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HIGHLIGHTS

o Temperature maxima in northwest India correlate with absorbing aerosol abundance.
e Absorbing aerosols enhance local and non-local temperature maxima.
o The effect, lasting 1-11 days, exacerbates Tmax-2m during heatwave conditions.
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Increasing trends in summer-time temperature maxima (Tmax) over India, show consequent increases in the
intensity and frequency of heatwave events in recent years. Heat waves have been largely attributed to large-
scale meteorological blocking, characterized by subsidence, clear skies and low soil moisture, in observational
studies, or greenhouse gas enhancements in model studies. While radiative effects of absorbing aerosols are
acknowledged, the association of absorbing aerosols with temperature maxima has not been investigated
comprehensively. In the current study, statistical tools (such as correlation and Granger causality) were applied
to long term (1979-2013) satellite and ground based observations to evaluate influence of absorbing aerosols on
Tmax in north-west India (Tmax-NW). Regional absorbing aerosol index (AAI) in the north-west (AAI-NW) and
central-India (AAI-CI) showed co-variability with Tmax-NW, implying connections to both local and non-local
absorbing aerosols. The effects persisted on seasonal and heatwave event scales, becoming stronger on heat-
wave days with presence of enhanced AAI loadings. Causal effects of AAI-NW and AAI-CI were identified on
Tmax-NW with a lag of 1-11 days, across multiple years, thereby establishing the influence of absorbing aerosols
on heatwave events. The absence of confounding effects of surface pressure on these links suggests that, even
during heat wave events linked to atmospheric blocking, absorbing aerosols can further enhance temperature
maxima and related heatwave intensity.

1. Introduction 2016; van Oldenborgh et al., 2018). Heatwave events have been

observed globally as well (Ding et al., 2010; Perkins et al., 2012) and

From the mid-1970s, large positive anomalies in summer season
temperature maxima have been witnessed over the Indian region
(Kothawale et al., 2010; Ratnam et al., 2016; Revadekar and Preethi,
2012), prominently over the north-western, north and central Indian
regions (Jaswal et al., 2015; Revadekar and Preethi, 2012). Due to this
shift in the distribution of temperature maxima in the positive direction,
in recent years increased frequency and intensity of heatwave events,
which are defined as days with sustained unusually high temperature,
have been observed over Indian region (Pai et al., 2013; Rohini et al.,

have severe socio-economic impacts on daily lives of people. Heatwave
related mortalities in India have typically exceeded those from any other
natural hazard (De et al., 2005). Further, in the very recent past in year
2015, one of the rarest and deadliest heatwave events was witnessed
across India which resulted in about 2500 deaths (Burton, 2015).
Different studies have identified multiple causes behind observed
increase in global temperature and consequently heatwave phenomena.
The observed increase in surface temperature has largely been attrib-
uted to emission of green-house gases (GHGs) acting through altered
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atmospheric conditions. Over India, Ratnam et al. (2016) identified two
types of heatwaves-one occurring over north-west India linked with
atmospheric blocking over the north Atlantic and another occurring
over eastern coast linked with the Matsuno-Gill response. Rohini et al.
(2016) attributed increased variability of heatwave events over
north-west India to tropical Indian Ocean and central Pacific sea surface
temperature anomalies.

In literature, there is broad agreement about the role of GHGs in
increasing the surface temperature maxima (Bindoff et al., 2013;
Dileepkumar et al., 2018; Lashof and Ahuja, 1990). However, there is
still no consensus regarding the role of aerosols in altering the surface air
temperature across the globe. On one hand, studies have reported
enhanced surface cooling with increased aerosol loading (Krishnan and
Ramanathan, 2002; Mickley et al., 2012; Padma Kumari et al., 2007),
while on the other hand positive forcing during heatwaves due to
enhanced absorbing aerosols has also been reported (Chazette et al.,
2017; Lyamani et al., 2006). Apart from these observation based studies,
several modelling studies related with absorbing aerosols, have found
that positive radiative forcing potentially offsets the cooling induced by
scattering aerosols (Jacobson, 2002). Ban-Weiss et al. (2012) showed
that the black carbon (BC) induced heating effect is sensitive to altitude
i.e. BC causes heating in the atmospheric layer in which it is present
while cooling in the layers below.

Several works in the literature have also investigated the spatial
scales at which aerosols affect the surface temperature. Krishnan and
Ramanathan (2002) showed an asymmetric cooling during the dry
season (winter and pre-monsoon), suggesting its links to enhanced
aerosol forcing. They pointed out the possibility of surface warming at
regions non-local to the aerosol haze, to balance local cooling. Bond
(2007) showed that the heating induced by aerosols is not limited to the
source of emission and could extend several hundred kilometres around
“hot-spots” of absorbing aerosol abundance. Only 10-30% of the total
forcing occurred within the “hot-spots” while the rest of the forcing was
spread across a larger region (Bond, 2007).

Possible links of absorbing aerosol enhancements to high tempera-
tures over India are only beginning to be explored (Mondal et al., 2019;
Purnadurga et al., 2018), however, an observational study has not yet
been undertaken. A complex mixture of scattering and absorbing aero-
sols has been reported over the Indian region (Habib et al., 2006) and
response of surface temperature to such mixed aerosols has not been
investigated in literature. Considering this, the aim of the current work
is to investigate the modulation of surface maximum temperature by
absorbing aerosols over the Indian region. Towards this end, a long-term
dataset (1979-2013), of satellite and ground based observations is
analysed using statistical approaches. Correlation and Granger causality
(Granger, 1969) are used to understand co-variability and to identify
and establish causality between enhanced absorbing aerosols and tem-
perature maxima.

The structure of the paper is as follows: in Section-2 data and
methods are described; in Section-3 results and discussions are pre-
sented on the scales of aggregated seasonal data, i.e. March to June
(MAM), across years, year-wise seasonal analysis and heatwave events
analysis. Finally, Section-4 concludes the paper with a discussion of
implications of findings in this work.

2. Data and methods
2.1. Data

Absorbing aerosol data were obtained from TOMS-OMI satellite for
MAMJ for 1979-2013 over India (66.5-100.5E; 6.5-36.5N) at 1° x 1°
resolution. The TOMS data, which are available at 1° x 1.25° resolution,
are re-gridded to 1° x 1° resolution using climate data operator
(Schulzweida, 2019). Here, 1° is approximately equal to 100 km and a
region of 1° x 1° is defined as a pixel. This is the longest length data
available for absorbing aerosols and has been widely used in various

Atmospheric Environment 223 (2020) 117237

studies (Esposito et al., 2001; Habib et al., 2006; Herman et al., 1997;
Jones and Christopher, 2007; Sarkar et al., 2006).

Absorbing aerosols are retrieved in terms of Absorbing Aerosol Index
(AAI) which measures the presence of absorbing aerosols in the atmo-
sphere (Torres et al., 1998). The AAI data were downloaded from the
following NASA website: https://giovanni.gsfc.nasa.gov/giovanni/. The
TOMS-AAI data were used for the time period 1979-2004 and OMI data
were used for the time period 2005-2013. Though AAI is a good qual-
itative measure of absorbing aerosols, quantitatively AAI is sensitive to
the height at which absorbing aerosols are present in the atmosphere
(Torres et al., 1998), being more sensitive to dust or biomass burning
plumes, than to surface concentrations.

Gridded daily temperature product at 1° x 1° resolution for March-
—June from 1979 to 2013, released by India Meteorological Department
(IMD), is used for surface daily maximum temperature (Tmax) and
surface daily minimum temperature (Tmin). The temperature data are
released by IMD as a final product after re-gridding from irregularly
located meteorological stations to a regular grid using Shephard’s
interpolation method (Srivastava et al., 2009).

For the surface pressure and geopotential height, Modern-Era
Retrospective Analysis for Research and Applications, Version 2
(MERRA-2) (Gelaro et al., 2017) data were used for the period of
1980-2013.

2.2. Methods

2.2.1. Anomaly computation

For each year, daily absolute pixel values of all the variables are
transformed to anomalies. This is achieved by calculating deviation of
absolute value from long-term daily mean for that particular day. Details
of anomaly calculation are described in Supporting Information (sec-
tion-S1).

2.2.2. Trend-computation

For each year seasonally averaged anomaly values of daily Tmax and
AAI, are calculated for each pixel. Using these seasonal averaged
anomalies, temporal trends of daily AAI and Tmax are obtained. The
statistical significance of trends is tested at o = 0.05 (95% confidence
level).

2.2.3. Correlation analysis

The augmented Duckey-Fuller (ADF) test (Fuller, 1995) was per-
formed to check the stationarity of AAI and Tmax series before calcu-
lating the correlation. The alternate hypothesis in ADF test is that the
series is stationary. In order to identify Tmax region(s) exhibiting sta-
tistically significant correlation with AAL, correlations were computed
using following steps:

1. At each pixel a time series of AAI was obtained by concatenating the
seasonal daily observations of AAI anomaly for the time period of
study. Thus, for a given pixel we obtained a time series of length
4270 days (35 years x 122 days/year). The process was repeated for
all the pixels (N). Similarly, time series at all the pixels (N) were
obtained for Tmax as well.

2. For a given pixel (let’s say N;) the AAI anomaly correlation with
Tmax at all the pixels (N) was calculated. Thus, N correlations were
obtained for the given pixel Nj. This process was repeated for all the
pixels and hence totally N? correlations were obtained.

Along with the correlation, distance between pixel-pairs is obtained
using Haversine formula (Brummelen, 2013). The statistical significance
of correlation is tested at o = 0.05.

2.2.4. Causality analysis
To investigate causal effects of AAI on Tmax, Granger causality (GC)
(Granger, 1969) approach is used, which considers past information of
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Fig. 1. Daily maximum temperature (Tmax) and columnar absorbing aerosols (AAI) seasonal average (MAMJ) anomaly trends for years 1979-2013.

variables to establish causality. For the causality analysis the time series
have to be stationary. ADF test was performed to check the stationarity
of the series (Table-S1). The Temperature (T) at a time t can be modelled
by regressing Temperature upon past values of AAI and Temperature, as
shown in Eq. (1)

T() = ao+ ZﬂiAAI(t —i)+ iij(t —j)+e@) (€D)

Here, ao, f§; and y; are the coefficients, ¢(t) is the unexplained part
(labelled error) and ‘I’ and ‘m’ are the lags.

Another model of Temperature at a time t is developed in which the
Temperature at t is regressed only upon past values of Temperature.

T(t)=dy+ Y 7Tt —j)+&) 2
j=1

The model represented in Eq (1) and Eq (2) are unrestricted and

restricted model, respectively. In Granger causality the error variance in

restricted model (0?) is compared with the decrease in error variance in

unrestricted model (a? - af) statistically. If the decrease in error vari-
ance in Eq. (1) i.e. 62 is significantly smaller than the error variance ¢
5

then we can say that AAI Granger causes Temperature, as inclusion of
AAI in modelling of Temperature improves the prediction of
Temperature.

Details of Granger causality can be found in Supporting Information
(section-S2). Reverse causality of Tmax on AAI is also tested to rule out
any feedback in the system. The F-statistics along with P-value for the
causality tests between AAI-NW and Tmax-NW, and AAI-CI and Tmax-
NW have been reported in Table-S2 and Table-S3 respectively for the
lags selected for further analysis. If the P-value was greater than a =
0.01, we fail to reject the null hypothesis of no-causality.

3. Results and discussion
3.1. Analysis of aggregated data across years

Data of daily Tmax and AAI absolute values and anomalies are
composited for MAMJ months for the years 1979-2013, to perform
trends and correlation analysis.

3.1.1. Temperature and absorbing aerosol anomaly trends

Fig. 1 depicts the trends across years of season (MAMJ) mean Tmax
and AAI anomaly across India. Anomalies in Tmax showed increasing
trends (Fig. 1a) at ~0.02 °C-yr~l. A decadal increasing trend of daily

maximum temperature has also been reported by Ross et al. (2018)
becoming prominent after 1980. The increase in Tmax is mostly
confined to north and north-western India, along with a few areas in
north-eastern India. Increase in AAI is spread across the whole country
with approximate rate of increase in anomaly value of AAI being
~O.O45yr‘1 (Fig. 1b). The increase in AAI is consistent with the litera-
ture (Babu et al., 2013; Habib et al., 2006; Ramachandran et al., 2012).
The observed increasing trends of Tmax and AAI provide a motivation to
explore the possible link between co-variability and causality of Tmax
and AAL

3.1.2. Correlation between anomalies in AAI and Tmax

Using the ADF test time series of AAI and Tmax were found to be
stationary. The spatial plot of P-value obtained for ADF-test has been
shown in supplementary information (Figure-S2). As the P-values are
<0.01, we reject the null hypothesis of non-stationarity.

A pair-wise correlation between AAI anomaly and Tmax anomaly is
calculated and regions with significant and strong correlations are
identified (Fig. 2). The deep red colour in Fig. 2 represents positive
correlation while blue colour represents negative correlation.

In Fig. 2(a) correlation of Tmax with AAI, where AAI is located
within 250 km of Tmax, is shown and in Fig. 2(b) AAI correlation with
Tmax, where Tmax is located within 250 km of AAI, is shown. The
correlation of AAI with Tmax (Fig. 2b) was found to be positive for the
whole country barring some regions in southern India. This implies that
with increase in AAI an associated increase in Tmax is observed in most
regions across the country.

Similar to Fig. 2(a), Fig. 2(c) depicts the Tmax correlation but with
AAI regions located at least 250 km away from Tmax region. Similarly,
Fig. 2(d) depicts the AAI correlation but with Tmax regions located at
least 250 km away.

One would expect the correlations depicted in Fig. 2(a) and Fig. 2(c)
to be exactly same as correlations depicted in Fig. 2(b) and Fig. 2(d)
respectively, as the correlations are symmetric in nature. However, the
correlation differs in Fig. 2(a) with Fig. 2(b), and Fig. 2(c) with Fig. 2(d)
due to the fact that for a given location Tmax can be correlated with AAI
from multiple locations and vice-versa. In such scenario, an average
correlation is computed and depicted in Fig. 2. The computation of
average correlations is illustrated as follows: in Fig. 2(a) daily Tmax
depicted with red square exhibits correlation with absorbing aerosols
located in central-Indian region depicted with green triangles. In such
scenario, an average correlation of Tmax with AAI from multiple loca-
tions (three triangles) is computed and depicted in Fig. 2(a). Similarly, in
Fig. 2(b) absorbing aerosols at central-Indian region can exhibit corre-
lation with daily Tmax from multiple locations in the north-western
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Fig. 2. Correlation analysis between daily maximum temperature anomaly (Tmax) and columnar absorbing aerosols anomaly (AAI) for years 1979-2013: Fig. 2(a)
depicts region of Tmax exhibiting statistically significant (significance level o = 0.05) correlation with absorbing aerosols located within 250 km. Fig. 2(b) depicts
statistically significant AAI correlation with Tmax located within 250 km Fig. 2(c) and Fig. 2(d) are similar to Fig. 2(a) and Fig. 2(b), respectively but with correlation
calculated only with distance greater than 250 km and only the strong correlations (correlation > |0.25|) are shown. The strength of correlation is shown with the
colorbar. Here, green triangle represents AAI pixel and red square represents Tmax pixel location. From Fig. 2(a), we can see that Tmax can exhibit statistically
significant correlation with AAI from multiple locations within 250 km. Similarly, AAI at a location can be correlated with temperature at multiple locations (Fig. 2
(b)) within 250 km. In such a scenario, average correlation of Tmax and AAI is depicted in Fig. 2(a) and Fig. 2(b), respectively. Fig. 2(c) and Fig. 2(d) are similar to

Fig. 2(a) and Fig. 2(b), with pixels located outside 250 km.

region. In this scenario, an average correlation of AAI with Tmax is
computed and depicted in Fig. 2(b). The major outcomes of this analysis
are (i) the identification of regions all over India wherein Tmax en-
hancements exhibit significant correlation with absorbing aerosols from
the same region (ii) the identification of the north-west region wherein
Tmax exhibits correlations with absorbing aerosol enhancements in the
central India region.

It can be seen that the absorbing aerosols at locations far away from
location of Tmax can also exhibit significant positive correlation with
Tmax, and thus AAI shows a positive covariability with Tmax. While the
correlations of AAI with Tmax are found to be spread across India (Fig. 2
(a)) for AAI located within 250 km radius of Tmax region, in case of AAI
located far away from Tmax region (beyond 250 km), the correlations of
AAI with Tmax are found to be restricted to temperature belonging to
north-western region (Fig. 2(c)) and the aerosols located over central-

India.

The Tmax anomaly region as identified in the current work mostly
comprised of Thar desert which has been witnessing large variability in
maximum temperature (Ratnam et al., 2016) along with increased fre-
quency and duration of heatwave events (Rohini et al., 2016). In the
2003 European heatwave, absorbing aerosols were shown to aggravate
the heatwave conditions (Lyamani et al., 2006). During European
heatwave, desert dust particles combined with forest fire and biomass
burning aerosols transported to Spain from Africa identified using back
trajectory analysis (Lyamani et al., 2006). The presence of atmospheric
blocking with enhanced absorption by these mixed aerosols may have
contributed in the intensification of 2003 European heatwave (Pere
et al., 2011). Using observational and urban climate model calculations,
Cao et al. (2016) identified aerosol haze layer as one of the contributor
to urban heat island across China. They attributed summer night-time
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temperature enhancement over urban heat island to increased aerosol
haze layer. However, they didn’t find any correlation between daytime
temperature and aerosol haze layers. In the current work, it is also
interesting to note that not only local but non-local aerosols also showed
positive co-variability with daily maximum temperature in the
north-western region. On a decadal scale, in particular during spring
season, the presence of extended brown haze over northern Indian
Ocean and South Asia which absorbs the solar radiation has been re-
ported by Ross et al. (2018). It is suggested that aerosol-induced changes
in regional circulation, wherein heated air from the northern-eastern
and central India rises and sinks over north-western India, increase
the temperature over north-western India due to subsidence and
compression (Ross et al., 2018).

For the rest of the article, regions depicted in deep red colour in Fig. 2
(c) and Fig. 2(d) will be referred to as “NW” and “CI” respectively, where
NW stands for north-west India and CI stands for central-India. The
variables corresponding to these regions are named accordingly. E.g.
AAT anomaly in CI and Tmax anomaly in NW region are named as AAI-CI
and Tmax-NW respectively. These initial results indicate local and non-
local positive correlations between AAI and Tmax but the analysis relied
on anomaly data aggregated across years. However, heatwave events are
sub-seasonal scale phenomena (Perkins, 2015) and thus the effect of
absorbing aerosols on daily Tmax is further investigated for each year
individually and further analysis is focused on the “NW” and “CI” re-
gions as identified during the initial analysis.

3.2. Yearwise causality analysis between Tmax-NW and AAI-CI and AAI-
NW

Although Tmax is found to be correlated with AAI located in NW and
CI regions, mere correlation does not imply causation (Pepperberg,

2001). Causality between AAI anomaly and Tmax anomaly is investi-
gated using Granger causality (Granger, 1969) approach applied on area
averaged seasonal AAI-NW anomaly, AAI-CI anomaly and Tmax-NW
anomaly for each year. The AAI-NW, AAI-CI and Tmax-NW were
found to be stationary using ADF test at o = 0.1 except for the series
AAI-CI for the year 1979 (P-value = 0.138; Table-S1) and we excluded
this series for further analysis.

The F-statistics and P-value for AAI-NW to Tmax-NW have been re-
ported in Table-S2 and for AAI-CI to Tmax-NW have been reported in
Table-S3. Here, using F-statistics we can conclude that for the lags
mentioned in Table-S2 and Table-S3, causality exists for AAI to Tmax
while it is absent other way round.

Spatially averaged temporal series for years for which causality ex-
ists between AAI-NW and Tmax-NW, and AAI-CI and Tmax-NW are
shown in Fig. 3 and Fig. 4, respectively. From Tables S2 and S3 in
supplementary information, we can see that the F-statistics is large for
the AAI to Tmax causality as compared to Tmax to AAI causality. The
causality from AAI-NW to Tmax-NW was identified for 15 years with
lags varying from 1 to 14 days (with median lag of 6 days) (Fig. S1(a)).
The causality from AAI-CI to Tmax-NW was identified for 23 years with
lags varying from 1 to 15 days (with median lag of 5 days) (Fig. S1(b)).
Past studies (Rohini et al., 2016) have characterized heatwave events
with persistence high blocking resulting into stable atmospheric condi-
tions, which can last for days to weeks. The persistent blocking does not
allow the absorbing aerosols to dissipate which usually have a lifetime of
days to weeks as well (BC lifetime: 3-14 days (Bond et al., 2013; Cape
et al., 2012). Past studies have additionally reported dust lifetime of 4-6
weeks (Mahowald et al., 2014)). The co-existence of stable atmospheric
conditions along with absorbing aerosols for days to weeks could be the
reason behind the observed effect of absorbing aerosols on Tmax over a
period of 1-11 days. Further, in both these cases causality from Tmax
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Fig. 3. (continued).

anomaly to AAT anomaly was found to be absent for the lags selected for
further analysis. The causality analysis strengthens the argument that
both changes in locally (NW) and non-locally (CI) absorbing aerosols
contribute to the observed changes in daily Tmax, and rules out possi-
bility of spurious correlation between Tmax and AAIL

The co-variability of Tmax-NW with AAI-NW (shifted by lag which
was identified by causality analysis) can be seen clearly from Fig. 3 (b,k,
m), where the peaks and troughs of Tmax-NW (local daily maximum
temperature) can be observed to vary in cohort with AAI-NW (local
absorbing aerosols). Similar to the Tmax-NW variability with local
absorbing aerosols (AAI-NW), Tmax-NW can be seen to follow the
pattern of non-local absorbing aerosols (AAI-CI) prominently in Fig. 4(b,
¢,8,1,j,9). Fig. 3 and Fig. 4 show that the variations in Tmax bear a sig-
nificant correlation with AAI variability both locally and non-locally.
However there are instances where AAI and Tmax do not follow each
other such as Fig. 3(i,0) and Fig. 4(n,0,p). In order to investigate the
average effect of AAI on temperature across heatwave years, cumulative
frequency of correlation is computed and results are discussed in Sup-
porting Information (Section-S3). The analysis on yearly scale sub-
stantiates the findings of positive correlation of Tmax-NW with both
local and non-local absorbing aerosols found at climatic scale (Section
3.1.2) and suggests that the co-variability persists on seasonal time scale

as well. We next perform further analysis at a finer scale by considering
data only for heatwave days.

3.3. Analysis during heatwave events

The temperature during the heatwaves remains exceptionally high,
the intensity and frequency of which is increasing (Krishnan and Ram-
anathan, 2002; Rohini et al., 2016) and AAI absolute and anomaly
values have been increasing across heatwave years (Fig. S4). Along with
the increased frequency and intensity, we found that the absorbing
aerosol anomaly both local as well as non-local was also high during the
heatwaves (Figs. S5(a and d)). It is also interesting to note that the local
absorbing aerosols anomaly was negative during initial heatwave years
(1979-1999; Fig. S5(b)) while in recent heatwave events (2000-2013)
highly positive absorbing aerosol anomaly have been found (Fig. S5(c)).
For non-local absorbing aerosols the anomaly was positive throughout
the time period of study (Figs. S5(e and f)), however an enhancement of
absorbing aerosols anomalies has been identified during recent times
(Fig. S5(P).

