25°N and 50–75°E) based on Fig. 1 are spatially averaged to obtain the
weekly mean time series of AOD. These weekly time series of AOD are then
used to estimate the correlation coefficient with CI rainfall (shown in Fig.
2d) during different phases of ENSO. The statistical significance is
calculated using the standard student’s t-test.

Identification of ENSO phases
The El-Nino, La-Nina and Normal years are classified based on the Oceanic
Nino Index (ONI) calculated by the NOAA’s Climate Prediction Center53.
Oceanic Nino index is a 3-month running mean of SST anomalies over the
Nino 3.4 region (5°N–5°S and 120°–170°W) calculated based on the
Extended Reconstructed SST Version 4 (ERSSTv4) dataset54. The SST
anomalies are defined as the departure of SST values from the average of

the centred 30-year base period updated every five years. The years with
the 3-month running mean of SST anomalies during June to August (JJA)
and July to September (JAS) greater than or equal to 0.5 °C (lesser than or
equal to −0.5 °C) are classified as El-Nino (La-Nina), and the remaining
years as Normal.

Identification of high/low Aerosol loading conditions
To develop composite features of winds, rainfall, and moisture transport,
the daily AVHRR-AOD values over the region having maximum correlation
in the AS (10–25°N and 50–75°E) based on Fig. 1 are spatially averaged to
obtain the time series of AOD. The time series (4 months each for 33 years)
is separated into El-Nino, La-Nina and Normal years. Then, the data
corresponding to different ENSO phases is further segregated based on a
percentile-based analysis (80th percentile and above for high loading and
20th percentile and below for low loading conditions) into high and low
loading days. The corresponding dates of these high/low aerosol loading
periods are used to perform the composite analysis concerning Figs. 3, 4
and 5.
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