In order to investigate the absorbing aerosol influence on Tmax-NW
during heatwave days, correlation analysis similar to that shown in
Fig. 2 is performed. However the analysis is restricted to Tmax from NW
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Fig. 4. Spatially averaged temporal plot of AAI-CI (blue color) and Tmax-NW (blue color) for years with causality from AAI-CI to Tmax-NW. The Tmax-NW values
are shifted as per the lag identified using causality analysis. The smoothed curves are generated using loess method with span of 0.75 (http://www.R-project.org/)
and the grey region depicts 95% confidence interval. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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and AAI from NW and CI regions, and only for heatwave days identified
by Ratnam et al. (2016) and Rohini et al. (2016). Rohini et al. (2016)
used the Excess Heat Factor and 90th percentile of maximum tempera-
tures while Ratnam et al. (2016) used heatwave identification criteria
defined by Indian meteorological department to identify the heatwave.
A list of identified heatwave events is provided in Table-S4.
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From Fig. 5, the correlation of Tmax-NW with AAI-NW, and of Tmax-
NW with AAI-CI is seen to be positive and thus it can be said that the
absorbing aerosols reinforce the daily maximum temperature during
heatwave days both locally as well as non-locally. This implies that the
absorbing aerosols contributed to exacerbating heatwave conditions.

Increasing heatwave trends are identified over north-western India,
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Fig. 5. Same as Fig. 2 but only for heatwave days. Correlation coefficient magnitude is larger than that in Fig. 2, showing a persistent relationship between enhanced
daily maximum temperatures with enhanced absorbing aerosols, on the temporal scale of heat-wave periods.

which is a desert region with low soil moisture content during heatwave
events (Rohini et al., 2016, see Fig. 4(b) therein). It is quite possible that
due to low soil moisture content and direct solar radiation absorption by
absorbing aerosols, the latent heat flux decreases giving rise to increase
in sensible heat flux which intensifies the temperature increase. Also
heatwave events are associated with high pressure zone in general
(Perkins, 2015) and in particular heatwave events over India are asso-
ciated with a sinking motion (Ratnam et al., 2016), which doesn’t allow
advection of aerosols, which can subsequently contribute to temperature
rise as explained earlier. In this manner the local absorbing aerosols can
affect the local temperature. However, this mechanism does not explain
the non-local effect of aerosols on local temperature. On a climatic scale,
a temperature rise can be experienced at a location away from the
location of aerosol emission due to transfer of heating (Ross et al., 2018),
but so far no such dynamical mechanisms have been explored for sea-
sonal or sub-seasonal time scale. Bond (2007) also showed, through
model simulations, a possible effect of absorbing aerosols on tempera-
ture enhancements at locations far away from source of aerosol emis-
sion. In the current work, using observational data, we found
enhancement of temperature maxima by local as well as non-local
absorbing aerosols. Local absorbing aerosols can directly affect the
local temperature by diabatic heating of the surface atmosphere.

Modulation of temperature by non-local absorbing aerosols, through
alternate mechanisms such as circulation changes leading to subsidence
(Ross et al., 2018), or a balance between spatially asymmetric heating
and cooling (Krishnan and Ramanathan, 2002), need further explora-
tion. However, investigation of the mechanisms is beyond the scope of
the current work and must rely on future modelling studies.

3.4. Surface pressure as a confounding factor

During the heatwave events, anti-cyclonic conditions prevail over
India which is linked to increase in temperature due to adiabatic
compression (Rohini et al., 2016). In order to account for the con-
founding effect of pressure on both aerosols and temperature, we
segregated the surface pressure anomaly (SP-NW) into 11 bins ranging
from —500hPa to 500 hPa. For each bin observation count, mean,
standard deviation along with correlations between Al and Tmax and
Tmin are summarized in Table-S5. The statistically significant correla-
tions (o« = 0.1) are highlighted in bold in the table. From Table-S5, we
can observe that over the NW region, SP-NW shows either small or no
statistically significant correlation with Tmax and Tmin. Additionally,
for each bin of SP-NW anomaly AAI-NW exhibits no statistically signif-
icant correlation with surface pressure.
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On the contrary, AAI-NW shows statistically significant correlation
with Tmax-NW and Tmin-NW. Similar, observations can be made for
AAI-CI in regard to correlation with Tmax-NW and Tmin-NW. The
absence of correlation between surface pressure and AAI and presence of
positive correlation between AAI with Tmax and Tmin implies that in-
crease in AAI itself augments the increase in temperature. It is also
interesting to note that during the heatwave the correlation of Tmax
with surface pressure is not statistically significant while it is statistically
significant and positive with AAI-NW and AAI-CI. Considering this,
during heatwaves which are associated with atmospheric blocking, role
of AAI in exacerbating the heatwave conditions cannot be ruled out.
Moreover, the varying correlation could be the reason behind observed
varying lags in Figure-S1. Further, we also calculated the partial corre-
lation of Tmax and Tmin with both AAI-NW and AAI-CI with given
surface pressure for overall and heatwave days (Table-S6). From Table-
S6, we can see that AAI exhibits positive correlation with Tmax and
Tmin both locally and non-locally.

Further, in Fig. 6(a) we have shown the variation of correlation be-
tween AAI-NW and Tmax-NW (red color), and AAI-NW and Tmin-NW
(blue color). The statistically significant correlations (¢ = 0.1) are
depicted with filled circle. Fig. 6(b) is same as Fig. 6(a) with AAI-NW
replaced with AAI-CIL. From Fig. 6, we can see that the correlation be-
tween Al-Tmax varies with SP-NW. This could lead to varying effect of
absorbing aerosols on Tmax as depicted in Fig. 3 and Fig. 4.

Further from Fig. 6, we note that the correlation of AAI with Tmax
and Tmin differs where the correlation of AAI with Tmax is high as
compared to Tmin. The difference in correlation magnitude indicates
absorption of shortwave radiation by absorbing aerosols during the day
time thereby imparting more heating during the day temperature
(Tmax) as compared to night time temperature (Tmin). To summarize,
absorbing aerosols absorb the incoming radiation and heat up the at-
mosphere; moreover, during the heatwave events due to stationary at-
mospheric conditions absorbing aerosols do not dissipate quickly and
exacerbate the heatwave conditions due to absorption of short-wave
radiation. However, this does not explain the non-local effect of aero-
sols in modulating the local temperature and this requires further study
to unravel the mechanisms.

4. Conclusions and implications
The goal of this work was to understand the relationship between

absorbing aerosols and summer time maximum temperature and tem-
perature extremes in north-west India. Previous modelling studies infer

T
-200
Surface pressure anomaly mean (hPa)

10

T T

T
0 200 400

(b) Correlation of AAI-CI with Tmax-NW
and Tmin-NW

that trends in extreme temperature in India are masked significantly by
cooling due to aerosols blocking sunlight or due to increased evapo-
transpiration resulting from extensive irrigation (Purnadurga et al.,
2018). In the current study, statistical tools were applied to long term
(1979-2013) satellite and ground based observations, to evaluate the
relationship of absorbing aerosols and temperature maxima in
north-west India. Regional absorbing aerosols in the north-west
(AAI-NW) and central-India (AAI-CI) showed co-variability with Tmax
in north-west India, implying both local and non-local heating effects.
The non-local effect of AAI-CI on Tmax-NW showed co-variability with a
lag of 1-8 days. The effects persisted on seasonal and heatwave event
scales, becoming stronger on heatwave days. Causal effects of AAI-NW
on Tmax-NW were identified with a lag of 1-11 days, across multiple
years, thereby implying absorbing aerosol influence heatwave events.
During the recent heatwave events high absorbing aerosols loading have
also been found.

While absorbing aerosols exerting a purely local effect could lead
either to surface cooling or heating, based on altitude of aerosol layers,
this work suggests that cumulative non-local and local effects, bear a
causal relationship to temperature enhancement in the Indian
northwest.

Given the recent increase in intensity and frequency of northwest
India heatwave events (Rohini et al., 2016) along with increasing trends
in anthropogenic emissions over India (Ohara et al., 2007), the current
findings have significant implications for action on adaptation and
mitigation measures concerning heatwave events. Findings in this work
have significant implications to coordinate climate and air-quality ac-
tion on regional scales.
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1 | INTRODUCTION

Extreme temperature and heat wave events in India dur-
ing the pre-monsoon season (March-June) are critical in
terms of their impact on human health, environment,
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Abstract

Heat waves in India during the pre-monsoon months have significant impacts
on human health, productivity and mortality. While greenhouse gas-induced
global warming is believed to accentuate high temperature extremes, anthro-
pogenic aerosols predominantly constituted by radiation-scattering sulfate are
believed to cause an overall cooling in most world regions. However, the
Indian region is marked by an abundance of absorbing aerosols, such as black
carbon (BC) and dust. The goal of this work was to understand the association
between aerosols, particularly those that are absorbing in nature, and high-
temperature extremes in north-central India during the pre-monsoon season.
We use 30-year simulations from a chemistry-coupled atmosphere-only gen-
eral circulation model (GCM), ECHAM6-HAM?2, forced with evolving aerosol
emissions in an interactive aerosol module, along with observed evolving SSTs.
A composite of high-temperature extremes in the model simulations, com-
pared to climatology, shows large-scale conditions conducive to heat waves.
Importantly, it reveals concurrent positive anomalies of BC and dust aerosol
optical depths. Changes in near-surface properties include a reduction in single
scattering albedo (implying greater absorption) and enhancement in short-
wave heating rate, compared to climatological conditions. Alterations in sur-
face energy balance include reduced latent heat flux, but increased sensible
heat flux, consistent with enhanced temperatures. Thus, chemistry-coupled
GCM simulations capture an association of absorbing aerosols with high-
temperature extremes in north India, arising from radiative heating in the sur-
face layer.

KEYWORDS

absorbing aerosols, chemistry-coupled AGCM, ECHAM6-HAM?2, extreme temperature, Indian
heat wave, radiative forcing

agriculture and economy. Recent trends in extreme tem-
perature are reported to be positive over India
(Kothawale et al., 2010; Revadekar et al., 2012; Panda
et al., 2014), particularly in the north, north-west and
north-central regions (Jaswal et al., 2015), in agreement
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with observed increasing trends in mean temperature
over the country (Arora et al., 2005; Kothawale & Rupa
Kumar, 2005; Dash et al., 2007; Basha et al., 2017).
Although the definition of a heat wave is not unique,
they comprise, most generally, of episodes of consecutive
days with above normal high temperatures (Perkins
et al., 2012). Recent studies have investigated heat wave
characteristics in India and observed changes therein
(Pai et al., 2013; Murari et al., 2016; Ratnam et al., 2016;
Rohini et al., 2016; Mazdiyasni et al., 2017; Panda et al.,
2017; Sharma & Mujumdar, 2017; Dileepkumar
et al., 2018; Sandeep & Prasad, 2018; Van Oldenborgh
et al., 2018) or future projections thereof (Murari et al.,
2015; Im et al, 2017; Mishra et al., 2017). Others
(Wehner et al., 2016; Pattanaik et al., 2017; Gouda
et al., 2017; Ghatak et al., 2017; Van Oldenborgh et al.,
2018; Dodla et al., 2017; Chandran et al., 2017; Nair
et al., 2017) study particular heat wave episodes focusing
mainly on the 2015 heat wave event that resulted in more
than 2000 deaths in India.

Meteorological conditions and enhancements of
atmospheric agents like greenhouse gases and aerosols
are linked to atmospheric temperature alterations. Mete-
orological conditions linked to heatwaves include North-
Atlantic blocking related to anti-cyclonic conditions over
north-central India (710°-800°E; 210°-300°N), while over
coastal eastern India are associated with anomalous
cooling in the Pacific (Ratnam et al., 2016). Rohini
et al. (2016) and Pai et al. (2013) report significantly
increasing frequency, average and maximum duration of
heat waves in the north-west India region, similar in
extent to the north-central region defined by Ratnam
et al. (2016).

Greenhouse-gas (GHG)-induced climate change is
believed to be exacerbating hot extremes and heat waves
across the world (Bindoff et al., 2013). Attribution of heat
waves in India has been attempted recently in a couple of
studies (Wehner et al, 2016; Van Oldenborgh
et al., 2018), both concluding that observed changes in
hot extremes in India lie outside the expected range of
natural variability. Interestingly, both the studies report
better discernibility of trends with an extreme tempera-
ture index that includes information on relative humidity
along with temperature. Furthermore, van Oldenborgh
et al. (2018) also infer that trends in extreme temperature
in India are masked significantly by cooling due to aero-
sols blocking sunlight or due to increased evapotranspira-
tion resulting from extensive irrigation.

Aerosol-induced reduction of ground-reaching solar
radiation in India is well recognized (Satheesh and
Ramanathan, 2000; Padma Kumari et al., 2007). How-
ever, unlike most world regions where dominance of
scattering aerosols such as sulfates can cause an overall
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cooling, India is marked with abundance of absorbing
aerosols such as black carbon (BC) that results from
incomplete combustion biomass fuels and agricultural
biomass (Venkataraman et al., 2005) and can cause atmo-
spheric warming (Ramanathan et al., 2002). Modelled
aerosol optical depth over most regions in India is signifi-
cantly larger than that in other world regions, with carbo-
naceous aerosol constituents contributing 18-32% of the
magnitude (David et al., 2018). Positive radiative forcing
from absorbing aerosols can also offset aerosol scattering
effects (Jacobson, 2001; Menon et al., 2002), warm surface
air (Hansen et al., 2005) and contribute to global
warming (Jacobson, 2002; Bond & Sun, 2005;
Ramanathan et al., 2007). Using idealized climate simula-
tions, Ban-Weiss et al. (2012) show that the climate
response of BC is sensitive to the altitude at which it is
present, with low-altitude BC resulting in surface
warming through diabatic heating. Absorbing aerosols
enhancements (manifested in absorbing aerosol index or
AAT) correlate with and exert a causality on temperature
maxima in north-west India (Dave et al., 2019). The con-
founding effects of meteorology were ruled out through a
significant partial correlation between AAI and Ty,,x con-
ditioned upon surface pressure and geopotential height.
The study concluded that absorbing aerosols absorb
incoming radiation and heat up the atmosphere, espe-
cially during heatwave events when stationary atmo-
spheric conditions lead to their build-up and enhanced
levels. Atmospheric heating and surface cooling caused
by absorbing aerosols could lead to stabilization of the
near-surface atmosphere, resulting in a positive feedback
that reduces cloudiness, further exposing aerosol to sun-
light (Ramanathan et al., 2005; Koren et al., 2008).

The pre-monsoon season over India is characterized
by significant atmospheric abundance of absorbing aero-
sols, whose influence on redistribution of solar energy
and atmospheric heating on regional scales is not yet
understood. Given the strong forcing patterns of absorb-
ing aerosols, resulting in surface reduction but atmo-
spheric enhancement in radiative flux, it is not obvious
whether the surface will cool or warm in response to the
aerosol forcing. On regional scales, Krishnan and
Ramanathan (2002) showed an asymmetric cooling dur-
ing the dry season (Jan-May), suggesting a relation to
enhanced absorbing aerosol forcing, and possible surface
warming at regions non-local to the aerosol haze. On
local scales, in northwest India, increase in aerosol
absorption was linked to simultaneous negative surface
forcing, but increases in surface radiative heating and
surface air temperature (Pandithurai et al., 2008a).
Gautam et al. (2009) report anomalous tropospheric
warming in the Himalayan region coincident with
increased dust loading and anthropogenic aerosol
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pollution in the pre-monsoon season. Lau et al. (2010)
validate such warming in the Himalayan and Tibetan
plateau region through model simulations, reporting
large surface cooling over central and eastern India in
the model runs that include aerosols. They also hint at
the importance of atmospheric feedback processes, and
not direct aerosol radiative forcing alone, for explaining
the observed warming. Gautam et al. (2010) report that
pre-monsoon aerosols over north India are primarily of
absorbing nature leading to significant warming over
northern India, especially over the western Himalayas.
Purnadurga et al. (2018) show that observed pre-
monsoon maximum temperatures in northern India are
significantly correlated with BC surface mass concentra-
tions obtained from the MERRA reanalysis data.

In modelling studies, sulfates have been shown to
induce a negative surface temperature response on both
global (Kloster et al., 2010; Koch & Del Genio, 2010) and
regional scales (Pere et al., 2011; Mickley et al., 2012;
Zanis et al., 2012). Aerosol-induced surface dimming
reduced both terrestrial sensible and latent heat fluxes,
leading to a radiative cooling of surface air (Pere et
al., 2011), while aerosol-induced northerly flow, advected
relatively cooler air from northern latitudes (Zanis, 2009
in regional model simulations over Europe. General cir-
culation model (GCM) simulations show that an
unmasking of GHG-induced warming manifest as larger
increases in global mean surface equilibrium temperature
under increasing GHG concentrations and reduced aero-
sol emissions, compared to that under increasing GHG
concentrations alone (e.g., Kloster et al., 2010). However,
the specific role of absorbing aerosols in mediating hot
extremes and heat waves is not quite well-understood.
This understanding is imperative for India in particular
and the South Asian region in general, which are recog-
nized as hotspots of aerosols, of both natural and anthro-
pogenic origins (Ramanathan, 2001). Recent increasing
trends in pre-monsoon aerosol optical depth (AOD) in
this part of the world (Porch et al., 2007; Ramachandran
et al., 2012; Babu et al., 2013) with marked rise in BC
emissions (Lu et al., 2011; Pandey et al., 2014; Sadavarte &
Venkataraman, 2014), further underline the importance
of assessing the influence of absorbing aerosols on the cli-
mate system. Coupled numerical model simulation stud-
ies that play an instrumental role in such assessments are
rather limited for the Indian region, especially in the con-
text of pre-monsoon hot extremes and heat waves. Fur-
thermore, although analysis of GCM-based temperature
projections for the Indian region is common (e.g., Basha
et al., 2017; Mishra et al., 2017; Im et al., 2017), no study,
to our knowledge, have thus far evaluated representation
of synoptic-scale processes in GCM simulations, which
influence heat wave conditions in India.

In this study, we use 30-year simulations from
the chemistry-coupled atmosphere-only GCM, the
ECHAM6-HAM?2, forced with evolving aerosols in an inter-
active aerosol module, along with observed evolving sea-
surface temperatures (SSTs), to understand the associa-
tion between aerosols, particularly those of absorbing
nature, and high-temperature extremes in north-central
India during the pre-monsoon season, for the period
1981-2010. The model simulations are first validated
against observed temperature records. A composite of
the most-severe hot extremes from the model simula-
tions is investigated further for understanding the
influencing atmospheric conditions, aerosol optical
properties and changes in near-surface properties due to
the presence of absorbing aerosols, vis-a-vis normal
(climatological) conditions.

2 | DATA AND MODEL SETUP

2.1 | Observed data

Observed gridded (10 latitude x 10 longitude) daily maxi-
mum temperature data is obtained from the India Meteo-
rological Department (IMD) (Srivastava et al., 2009). This
dataset is available for the period 1951-2003 and is pre-
pared from observations at 395 quality controlled sta-
tions. This dataset has been used previously for studying
changes in extreme temperature in India (Rohini
et al., 2016; Mishra et al., 2017; Panda et al., 2017). We
choose a time period of 1981-2010, consistent with the
period of our model simulations, since temperature
extremes have been more pronounced in recent years,
post rapid industrialization (Kothawale et al., 2016), with
most of the hottest years recorded post-2000 (Pai
et al., 2013; IMD, 2015). The influence of anthropogenic
forcings such as that from GHGs and aerosols are also
expected to be more significant in India during these
recent years. To compare with the monthly model simu-
lation outputs of maximum 2 m temperature, we com-
pute monthly maximum temperature data from this
observed dataset for the pre-monsoon (MAMIJ) months
for 1981-2010. This season is the hottest time of the year
(Figure 1a), and is also reported to witness major heat
waves (Ratnam et al., 2016). MAMJ maximum tempera-
tures show an overall increasing trend in India, with sig-
nificant positive trends in the north-central region (21°-
30°N; 71°-80°E, as defined by Ratnam et al., 2016), as
seen in Figure 1b. The northern Indian region in general
is reported in literature to witness frequent occurrence of
heat waves (De et al., 2005; Srivastava et al., 2009) that
are projected to intensity in the future (Murari
et al., 2015). We choose this region for our study since
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FIGURE 1 Comparison of model-simulated maximum temperature with IMD observations in terms of (a) monthly climatology of
maximum temperature (°C) over the north-central region (21°-30°N; 71°-80°E); (b), (c) 30-year (1981-2010) trends (0°C-year ") in
maximum temperature in the pre-monsoon season; and (d), (e) standard deviation (°C) of maximum temperature in the pre-monsoon
season

the trends in maximum temperatures over this region are (Pai et al., 2013; Ratnam et al., 2016; Rohini et al., 2016).
much more pronounced as compared to other regions in =~ Based on mortality records associated with heat waves
India (Figure 1b), a finding consistent with other studies during the period 1978-1999, the state of Rajasthan,
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included in our study region, ranks the highest impacted
state (Chaudhury et al., 2000). This highlights the impor-
tance of this region in terms of impacts of high-
temperature extreme events. Our study region (21°-30°N;
71°-80°E) is also found to exhibit large standard devia-
tions (20 or more) of maximum temperature during the
pre-monsoon months (Figure 1d). Temperature anoma-
lies during heat waves in this region are also reported to
show such large positive deviations (Ratnam et al., 2016).

We consider the composite of standardized anomalies
of maximum temperature during five hottest months
from the period 1981-2010, as shown in Figure 2a, for
understanding prevalent conditions during heat wave
type of events. We convert the MAMJ Ty, series at each
grid point to the corresponding anomalies, with respect
to the 1981-2010 climatological mean. It may be noted
that we consider monthly means for conversion to these
anomalies, ensuring that each month (March, April, May
or June) has a different mean, and the anomalies repre-
sent truly anomalous conditions, thereby avoiding any
bias. Next, we consider the five hottest months by consid-
ering the largest anomalies in the entire time period. In
addition, we impose the condition that these five hottest
months belong to different calendar years so that they do
not belong to the same hot spell. For observations, these
months are April 2010, March 2004, June 1995, April
1999 and March 1985.

Such a composite is statistically significant for all grid
points in this region, as found by a two-tailed Students
t-test at 95% confidence level, which determines if the
composite is distinguishable from the 1981-2010 climato-
logical mean. We imposed an additional constraint of
these extreme temperature anomalies occurring in differ-
ent calendar years, to ensure that they do not belong to
the same hot spell. This makes our results conservative.
However, since we consider a composite of these extreme

(a) Tonax Composite [IMD] (b)

ite [Model] (c)

temperature anomalies for understanding representative
conditions, our results are not expected to vary even if we
consider extreme temperature months within the same
pre-monsoon season in a given calendar year. The warm
anomaly in Figure 2a extends all throughout north and
north-central India indicating that the composite is repre-
sentative of large-scale conditions.

2.2 | Model setup

We use the fully-coupled aerosol-climate model, the
ECHAMG6-HAM?2, run at a horizontal T63 resolution, that
is, 1.8° longitude x 1.8° latitude and at a vertical resolu-
tions of 31 levels ranging upto 10 hPa. ECHAMS is the
sixth generation GCM created by the Max Planck Insti-
tute for Meteorology (Roeckner et al., 2003; Roeckner
et al., 2006). The Hamburg Aerosol Module (HAM) (Stier
et al., 2005) is coupled to the GCM, to assess the impact
of aerosol on the climate by focusing on the coupling
between diabatic processes and large-scale circulations,
which are primarily driven by radiative forcing (Stier
et al., 2007). The radiative transfer model used in
ECHAMSG6 consists of shortwave (SW) radiative scheme
on 14 spectral bands and longwave (LW) radiative
scheme on 16 spectral bands (Giorgetta et al., 2013).
Details of the current version (ECHAM6.1-HAM2.2) are
described in Neubauer et al. (2014). Five major aerosol
compounds in the atmosphere, namely, BC, organic car-
bon (OC), sulfate (SO,), sea salt (SS) and mineral dust are
considered in the interactive aerosol module.

The JSBACH (version 3.11) land component model
(Heidkamp et al., 2018) is embedded in the ECHAMG6
GCM. The physical core components of the land pro-
cesses (energy balance, heat transport and water budget)
are adopted from ECHAMS (Roeckner et al., 2003) with a

Anomaly Correlation Coefficient

30°N 30°N

20°N

20°N

10°N 10°N

30°N

o
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FIGURE 2 A composite of standardized anomalies of maximum temperature during hot extremes in (a) observations and (b) model

simulations, and (c) their anomaly correlation coefficient. Stippling in (a) and (b) shows grid points with statistically significant anomalies



MONDAL ET AL.

International Journal RMetS

fully implicit land-surface-atmosphere coupling scheme.
Air temperature at the top of the surface atmospheric
layer, is derived using a turbulent heat-flux expression at
the surface, with transfer coefficients obtained from
Monin-Obukhov similarity theory, by integrating the flux
profile relationships over the lowest model layer
(Roeckner et al., 2003). The ECHAM6 GCM uses a turbu-
lent kinetic energy scheme to account for momentum
exchange between atmosphere and land, and uses the
RRTM rapid radiative transfer model (Roeckner
et al., 2003), thus, not permitting an assessment of the
sensitivity of aerosol climate impact to changes in these
schemes, which have been suggested to be important
(e.g., Jin et al., 2015).

Observed monthly SST and sea ice concentration
(SIC) data from the Atmospheric Model Intercomparison
Project (AMIP) are prescribed to the model. Annual
mean GHG concentrations are obtained from the
International Institute for Applied Systems Analysis
(ITASA;  http://www.iiasa.ac.at/web-apps/tnt/RcpDb/).
The AEROCOM emission inventory data for 1981-2010
(Dentener et al., 2006) is used, which includes anthropo-
genic aerosol and precursor species of BC, organic carbon
and sulfur dioxide and biogenic dimethyl sulfide. Forest
burning emissions were obtained from the Global Fire
Emission Data (GFED). Volcanic sulfate emissions are
also included (Andres & Kasgnoc, 1998). The model uses
online parameterizations to calculate prognostic dust and
sea salt emissions (Roeckner et al., 2003). An average of
three ensemble members is considered further in the
analysis.

Patil et al. (2019) also use ECHAM6-HAM?2 simula-
tions under four scenarios to segregate the influence of
SST and aerosols on the south Asian monsoon.
Chemistry-coupled GCM simulations allow meteorologi-
cal changes to influence levels of atmospheric agents,
whose radiative effects feedback to atmospheric circula-
tion in turn. In the present model set-up, the effects of
change in oceanic conditions cannot be evaluated,
because we use an atmosphere-only GCM, forced with
actual observed SSTs. However, such simulations are spe-
cifically suitable for investigations made in this work, to
isolate aerosol-modulated changes in the components of
the climate system such as extreme temperature.

3 | MODEL VALIDATION

Monthly maximum 2 m temperature output from the
model simulations is compared with observed monthly
maximum temperature from IMD prepared from station-
based observations that are made typically at a height of
1.5 or 2 m above the ground. The model is found to

of Climatology

capture the climatological behaviour of temperature in
north-central India (Figure 1a) reasonably well. The pre-
monsoon months (MAMJ) show the highest temperature
records. Increasing trends (Figure 1b, c) and large stan-
dard deviations (Figure 1d,e) in MAMJ maximum tem-
peratures in the north-central region are also well
represented in the model, when compared with observa-
tions. An exact match between observations and model
simulations is not expected since GCM simulations are
run at a relatively coarse scale.

We further consider a composite of standardized
anomalies of the five hottest months in the model simula-
tions and find most of them to be statistically significant
over north-central India (Figure 2b). The months are
April 1988, March 1983, May 2000, June 1998 and
April 1999.

These standardized anomalies are found to be similar
to those from observations (Figure 2a). Although these
extreme temperature anomalies do not correspond to the
same months as in the observed records since coarse-
resolution GCMs are known to have poor skill in rep-
roducing short time-scale air temperature variations, yet,
they are useful in contrasting anomalous periods with
the climatology. A composite of these anomalies during
the hottest months in the model simulations capture the
upper tail behaviour of the distribution of maximum tem-
peratures and are representative of heat wave conditions.
The plot of anomaly correlation (Wilks, 2011), alternately
called pattern correlation, between the composite of hot
extremes in observations and model simulations
(Figure 2c) reveal significantly high values in the north-
central region with a median correlation coefficient of
0.8, showing that the model is able to capture the pattern
of anomalous hot extremes in this part of the country.

We analyse synoptic atmospheric processes, aerosol
optical properties and changes in near-surface properties
associated with the presence of absorbing aerosols by
comparing a composite of these hot extremes with clima-
tological. While this approach does not allow a direct
quantification of the effects of individual forcing agents
or attribution of responses to a particular forcing agent, it
ensures that different forcing elements, like aerosols,
GHGs and SST, are consistent with each other. Simula-
tions in atmospheric GCMs with varying levels of atmo-
spheric constituents like GHGs and aerosols typically
require to be carefully matched up to corresponding SST
forcing boundary conditions (e.g., Guo et al., 2016). In
these simulations, the difference between a composite of
hot extremes and climatological conditions in the tran-
sient model simulations are reflective of climate response
to a realistic combination of forcing agents. Such a com-
posite analysis is used in earlier studies to analyse preva-
lent atmospheric conditions during heat wave conditions
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in observations (e.g., Ratnam et al., 2016; Ghatak
et al., 2017), or to evaluate the ability of GCMs to repre-
sent synoptic and oceanic conditions associated with heat
waves (e.g., Purich et al., 2014).

4 | RESULTS AND DISCUSSION

4.1 | Atmospheric conditions

Ratnam et al. (2016) reported cloud-free skies, strong
anomalous anticyclone and sinking motion as conditions
conducive to heat waves in north-central India. These
conditions are caused by a quasi-stationary wave from
Northwestern Africa to India that is generated by the
anomalous North-Atlantic Ocean blocking. These large-
scale features were previously identified using the ERA-
Interim reanalysis data (Ratnam et al., 2016), while the
present analysis is based on GCM simulations. To investi-
gate prevalent large-scale atmospheric features during
hot extremes in our model simulations, we compute com-
posites of atmospheric variables such as geopotential
height at 500 hPa (Z500), total cloud cover (TCC), vertical
velocity at 500 hPa (0500), relative humidity at 850 hPa,
and lower-tropospheric stability (LTS). LTS is calculated
as the difference between potential temperature at
700 hPa and that at 1,000 hPa, following Wood &
Bretherton (2006). Figure 3 shows the composite of stan-
dardized anomalies of the above atmospheric variables
during the hot extremes in the ECHAM6-HAM?2 model
simulations.

It is observed that in the composite of the hot
extremes, the standardized mid-tropospheric geopotential
height anomalies (Figure 3a) and downward vertical
wind velocity anomalies (Figure 3c) are positive over
north-central India indicating anticyclonic flow and sink-
ing motion of air, similar to observed conditions during
heat waves, reported by Ratnam et al. (2016). Ridges in
geopotential height anomalies are commonly used to
identify blocking (Trigo et al., 2005). Heat waves in other
parts of the world such as Europe (Trigo et al., 2005; Gar-
cia-Herrera et al., 2010), Australia (Pezza et al., 2012),
China (Wang et al., 2016), Brazil (Geirinhas et al., 2018),
Russia (Lau & Kim, 2012) and Iran (Darand et al., 2018)
are also found to be associated with anomalous blocking
or anticyclonic flow. Persistence of anticyclonic blocking
patterns can suppress convection (Ratnam et al., 2016),
enhance subsidence and increase adiabatic heating of the
surface layers (Xoplaki et al., 2003; Trigo et al., 2005;
Darand et al., 2018; Sandeep & Prasad, 2018).

Furthermore, the sinking motion and anticyclonic
conditions may cause positive outgoing longwave radia-
tion (Ratnam et al., 2016) implying long periods of clear

sky that can contribute to enhanced solar radiative
heating (Garcia-Herrera et al., 2005; Ratnam et al., 2016).
Indeed, the total cloud cover and relative humidity
anomalies at 850 hPa during the hot extremes in model
simulations (Figure 3b) are negative over the Indian
region indicating dry, clear skies in agreement with
observations reported by Ratnam et al. (2016). Enhanced
solar radiation may further deplete soil moisture reduc-
ing latent heat transfer into the atmosphere while
increasing sensible heat transfer (Rohini et al., 2016;
Ghatak et al., 2017). This may induce a positive feedback
between atmospheric heating and further desiccation of
land surface, creating coupling between the land surface
and the planetary boundary layer (Miralles et al., 2014).
These effects are captured through the land component
model described in Section 2.2. We investigate the surface
energy balance in detail in Section 4.3.

In addition, we find positive LTS anomalies during
the hot extremes in our model simulations (Figure 3e),
implying that the lower troposphere is more stable than
normal conditions. Such stable conditions associated
with reduced cloud cover and relative humidity further
favour heat wave type of events and also prevent mixing
and dilution of pollutants such as aerosols. Stable meteo-
rological conditions also alter near-surface latent and
sensible heat fluxes (Geirinhas et al., 2018) that are
investigated further in Section 4.3. Overall, the
ECHAM6-HAM?2 simulations are thus found to repro-
duce atmospheric conditions conducive to heat waves in
north-central India during the hot extremes and show
anomalous synoptic processes with respect to climatolog-
ical conditions.

4.2 | Role of aerosols

In addition to synoptic processes discussed above, aerosol
constituents can influence surface temperature through
alteration of the surface radiative balance. Aerosols
absorb both shortwave (BC) and longwave (dust) radia-
tion, adding energy to the atmosphere (Lyamani
et al., 2006b; Das and Jayaraman, 2011). Previous studies
of aerosol levels and radiative forcing during heat-wave
conditions showed a prevalence of absorbing aerosols
and positive atmospheric forcing over the regions
experiencing heat waves (Lyamani et al., 2006b;
Struzewska & Kaminski, 2008; Chazette et al., 2017). The
presence of absorbing aerosols near the surface could
lead to diabatic heating of the surface layer, with associ-
ated increase in surface temperature (Ban-Weiss
et al., 2012). Furthermore, absorbing or scattering aero-
sols induce reduction in ground-reaching radiation and
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(K) during the hot extremes in model simulations

related local cooling (Krishnan & Ramanathan, 2002;
Pere et al., 2011). Thus, aerosols could induce either a
positive or a negative response of surface temperature,
based on predominance of effects. Krishnan and
Ramanathan et al. (2002) further suggest possible surface
warming at regions non-local to the aerosol haze, to bal-
ance local cooling.

The variables involved in the mechanism of aerosol
modulation of surface temperature are explicitly treated
by the ECHAM6-HAM2 model. The surface energy

balance is influenced by the net radiation flux absorbed
at the surface (Rnet), which is either stored in surface ele-
ments as ground heat flux (G) or transported into the
atmosphere via sensible (H) or latent (Q) heat fluxes
(Heidkamp et al., 2018). Aerosol absorption of short-wave
radiation can affect surface air temperature response
from either a reduction in surface-reaching radiation, fur-
ther causing surface heat flux changes, or from increased
shortwave heating resulting in direct diabatic heating of
surface air (Giorgetta et al., 2013). In the following



E1506 International Journal

RMets

MONDAL ET AL.

of Climatology

sections, we analyse differences between the composite of
hot extremes as compared to climatological conditions, in
key variables such as aerosol optical depth, radiative forc-
ing, surface fluxes and heating rate to understand the
possible role of aerosols.

4.2.1 | Aerosol atmospheric effects

We evaluate the skill of the model in estimating key vari-
ables including aerosol levels. The spatial distribution of
annual mean AOD climatology averaged over 10 years
(2001-2010) broadly captures the AOD distributions over
the Indo-Gangetic plains (IGP) and the Indian subconti-
nent (Patil et al., 2019). The average bias of annual AOD
over land points of India shows mean normalized bias of
—0.31, which indicates some underestimation of AOD
within levels seen in previous studies (Ganguly
et al., 2013; Pan et al., 2015). In addition, this underesti-
mation also manifests on a seasonal scale (—0.11), as well
as on monthly scales for March (-0.55), April (—0.56)
and May (—0.39). However, there is a small positive bias
(4+0.15) in simulated AOD in June (Figure S1). This small
positive monthly bias in June does not affect the sign of
the AOD bias during the season in the climatology. The
monthly AOD biases in the simulation were influenced
by dust AOD, which was 55% of total AOD excluding
aerosol water in June, while 32% in March-May, consis-
tent with earlier studies which indicated underestimation
of long-range transport of dust in these months (Pan
et al., 2015; David et al., 2018).

The climatological mean AOD during the pre-
monsoon months, a composite of the AOD during the
hot extremes and the difference between the two are
shown in Figure 4. High values of AOD for both the hot
extremes as well as climatological conditions reveal

(a) Composite AOD (b)

aerosol abundance in this region. Figure 4c shows the dif-
ference between the composite AOD of the hot extremes
(five hottest months, Figure 4a) and the climatological
mean AOD (Figure 4b). Therefore, the values in
Figure 4c represent AOD anomalies during the hot
extremes. Each grid box in the region has a single value
in Figure 4c, as shown, and the mean value over the
region of interest is positive (+0.0047). Furthermore, it
may be noted that the composite of the hot extremes
shows much larger AOD values in the surrounding Indo-
Gangetic Plains region in central India. On regional
scales, it has been suggested in the literature that a redis-
tribution of energy by aerosol absorption could cause sur-
face warming in some locations (Krishnan &
Ramanathan, 2002). Therefore, although a few grid
points in our region of interest show negative AOD
anomalies during the hot extremes, overall, we observe
greater abundance of aerosols as compared to climatolog-
ical conditions.

High AOD values over North India in the pre-
monsoon season has been linked to elevated transport of
aerosols, as seen from satellites (Gautam et al., 2010; Mis-
hra and Shibata, 2012), ground-Lidar observations
(Sarangi et al., 2016) and models (Pan et al., 2015; Feng
et al., 2016). Absorbing aerosols may heat the lower
atmosphere and cause regional redistribution of
enhanced heating. To characterize absorbing aerosols, we
plot a composite of the standardized anomalies of BC-
AOD and dust (DU)-AOD during the hot extremes in
Figure 5a,b. In addition, we consider different definitions
of the hot extremes by considering composites of
6 months (>95th percentile), 12 months (>90th percen-
tile) and four distinct hottest months (March-June) to
investigate the robustness of our findings. For all these
cases, the anomalies of BC-AOD and Dust-AOD are con-
sistently positive in the composite of the hot extremes
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(Figure S2). Also, the anomalies of scattering aerosol spe-
cies are also shown (Figure 5c-e). Both BC-AOD and
DU-AOD are found to be positive over the north-central
region during the hot extremes, as compared to their nor-
mal conditions, indicating overall larger concentration of
absorbing aerosols in the atmosphere during the hot
extremes.

Anthropogenic emissions, including BC, OC and SO,,
do not vary between the hot composite and climatology
periods. There is strong seasonality in BC and OC

emissions (Figure S4a,b), with the highest emissions in
MAM. However, all months are equivalently represented
in the hot composite, as well as climatology, indicating
increases in anthropogenic aerosol abundance is not an
“emission” effect. Increased LTS in the hot-composite
(Figure 3e) would correspond to lower ventilation rates
and dispersion, indicating a meteorological influence on
enhanced anthropogenic aerosol abundance. Dust emis-
sion flux in the model is parameterized as a function of
threshold wind velocity and upper-layer soil moisture
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(Tegen et al., 2002). The difference in dust flux, between
hot-composite and climatology (Figure S3a) shows
enhancement in dust flux over NW India, some parts of
Arabia, the eastern horn of Africa and regions to the
north of India. The overlaid difference in simulated u-v
winds (at 10 m height) between hot-composite and clima-
tology (Figure S3a) shows an increase in surface wind
magnitude near the lower end of the NW India box, a fac-
tor driving the increased local dust flux in the hot com-
posite. In addition, enhanced surface winds in the hot
composite could transport additional dust to NW India
from the horn of Africa region. Furthermore, higher-level
transport (u-v winds at 500 hPa), which increases
between the hot-composite and climatology (Figure S3b),
implies possible dust transport from the Arabian Penin-
sula and the Garagum and Taklamakan deserts to NW
India. Thus, meteorological effects during the hot com-
posite period, influence the increased burden of absorb-
ing aerosols, both BC and dust, over NW India.

Enhancement in absorbing aerosol abundances dur-
ing high-temperature periods is reported from observa-
tions in previous studies. High pre-monsoon AOD is
reported for northern India along with enhanced BC con-
centrations and presence of a thick dust layer (Das &
Jayaraman, 2011) using multi-instrumental ground-based
observations. Transport of dust from the Thar Desert and
West Asia is linked to increases in pre-monsoon AOD in
this region (Dey et al., 2004). In addition, AOD of scatter-
ing aerosol species were also found to be enhanced dur-
ing the hot extremes in the current simulations. Higher
AOD is also reported during the European heat waves of
2003 and 2006 associated with both urban-industrial
aerosols and long-range transported biomass burning
aerosols and desert dust (Lyamani et al., 2006a).
Enhanced AOD is also reported during the heat waves of
2003, 2006 and 2015 in France, with a diversity in types
of aerosols (Chazette et al., 2017).

Energy added to the atmosphere, manifested as
increases in positive atmospheric radiative forcing, atmo-
spheric radiative forcing efficiency (ratio of the magni-
tude of atmospheric radiative forcing to AOD) and
heating rates, are reported in previous studies during
heat wave events. We compute the net change in the total
downwelling and upwelling radiative forcing at the top of
atmosphere (TOA), at the surface (SUR) and within the
atmosphere (ATM) during the hot extremes and their cli-
matological mean, as shown in Figure 6. It is observed
that enhanced absorbing aerosols, during hot extremes,
are linked with enhanced positive ATM radiative forcing
of 3-12 W-m™2 (Figure 6i), implying greater addition of
energy to the atmosphere. Corresponding TOA and SUR
radiative forcings in Figure (6 a,d) range -(4-9) and
-(10-21) W-m™?, respectively. The ATM radiative forcing

efficiency during hot extremes, calculated here using
AOD at 550 nm, ranges 8-29 W-m>. These magnitudes
of atmospheric forcing and its efficiency are consistent
with the lower ranges of those reported in previous stud-
ies during heat wave conditions. Using simulations from
a regional climate model coupled offline with a
chemistry-transport model, Pere et al. (2011) report an
enhanced positive ATM forcing of + (5-23) W-m™2 dur-
ing the heat wave in August 2003 in Western Europe.
Such enhancements are also reported in radiative trans-
fer calculations using observations. An increase in posi-
tive radiative forcing and enhanced heating rate was
associated with rise in columnar aerosols (Das &
Jayaraman, 2011) in northern India during the pre-
monsoon season. During European heat wave events in
2003 (Lyamani et al., 2006b) and 2015 (Chazette
et al., 2017) magnitudes of ATM radiative forcing about
50 W-m~2 and forcing efficiency about 59 W-m™2 (with
AOD at 670 nm) were estimated. For the European heat
wave of 2015, Chazette et al. (2017) conclude that
enhanced radiative flux trapped in aerosol layers
influenced temperature rise within the planetary bound-
ary layer.

Modelled magnitudes of columnar single scattering
albedo (SSA, at 550 nm), a measure of aerosol absorption,
ranged 0.92-0.97 in the column (not shown). Typical dis-
tributions of measured columnar SSA, during heat-wave
events in Europe were centred about 0.85-0.94 at wave-
lengths between 550 and 670 nm (Lyamani et al., 2006b;
Chazette et al., 2017). Lower SSA values of 0.75-0.80 in
the surface layer, in the composite of the hot extremes
(Figure 7a), indicate a higher abundance of absorbing
aerosols in the surface layer. It may be noted that the
ECHAM6-HAM?2 uses a modal aerosol scheme, which
allows for an accounting of internal mixing of BC and
dust with soluble aerosol species in both accumulation
and coarse modes (Stier et al., 2005), in the SSA and radi-
ative forcing calculations. Modelled SSA are somewhat
higher (less aerosol absorption) for climatological condi-
tions (Figure 7b), compared to those during the hot
extremes (Figure 7a). The net difference in SSA
(Figure 7c) between the hot extremes and climatological
conditions is mostly negative in the region, indicating
greater presence of absorbing aerosols, during the hot
extremes.

Positive atmospheric forcing, or the net gain short-
wave radiation of the atmospheric surface layer, associ-
ated with the presence of absorbing aerosols, leads to
increased positive shortwave heating rate. The average
daytime shortwave heating rate, averaged over all solar
zenith angles, at the surface layer in the model (32 m)
during hot extremes ranged 0.2-0.7-K-day~" (Figure 7d).
It was higher (0.04-0.16-K-day™") in the hot extremes as
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compared to climatological conditions (Figure 7f). It may
be noted that the modelled shortwave heating rate forc-
ing is directly related to aerosol abundance and denotes
the difference in heating rates between an aerosol and a
no-aerosol calculation in the radiative transfer module.
Enhanced levels of absorbing aerosols, during hot
extremes, lead to a negative shortwave radiative forcing
at the surface (Figure 6d-f), much like that from scatter-
ing aerosols. However, in contrast to scattering aerosols,
absorbing aerosols have the additional effect of
radiatively heating the atmosphere. This is reflected in

the modelled increases in shortwave heating rate in the
surface layer. Aerosol-induced radiative heating has been
linked to enhancements in both shortwave heating rate
and surface air temperature (Ban-Weiss et al., 2012;
Pandithurai et al., 2008a). Increases in surface air temper-
ature were related to decreases in SSA (Pandithurai et al.,
2008a) and increases in near-surface BC abundance
(Ban-Weiss et al., 2012). Increases in aerosol absorption
manifested as largest increases in surface air temperature
maxima (Pandithurai et al., 2008a), consistent with links
found here between hot extremes and absorbing aerosols.



International Journal

MONDAL ET AL.

of Climatology

(a) Composite SSA (b) Climatological SSA (c) SSA Difference oo
0.9 0.9 i
r.\"f,;\ S
<
0.85 0.85
0.02
30°N 30°N 30°N
0.8 0.8
0
PO B 075 20N ogs 2N
-0.02
0.7 0.7
10°N \ . 10N 10°N
s 3 )
065 065 004
70°E S0°E 90°E 100°E T0°E S0°E %°E 100°E 70°E S0°E 90°E 100°E
(d) (e) Climatological SWHR (f)
0.9 09 0.25
08 {}:\? 0.8 0.2
07 07 015
30°N 30°N 30°N 04
06 0.6
0.05
05 % 0.5 %
3 0o 3
04 % 04 3
20°N 20°N 20°N 0.05
03 0.3
-0.1
02 0.2 0.15
10°N 01 10°N RLERTEN 02
0 0 -0.25
100°E 70°E 80°E 90°E 100°E 70°E 80°E 90°E 100°E
FIGURE 7 Surface single scattering albedo (SSA) during the (a) hot extremes, (b) climatological mean and (c) their difference. Surface

shortwave heating rate (K-day™") during the (d) hot extremes, (e) climatological mean and (f) their difference

While modelled daily heating rates are averaged dur-
ing the relevant months of the hot extremes and climatol-
ogy, precluding direct comparison with instantaneous
heating rates, it is still useful to understand them in the
context of those estimated from in situ measurements.
Instantaneous heating rates estimated in observational
studies at different locations (Ahmedabad, Udaipur, Tri-
vandrum, Delhi) in India, in the pre-monsoon season,
under typical urban aerosol loading ranged 0.6-
1.3-K-da3f1 (Das & Jayaraman, 2011; Rajeev et al., 2010;
Pandithurai et al., 2008b). Instantaneous heating rates
estimated during European heat wave events, in layers
containing enhanced fire and dust aerosols (Pace
et al., 2005; Chazette et al., 2017), at solar zenith angles of
55-77, ranged 1-2-K-day ™.

Climate effects of dust aerosols over south and East
Asia (Gu et al., 2016), include heating of the air column
which influences synoptic scale circulation changes,
inducing different directions of change in precipitation
based on location. Furthermore, over South Asia, there
were reductions in sensible heat flux and surface temper-
ature during the monsoon months of JJAS, in an
enhanced dust simulation compared to a control.

Enhancements in dust typically enhance shortwave
heating rate at higher altitudes, but not in the surface
layer (Mallet et al., 2009). The current study focuses on
the pre-monsoon, rather than the monsoon season, with
significantly different synoptic circulation, atmospheric
water vapour content and soil moisture, thus, precluding
a direct comparison. Importantly, aerosol-induced short-
wave heating rate increases occur in the surface layer
and at levels up to about 100 m. The additional and per-
haps dominant effect of BC aerosols, along with that of
dust, influence the increases in surface shortwave heating
rates and surface temperature.

4.2.2 | Modulation of surface fluxes

The surface energy balance, in terms of latent and sensi-
ble heat fluxes, influences surface temperature by cooling
and heating, respectively. Aerosol-induced reductions in
ground-reaching radiation can influence these fluxes.
During hot extremes, reduced ground-reaching radiation
(SUR) forcing of -(10-21) W-m~? ) (Figure 6d), and con-
comitantly decreased latent heat fluxes (Figure 8a,c),
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indicate lower evaporative cooling of the surface air layer.
In contrast, higher sensible heat flux in the hot extremes
(Figure 8d, e), consistent with higher land surface tem-
perature (Figure 9a, b), during these periods, implies net
heat flow from the ground to the surface air layer. While
Pandithurai et al. (2008a), estimate lower sensible heat
flux with increasing aerosol absorption, effects of other
factors could lead to increases in sensible heat flux from
temperature increases of the underlying surface, during
extreme temperature events, for example, in the Indus
valley region (Monteiro & Caballero, 2019).

Furthermore, in our simulations, soil moisture during
hot extremes is lower than that during climatological
conditions (Figure 9c), which points to drier soil condi-
tions. The occurrence of high sensible heat flux has been
related to low soil moisture in previous studies on heat
waves in India (Rohini et al., 2016; Ghatak et al., 2017,
Van Oldenborgh et al., 2018). Drier soils imply that the
incoming energy is used in heating the air and increasing
its temperature (Van Oldenborgh et al., 2018). Enhanced
radiative warming of the lower troposphere by the sur-
face due to depleted soil moisture and its impact on high-
temperature extremes is shown with reanalysis data
products (Rohini et al., 2016; Ghatak et al., 2017; Van

Oldenborgh et al., 2018), satellite observations (Panda
et al., 2017), atmospheric model in global retrospective
analysis (Sandeep and Prasad, 2018) and land surface
model simulations (Ghatak et al., 2017).

While soil moisture differences between the hot com-
posite and climatology are minor, there is significant
enhancement in the sensible heat flux. Enhanced sensi-
ble heat flux is also associated with sinking motion of air,
reduced precipitation and clear skies (Rohini et al., 2016),
as well as direct absorption of solar radiation by absorb-
ing aerosols (Dave et al., 2019). It may be noted here that
the differences between sensible and latent heat fluxes,
and the soil moisture, between the hot extremes and cli-
matological conditions is lower than earlier reported
values (e.g., Ghatak et al., 2017). This underestimation
may be attributed to the coarse resolution of the GCM
and the consideration of monthly values rather than con-
sidering a particular heat wave event. Further, it was
shown that the model simulation consistently under-
estimated aerosol abundance (in terms of AOD vis-a-vis
measurements) during the MAMJ season, implying that
this underestimation could be linked to the lower levels
of aerosol influence on surface flux changes, as
manifested here. Nonetheless, the nature of changes in
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surface heat fluxes reported here is consistent with condi-
tions expected during temperature extremes.

5 | CONCLUSIONS

The goal of this work was to understand the association
between aerosols, particularly those of absorbing nature,
and high-temperature extremes in north-central India
during the pre-monsoon season. Simulations from 1981
to 2010, from the chemistry-coupled atmosphere-only
ECHAM6-HAM2 GCM are used. A composite of high-
temperature extremes in our model simulations shows
anomalous anticyclonic conditions with positive geo-
potential height anomalies, enhanced subsidence and
LTS, along with reduced cloud cover and increased solar
radiative heating, identified in reanalysis observations in
previous studies, during heat waves.

We found that absorbing aerosols are associated with
pre-monsoon hot extremes in north-central India. The hot
extremes in our GCM simulations concur with lowered
single scattering albedo and enhanced BC-AOD and Dust-
AOD, compared to climatological conditions, revealing

abundance of absorbing aerosols. This resulted in positive
anomalies in atmospheric radiative forcing and surface
shortwave heating rate, during the hot extremes. The sur-
face energy balance showed simultaneous decrease in
latent heat flux, but an increase in sensible heat flux.
Thus, changes in absorbing aerosol abundance and their
radiative effects, along with those in surface heat fluxes
are consistent with enhanced temperatures.

Our results illustrate an interplay between synoptic
atmospheric dynamics and mesoscale aerosol-induced pro-
cesses that are associated with high-temperature extremes
in north India, which are captured in chemistry-coupled
GCM simulations. To our knowledge, this may be one of
the first studies to link high-temperature extremes in India
to increased abundances of absorbing aerosols (BC and
dust), through an enhancement in shortwave heating rate,
and alterations in surface heat fluxes, consistent with
enhanced surface temperature. This is in contrast to sul-
fate aerosol-induced cooling reported in most other world
regions. Our results emphasize the importance of regional
forcings such as those from absorbing aerosols on the cli-
mate system, particularly in regions which may experience
rising emissions of atmospheric forcing agents such as
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GHGs and aerosols. Traditionally, anthropogenic aerosols
have been linked to air pollution. This work underlines
the need for addressing anthropogenic aerosols in terms of
their synergistic impacts on both climate and air pollution
on regional scales.
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Abstract

Recent studies point to combined effects of changes in regional land-use, anthropogenic aerosol forcing and sea surface
temperature (SST) gradient on declining trends in the South Asian monsoon (SAM). This study attempted disentangling the
effects produced by changes in SST gradient from those by aerosol levels in an atmospheric general circulation model. Two
pairs of transient ensemble simulations were made, for a 40-year period from 1971 to 2010, with evolving versus climato-
logical SSTs and with anthropogenic aerosol emissions fixed at 1971 versus 2010, in each case with evolution of the other
forcing element, as well as GHGs. Evolving SST was linked to a widespread feedback on increased surface temperature,
reduced land—sea thermal contrast and a weakened Hadley circulation, with weakening of cross-equatorial transport of mois-
ture transport towards South Asia. Increases in anthropogenic aerosol levels (1971 versus 2010), led to an intensification of
drying in the peninsular Indian region, through several regional pathways. Aerosol forcing induced north—south asymmetries
in temperature and sea-level pressure response, and a cyclonic circulation in the Bay of Bengal, leading to an easterly flow,
which opposes the monsoon flow, suppressing moisture transport over peninsular India. Further, aerosol induced decreases
in convection, vertically integrated moisture flux convergence, evaporation flux and cloud fraction, in the peninsular region,
were spatially congruent with reduced convective and stratiform rainfall. Overall, evolution of SST acted through a weaken-
ing of cross-equatorial moisture flow, while increases in aerosol levels acted through suppression of Arabian Sea moisture
transport, as well as, of convection and vertical moisture transport, to influence the suppression of SAM rainfall.

Keywords Aerosol-cloud-rainfall interaction - GCM simulations - ECHAM6-HAM - Anthropogenic aerosols

1 Introduction

The South Asian monsoon or SAM is central to the agricul-
tural economy and to water and food security of the South
Asian region (Bookhagen and Burbank 2010; Hasson et al.
2013). Anthropogenic forcing elements that induce changes
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in SAM rainfall development, include greenhouse gases,
aerosols and land-use/land-cover changes (e.g. Krishnan
et al. 2015). Analysis of multi-model simulations from the
Coupled-Model-Intercomparison-Project (CMIP) show
wide inter-model variation in the simulated precipitation
changes over South Asia (Kripalani et al. 2007; Annamalai
et al. 2007; Turner and Slingo 2009; Fan et al. 2010; Saha
et al. 2014; Sooraj et al. 2015), making it difficult to glean a
clear signal of regional hydro-climatic changes (Sabade et al.
2011; Hasson et al. 2013; Held and Soden 2006). Coupled
model simulations report an interplay between thermody-
namic factors such as moisture convergence, and dynamic
processes such as the monsoon circulation, with the former
often dominating the latter (Sooraj et al. 2015). The expected
response to increased greenhouse-gas (GHG) concentrations,
tends to suggest increases in mean monsoon rainfall (Turner
and Annamalai 2012; Ueda et al. 2006; Cherchi et al. 2011;
Kitoh et al. 2013). Such an increasing trend of SAM rainfall
has been found in the response of several models of phase
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5 of the Coupled Model Intercomparison Project (CMIPS5)
(Saha et al. 2014; Menon et al. 2013). Both Salzmann et al.
(2014) and Guo et al. (2015) suggest that CMIP5 models
which include aerosol forcing, show drying rainfall trends
over South Asia, from both reduced hemispheric tempera-
ture contrast, leading to decreased strength of the meridional
circulation, as well as, decreased water vapour availability,
while Guo et al. (2015) further attribute this specifically to
aerosol indirect forcing. Observational studies of the SAM
show significant decline of annual mean precipitation over
the west coast of India and regions of north and east Cen-
tral-India during 1951-2005 (Dash et al. 2009; Ghosh et al.
2009), related to a reduction in the frequency of moderate
rainfall and drizzle events.

Improving our understanding of the influence of anthro-
pogenic forcers on observed decreases in SAM rainfall is an
ongoing endeavour. A major regional signal is the seasonal
and decadal evolution of SST magnitude in the equatorial
Indian Ocean and its north—south meridional gradient. While
annual mean SSTs over the Indian Ocean are highest around
the equator, SSTs over the northern Arabian Sea and Bay of
Bengal warm significantly in the boreal summer, influenc-
ing the development of the South Asian monsoon system.
Anthropogenic drivers such as GHGs and aerosols have
been linked to changes in the meridional north—south SST
gradient. A significant part of the response to greenhouse
gases manifests as warming surface temperature trends, par-
ticularly in tropical SSTs (Guo et al. 2015, 2016). Further,
increases in anthropogenic aerosols weakens the SST gradi-
ent, through decreased downwelling radiation at 10°N-25°N,
with a maximum reduction in the summer monsoon season
(Ramanathan et al. 2005; Ganguly et al. 2012). An independ-
ent warming of the equatorial Indian Ocean SST (IOSST)
through the last few decades, projected to continue through
the twenty-first century (Krishnan et al. 2015), is linked to
a dynamical response of the Indian Ocean to reducing sur-
face monsoonal winds, leading to reduction in upwelling of
deep-ocean cold waters (Swapna et al. 2014; Mishra et al.
2012). This IOSST warming is further linked to weaken-
ing of the summer monsoon cross-equatorial flow, thereby
showing a two-way coupling between changes in IOSST and
the monsoon circulation (Swapna et al. 2014). While the
observed SST trend is dominated by warming in the deep
tropics, simulations with prescribed SST trends wherein the
component from aerosol emissions is removed, found further
warming in the extratropical Northern Hemisphere (NH) that
offsets monsoon weakening (Guo et al. 2016).

The South-Asian region has also experienced signifi-
cant changes in land-use patterns (Paul et al. 2016), leading
to conversion of forest land to agricultural land and wet-
land clearance (Pathak et al. 2017). The roles of land-use
land-cover change was highlighted in leading to an overall
increase in regional planetary albedo (Krishnan et al. 2015)

@ Springer

which reduced precipitation through an albedo-precipita-
tion feedback, required to maintain thermal equilibrium.
Land-use and vegetation changes that lead to suppressed
evapotranspiration could also reduce the recycling ratio and
weaken monsoon rainfall. Further, potential impacts of land
surface feedbacks through evapotranspiration on regional
precipitation variability over Indian subcontinent (Pathak
et al. 2014) act in some periods (i.e., August and September)
especially over the northern India, where recycling ratio is
significant (~25%).

Anthropogenic aerosol forcing is generally linked to a
declining trend in the NH monsoon precipitation in gen-
eral (Polson et al. 2014) and the SAM in particular (e.g.,
Ramanathan et al. 2005; Chung and Ramanathan 2006;
Bollasina et al. 2011, 2014; Ganguly et al. 2012; Salzmann
et al. 2014; Krishnan et al. 2015; Guo et al. 2016). Other
than modification of the SST gradient, the aerosol “direct
effect” acts through pathways including “surface solar dim-
ming” (Ramanathan et al. 2005; Lau and Kim 2017), an
asymmetric cooling of NH or more specifically surface tem-
peratures over Asia (Bollasina et al. 2011, 2014; Guo et al.
2016). This leads to weakening of the overturning Hadley
circulation and vertical wind shear (Ganguly et al. 2012;
Krishnan et al. 2015; Guo et al. 2016). Increased atmos-
pheric stabilization and reduced convective activity through
the aerosol “direct” (Ramanathan et al. 2005) and “indirect”
effects (Cherian et al. 2013) are some of the other known
pathways through which aerosols can influence rainfall.
The inter-hemispheric energy balance change leading to a
weakened monsoon is largely linked to scattering aerosols
like sulphates (Bollasina et al. 2011; Guo et al. 2016), while
convection accommodates positively on daily to monthly
timescales due to radiative effects of absorbing aerosols like
black carbon leading to short-term increases in rainfall (Lau
et al. 2006; Manoj et al. 2011; Ganguly et al. 2012; Vinoj
et al. 2014). Combined effects of regional land-use changes,
anthropogenic-aerosol forcing and equatorial Indian Ocean
warming, along with GHG-forcing, reproduced the recent
declining trends in the SAM (Krishnan et al. 2015). The
high-resolution simulations with prescribed aerosol optical
depth authentically captured responses to aerosol “direct”
radiative effects. Importantly, the need to better understand
“indirect” effects of aerosols on altering cloud properties
and rainfall (Guo et al. 2015, 2016) and the need to decouple
different anthropogenic forcing elements has been recently
highlighted.

As discussed, a prominent warming of observed recent
SST trends in the western Indian ocean (Roxy et al. 2015),
is independent of aerosol effects, and has been linked
to GHG forcing of tropical SSTs (Guo et al. 2016) or a
reduction in upwelling of deep-ocean cold waters (Swapna
et al. 2014), because of weakening of the summer mon-
soon cross-equatorial flow. These studies suggest an
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independence of SST and aerosol forcing. In this study
the interplay among different forcing elements is exam-
ined through disentangling the influence of changes in sea-
surface temperature and anthropogenic aerosol emissions
on recent changes in SAM rainfall. We use a state-of-the-
art global climate model (ECHAM6-HAM), wherein the
HAM module dynamically predicts the composition and
size distribution of aerosols, which is interactive with the
meteorology, internal mixing, and direct as well as indirect
radiative effects. Internal variability, or the spread around
the ensemble mean, is often enhanced in ocean—atmos-
phere coupled model studies (e.g. Li and Xie 2014; Infanti
and Kirtman 2017), compared to that in AGCM studies,
and has been linked to differences in simulation of surface
energy fluxes (Infanti and Kirtman 2017). This makes it
difficult to discern responses to specific forcing, like those
from anthropogenic aerosols. Therefore, in several pre-
vious studies addressing aerosol effects on precipitation
(Ganguly et al. (2012); Guo et al. (2016); Krishnan et al.
(2015)), simulations were made with an AGCM, using
prescribed sea surface temperature. Such experiments
typically serve to identify mechanisms or pathways of
response to different forcing elements, which is the focus
of this work. In this study, contrasting a pair of simulations
uses identical forcing from SST and GHGs, but differ-
ing aerosol emissions levels (1971 versus 2010) produced
enhanced drying (Fig. 6a, b) at 90% confidence level over
the peninsular region. Moderate resolution simulations
were made (T63, or 1.8°x1.8°), to avoid strong limita-
tions of coarse-resolution models in representing regional
processes. We choose to run a suite of transient simula-
tions, with three ensemble members, to retain non-linear
interactions among different feedbacks to the imposed
forcing. A recent period of 1971-2010 was simulated
with prescribed evolving and climatological sea surface
temperature datasets and varying aerosol emissions. Rapid
industrial and population growth in India took place post
the 1980s; therefore, anthropogenic aerosols were fixed to
1971 and 2010 levels, and also used in evolving mode. To
focus on effects of SST and aerosols, evolving forcing by
SST and aerosols is used, while a fixed land-use land-cover
scheme (Raddatz et al. 2007) is used, compatible with the
relatively coarse model resolution.

The paper is organized as follows: In Sect. 2, we
describe the ECHAMG6-HAM model overview, simulation
setup and observation datasets used to analyze the results.
In Sect. 3, we present the validation of the model with
observations. In Sect. 4, we present the results of effects
of meridional thermal gradient and anthropogenic aero-
sols, each at fixed and evolving levels, on recent trends in
South Asian monsoon rainfall, along with understanding
of underlying mechanisms. Our conclusions are presented
in Sect. 5.

2 Description of datasets and model
2.1 Datasets (observations)

The daily Level 3 moderate-resolution imaging spectro-
radiometer (MODIS) (collection V005) global 1°x 1°
gridded aerosol optical depth (AOD) at 550 nm from
both Terra (approximate local overpass time at about
10.30 local solar time (LST)) and Aqua (overpass at
13.30 LST) satellites was averaged to obtain daily aver-
age and ground based observations from Aerosol Robotic
Network (AERONET) at Kanpur (26.5°N, 80.2°E) and
Pantnagar-Gandhi College (25.9°N, 84.1°E), used to
evaluate the model-simulated AOD from 2001 to 2010.
The daily mean rainfall data (0.25° % 0.25°) product (Pai
et al. 2014) provided by the India Meteorological Depart-
ment (IMD) is also used to evaluate the model-simulated
precipitation fields over the Indian region. We also use
the observed gridded (0.5° % 0.5°) monthly precipitation
dataset during 1971-2010 from Climate Research Unit
(CRU, Harris et al. 2014). Absorbing Aerosol Index (AAI)
data were from the Total Ozone Mapping Spectrometer
(TOMS, 1°x1.25°) for 2001-2004 (Herman et al. 1997)
and the ozone monitoring instrument (OMI, 1°x 1°) for
2005-2010 (Torres et al. 2007), as per their availability
and we interpolated the OMI dataset on the TOMS grid
(i.e. 1°x1.25°). The MOD16 global evapotranspiration
dataset (0.5°x0.5°, Mu et al. 2011) from 2000 to 2010 was
used to evaluate the model-simulated evapotranspiration.

2.2 Brief description of ECHAM6-HAM GCM

The model ECHAMBS is the sixth generation general circu-
lation model (GCM) of the Max Planck Institute for Mete-
orology in Hamburg, Germany. The original model code
belongs to the European Centre for Medium Range Weather
Forecasts (ECMWF) (Roeckner et al. 2003). The version of
ECHAMG6-HAM used in this study (ECHAMS6.1-HAM2.2)
has been described in Neubauer et al. (2014). The model
solves the primitive equations for the divergence, vorticity,
temperature and surface pressure. The vertical coordinates
of the model use the sigma-pressure levels in the lower trop-
osphere and the pressure levels in the middle and the upper
atmosphere (Giorgetta et al. 2006; Manzini et al. 2006). The
radiative transfer model used in ECHAMG is an updated ver-
sion of the rapid and the accurate radiative transfer model
(RRTM). It contains the shortwave (SW) and longwave
(LW) radiative schemes based on 14 spectral bands in the
SW and 16 spectral bands in the LW (Giorgetta et al. 2012).

The ECHAMG6 model uses the JSBACH (Raddatz et al.
2007) land vegetation model which computes land-surface
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albedo, including a consideration of the snow on soil,
bare surfaces, the canopy effect and the forest masking
(Brovkin et al. 2013), along with carbon storage from pho-
tosynthesis. The ECHAMG6 setup used for this work uses
the aerosol microphysical core M7, the aerosol module of
the HAM model, estimating a multi-modal aerosol size-
distribution with seven log-normal modes and a prescribed
variance (Vignati et al. 2004). Five internally and exter-
nally mixed components: sulfate, black carbon, particu-
late organic matter, mineral dust and sea salt aerosol are
resolved with an internal mixture of soluble and insoluble
compounds in the soluble modes, but external mixing in
the insoluble mode.

2.3 Simulation setup and approach

In this study, we perform a suite of long-term transient simu-
lations to separately understand the effects of recent changes
in the magnitude and north—south gradient of SSTs and aero-
sol levels on the SAM by performing experiments using both
fixed and evolving patterns in both forcing elements. Here,
simulations under four set-ups, each with three ensemble
members, were made during 1971-2010 (40 years) using a
spin-up of 3 years (Table 1). The three ensemble members
were generated by slightly perturbing model parameters, by
about 0.01%, related to coefficients for horizontal diffusion
for divergence, vorticity, and temperature. A pair of simula-
tions, to understand the SST effect, contrast evolving versus
climatological sea surface temperature (EqgrE,ro+Grg and
CsstEaerorgrg)» While other forcing elements, i.e., aerosols
and GHGs are used in an evolving mode. A second pair of
simulations, to understand the aerosol effect, uses a high
and low level of anthropogenic aerosol emissions (at 2010
and 1971 levels) while using evolving forcings of SST (from
AMIP observations) and GHGs.

Evolving observed SST and sea ice concentration (SIC)
were prescribed using the monthly varying Atmospheric
Model Intercomparison Project (AMIP) data sets. Evolv-
ing annual mean GHG concentrations from the datasets of
International Institute for Applied Systems Analysis (IIASA;
http://www.iiasa.ac.at/web-apps/tnt/RcpDb/) are prescribed.

Evolving aerosol emissions, based on the AEROCOM emis-
sion inventory from 1971 to 2010 (Dentener et al. 2006)
are used along with prescribed land-surface properties.
Global fire emission data (GFED) were used for forest
burning emission sectors. Volcanic emissions of SO, are
included (Andres and Kasgnoc 1998). Dust and sea salt
emissions were calculated online (Tegen et al. 2002) using
the ECHAMG6 10 m wind speed. Models with interactive
aerosol schemes (Wang et al. 2009; Cowan and Cai 2011;
Bollasina et al. 2011; Ganguly et al. 2012) allow the changes
in model meteorology to feedback onto their predicted aero-
sol distributions and in return, calculate the radiative effects
of aerosols on the atmospheric dynamics. Importantly, the
ECHAMG6-HAM?2 model uses a stratiform cloud parameteri-
zation which is explicitly linked to aerosols (Roeckner et al.
2003; Lohmann et al. 2007), thus calculating the aerosol
indirect effect on cloud drop size, number concentration and
the effect on precipitation formation is parameterized and its
consequent effects on SAM rainfall.

3 Comparison with observations
3.1 Aerosol optical depth

We evaluate the skill of the model in estimating key vari-
ables including aerosol levels and precipitation. The spatial
distribution of annual mean AOD climatology averaged
over 10 years (2001-2010), using the base case simulation,
with all evolving anthropogenic forcings (EggrE, ero+6rg) 18
compared with MODIS-derived Terra and Aqua satellite
combined AOD values (Fig. 1a, b). The model broadly cap-
tures AOD distributions over the Indo-Gangetic plains (IGP)
and Indian subcontinent (Fig. 1a, b). There is significant
underestimation in high AOD regions of the IGP (Auxiliary
Fig. A1), but satisfactory agreement over the rest of India.
The average bias over land points of India shows mean nor-
malized bias (MNB)=—0.31 and root mean square error
(RMSE)=0.14 indicates modest underestimation of AOD
within levels seen in previous studies (Ganguly et al. 2012).
Increasing trends in AOD during 2001-2010 in the region

Table 1 Summary of simulation setup and emission data sets used in this study

Experiment name

Simulated setup

Evolving sea surface temperature, evolving aerosols and GHGs from
1971 to 2010 (EgsrE,cro+6HG)

Climatological sea surface temperature, evolving aerosols and GHGs
from 1971 to 2010 (Cgg1E,er04GHG)

Evolving sea surface temperature, GHGs and high aerosols fixed at 2010

(ESST+GHGHaem)
Evolving sea surface temperature, GHGs and low aerosols fixed at 1971
(ESST+GHGLaer0)

Emissions: evolving anthropogenic aerosols BC, OC, and SO,

(AEROCOM); evolving annual mean GHGs

Forcings: fixed land surface properties; evolving SST/SIC (AMIP)
Prognostic emissions: DMS, Dust, and Sea Salt
Model simulations: 1971-2010, 3 years spin-up, three-member

ensemble

Climatological SST: monthly varying 1979-2008 average
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(70°-90°E, 10°-28°N, Fig. 1a) reported in recent studies
(e.g. Krishnan et al. 2015), show reasonable agreement with
those in MODIS observations (Fig. 1c). Direct comparison
of in-situ measurements (AERONET) with spatially aver-
aged satellite detection or model output is often fraught with
uncertainty. Further, the modelled meteorology in transient
model simulations may not faithfully represent the actual
meteorological conditions during the measurement period.
With these caveats, the modelled seasonal cycle in monthly
mean AOD (Fig. 1d), fails to capture wintertime highs dur-
ing October to February (ONDIJF) in both satellite retrievals
from MODIS and ground based observations from AER-
ONET at sites in the Indo-Gangetic plains including Kanpur
(26.5°N, 80.2°E) and Pantnagar-Gandhi College (25.9°N,
84.1°E), indicating low modelled anthropogenic aerosols.
A similar model underestimation in the premonsoon for
March-May (MAM) season indicates possible deficiencies
in modelled dust. A qualitative comparison of the spatial pat-
terns of aerosol index from TOMS and OMI during MAM
(2001-2010 mean) with modelled dust burden (Auxiliary
Fig. A2a) for the same time period, indicated model under-
estimation in dust burden over the Indo-Gangetic plains and
the Taklamakan desert, but an overestimation of dust over
the Caspian Sea and East Asian regions (Auxiliary Fig. A2b,
¢). Overall, satellite observations indicate a large influx of
desert dust from the western arid and desert regions of West
Asia, North Africa, and Thar (Rajasthan, India) during the
pre-monsoon season (Dey et al. 2004; Dey and Girolamo
2010), which appear to be underestimated in the model. Fur-
ther, a possible high bias in model relative-humidity based

aerosol growth factor, at larger RH levels, could lead to
enhanced water uptake in the monsoon season, thus leading
to possible overestimation of modelled AOD during JJAS.

3.2 Precipitation

Modelled rainfall in the base case EggrE,1o.gHg Simula-
tion, is compared with observations. The seasonal cycles in
rainfall, on two scales, over the monsoon region (70°-90°E,
10°-28°N) and over peninsular India (70°-90°E, 10°-20°N)
are evaluated against observation from IMD (Pai et al. 2014)
and CRU (Harris et al. 2014), during 1971-2010 (Fig. 2).
IMD gridded rainfall data are derived from daily rainfall
records from 6995 rain-gauge stations over India, while
CRU data are from monthly observations at meteorologi-
cal stations across the world’s land areas in which station
anomalies are interpolated into (0.5° % 0.5°) grid cells cov-
ering the global land surface. The seasonal cycle of rainfall
is captured by the model, over both the monsoon region and
peninsular India, while its mean magnitude is somewhat
underestimated in July, August and September, in the mon-
soon region (Fig. 2a) but more in the peninsular regions
(Fig. 2b).

Overall, the spatial distribution of mean model-simu-
lated precipitation (mm day~!) broadly captures both the
IMD-observed patterns over Western Ghats and north east
region including the Himalayan foothills (Auxiliary Fig.
A3), but underestimates continental precipitation compared
to IMD observations. Trends in modelled rainfall (Figure
A6) for the EggrE, o+ GHg €Xperiment, with all time-varying
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Fig.2 Seasonal variability of precipitation (mm day™') over a Monsoon region (70°E-90°E, 10°N-28°N), b Peninsular region (70°E-90°E,
15°N-22°N) averaged over the Indian land-points from IMD, CRU and EggrE,c10+Gug

forcings closest to real conditions, show a fair agreement
over peninsular India with drying trends over the western
Ghats and western Deccan plateau similar to IMD and CRU
observations. However, fine spatial features of increasing
precipitation trends in the eastern peninsula, are not cap-
tured, because of the relatively coarse model resolution. This
agreement provides confidence in use of the simulations to
study underlying mechanisms, a primary goal of this work.
Model skill in estimating the relative contribution of convec-
tive and stratiform rainfall, was evaluated compared to the
Tropical Rainfall Measurement Mission (TRMM) observa-
tions (Pokhrel and Sikka 2013) averaged during June—Sep-
tember (JJAS) over Indian mainland (Auxiliary Table Al).
A 45:55% proportion in stratiform:convective rainfall in the
measurements as found in TRMM, is captured quite faith-
fully by the modelled rainfall, with values quite close to
absolute rainfall amounts in the TRMM observations (Aux-
iliary Table Al).

Observational SAM rainfall datasets show differences
among them, with CRU showing lower rainfall amounts
compared to IMD over central-east India and the Ganga
plains (Auxiliary Fig. A3a, b), consistent with previous stud-
ies. The spatial distribution (Auxiliary Fig. A3c) of seasonal
mean model-simulated precipitation (mm day~') broadly
captures both the IMD (Auxiliary Fig. A3a) and CRU (Aux-
iliary Fig. A3b) observed patterns over Western Ghats and
North-East regions. Largest differences between model sim-
ulation and measurements, in terms of spatial distributions
of MNB and RMSE (Auxiliary Fig. A4), are found in the
Indo-Gangetic plain and northwest India. The averaged val-
ues over the monsoon region (MNB =—0.34, RMSE=5.3,
IA =0.71; units for MNB and RMSE are mm day_l) are
higher than over the peninsular region (MNB =-0.10,
RMSE =5.3, IA=0.54) region. The model simulates the
broad features of precipitation in the SAM region and
has an agreement with the observed precipitation, in the

@ Springer

Ess7E, cro+GHG Simulation, which uses all evolving forcings.
Enhanced mean precipitation in central India and parts of
the east coast, which occur in observations is not captured
by the model. However, the orographic rainfall high over the
Western Ghats and the eastern Himalayas are captured well.
Further, modelled precipitation in peak monsoon months
of July and August shows good agreement with IMD over
the peninsular Indian region (MNB =—0.10, R value=0.57)
allowing interpretation of the response of the features to
aerosol forcing over peninsular India. Thus, there is model
underestimation of rainfall over the IGP and the northwest,
better agreement with observations in the peninsular region,
but overestimation over the Western Ghats and Himalayas.
The results are broadly consistent with a dry bias reported
over northern parts of India in most of CMIP5 models due
to internal variability (Salzmann et al. 2014).

The ECHAMS coupled model, evaluated as part of mod-
els used in the CMIP5 suite (Sperber et al. 2013) showed
some deficiencies in the onset, peak, withdrawal and dura-
tion of the Asian monsoon. However, it showed reasonable
skill is reproducing the Indian monsoon interannual variabil-
ity and boreal summer intraseasonal variability. A deficient
representation of the tilted band of convection was noted,
from replacement or changes to condensation or radiation
schemes, post ECHAMA4. A study comparing ECHAM4
with ECHAMS5-HAM (Lohmann et al. 2007), indicated that
coupling the size-resolved aerosol microphysics scheme to
a double-moment stratiform cloud microphysics scheme,
improved prediction of stratiform cloud properties including
cloud water, ice and hydrometeor concentrations. Introduc-
ing aerosol effects into GCMs can be done through an on-
line, coupled aerosol microphysical module which ingests
aerosol emissions (like with ECHAM-HAM)), or by prescrib-
ing time-varying 3-dimensional concentrations of natural
aerosols (e.g., sea-salt, dust) and anthropogenic aerosols
(e.g., sulfates, black carbon, particulate organic matter),
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their optical properties or their radiative forcing (Taylor
et al. 2012). Some studies indicate that differences in GCM
simulations between prescribed aerosol fields versus inter-
actively computed aerosols have little impact in terms of
radiation and radiative forcing, for example in the LMDZ
atmospheric model (Déandreis et al. 2012). However, the
ECHAMG6 model, used in this study, is yet to be evaluated in
the framework of the CMIP. Further, during August and Sep-
tember, it is suggested that recycled precipitation, or mois-
ture released to the atmosphere through evapotranspiration,
has a significant influence on rainfall magnitude, especially
in parts of north-central India (Pathak et al. 2014). Most
general circulation models are vulnerable to an underestima-
tion of rainfall over the monsoon region of south Asia, for
reasons discussed above, also observed in CMIP5 studies
(Sperber et al. 2013). EqsrE, o0+ gug model simulation under-
estimates rainfall over the central India and parts of the east
coast, partly explained as the deficiency of the model in sim-
ulating evapotranspiration (Fig. A5), compared to MODIS
measurements, with strong underestimation in June, July and
August, but better agreement in the other months. While
further analysis of the details of the land-surface scheme and
underlying mechanisms that affect evapotranspiration lies
beyond the scope of this work, this could be a contributing
factor to modelled rainfall underestimation.

Internal variability, as the standard deviation of the
precipitation trends for the all forcing run EggrE, . o+GHG
following literature (Salzmann et al. 2014), is found to be
significantly lower (0.20 mm day~' (40 year)~!) than the
drying signal (— 1.93 mm day~!(40 year)™"), averaged over
the monsoon region, indicating that precipitation response to
the different forcings considered is emerging as significant.

Non-linear feedbacks of aerosol forcing, may occur
because of reduced evapotranspiration, leading to enhanced
temperatures and wind speeds, which could further affect
levels of dust aerosols (Guo et al. 2016). No significant
difference was found in climatological mean dust AOD,
between simulations made with all forcing and those at
different aerosol levels: evolving aerosols [EggtE,c0+6HG
(0.039 +0.024), high aerosols Eqgr. grgHaero (0.037 +0.023)
and low aerosols Egqr, grgLlaero (0-039 +0.022) (two-sided
t-test p<0.05)]. This suggests limited evapotranspiration
effects on dust aerosols in the different experiments. Non-
linear feedbacks, between aerosol and GHG forcing (Ming
and Ramaswamy 2009), showed a precipitation decrease
greater than the sum of separate GHG and aerosol effects, in
the northern hemisphere. To examine non-linearity between
the aerosol and SST forcing in these simulations, the average
monsoon trend in the all forcing experiment is compared to
the sum of those from evolving aerosols (fixed SST) and
evolving SST (fixed aerosols at 1971), over the Indian land
areas (70-90°E, 10-28°N). Contrary to opposing responses
to GHGs and aerosols, the response to both SST and aerosol

evolution is a drying. The trend in the all forcing experiment
was suppressed (EsstEqerorcng == 1.9+0.63 mm day™'
(40 year)™!) when compared to the sum of the individual
forcing experiments (E,.;,,gugCsst=—0.042+0.37 mm
day~! (40 year)™!, Egr, gugLaero = — 2-36 £0.65 mm day ™'
(40 year)™!, Sum=—2.4+0.75 mm day ! (40 year)™!), how-
ever, is not significant with p-value =0.48.

In further discussion of rainfall changes and underly-
ing mechanisms, an analysis was first carried out month by
month, which showed marked differences between contrast-
ing simulations in July and August, but relatively insignifi-
cant differences in the other months. Since the model set-up
uses transient simulations for a somewhat short period of
40 years, it is expected that response signals may not be
adequately strong. Noting that the peak monsoon period is
also in the months of July and August (Dash et al. 2009,
2013), it was decided to base further analysis on contrasts
in rainfall during July and August.

4 Results and discussion
4.1 Rainfall response to SST changes

In the base-case EggrE,.0+GHg Simulation, the SST evolves
according to the AMIP observational dataset, which, over
the period of 40 years from 1971 to 2010, shows basin
wide warming (8°S-2°N, 60°E-90°E) in the Indian Ocean
(Fig. 3a), whose trend is in excess of the global-warming
signal (Krishnan et al. 2015). The AMIP observed SST used
in the base-case simulation shows a decadal evolution of the
meridional gradient in the July—August months (Fig. 3b),
showing the greatest warming of ~ 1 °C between 5°S—7°N
between 1971 and 1980 and 2001-2010. The meridional
SST gradient (between 10°N—25°N and 0°-15°S) reduces by
about~ 1 °C, between these decades, from cooling of SSTs
in the northern belt, attributed to aerosol forcing (Ramana-
than et al. 2005) along with warming of SSTs in the southern
belt, attributed to equatorial Indian ocean warming (Roxy
et al. 2015; Krishnan et al. 2015).

The SST forcing used in the climatological SST simu-
lation (Cgg7E,cr0+GHg» averaged from 1979 to 2008 years),
reflects both southern Indian Ocean warming and northern
aerosol surface cooling signals and is closer to a present
day SST state, but invariant from year to year. The precipi-
tation response in the CgqgrE, .. gug sShowed a decreasing
trend in northern India and further north (Fig. 4a), along
with increasing trends over central India and the penin-
sular region. A decrease over the Western Ghats was not
seen. In contrast, in the EqyrE, 0+ (Fig. 4b) simulation,
a decreasing trend in SAM rainfall was manifested over
most of India, with a pronounced decrease over the West-
ern Ghats, which is exerted over a greater spatial extent,
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Fig.3 a SST trend [°C (40 years™')] during peak summer monsoon
months of July—-August for the years 1971-2010 in EggrE,.;o16HG
simulation shows basin wide warming (8°S—2°N, 60°E-90°E) in the

possibly because of the relatively coarse resolution of the
model, which does not resolve well the sharp gradients in
topography of the Western Ghats.

The climatological SST forcing used here is similar to the
SST-observation forcing (Guo et al. 2016), from AMIP SSTs
for a similar period (1976-2005), used in simulations with
the HadGEM2 AGCM model. The SST-observation equilib-
rium simulation (Guo et al. 2016) in the HadGEM2 AGCM
model produced a decrease in rainfall over the Indo-Gangetic
Plain and Western Ghats, but not over the central India and
the peninsular region. However, there is a difference in the
forcings applied between the equilibrium simulation Guo
et al. (2016), in which all other forcings (GHG and aerosol)
are held at pre-industrial levels, and our Cgg7E, 04 GHG Simu-
lation, in which there is an evolution of GHGs and aerosols
from 1971 to 2010. Atmospheric response to emission evo-
lution of aerosols and GHGs, not coupled in this simula-
tion to SST (Fig. 4c), when compared to evolution of SST
(Fig. 4d), appears to have a weaker feedback on land-sea
temperature contrast and the overturning circulation.

4.1.1 Mechanisms underlying SST influence on rainfall

Underlying mechanisms influencing differences in rain-
fall response between the CqgrE, . 0+6Hg a1d EgstE cro+GHG
simulations were further examined. The change in SST in
the EqgrE, cro+GHgs 1€d to a widespread feedback on sur-
face heating (2-m temperature; Fig. 4 c, d), compared to
the CygrE, cr0+Grg Simulations. Trends in 2-m temperature
over all of South Asia show increases of 1-3 °C over the
40-year period, with strongest surface heating over the
southern Indian Ocean and a degraded land—sea thermal
contrast (Fig. 4d). However, in the climatological SST
simulation, a mixed feedback leads to surface cooling up
to — 1 °C in northern parts of the subcontinent (Fig. 4c),
along with distinct land—sea thermal contrast, particu-
larly related to the Arabian Sea and western Indian ocean.
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Climatological SST (Fig. 4e), induces a more uniform
basin-wide increase in mean sea level pressure (MSLP),
over both southern and northern Indian Ocean and the
Indian landmass. However, evolving SST feedback in the
EqstEsero+gug Simulation produces an increase in MSLP
over the northern latitudes, but a reduction (Fig. 4f) in
MSLP over the equatorial Indian Ocean. This is accom-
panied by a weakening trend of MSLP gradient (Fig. 4f)
along the transect of the monsoonal flow. The surface
temperature and the sea-level pressure changes, together
weaken the cross equatorial flow towards Indian land mass
and reorient the westerlies along the low MSLP over the
Equatorial Indian Ocean (Fig. 4f), leading to an overall
trend towards a dominant easterly flow which is related to
rainfall reduction.

In a large-scale effect, the normal overturning Hadley-
type circulation during the SAM has warm and humid air
rising over most regions north of the equator with a sinking
branch south of the equator (e.g. Meehl and Arblaster 2002).
Changes in vertical velocities are caused by gain or loss
of energy by the atmospheric system, mostly through dia-
batic heating or cooling processes. In both simulations,
there is a slowdown in the trend of the overturning circu-
lation (Fig. 4g, h), averaged over 60°E-100°E. However,
the EqgrE,o0+gHG Simulation (Fig. 4h) shows a clearer slow
down with a broad ascending branch over the equatorial
region (10°S—-10°N), a response to tropical SST warming,
along with a subsiding branch over most of the extent of
the Indian subcontinent (5°N-30°N). In contrast, in the
climatological SST simulation (Fig. 4g) the ascending and
descending branches break up, with mixed behaviour over
the equatorial and south Asian regions, indicating a weaker
trend in slow down of the meridional circulation, in the cli-
matological SST forcing CggrE,c;04Grg Simulation. These
results are broadly consistent with the precipitation response
to late-twentieth SST forcing both in transient (Krishnan
et al. 2015) and equilibrium (Guo et al. 2016) simulations.
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Fig.4 Trend during peak sum-
mer monsoon months of July—
August for the years 1971-2010
in CggrE, 104 gug (left column)
and EggrE,ero1.gug (right
column) a, b Precipitation [mm
day‘1 40 years‘l)], c,d2-m
Temperature [°C (40 years’l)],
e, f MSLP [hPa (40 years™")]
with winds [m s~! (40 yea.rs_l)]
at 850 hPa and g, h meridional
circulation [m s™'] averaged
over 60°E-100°E, where verti-
cal velocity change [hPa day™!
(40 years™")] is also shown as
shaded background
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4.2 Rainfall responses to aerosol increases

To understand the regional effects of anthropogenic aerosols,
a pair of simulations at different anthropogenic aerosol levels
of 1971 and 2010 was made, denoted by Eqgr, grgLlaero and

40°N 20°S 0° 20°N  40°N

—10 m/s

EgsrigrgHaero respectively. These included evolving forcing
from SSTs and GHGs during the period in transient mode.
We chose to retain a mix of anthropogenic emissions of the
near-past and present day, rather than to perturb individual
aerosol species, to attempt to capture more realistic recent
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changes. Further, this pair of simulations allows isolation of
effects of aerosols exerted through atmospheric accommoda-
tions including both direct and indirect effects, disentangling
them from the effects exerted through SST changes. Results
of the simulations are presented as differences between
the Eggr, grcHaero a0d EggrygrgLlaero €nsemble means, of
variables involved in feedback processes. Model ingested
AEROCOM emissions (Dentener et al. 2006) of SO,, BC
and OC, were 4, 1.5, 1.3 times greater, respectively, in 2010
than in 1971 globally, while they over India they were 5.2,
2.1, 1.5 times greater, respectively. The influence of chang-
ing aerosol emissions on mean AOD magnitude and its com-
position, in Eggr, grgHacro and Egsr, gL aero Simulations, is
discussed in a following section. As mentioned earlier, the
analysis is based on differences during the peak monsoon
months of July and August.

Differences, analyzed for July and August, between simu-
lations using 1971 and 2010 aerosol emission levels, show
an overall anthropogenic AOD increase of 130% (Fig. Sa),
with an increasing fraction of black carbon (BC). Mean
AOD from anthropogenic aerosols increased about 40-60%
for sulphate (Auxiliary Fig. A7a) and organic carbon or OC
(Auxiliary Fig. A7b), treated as purely scattering species

aero

(b)

in the model, with largest increases over much of north-
ern India. BC AOD increased much more with over 100%
increases over most of south Asia (Auxiliary Fig. A7c).
The increases in BC AOD, especially over north India, are
from residential cooking and heating emissions using bio-
mass fuels, in the densely populated Indo—Gangetic Plains.
BC lifetime is influenced by assumed state of hygroscopic
or hydrophobic nature (Reddy and Boucher 2004). The
ECHAM model assumes BC treated as 80% hydrophobic
and 20% hydrophilic with an e-folding time of about 24 h
(Hendricks et al. 2004), making it less susceptible to wet
deposition than hygroscopic sulphate and OC. These aero-
sol changes induce both radiative and cloud microphysical
effects as discussed below.

Increased aerosol levels between 1971 and 2010, pro-
duce simulated changes in model-simulated clear-sky short-
wave radiation fluxes during July and August (Fig. 5b) of
—1 to —3 Wm™2 over Northern and Central India, with
increased atmospheric forcing of 2 to 5 Wm™2 (Fig. 5d)
with clear highs over the Indo-Gangetic plains. Changes in
surface downwelling radiation from “direct” aerosol forc-
ing (Fig. 5¢) range between —2 and —7 Wm™2 while that
from “indirect” forcing (Fig. Se) range between — 1 and —4

(c)

40°N

20°N

20°S

(d)

40°N

20°N

in a
AOD anthropogenic, b DARF at TOA (Wm™2), ¢ DARF at surface
(Wm™2), d DARF in atmosphere (Wm™), e IARF at surface (Wm™?2),
and f Evaporation (mm day~!) during peak summer monsoon months
of July—August for the years 1971-2010. DAREF is the Net Shortwave

Fig.5 Difference between Eggr,gugHauero and Egsrigugle

aero

‘aero
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flux under clear sky conditions with aerosols minus without aero-
sols. DARF for atmosphere is calculated as the difference of DARF
at TOA and the DARF at the surface. IARF is calculated for cloudy
sky conditions
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Wm™2. Both direct and indirect aerosol forcing thus sig-
nificantly contribute to reducing ground reaching radiation,
while absorbing aerosols like black carbon influence positive
atmospheric radiative forcing, which are spatially prominent
over north India. These values of aerosol radiative forcing
are quantitatively consistent with previous modeling studies
of aerosol radiative forcing over the Indian summer mon-
soon region (Padma Kumari and Goswami 2010; Pandithurai
et al. 2012). Perturbation of radiation fluxes by the anthro-
pogenic aerosol reduces ground reaching radiative fluxes
causing surface dimming and decrease in evaporation over
these regions (Fig. 5f).

4.2.1 Circulation, moisture convergence and dynamical
changes

Aerosol influence in these simulations manifests as an
intensification of the drying trend in SAM rainfall in the
peninsular Indian region (Fig. 6a), using 2010 emission lev-

els of aerosols (termed Eggr, grgHaero)» compared to 1971

Fig.6 Trend [mm day~! (40 (a)

emissions (termed Egqr, grglaero: Fig. 6b). During the peak
summer monsoon months of July and August, the trend in
precipitation over the subcontinent was negative, with spa-
tially prominent decreases over a band in the Indo—Gangetic
plains and north—east India, as well as a region in the penin-
sula and over the Western Ghats. In the simulation with high
aerosols, the entire peninsular region showed a widespread
decrease in rainfall (Fig. 6a), significant at the 90% confi-
dence level. Simulations with low aerosol levels (Fig. 6b)
also show a decrease in rainfall over the same regions, but
lower levels of decrease over a narrower area around the
Western Ghats (Fig. 6b), with statistical significance. The
change in mean rainfall (Fig. 6¢) induced by the different
aerosol levels is spatially non-uniform, with increases in
the northern region, but decreases in central and peninsular
India, however with some increase south of 10°N, and in
the Bay of Bengal. Decreases in rainfall over the central
and peninsular India, as a difference of mean modelled val-
ues between 2010 and 1971 aerosol emission levels, range
10-20% of the 1971 mean values.

years™!)] in precipitation a
ESST+GHGHaer0’ b ESST+GHGLaer0 40°N
(Stipples indicates signifi-

cant at 90%), and difference
between Eggr, grgHaero and
EgsriGrgLaero 1N € Precipitation
(mm day~!), d 2-m temperature
(°C), e Precipitation (mm day™") 0°
with winds (m s™") at 850 hPa

and f meridional circulation,
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where v (m s ) is the meridional 20°8
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the vertical velocity averaged (c)
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velocity change is also shown as
shaded background over Indian
subcontinent, during peak sum-
mer monsoon months of July—
August for the years 1971-2010
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Increased aerosol levels act through a surface tempera-
ture cooling over the Indo-Gangetic plains (Fig. 6d), simi-
lar to responses seen in earlier studies, which is related to
aerosol-induced reduction in ground reaching radiation. The
enhanced aerosol forcing also influences responses in wind
vectors at 850 hPa level over Indian subcontinent (Fig. 6e)
with differences between simulations at 2010 and 1971 aero-
sol levels, showing a cyclonic circulation in the Bay of Ben-
gal (Fig. 6e) and an easterly flow over central north India and
peninsular India, opposing the monsoon onflow.

Further, in a dynamical effect, a slow-down of the
overturning Hadley circulation was evident in the present
simulations, wherein differences between simulations
made with high and low aerosol levels (Eggr, grngHaero and
EsstrgrGLero cOrresponding to 1971 and 2010 emissions,
respectively) averaged over 60°E—100°E (Fig. 6f) shows
weakened Hadley cell with a rising branch south of 5°S and
sinking north of 10°N, with decreases in ascending motion at
locations in 20°N—30°N. This is consistent with studies that
have suggested a link of anthropogenic aerosols to weakened
monsoon circulation during recent decades (Menon et al.
2002; Ramanathan et al. 2005; Lau et al. 2006; Meehl et al.
2008; Bollasina et al. 2011; Ganguly et al. 2012; Sanap et al.
2015). Since SST and GHG forcings were held identical
in simulations with differing aerosol emissions, the mod-
elled slow-down of meridional circulation can be attributed
to increases in aerosol abundance between 1971 and 2010.
Comparing to the effect of SST evolution on Hadley circula-
tion change (Fig. 4h), the effect of aerosol increases (Fig. 6f)
was weaker with slow-down of the circulation evident only
at its outer edges, around 10°S and 20°N. We conclude that

Fig. 7 Difference between (a)

while evolving SST forcing (Fig. 4h) cause a significant
weakening of the meridional Hadley circulation, increases in
aerosol levels over South Asia (Fig. 6f) somewhat enhance
this weakening, when superimposed on evolving regional
SST trends.

4.2.2 Atmospheric stabilization, convection and cloud
process changes

In this section, we further examine factors influencing
changes in modelled convective and stratiform rainfall,
individually. Aerosol increases led to a decrease in mod-
elled convective rainfall in the north-central India and the
peninsular region (Fig. 7a). Aerosol forcing modified the
lapse rate by differential heating of the atmosphere com-
pared to the surface hence increasing the stability of the
troposphere, seen here in an increased lower tropospheric
stability (LTS), the difference of potential temperature at
700 hPa and surface (Klein and Hartmann 1993). Differ-
ences in LTS between Eqqr., grgHaero a0d Egsrrgrclaero SIM-
ulations, averaged for the peak monsoon months of July and
August (Fig. 7b) shows increased stability (positive values)
in northern and central India, but small decreases in peninsu-
lar India. Reduced vertical velocity at 850 hPa (Fig. 7¢) and
vertically integrated moisture flux convergence (VIMFC)
(calculated for the lower troposphere for the same pressure
levels as LTS; Fig. 7d), occurred in peninsular India, along
with decreases in parts of central and eastern India (Fig. 7d).
Changes in the latent heat fluxes indicate reduced evapo-
ration (Fig. 5f) from aerosol induced decreases in ground
reaching radiation, with both variables showing similar

Essr1HGHaero and
Egsr4GrgLaer for a Convective

rainfall (mm day’l), b Lower
Tropospheric Stability (LTS,
K), ¢ 0850 (x 102 ms™") and d
Vertically Integrated Moisture
Flux (VIMFC, Kg m~'s71)
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months of July—August for the
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spatial patterns in the simulations. Overall, these changes
were spatially congruent with reduction in convective rain-
fall (Fig. 7a) in peninsular India, in Eqgr, ggHaer, cOMpared
t0 Eggry grglaero Simulations.

Significant decreases in evaporation at the surface
occurred as a regional response, consistent with that in
CMIP5 models, which includes parameterization of the
indirect effects of aerosols (Guo et al. 2015). These effects
are consistent with previous studies in which lower tropo-
spheric stabilization has been linked to suppression of con-
vective activity through the aerosol “direct” (Ramanathan
et al. 2005) and “indirect” effects (Cherian et al. 2013). Con-
vective rainfall is typically associated with steep lapse rates
giving rise to conditional mesoscale instabilities, which pro-
mote stronger vertical mixing (Wood and Hartmann 2006).
Increased LTS has been linked to stabilization of the shal-
low layers thereby reducing updraft velocities along with
suppressed moisture supply leads to lower convective activ-
ity (Ackerman et al. 2000; Hansen et al. 2005; Koren et al.
2008). Aerosol induced mesoscale stabilization has also
been linked to suppressed evaporation because of decreased
near-surface moisture gradient (Ramanathan et al. 2005).

aero

Stratiform rainfall changes, in response to increases aero-
sol levels, on the other hand, were more inhomogeneous,
with increases over much of north India (particularly the
Himalayas), and decreases in central and peninsular India
(Fig. 8a). In the model, stratiform rainfall results from auto-
conversion and droplet accretion processes (Khairoutdinov
and Kogan 2000), both of which act as sinks for cloud drop
number concentration. While autoconversion is the rate of
initiation of drizzle by collision of small drops, accretion is
the rate of formation of large drops from collisions of drops
of all sizes with drops above a threshold size (greater than
25 pm in radius). In the Khairoutdinov-Kogan scheme, the
autoconversion rate increases with increasing cloud water
content, but decreases with increasing cloud drop number
concentration (CDNC). Accretion rate increases both with
increasing cloud and rain water mixing ratios.

The simulation with increased aerosol levels
(EsstgrcHaero) sShowed significant increases in cloud drop
number concentration (CDNC) (Fig. 8b), accompanied
by larger rates of autoconversion (Fig. 8c) and accretion
(Fig. 8d) over all parts of India. The enhanced aerosol leads
to increases in both liquid and ice water path (Fig. A8).

Fig.8 Difference between (a) (b)
ESST+GHGHacr0 and 2 O O
Egsricuclaero expressed 40°N
in percentage (%) change 120
relative to Eggr, gaglaero fOr a
Stratiform rainfall, b CDNC, ¢ 20°N 40
Autoconversion rate (b, ¢ are —40
from surface to 500 hPa level), .
d Accretion rate (300-650 hPa 0 ~120
level), and e Cloud fraction
during peak summer monsoon 20°8 —-200
months of July—August for the
ears 1971-2010
’ (c) (d)
180
40°N +
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20°N
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20°S - 1 8 O 30°E
(e)
50
40°N -
30
20°N 10
—-10
0°
—-30
20°8 —-50

@ Springer



2300

N. Patil et al.

Increases in autoconversion rate, in Eqgr,grgHaero Simu-
lations with concomitant increases in CDNC, imply that
cloud water content, rather than CDNC, appears to control
autoconversion rates. The largest increase occurs over north
India and the Himalayan region. While the increased effi-
ciency of rainfall processes (autoconversion and accretion
rates) is in agreement with increase in stratiform rainfall
over northern India, it contradicts the decreased stratiform
rainfall over peninsular India. A modest decrease in cloud
fraction (Fig. 8e) over peninsular India, spatially coincident
with the decrease in stratiform rainfall, could be related to
the strong easterly flow and suppressed westerly moisture
transport (Fig. 6e), induced by increased aerosol levels in the
simulations. Changing aerosol levels thus induce spatially
inhomogeneous changes in rainfall formation processes.

5 Concluding remarks

Several studies have investigated effects of distinct forcing
elements on changes in the SAM, however, recent studies
point to combined effects of changes in regional land-use,
anthropogenic aerosol forcing and SST gradient on declining
trends in the SAM. Here, we have attempted disentangling
the effects produced by changes in SST gradient from those
by aerosol levels in a GCM. Recent changes in meridional
SST gradient, compared to climatological SST fields, were
linked to a widespread feedback on near surface tempera-
ture increase that modified the land—sea thermal gradient,
as well as, resulted in a slowdown of the meridional Hadley
circulation. This, in turn, modulated the strength and flow
of the monsoon circulation and weakened cross-equatorial
transport of moisture winds towards South Asia.

Recent changes in anthropogenic aerosol levels (1971
versus 2010), when imposed on SST changes, were linked to
an intensification of drying in the peninsular Indian region,
with prominent decreases over the Western Ghats. Increased
aerosol levels act through a host of regional effects. Aerosol
radiative forcing at surface, through both direct and indirect
effects, leads to reduction in ground reaching radiation and
results in surface cooling, prominently observed over north
India. This induces north—south asymmetries in temperature
and sea-level pressure. Wind vector changes show a cyclonic
circulation in the Bay of Bengal, with easterly flow opposing
westerly moisture convergence over peninsular India.

Increased direct radiative forcing from increases in black
carbon aerosols leads to positive atmospheric forcing, but
negative surface forcing. This is linked to overall increase
in atmospheric stabilization, decrease in vertical velocity,
along with reduced evaporation flux, thus reducing convec-
tive rainfall. Changes in stratiform cloud processes tend to
enhance rainfall formation processes like autoconversion
and accretion, however, a decrease in stratiform rainfall over

@ Springer

peninsular India is linked to reduced cloud fraction, from
reduced moisture influx to the region.

Limitations in this work include short duration of tran-
sient simulations, leading to low amplitude of response sig-
nals, non-linearities in the interaction of SST and aerosol
forcings and moderately coarse horizontal resolution of the
GCM set-up. Further, land-surface feedback on rainfall,
resulting from changes in evapotranspiration due to altered
land-use/land-cover, was not considered. However, transient
simulations in a GCM with an interactive aerosol scheme
that includes indirect effect parameterizations, with use of
a mix of scattering and absorbing anthropogenic aerosols,
at emission levels of 2010 and 1971, allowed investiga-
tion of several pathways through which aerosol effects are
manifested. Overall, it is found that SST gradient changes
act through a weakening of cross-equatorial moisture flow,
while aerosol level increases act through weakening of Ara-
bian Sea moisture transport, as well as, of convection and
vertical moisture flux, in the peninsula, to influence the sup-
pression of SAM rainfall. The spatial heterogeneity of rain
formation processes over South Asia, with changing aerosol
levels, needs further investigation.
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Abstract

Anthropogenic aerosol induced declining trends in Indian region precipitation are now acknowledged, however, the role of
rapid adjustments to aerosol forcing needs further understanding. An atmospheric general circulation model with dynamic
aerosol fields, ECHAM6-HAM?2, is used to investigate changes in stratiform and convective precipitation through simula-
tions using different levels of aerosol emissions over India. The spatial pattern of precipitation change, with increased aerosol
levels, increases over the Northern Indian region, decreasing over peninsular south India. This is driven by the spatial het-
erogeneity of stratiform precipitation changes, while simultaneous convective precipitation changes are negative through-
out the subcontinent, from absorbing aerosol induced stabilization. Stratiform response to the rapid adjustments includes
dynamic changes to the divergence of the dry static energy, cloud microphysics and rainfall formation processes. Positive
divergence in dry static energy, consistent with moisture convergence, leads to increased water vapour mixing ratios, thus
significantly increasing cloud liquid water and cloud fraction in north India. The increases in rainfall formation processes like
the autoconversion rate result from those in the liquid water path, which overcome decreases due to increased droplet number
concentration. Overall, aerosol induced changes in dynamic dry static energy divergence, rather than on cloud microphysics,
play a dominant role in driving the spatial heterogeneity in stratiform and total precipitation change in the Indian region.

Keywords South Asian Monsoon - Aerosol fast responses - Stratiform precipitation - Divergence of dry static energy

1 Introduction

Rainfall observational records over the second half of the
twentieth century have shown a 7% decrease with respect
to mean boreal summer (June through September) rainfall
(Rajendran et al. 2012; Krishnan et al. 2016) over the south
Asian monsoon (SAM) region. Observational evidence
has indicated an increase in the Indian monsoon region’s
aridity in the recent decades due to increases in droughts
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(Kumar et al. 2013). Previous studies using coupled gen-
eral circulation models have indicated aerosol induced sur-
face “dimming” as the main driver for this weakening of
SAM rainfall (Bollasina et al. 2011; Ganguly et al. 2012;
Krishnan et al. 2016). This drying trend has been explained
through slowing down of the tropical meridional circulation
(Bollasina et al. 2011; Guo et al. 2016; Patil et al. 2019) in
response to a weaker thermal contrast. Global modelling
studies with ocean feedbacks have shown an SST induced
slow-down of the meridional circulation crucial to the Indian
monsoon leading to weakening seasonal precipitation (Ram-
anathan et al. 2005; Bollasina et al. 2011; Ganguly et al.
2012; Krishnan et al. 2016). On intra-seasonal timescales,
previous studies have shown suppression (Bhattacharya
et al. 2017; Dave et al. 2017) as well as an enhancement
(Manoj et al. 2011; Vinoj et al. 2014) of Indian monsoon
precipitation. Singh et al. (2019) have shown both the wet
and dry extremes getting drier over the east-central India
region due to local anthropogenic aerosols. This rainfall
response to anthropogenic emissions of aerosol changes in

@ Springer


http://orcid.org/0000-0002-2280-3360
http://orcid.org/0000-0002-8967-7872
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-021-05908-4&domain=pdf

294

K. Muduchuru, C. Venkataraman

climate models can further be split into a combination of
fast and slow components. The fast responses are a com-
bination of instantaneous changes and rapid adjustments.
The instantaneous changes are associated with aerosol direct
(scattering and absorption of sunlight) and indirect (abil-
ity of aerosols to act as cloud nuclei) effects resulting in
a near-instantaneous radiative and thermal reorganization
of the atmosphere (Myhre et al. 2017; Samset et al. 2018).
The rapid adjustments occur on timescales of a few weeks
to months due to the initial change in atmospheric balance
through changes in atmospheric temperature, water vapour
and clouds. The slow component acts through the ocean’s
surface temperature changes, hence these feedback processes
occur of timescales of years to decades.

Central to the “indirect” aerosol effect is the question
of how susceptible is the large-scale rainfall rate to cloud
microphysics (Penner et al. 2006; Posselt and Lohmann
2009; Wang et al. 2017). In GCMs with bulk microphysics
schemes (Lohmann et al. 2007b; Gettelman et al. 2013), the
warm liquid clouds LWP response and rainfall formation is
dominated by autoconversion and accretion processes. Using
the diagnostic rain schemes shifts the importance of rainfall
production from the accretion process to the autoconver-
sion process (Posselt and Lohmann 2009; Gettelman et al.
2015). The autoconversion process is parameterized as drop-
let concentration to the power — o in several GCMs, includ-
ing ECHAM6-HAM?2. Models and theory show a, which
ranges from 0.5 (Kostinski 2008; Seifert and Stevens 2010)
to 2 (Khairoutdinov and Kogan 2000), while observational
studies suggest a=1 (Comstock et al. 2005; VanZanten
et al. 2005). Larger o values suggest a stronger relationship
between precipitation and LWP to cloud droplet number
concentration (Quaas et al. 2009). Numerous evidences now
suggest a weaker sensitivity of autoconversion processes to
droplet concentration tipping the balance on the importance
of cloud water on autoconversion rate (Boucher et al. 2013).

Several studies have attempted to contrast absorbing aero-
sols (BC) and scattering aerosol (SO,) response and indi-
cated significantly different effects on the rapid adjustments
of atmospheric circulations, clouds and rainfall. Previous
studies (Richardson et al. 2018) demonstrated that negli-
gible effect of black carbon on precipitation changes over
land, primarily due to the dry static energy (DSE) flux diver-
gence increases being compensated by increased shortwave
absorption. Interestingly for sulfate, because the shortwave
absorption is negligible the decreased DSE flux divergence
constrains the precipitation to a negative value. However
regional studies over the east Asian and south Asian mon-
soon regions showed a significant contribution of absorb-
ing aerosols fast response to rainfall increases owing to a
strengthening of the land-sea thermal contrast. Black carbon
was also previously thought to increase tropospheric temper-
ature gradient thereby increasing the monsoonal circulation
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(Lau et al. 2006; Kim et al. 2016) which is associated with
increases in vertical velocity thereby increasing monsoonal
rainfall rates.

Previous studies exploring the fast responses on total pre-
cipitation (Ganguly et al. 2012; Guo et al. 2016; Wang et al.
2017) show spatially asymmetric response, but do not sepa-
rate the responses of stratiform and convective precipitation.
Most GCMs including ECHAM6-HAM2 capture the aerosol
“indirect” effects only on stratiform rainfall rates (Lohm-
ann et al. 2007b; Gettelman et al. 2015; Zhang et al. 2016).
Although convective detrainment is considered in LWP
response, the aerosol indirect effect is mostly ignored in
convective clouds. This work evaluates the interplay among
radiative, dynamical and microphysical rapid adjustment’s
role in affecting both components of precipitation to recent
aerosol emission changes during the peak monsoon period
using a atmospheric GCM. Specific objectives include:

1. Evaluation of stratiform rainfall response to aerosol-
induced fast adjustments.

2. Effects of thermodynamic and rainfall formation pro-
cesses on spatial heterogeneity of rainfall response.

2 Model and experiments

ECHAMO6-HAM?2 (6th Generation coupled chemistry GCM
from MPI-Meteorology), a global aerosol climate model is
used in this study. ECHAMG6.2-HAM?2.2 (Neubauer et al.
2014) consists of two components, ECHAM®6 (Stevens
et al. 2013) which is the atmospheric general circulation
model coupled to the aerosol module HAM?2 (Zhang et al.
2012). The aerosol module is represented as seven overlap-
ping lognormal modes with each mode described by three
moments aerosol number, number median radius and stand-
ard deviation, where the standard deviation in HAM is fixed
and set to 1.59 for the nucleation, Aitken and accumulation
models and to 2.00 for the coarse modes. The aerosol water
uptake is an important component of the particulate compo-
sition affecting size and optical properties. Aerosol water is
parameterized following a semi-empirical scheme based on
k-Kohler theory (Petters and Kreidenweis 2007) for which
the internally mixed particle’s k value is calculated by tak-
ing the volume-weighted sum of the x parameter of each
soluble particle. All the simulations were performed in T63
spectral resolution which corresponds to 1.875° x 1.875° and
31 vertical layers with a top at 10 hPa.

The aerosol indirect effects are included in ECHAMG6-
HAM?2 owing to the implementation of the two-moment
cloud microphysics scheme of Lohmann et al. (2007a,
b). This scheme considers interaction of stratiform cloud
microphysics with aerosol concentrations through aerosol
activation in warm clouds (Lin and Leaitch 1997). The
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two-moment scheme provides prognostic equations for num-
ber and mass concentrations of both cloud water and ice and
the mass concentration of water vapor. The gamma distribu-
tion for cloud droplets, monomodal distribution for cloud ice
and exponential distribution for rain and snow are used to
describe the microphysics scheme. The autoconversion rate
of cloud droplets to form raindrops is important for the cloud
lifetime effect. Here we use the autoconversion rate Qaut (kg
kg~! s7!) developed by Khairoutdinov and Kogan (2000):

Quu = 1350 4N, M

where g, is the cloud liquid water mass mixing ratio in
kg kg~! and N, is the cloud droplet number concentration in
cm™3. There is an inherent coupling in the cloud liquid water
and autoconversion process because the autoconversion rate
depends inversely on the cloud droplet number concentra-
tion (Eq. 1), an increase in aerosol and, hence, cloud droplet
number concentration prolongs the precipitation formation
rate, leading to a higher liquid water path and a reduced
removal of aerosol concentrations. This suggests a larger
contribution of nonlinearity in estimating the relationship of
aerosol concentrations and autoconversion rates.

The experiments were performed with transient simula-
tions of three ensemble members for a period of 40 years
to simulate climate responses to aerosol changes. The three
ensemble members were generated by slightly perturbing
model parameters, by about 0.01%, related to coefficients for
horizontal diffusion for divergence, vorticity, and tempera-
ture. The fast responses are delineated from slow responses
in climate models using multiple methods. The different
methodologies adopted in previous studies include using
prescribed sea surface temperature (Bala et al. 2010; Gan-
guly et al. 2012; Guo et al. 2016), separating the fast and
slow components based on changes occurring in a prede-
fined timescale using transient experiments (Cao et al. 2012;
Bony et al. 2013), and linear regression in coupled models
(Gregory and Webb 2008; Andrews et al. 2010). The two
experiments HA (high aerosol) and LA (low aerosol) are run
with aerosol emissions fixed at 1971 and 2010 levels respec-
tively. The ALLF simulation with transient aerosol emis-
sions, SST and GHGs forcings from 1971 to 2010 are used
to realistically simulate the effect of all the forcings during
the recent climate change. To extract the aerosol induced
fast adjustments, climatological differences between the HA
and LA experiment is calculated. There are multiple ways
to extract rapid adjustments in GCMs, which include using
fixed SST like in the present study, linear regression of pre-
cipitation changes to surface temperature changes (Andrews
et al. 2010) or by separating based on timescales (Cao et al.
2012; Bony et al. 2013). On regional scales, the precipitation
response is affected by local circulation changes and surface
temperature changes.

Richardson et al. (2016) has underscored agreement
between the prescribed SST framework and regression
methods in quantifying the precipitation changes to aero-
sol fast adjustments. Evolving SSTs and GHG forcings with
fixed monthly varying aerosol emissions in the HA and LA
experiment are designed to reduce the model’s internal vari-
ability (Figure S1). Figure S1a shows the 40 year trend of
peak-monsoon (Jul-Aug) precipitation in the ALLF experi-
ment with most regions showing a drying response to the
combined forcing of aerosol, SST and GHGs. The disentan-
gling of aerosol forcing from the SST gradient changes has
been previously undertaken from the same set of simulations
in Patil et al. (2019). The study focusses on a drying due to
SST induced weakening of land-sea contrast and aerosol
induced drying over the peninsular Indian region caused by
a cyclonic moisture suppression. Figure S1 shows the indi-
vidual 40-year July—August trends of total precipitation for
the various experiments conducted with ECHAM6-HAM2.
The internal variability (spread of the individual ensemble
member) is markedly larger in the evolving aerosol simula-
tions (see EAESST and EACSST), compared to the fixed
aerosol simulations (see FIOESST; HA and F71ESST; LA),
justifying the current approach to investigate the aerosol
fast adjustments on aerosol-microphysics—precipitation
responses.

An atmospheric energy budget (Muller and O’ Gorman
2011) is performed which puts a limit on the fast precipita-
tion changes. Globally the latent heat released by the atmos-
phere is balanced by net atmospheric cooling, but on local
scales the energy advection has to be taken into account. A
dry static energy (DSE) flux divergence term is introduced
to account for the local scale circulation changes. Hence at
local scales, the latent heat released due to precipitation has
to be balanced by atmospheric heating, sensible heat from
the surface, and DSE flux divergence as shown below:

L.6P = 6Q + 6H = SLW + 6SW — 6SH + 6H @)

where 6 denotes the perturbation (HA-LA) due to aerosol
changes, L. is the latent heat of condensation, P is the pre-
cipitation, Q is atmospheric diabatic cooling, a combination
of longwave cooling (LW), shortwave absorption (SW), and
sensible heat flux from surface. Changes in DSE flux diver-
gence (H), can be split into the dynamic and thermodynami-
cal effects of the horizontal and vertical advection as shown:

o0H = 5HDyn‘. + 5HThermo‘, + 5HDY”1: + 5HTh” Moy (3)
=/5(5)6_§+/55 Js +/6(ﬁ).V§+/E-5(V§)
op op
4)
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vs= 1985, 1 05,

= 7000 rsin0op’ ®)
s=gz+C,T (6)

where w is the vertical velocity, s is the dry static energy,
p is the pressure, u is the horizontal wind vector, z is the
model geopotential height, T is the air temperature, C,, is
the isobaric specific heat of air, and the I denotes the mass-
weighted vertical integration. Overbars signify long term
climatological averages. Here it is an average of 40 years of
the model simulation time.

3 Results

3.1 Validation of stratiform and convective
precipitation components

The ALLF experiment with realistic aerosol, GHGs and SST
conditions closely resembles real atmospheric climatology
during the 40-year period compared to the accumulated
rainfall in JJAS from the Tropical Rainfall measuring mis-
sion (TRMM; Huffman et al. 2007). The overlapping period
of 10 years (2001-2010) for the summer monsoon period
(JJAS) is validated for total, stratiform and convective pre-
cipitation. The northern Indian region (22-28 N; 75-90 E)
shows considerably less bias of +0.23 compared to the
8.1 mm d~! climatology, with southern region (12-21 N;
72-80 E) shows a larger bias of +1.56 mm d~' compared
to 2.4 mm d~! climatology. Although the total precipitation
the northern regions show good accuracy in predicting total
rainfall, the stratiform and convective precipitation compo-
nents individually show large deviations from observations.
Stratiform precipitation is overestimated by + 1.80 mm d~!,
while — 1.57 mm d~! underestimation of convective precipi-
tation is shown over the Indian land region. The peninsular
region reasonably performs well for stratiform rainfall but
significantly overestimates convective precipitation, caus-
ing a large bias in the total precipitation. The convective to
stratiform precipitation ratio averaged over the Indian land
regions in the ECHAM simulations show a 52:48 compared
to the TRMM of 55:45. Overall the spatial distribution of
modelled total precipitation resembles observations. How-
ever, convective and stratiform precipitation show marked
deviations in the boreal summer (June to September) aver-
age compared to the 10-year observed climatology. Obser-
vational studies have shown a stratiform-convective rainfall
partitioning of 0.25 on average over the tropics (20 S—20 N)
from the precipitation radar data aboard the TRMM satel-
lite (Schumacher and Houze Jr 2003). The monsoon regions
were shown to have the most extensive seasonal variations
in the stratiform—convective rainfall ratio, with the largest
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stratiform rainfall contributions during the wet season.
The Indian region was shown (Fig. 1) to have large strati-
form—convective rainfall ratio of nearly 1.00 compared to
the tropical average of 0.25 indicating the abundance of
stratiform rainfall over India and the importance in study-
ing the aerosol cloud interactions related to stratiform cloud
and rainfall processes. Due to the large spatial variability in
precipitation and stratiform—convective partitioning between
the north and southern regions, the further analysis focusses
on regions averaged over these two regions, north and south.
The model overestimates stratiform precipitation in the NI
region. Explicit parameterization of warm rainfall processes
in GCMs have led to overestimations in stratiform rainfall
(Suzuki et al. 2015). Hazra et al. (2017) have shown larger
stratiform precipitation owing to the inclusion of ice-phase
processes in the cloud microphysics scheme. This acts
through more heating and deeper convection which mani-
fests as overestimated rainfall. Miilmenstadt et al. (2020)
have shown that ECHAM-HAMMOZ also simulated
higher stratiform rainfall owing to a larger enhancement
factor and lower effective radius threshold in the warm rain
parameterization.

3.2 Alteration in aerosol abundance and links
to energetics

Here we attempt to link changes in aerosol abundance,
through energetics approach (Muller and O’Gorman 2011)
to understand the spatial heterogeneity in precipitation
changes. The absorbing AOD (Fig. 2a) increases over the
Indian land areas with maximum increases over the Indo-
Gangetic plains, starting from east India to north India
due to increases in absorbing aerosols. This spatial pattern
of absorbing AOD shows the largest increases in absorb-
ing aerosol concentrations (predominantly black carbon
and dust) over the NI region, showing a corresponding
increase in lower tropospheric stabilization (LTS; Fig. 2b).
Increases in scattering aerosols (Figure S2) show region
wide increases with maximum increases over the central
India not coinciding with absorbing aerosols or the stabili-
zation. LTS signifies the stability of the lower troposphere,
approximately the first 3 km above the surface. The short-
wave heating rate forcing (defined as heating rate with
aerosol minus without aerosol; Fig. 2c¢) show maximum
heating rate forcing changes in the lower troposphere. The
heating rate forcing and the absorbing aerosol concentra-
tions increase over the land areas, suggesting a stabiliz-
ing effect on the lower troposphere. The increase in lower
level heating by absorbing aerosol increases low-level
stability, inhibiting vertical motions (see Fig. 2d) indi-
cating convective suppression (Ramanathan et al. 2005;
Patil et al. 2019). Figure 2c, show vertical distribution of
the changes in heating rate forcing differences between
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precipitation measurement from )
TRMM, b total precipitation
simulated from ALLF experi- 10.0
ment, ¢ stratiform component of )
total precipitation from TRMM
product, d model simulated 50
stratiform rainfall, e convective )
component of total precipita-
tion from TRMM product and 0.0
f model simulated convective '
rainfall. The boxes represent 3 12.0
the two study regions NI (north 35°N O\/V '
India) and PI (peninsular India) SN 2 ‘ 10.0
8.0
20°N e
] f
N T o= 6.0
y [T ARy
. g D Wi 3 i) k) 4.0
5°N it § 5 §
%) Sy |20
0.0
E 12.0
35°N '
10.0
8.0
20°N
6.0
4.0
5°N
2.0
0.0

HA and LA experiments. The differences indicate larger
heating rate forcing in the HA experiment compared to the
LA experiment over both NI and PI regions. The NI region
shows higher aerosol induced heating rate owing to higher
AAOD. Andrews et al. (2010) have shown strong correla-
tions between modeled atmospheric absorption and the
fast rainfall changes. Samset et al. (2016) and Richardson
et al. (2018) have shown global land averaged precipita-
tion responses to aerosol enhancements, with increases in
the case of scattering aerosols, but decreases in the case
of absorbing aerosols. In contrast, Guo et al. (2016) have
shown sulphate aerosols decrease monsoonal precipita-
tion with black carbon causing increases owing to circula-
tion changes over Indian region. This differences between
global land-averaged precipitation and regional (India)
precipitation fast responses indicate a possible role in local
dynamics and aerosol composition changes.

An energy budget analyses for the atmospheric column
is performed for both the regions to understand mechanisms
governing the fast precipitation adjustments. Figure 3a—c
shows the longwave cooling, shortwave absorption and
sensible heat flux changes due to the aerosol perturbation.
This longwave cooling changes are considerably smaller
than the contribution from increases in shortwave absorp-
tion. The increases in shortwave absorption are primarily
due to absorbing aerosols or absorption due to increases
in moisture. The atmospheric shortwave increases over the
NI region are ~2.5 W m~2 which is orders of magnitude
higher than atmospheric longwave cooling (~0.1 W m™2).
Aerosol experiments using AGCMs have shown a scaling
of fast precipitation responses to atmospheric absorption
(Samset et al. 2016; Richardson et al. 2018). Tropospheric
temperature increases in response to absorbing aerosol heat-
ing increases longwave cooling only partially balancing the
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Fig.2 Peak monsoon 40-year A
climatology difference between
HA and LA experiments for a
absorbing component of AOD
at 550 nm wavelength, and b
lower tropospheric stability (K)
calculated as the temperature
difference between 700 hPa and
surface. Vertical distribution
difference between HA and LA
experiments of ¢ shortwave
heating rate (K d_]), d verti-
cal velocity (m s™!) averaged
over NI region (red) and PI
region (blue) for 40-year peak
monsoon

—— Absorbing AOD ——

atmospheric absorption. The sensible heat flux decreases
from the surface is associated with reduced ground reaching
radiation induced by aerosol increases. The dry static energy
(DSE) flux divergence mean component was further split
(see Egs. 3-6) into its thermodynamic and dynamic compo-
nents in the vertical and the horizontal direction (Fig. 3d).
The DSE flux divergence compared to radiative fluxes are
larger and show a larger significant spatial gradient with
positive increases over the NI region and decreases over SI
region. The DSE flux divergence’s thermodynamic compo-
nents show uniform increases over the Indian region with
maximum increases over the ocean regions.

3.3 Rainfall response to rapid adjustments
in dynamical and cloud microphysical processes

The modelled absorbing AOD increases over the Indian land
regions with the largest increases over the Indo-Gangetic
plains indicate a strong linkage to explaining the fast rain-
fall responses. The difference between HA and LA experi-
ments for the July—August 40 year climatology (1971-2010)
was investigated for variables, affecting responses of total,
convective and stratiform rainfall. Figure 4 shows the three-
member ensemble average of the peak monsoon fast pre-
cipitation changes for total precipitation, stratiform precipi-
tation and convective precipitation, with increase aerosol
levels. The total precipitation changes due to aerosol changes
from 1971 to 2010 caused a modelled wetting over the
north Indian region, but drying over the south Indian region
(Fig. 4a). Significant spatial contrast was modelled in the
rainfall rate with wetting over the NI region and drying over
the SI region. While the spatial pattern is important to note,
it is useful to observe the magnitude of — 0.6 to 0.6 mm d~!
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changes in precipitation which are ~5-10% of the mean cli-
matology at the regions considered. The increases over NI
region coincide with the overestimation of ECHAM simu-
lated precipitation compared to observations. The PI region’s
decreases also partly coincide with the model dry bias over
the North Central India.

The increases over the NI region are driven mostly due
to the increases in 6Hy,,,, , and 6Hp,,, ,, spatially co-located
with increases in precipitation (Fig. 3d). The increased
6Hp,, , is because of the increased vertical velocity due to
aerosol changes indicates absorbing aerosol feedback caus-
ing a local instability in the troposphere. The dynamical
components of dry static energy divergence show differ-
ences over NI and PI (Fig. 3d). Higher energy transport to
the NI region is partly also due to strong positive horizontal
gradients of dry static energy. These positive gradients arise
as a result of the North Indian region sharing boundary with
the Himalayan orography. Further an aerosol enhancement
leading to an accumulation of moist static energy through
atmospheric stabilization (Fig. 2b), implicated in extreme
rainfall events mediated by orographic lift (Fan et al. 2015).
We can neglect a surface induced feedback because of a
net decrease in sensible heat flux associated with decreased
surface temperature feedback due to the aerosol perturba-
tion. The increases in 6Hp,, , is due to increased horizon-
tal winds transporting heat towards the NI region. In con-
trast, the SI region is strongly associated with decreases
in 6Hp,,, , and accompanying increases in SH flux. The
precipitation decrease over the SI region is anti-correlated
strongly with increases in the sensible heat flux partially due
to dry conditions in the southern region. Here our results
indicate a prominent role of local horizontal circulation
changes bringing in moisture over the NI region, causing
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Fig.4 The peak monsoon (July—August) precipitation (mm d~') cli-
matology for 40 years (1971-2010) difference between HA and LA
experiments is shown for a total precipitation, b convective precipita-

tion, and c stratiform precipitation. The boxes represent the two study
regions NI (North India) and PI (peninsular India). The dots represent
90% significance in the differences between HA and LA climatology
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increased precipitation and vice versa over the SI region.
The longwave cooling partially compensates for increased
shortwave absorption over the NI region. Longwave cool-
ing owing to larger tropospheric temperatures (absorbing
aerosols have net positive heating rate) is balanced by latent
heat release from vapour condensation, therefore, increas-
ing precipitation. The precipitation changes are further bro-
ken down into the stratiform and convective parts of the
precipitation to further understand them in the context of
differences in the treatment of aerosol interactions with
stratiform cloud microphysics and lack thereof with cumu-
lus parameterization.

The surface sensible heat decreases over most land
regions due to land surface feedback explaining precipita-
tion increases (Fig. 4a). The precipitation changes show
a large north—south gradient, which is not evident in the
atmospheric energy budget’s diabatic cooling components
at the local scale. Though the model simulates the large sen-
sible heat flux decreases associated with a positive change
in precipitation, the sensible heat flux changes fail to show
the regional spatial heterogeneity pattern like the precipita-
tion changes. As expected, the SH flux changes over the
oceans are negligible because our experiments have the
same prescribed transient SST, which constraints the SH
flux changes. Though the SH flux does not show a spatial
distribution similar to fast precipitation changes, increased
flux over some parts of the SI region indicates a negative
contribution to rainfall as simulated. Increased absorption
of the atmosphere (Fig. 2a), induced by absorbing aerosols
(BC and Dust), leads to a stabilization causing decreased
vertical velocity and simultaneously increasing the land-sea
thermal contrast increasing the horizontal in-flow of mois-
ture. The NI region shows a more considerable decrease in
vertical velocity than the PI region, suggesting suppression
of convective instability. This vertical velocity suppres-
sion suggests a possible mechanism for convective pre-
cipitation decreases over most land regions over the Indian
subcontinent.

Figure 5 shows the moisture and microphysics response
to changing aerosol concentrations. The autoconversion
rate of cloud droplets (Figure S3a) to grow to rain through
the collision-coalescence process accounts directly cloud
droplet number concentration (CDNC) and cloud water
(Figure S3b). CDNC activation is parameterized with verti-
cal velocity and number of interstitial particles in the inter-
nally mixed modes (Nucleation, Aitken, Accumulation and
Coarse modes) with wet radii larger than 35 nm (Lohmann
et al. 2007a, b). Over the NI region, the autoconversion
rate (Fig. 6a) shows large increases to rapid adjustments to
aerosol changes. There is a larger increase in CDNC and
cloud water in response to larger aerosol concentrations over
the NI region than PI region. The increases in autoconver-
sion rate with increasing aerosol loading in both regions
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suggest the sensitivity of autoconversion rate on cloud water
(Fig. 6b) and not on CDNC. This increased autoconversion
rate due to increased cloud water suggests a macroscale pro-
cess linked to aerosol forcing. The activation of aerosol is a
proportional response to the hydrophilicity of the internally
mixed aerosol particles, hence the CDNC increase corre-
sponds to increase in the soluble fraction of aerosol larger
than 35 nm, whereas the cloud water increase corresponds to
absorbing aerosol induced stabilization leading to increased
moisture over the NI region.

Further, the fractional cloud cover is multiplied by the
precipitation formation terms (autoconversion, accretion,
melting of snow), which gives rise to the spatial heteroge-
neity of stratiform precipitation. A decrease in cloud cover
(Fig. 5¢), with markedly smaller increases in autoconversion
and accretion over PI region, suggests decreased stratiform
precipitation due to decreased cloud cover. In contrast, the
NI region shows increased cloud cover along with larger
increases in autoconversion rates, thus explaining the
increases in stratiform precipitation. The NI region shows
a stronger sensitivity of cloud water to water vapor, with
the histogram of water vapor mixing ratio showing a right
shift to larger values compared to the PI region (Fig. 6a, c).
The autoconversion rate which is parameterized to a positive
power of cloud water is shown to be strongly sensitive to
water vapor over the NI region compared to PI region. The
differences in response of autoconversion to water vapor in
the PI and NI regions suggest the role of dynamical regimes
prevalent in these regions. The dynamical regimes’ changes
are characterized by changes in vertical velocity (Fig. 3d;
Bony and Dufresne 2005) and lower tropospheric stabil-
ity (Fig. 2b; Medeiros and Stevens 2011). However, use
of monthly means to exact the microphysical relationships
(Fig. 5) would obscure details where the variability of pre-
cipitation and cloud cover is high (Zhang et al. 2016).

4 Discussion and conclusions

In this work, we investigated the aerosol rapid adjust-
ments to precipitation changes using 40-year, three-mem-
ber ensemble simulations with a coupled aerosol-climate
atmospheric general circulation model, ECHAM6-HAM?2.
The Jul-Aug climatological differences between the higher
aerosol experiment and the lower aerosol experiment show
considerable total precipitation differences. An examina-
tion of the components of precipitation reveals different
aerosol induced effects that affect convective and stratiform
precipitation. While the simulation results suggest a large-
scale decrease of convective precipitation over the Indian
region, the stratiform precipitation response is character-
ized by significant spatial heterogeneity. Our results indicate
absorbing aerosol induced lower tropospheric stabilization,
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Fig.5 Peak monsoon 40-year climatology difference between HA
and LA experiments for a column integrated water vapor (kg m~2),
b column integrated cloud water (kg m~2) and, ¢ column stratiform
cloud cover. Vertical distribution difference between HA and LA

experiments of ¢ water vapor mixing ratio (kg kg™'), d cloud water
mixing ratio (kg kg™!), and e cloud fraction as a function of height,
averaged over NI region (red) and PI region (blue) for 40-year peak
monsoon months
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decrease in ascending motions more so over the NI region
underscoring this as the pathway for the simulated decrease
in convective precipitation whereas increases in liquid water

path (indicated as column cloud water) driving both auto-
conversion and accretion increases underscore the strati-
form precipitation response pathway. Positive divergence
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in dry static energy, consistent with moisture convergence,
leads to increased water vapour mixing ratios, thus signifi-
cantly increasing cloud liquid water and cloud fraction in
north India. The increases in rainfall formation processes
like the autoconversion rate result from those in the liquid
water path, which overcome decreases due to increased
droplet number concentration. The emission levels changed
from 1971 in LA experiment to 2010 in HA experiment
has large changes in aerosol concentrations, accompanied
with increases in absorbing aerosol concentrations in the
lower troposphere, hence causing a differential heating with
respect to the surface causing an increase in lower tropo-
spheric stability hindering convective activity over the NI
region. The PI region shows mixed signals of LTS indicating
the decrease in convective precipitation is due to decreases
in water vapor. This explains the convective precipitation
response to recent aerosol changes over the Indian region in
the peak monsoon months of July and August. The theory of
increased CCN induced rainfall suppression and increased
cloud lifetime (Albrecht 1989) does not agree with the
model simulations. The simulations indicate increases in
liquid water path, also seen in other GCM studies (Guo et al.
2011; Zhang et al. 2016) and largest microphysical changes
over the NI region where the precipitation magnitudes are
also large. In the simulations, the NI region, high aerosol
abundance associated with positive moisture response and
increased cloudiness is responsible for the larger aerosol
indirect effects and stratiform precipitation changes.

The CMIP6 model simulated precipitation response to
aerosol forcing has underscored aerosol-cloud interactions’
importance in explaining the decreasing trend over the
Indian region (Salzmann et al. 2014; Guo et al. 2015).Guo
et al. (2016) with an atmospheric GCM using sulfate only
experiments, simulated a decrease over the Indo-Gangetic
plains, with the black carbon only run increasing the rainfall
through an EHP mechanism enhancing convection. Previ-
ous observational study has shown the absorbing aerosol
induced stabilization leads to dynamic changes in moisture
convergence, thereby suppressing precipitation with a lag of
1 to 5 days (Dave et al. 2017). Our study showed decreased
moisture divergence over the peninsular Indian region
linked to dynamic changes related to absorbing aerosols.
This work using ECHAM-HAM has shown the increases
in precipitation were through increases in liquid water path,
thereby increasing autoconversion, unlike the EHP mecha-
nism, which enhances convective activity. The convective
rainfall responses to rapid adjustments are lower than the
stratiform rainfall, probably due to the detailed inclusion of
both the first and second indirect effects in the model. The
spatial inhomogeneity in the aerosol concentrations with a
strong northward gradient suggests that the local response of
cloud microphysical and thermodynamic responses to rapid
adjustments could be an important factor in estimating the
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Indian monsoon response to aerosol changes. The mecha-
nisms explaining the precipitation responses, both stratiform
and convective are embedded on the dynamical response
of moisture which possibly be explained by the stabiliza-
tion of lower troposphere by absorbing aerosol concentra-
tions. The increased moisture response over the northern
regions explains both the liquid water path increases and
the increased cloudiness, however other GCM studies of
fast responses have explained the increased monsoon rain-
fall over the Indian regions through both direct and indirect
effects (Ganguly et al. 2012; Salzmann et al. 2014; Guo et al.
2016). This underscores the importance in understanding
the precipitation response by decomposing into its respec-
tive convective and stratiform components; however, we note
that the treatment of prognostic stratiform precipitation, lack
of aerosol convective cloud microphysics interactions and
coarser spatial grid (180 km) could affect the results sig-
nificantly. However, in-depth analysis of these effects could
further improve the understanding of model differences to
various forcings.
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Aerosols cause intraseasonal
short-term suppression of Indian
monsoon rainfall
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. as well as, anthropogenic pollution particles. Using observations during 2000-2009, here we uncover
repeated short-term rainfall suppression caused by coincident aerosols, acting through atmospheric
stabilization, reduction in convection and increased moisture divergence, leading to the aggravation of
monsoon break conditions. In high aerosol-low rainfall regions extending across India, both in deficient
and normal monsoon years, enhancements in aerosols levels, estimated as aerosol optical depth and
absorbing aerosol index, acted to suppress daily rainfall anomaly, several times in a season, with lags
of a few days. A higher frequency of prolonged rainfall breaks, longer than seven days, occurred in
these regions. Previous studies point to monsoon rainfall weakening linked to an asymmetric inter-
hemispheric energy balance change attributed to aerosols, and short-term rainfall enhancement
from radiative effects of aerosols. In contrast, this study uncovers intraseasonal short-term rainfall
suppression, from coincident aerosol forcing over the monsoon region, leading to aggravation of
monsoon break spells. Prolonged and intense breaks in the monsoon in India are associated with rainfall
deficits, which have been linked to reduced food grain production in the latter half of the twentieth
century.

The Indian summer monsoon affects water availability and therefore water management related to rain-fed agri-
cultural practices?. Long-term changes in Indian monsoon precipitation that are linked to aerosol radiative
forcing, termed slow-responses, have been caused by thermodynamic adjustments of mean temperature and
moisture content>, reductions in land-sea temperature differences and zonal winds, and dynamic circulation
adjustments to regional energy imbalances®~”. These, in turn, have been associated with precipitation deficits
on multi-decadal time scales. Short-term changes in Indian monsoon precipitation that are linked to aerosols,
termed fast-responses, occur through the enhancement of meridional surface temperature or pressure gradi-
ents®® and mid-tropospheric diabatic heating®, which cause an increase in the northward transport of moisture,
leading to the onset and enhancement of precipitation on time scales of days to a month.

The importance of synoptic, large-scale convection in supporting vertically integrated moisture transport in
monsoon systems is well established*'*!!. Aerosols were linked to significant decreases in convective instability
over India, inferred from modeled lower atmosphere warming* and increased tropospheric temperature trends,
in agreement with microwave sounder measurements during 1979-2003. In studies not specifically related to the
Indian monsoon, aerosols have been linked to the inhibition of cloud and precipitation development, by altering
the vertical profile of heating rate, inducing stabilization!? and suppressing mesoscale convective motion.

Aerosol abundance is persistent over the Indian subcontinent during the summer monsoon season
Aerosol-induced effects on cloud microphysical properties have been linked to both precipitation suppression'
and invigoration?’, at different aerosol levels. These occur through changes in cloud droplet size distributions,
redistribution of precipitable water, and latent heat changes associated with condensation and evaporation'?.
Reduction in the median size and width of cloud droplet distributions reduces the efficiency of droplet growth'®.
Fast microphysical effects have been linked to precipitation shut-off in ship tracks for pristine marine clouds®.
Recently, influences of aerosols in the monsoon region have been reported, suggestive of inhibition or invigora-
tion of clouds and rainfall?*2!.
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Figure 1. HL cluster pixel distribution and co-variability of AOD-Precipitation: Spatial distribution of pixels
with high AOD and low precipitation anomaly along with cluster averaged temporal series for individual years:
(a) and (b) Seasonal averaged spatial distribution of HL overlapping clusters for years 2004, 2005 and 2009 for
AOD and precipitation respectively. (c) Cluster averaged time series over HL cluster (precipitation shifted by
lag corresponding to maximum correlation magnitude). The composite plot of pixels shows that the high AOD-
low precipitation covers wide area across the country. In the time series plot between AOD and precipitation
anomaly, precipitation anomaly was shifted by the lag corresponding to maximum correlation coefficient
magnitude. Multiple instances of enhanced AOD associated with suppressed precipitation can be seen in

Fig. 1(c). Figure was created using R statistical tool v3.3.1 (https://www.r-project.org/) and FERRET v7.0 (http://
www.ferret.noaa.gov/Ferret/).

To our knowledge, the causal effects of coincident aerosols on the changes in Indian monsoon precipitation
have not been investigated through observational analysis. Here we find causal relationships between aerosol
enhancement and suppression of lagged daily precipitation and mean cloud drop sizes, through atmospheric
stabilization, increased moisture divergence and reduced convection, leading to a higher frequency of prolonged
rainfall breaks.

Results

Aerosol and cloud properties from satellite observations**~2, precipitation from ground based measurements?,
and meteorological variables from European Centre for Medium-Range Weather Forecasts (ECMWF) re-analysis
(ERA)-interim reanalysis data® from 2000-2009 over the Indian subcontinent (6.5-40°N and 66.5-100°E), at
1 x 1° resolution for the monsoon months of June to September (JJAS), were used for the analysis (for more
information see Methods). Precipitation data used were from 1803 irregularly located meteorological stations
over India®, reported to be gridded to 1 x 1°, using Shepard’s interpolation methodology, yielding approximately
350 pixels over the Indian domain. Normalized daily anomaly was calculated for each variable, as deviation for
a specific day and pixel from its mean (calculated across years), normalized by its standard deviation (for more
information see Methods). The data were clustered for each year using hierarchical clustering®, using season
average of normalized anomaly of AOD and precipitation, to identify clusters of (a) high AOD-low precipitation
(HL), (b) low AOD-low precipitation (LL), (c) high AOD-high precipitation (HH), and (d) low AOD-high precip-
itation (LH). Cluster average time series of normalized anomalies of AOD and precipitation were used to detect
Granger causality?® which tests statistically significant improvement in the prediction of precipitation, using past
information of AOD, as compared to only past information of precipitation (for more information see Methods).
In case of causal association, path analysis? was used to enable identification of mechanisms through which AOD
influenced precipitation (for more information see Methods).

22-24

Causal Influence of Aerosols on Short-term Precipitation Suppression. It was found that high
aerosol-low precipitation (HL) clusters extended over large parts of India in 2004, 2005 and 2009 (Supplementary
Fig. 2). In HL clusters, a leading positive AOD anomaly caused a negative precipitation anomaly, with a lag time
of 1-5 days, during the JJAS monsoon season in 2004, 2005, and 2009 (Fig. 1a,b). However, no causal influence
was found in the corresponding LL clusters, characterized by low aerosol abundance (Supplementary Figs. 3,4).
Precipitation suppression lagged aerosol enhancement and lasted one to five days (2004, 2-5 days; 2005, 1-2
days; 2009, 2-5 days), with the maximum influence, in terms of correlation coefficient magnitude, occurring
on different days (2004, day 5; 2005, day 1; 2009, day 3). The corresponding lagged time series between AOD
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anomaly and precipitation anomaly (Fig. 1¢), corresponding to maximum correlation magnitude, showed several
intra-seasonal periods of high AOD anomaly followed by periods of low precipitation. These negative causal rela-
tionships did not manifest in 2000, 2001, and 2002; 2006 and 2008 lacked sufficient data (<50 pixels in HL and LL
clusters) for conclusive results. A positive causal effect of daily AOD on daily precipitation was found in 2003 and
2007, identified as abundant monsoon years®.

In addition to total aerosol abundance (measured by AOD), the effects of absorbing aerosols (measured by
absorbing aerosol index, AAT) were examined in the HL and LL clusters. Again a positive anomaly in AAT exerted
a strong causal influence on lagged negative precipitation anomaly (2004 and 2005, 2-5 days; 2009, 1 day), which
lasted one to five days, with strongest causal influence occurring on different days (quantified as correlation
coefficient) in different years (2004, day 5; 2005, day 5; 2009, day 1). This behavior also manifested in LL clusters
(with negative AOD anomalies) in 2005 and 2009. Since clustering was performed with AOD, the LL clusters
contained many (30-40%) positive AAI anomaly values and thus included several days of high absorbing aerosol
levels. Overall, enhanced levels of aerosols caused suppression of lagged daily precipitation, 3-5 times during the
monsoon season, in high aerosol-low precipitation regions (HL).

Other studies found positive correlations between AOD and cloud properties?® and daily precipitation
over the monsoon region®!, suggesting a cloud invigoration effect, however, did not test for causation. The
aerosol-cloud invigoration effect is beyond the scope of the present study, which focuses only on variables linked
to aerosol-induced suppression of precipitation.

Cause-Effect Model Development and Validation. The physical mechanisms (causality) underlying
the observed aerosol caused suppression of precipitation are studied using cause-effect model and path-analysis.

To unravel the mechanism of AOD- or AAI-induced precipitation suppression, it was postulated that a micro-
physical pathway linked AOD with precipitation through the mean cloud droplet effective radius (CDER) (AOD-
CDER-PRECIP), while a radiative pathway linked aerosols (AOD or AAI) with precipitation through the lapse
rate (defined as AOD-lapse rate-PRECIP and AAI-lapse rate—PRECIP). Causality was first tested between AOD
and CDER, AOD and lapse rate, and AAI and lapse rate, and path analysis was used to segregate and quantify the
effects of the two mediating pathways. These pathways were compared with pathways that directly linked column
water vapor (CWV) with both precipitation (PRECIP) and CDER, to evaluate their respective strengths.

In high aerosol-low precipitation (HL) regions, enhancement of AOD caused a reduction in lapse rate (2004)
and in CDER (2005), extending to five days (panels 1 and 3, Fig. 2a,b). No significant effect of AOD on CDER was
found in 2004 or 2009. Here we found aerosol induced increase in static stability and decrease in moisture availa-
bility, with short time-lags of 1-5 days, subsequently, causing reduction in cloud droplet size (CDER). This effect
of reduction in CDER via divergence of moisture takes place over a period of days as compared to microphysical
effects, where increases in aerosols within clouds leads to formation of larger number of smaller drops on time
scales of minutes to hours. Enhancement of AAI exerted suppression of lapse rate (stabilization) at shorter lag
times of one day (panel 2, Fig. 2a,c), indicating that the radiative effects on lapse rate changes were largely influ-
enced by absorbing aerosols in all three years. In contrast, no causal influences were found in low aerosol-low pre-
cipitation (LL) regions, implying absence of these effects.

Cloud Microphysical Pathway. The cause-effect model and lagged correlation coeflicients were used as
input in the path analysis; the overall correlation coefficients were segregated into path coefficients whose sign
and magnitude indicated the direction and strength of the causal influence (Fig. 3a,b). The cloud microphysical
pathway (Fig. 3a) showed inverse effects of AOD on CDER (blue color; arrow direction) or mean drop size, but
direct effects of CDER on PRECIP (red color; arrow direction), indicating increases in AOD causing lagged
decreases in CDER and rainfall. A positive causal influence of water vapor availability (CWV) on both PRECIP
and CDER showed the expected relation of increased moisture availability to cloud and rainfall development.
The CWV-PRECIP direct positive pathway was significantly stronger than the negative AOD-CDER-PRECIP
pathway, based on the magnitudes of the overall path effects (Supplementary Table 1), indicating that rainfall
suppression through changes in cloud drop size was not a strong pathway. In the low aerosol-low precipitation
(LL) regions no causal influence of aerosol level on CDER was found (missing causal lines between AOD and
CDER in Fig. 3b), however, moisture availability exerted positive causal effects on rainfall, both directly (CWV-
PRECIP, Fig. 3b) and indirectly through CDER (CWV-CDER-PRECIP). Thus, the aerosol effects acted only in
the high-aerosol regions, but moisture effects acted in both high and low aerosol regions.

Cloud microphysical processes, which influence rainfall suppression, result from direct increases in aerosols at
cloud level, leading to the redistribution of moisture to a larger number of smaller drops. This reduces coalescence
efficiency, slowing down the conversion of cloud drops to raindrops or graupel'®. Raindrop formation is initiated
from vapor condensation and collision/coalescence processes, on time scales of a minute, but it subsequently
intensifies from scavenging of small cloud drops by gravitational settling of larger drops (termed autoconversion).
This leads to precipitation onset on time scales of about 15-20 minutes®*. Such fast microphysical effects have
been linked to precipitation shut-off in ship tracks in pristine marine clouds'. Microphysical and radiative pro-
cesses are largely independent, occurring at different ranges of AOD values; the time responses of the microphys-
ical processes are much shorter than those of the radiative processes®. The presence of 1-5 day lag times between
aerosol enhancement and CDER or precipitation suppression indicates that these causal relationships might not
be a direct microphysical effect, which typically acts on time scales of minutes to hours.

Radiative Pathway. In regions of high-aerosol and low-precipitation, the radiative pathway (Fig. 3a)
showed inverse effects of AOD on lapse rate (blue color; arrow direction) calculated as the slope of potential
temperature, with a lower magnitude of lapse rate, indicating higher atmospheric stability. Positive effects of
lapse rate on PRECIP (red color; arrow direction), indicated increases in AOD causing lagged decreases in
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Figure 2. Co-variation of aerosols: AOD-lapse rate (lapse rate shifted by lag corresponding to maximum
correlation magnitude), AAI-lapse rate (lapse rate shifted by lag corresponding to maximum correlation
magnitude) and AOD-cloud droplet effective radius (cloud droplet effective radius shifted by lag corresponding
to maximum correlation magnitude) time series plots, for years (a) 2004, (b) 2005 and (c) 2009, in HL cluster.
Similar to Fig. 1(c), here multiple instances of enhanced AOD anomaly associated with suppressed cloud droplet
size and suppressed lapse rate can be seen. The AAI anomaly enhancement with suppression of lapse rate can
also be seen in the current figure. Figure was created using R statistical tool v3.3.1 (https://www.r-project.org/).

lapse rate and rainfall. The causal influence between AAI and lapse rate was especially strong in 2004, 2005 and
2009, substantiated by larger magnitudes of negative path coeflicients (Supplementary Table 1), compared to
that of AOD which acted only in 2004. The radiative pathway of absorbing aerosols (AAlI-lapse rate-PRECIP),
equaled the moisture-rainfall (CWV-PRECIP) effect in strength in some years, indicating the potential for strong
aerosol-induced rainfall suppression. A stronger influence of the radiative pathway, than the cloud microphysical
pathway, was found (larger negative values of path coefficients; Supplementary Table 1) on rainfall suppression.
The radiative pathway showed significant effects even in the low-aerosol regions (LL clusters which were based
on AOD) indicating overall more spatially widespread effects of aerosols on rainfall suppression. The radiative
and cloud microphysical pathways, along with CWV, together explained approximately half of total precipita-
tion variability (PRECIP R*> 0.50; Supplementary Table 1). Exclusion of the radiative pathway from the model
resulted in a significant drop in PRECIP R? for the HL and LL clusters (Supplementary Table 2), highlighting
the strong effects of aerosol-induced atmospheric stabilization on precipitation suppression. The distributions
of anomaly values of CWV and cloud fraction (CF), which could influence rainfall development, were not
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Figure 3. Path diagram: Cause-effect model for 2004, 2005 and 2009: (a) HL (b) LL (line-width represents
absolute magnitude of path coefficient, larger width implying greater absolute path-coefficient). Arrows
represent the direction of causal influence, and color indicates the sign of causal influence, with red showing
positive, blue showing negative, and different line styles representing different years.

statistically different (Supplementary Fig. 5a,b) between the high- and low-aerosol regions, further supporting
aerosol-induced stabilization as the primary cause of the observed rainfall suppression.

Short-term radiative effects can manifest within a day of an increase in aerosol levels and last for two or more
days®~8. The absorption of solar radiation by aerosols has been linked to local atmospheric heating, with cooling
of the surface leading to a reduction in the atmospheric lapse rate or a consequent increase in stability*®®; this is
consistent with the radiative pathway seen in this study. The effect is further linked to a suppression of moisture
and heat fluxes from the surface™, a reduction of convection'?, and the vertical mixing of moisture. Aerosol levels
were linked to a reduction in cloud fraction and drop sizes of shallow continental clouds**°. Higher atmospheric
stabilization by aerosols was linked to modeled decreases in monsoon precipitation on multi-decadal time scales*,
while it was suggested as significant on short time scales in another study®. An increase in black carbon aerosols
increased stability of the boundary layer and reduced convection, which further reduced cumulus precipitation
in large eddy simulations (LES)'? and general circulation model simulations*'. To our knowledge, the findings
here are the first demonstration of causality of aerosol-induced atmospheric stabilization on Indian monsoon
precipitation suppression.

In contrast with the aerosol-induced suppression of precipitation found in this study, Sarangi et al.’! found an
increase in daily precipitation intensity with increased aerosol loading over the core monsoon zone. Differences
in the studies include the use of clustering into HL and LL regions here, in contrast with the use of non-segregated
data in the other study. Further, cloud fraction in the present study ranged from 0.5 to 1 in the HL and 0.3 to 1 in
the LL regions, in contrast with larger cloud fractions considered in the other study. Aerosol-induced invigoration
of rainfall acts at different levels of AOD on different regimes of cloud fraction, in comparison with the suppres-
sion mechanism investigated here, and manifests in changes in micro- and macro-physical cloud properties, the
analysis of which is beyond the scope of the present study.

Mechanisms of Short-term Precipitation Suppression. Further analysis was performed to link the
observed causality between enhanced aerosol levels and short-term precipitation suppression to factors typically
used to explain monsoon variability, such as, vertical integral of divergence of moisture flux (VIDMEF), vertical
wind (w850) and surface pressure!®*>%3, Increases in VIDMF and w850 have been linked to suppression in precip-
itation, while an increase in surface pressure has been associated with short monsoon break spells*.

In periods of high aerosol levels (AOD anomaly >0.7 for at least three consecutive days) in the high-aerosol
regions, VIDMF and w850 anomalies (upward wind being negative) were found to be positive (Fig. 4a,c,e), indi-
cating higher moisture flux divergence and a simultaneous reduction in convective activity in the column, in
contrast to that in low aerosol periods (Fig. 4b,d,f). These effects were more pronounced during periods of higher
aerosol levels (at different AOD anomaly thresholds; Supplementary Fig. 6) from an increase in gross moist stabil-
ity, defined as the ratio of vertically integrated horizontal divergence of moisture to vertical convection, consistent
with earlier studies®, associated with subsequently reduced precipitation.

The role of common moderating meteorological variables is often debated in relation to aerosol-cloud-pre-
cipitation interactions. Surface pressure is typically identified as one of these variables, whose positive anomalies
have been linked to break spells in monsoon precipitation**. Increases in AOD anomalies had causal effects on
increases in anomalies of surface pressure and VIDME, with lags of 1-5 days (Supplementary Table 3). In HL
regions, a greater frequency of positive surface pressure anomalies was found (Supplementary Fig. 7). However,
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Figure 4. VIDMF and w850 anomaly variation with AOD anomaly: VIDMF anomaly and w850 anomaly
composite with varying AOD anomaly threshold. (a) AOD anomaly >0.7, (b) AOD anomaly <—0.7 (¢) VIDMF
anomaly (AOD anomaly >0.7), (d) VIDMF anomaly (AOD anomaly <—0.7) (e) w850 anomaly (AOD anomaly
>0.7) and (f) w850 anomaly (AOD anomaly <—0.7). It can be seen that high AOD anomaly (>0.7) is associated
with more divergence of moisture and downward wind as compared to low AOD anomaly (<—0.7). Figure was
created using FERRET v7.0 (http://www.ferret.noaa.gov/Ferret/).

there was no causality between increased anomalies in surface pressure and those in VIDMF (Supplementary
Table 3), ruling out the role of surface pressure in the observed effects.

The monsoon region is reported to experience the persistence of both dust aerosols'>*® and build-up of
anthropogenic fine particles?’*, the combined effects of which can diminish surface reaching radiation and can
cool the surface, subsequently increasing the atmospheric stability. Further, transient occurrence of black carbon
aerosols has been measured both at surface and at elevations of 1 to 3km over India and adjoining oceans®>*’.

Convection is reported to accommodate positively, on daily to monthly timescales, to radiative effects of
absorbing aerosols like black carbon leading to short-term increases in precipitation®®. Specifically, active phases
following monsoon break periods, were linked to a build-up of aerosols which caused aerosols moisture conver-
gence and onset of rainfall**2, on time-scales of about 20 days. However, reduction in convection with increases
in black carbon aerosols is reported, both in observation studies of biomass burning*’ and modelling studies'?.
Modeling study conducted by Das et al.>® reported increase in moisture divergence with increased absorbing
aerosols. Guo et al.>* point out that a significant threshold of black carbon loading is necessary to induce convec-
tion, which was found only in simulations using 5xBC of present day emissions. The overall mesoscale mecha-
nism observed here (Fig. 5), is enhancement in aerosol levels causing atmospheric stabilization, with increased
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Figure 5. Mechanisms of aerosol induced suppression: Reduced aerosol loading makes the atmosphere
unstable causing reduced divergence of moisture and normal convection leading to uplift of moisture and
subsequently normal precipitation. While in case of increased aerosol loading the divergence of moisture
is enhanced accompanied with stable atmospheric conditions. Conflation of these effects suppresses the
precipitation. Figure was created using CorelDRAW x 6 (www.coreldraw.com).

horizontal moisture divergence, reduced convection and vertical velocity and subsequent suppression of precip-
itation. These two effects of limited moisture availability and restricted convection conflate and contribute to the
suppression of precipitation.

Implications for Monsoon Break Spells.  Break spells are inherent to the Indian monsoon. However,
their intensity and duration plays an important role in determining deficient precipitation or drought condi-
tions>%. While several definitions are used to identify monsoon break spells, a widely accepted one is based on
a normalized anomaly threshold of one standard deviation below the mean®°>°¢, which occurs for at least three
consecutive days (Fig. S7).

The possible influence of aerosols on mediating break spells was examined through comparing break occur-
rence in regions of higher (HL) and lower (LL) aerosols (Fig. 6). A larger number of total break days and increased
frequency of break spells and prolonged break spells (lasting seven days or longer) was found in HL regions (3-4
times in a season) than in LL regions (1-2 times in a season). The chosen threshold of precipitation anomalies
corresponded to the negative one standard deviation and more stringent decreases (Supplementary Fig. 8) and
results were averaged over all threshold values. It is accepted that prolonged or extended breaks (lasting seven
days or more) often result in droughts>**. Recent studies examining monsoon variability over India during the
last 50 years found an increased duration®” and frequency®® of break spells. However, explicit attribution to aero-
sol effects was not investigated in the earlier studies.

The widespread nature of aerosol-induced rainfall suppression observed here, is evidenced by their occur-
rence not only in 2004 and 2009, widely reported as deficient monsoon years on sub-continental scales'***, but
also in 2005, acknowledged as a normal monsoon year. It was suggested that when the Indian summer monsoon
anomaly is large (>15%), it is often uniform across the country, but when it is within a few percent of the mean,
several regions could have deficit or excess precipitation’. This suggests that the aerosol-induced causal mech-
anisms uncovered here could aggravate break spells and precipitation deficits in normal monsoon years with
modest monsoon precipitation anomalies. In other years, where the analysis was inconclusive due to lack of data,
the use of a finer resolution or larger dataset could yield better insights.

Intra-seasonal oscillations of the Indian monsoon typically occur on cycles of 6-9 days, 10-20 days, and
30-60 days™. Monsoon break periods are generally associated with increased surface pressure anomalies, weaker
moisture-laden low-level flows from the southern Indian Ocean, decreased cyclonic vorticity over the monsoon
region, and positive anomalies in outgoing longwave radiation associated with the scarcity of clouds***>%. The
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Figure 6. Break characteristics in HL and LL clusters: Total number of break days and frequency of episodes
of break spells in HL and LL cluster with varying AOD threshold. Increased number of break days and break
episodes were found in regions with increased aerosol levels. Figure was created using R statistical tool v3.3.1
(https://www.r-project.org/).

aerosol-induced suppression of precipitation seen in this study, which results from mesoscale atmospheric sta-
bilization on shorter time scales of 3-5 days (Fig. 1c), is therefore a distinct phenomenon, whose interplay with
monsoon break dynamics warrants further investigation.

Summary and Discussion

Anthropogenic pollution particles over South Asia comprise a mixture of light scattering species (including sul-
fate, nitrate, organic carbon and others) and light absorbing black carbon (or soot), the latter emitted primar-
ily by traditional technologies burning biomass fuels®’. This study uncovered a causal influence of aerosols on
repeated meso-scale suppression of precipitation, which occurred throughout the monsoon season. The suppres-
sion mechanism was mediated primarily through a radiative pathway acting to increase atmospheric stability and
horizontal divergence of moisture.

Consensus in previous studies points to monsoon rainfall weakening linked to an asymmetric
inter-hemispheric energy balance change attributed to aerosols®’ and short-term rainfall enhancement linked
to radiative effects of non-local absorbing aerosols®**”*2. In this study, short-term rainfall suppression is linked
to radiative effects of coincident aerosols, acting through repeated atmospheric stabilization, reduction in con-
vection and increased moisture divergence, leading to aggravation of monsoon break conditions. Interestingly,
in addition to being manifested in deficient monsoon years, causal influences of aerosols on precipitation sup-
pression also occurred in a normal monsoon year, indicating the possibility of a widespread occurrence of this
phenomenon.

The causal influence of aerosols on precipitation suppression is relevant to the inter-annual variability of mon-
soon precipitation and the timing of monsoon break spells. Prolonged and intense breaks in the monsoon were
associated with rainfall deficits®®, which have been linked to reduced food grain production during latter half of
the twentieth century’. Thus, aerosol-induced precipitation suppression and aggravation of break spells, uncov-
ered here, could influence future rainfall deficits and agricultural vulnerability in India.

Methods

Data set. Aerosol and cloud properties from satellite observations**~2*, precipitation from ground based
measurements®, and meteorological variables from European Centre for Medium-Range Weather Forecasts
(ECMWF) re-analysis (ERA)-interim reanalysis data?® from 2000-2009 over the Indian subcontinent (6.5-40°
N and 66.5-100° E), at 1 x 1° resolution for the monsoon months of June to September (JJAS), were used for
the analysis. Level-3 (L3) atmospheric aerosol data, retrieved from the moderate resolution imaging spectrora-
diometer (MODIS) on board the Earth Observing System’s (EOS) Terra (MODO08_D3v6) and Aqua (MYDO08_
D3v6) satellites, made available through the National Aeronautics and Space Administration (NASA) Deep blue
(Collection-6) algorithm?*, were used for aerosol optical depth (AOD). The data includes AOD retrievals over
regions with high reflectance. Positive values of absorbing aerosol index (AAI) from the total ozone mapping
spectrometers (TOMS) on board the Earth Probe satellites and the ozone monitoring instrument (OMI) sensor
on board the EOS Aura satellite, were derived using the Earth Probe TOMS??> and OMAERUV*®? algorithms. These
measure absorbing aerosols that are within the range of 0.5 and 3.5km® and neglect the residues related to purely
scattering aerosols®>. MODIS L3 cloud droplet effective radius (CDER) data, obtained from both EOS Terra
(MOD08_v3) and Aqua (MYDO08_v3) satellites, were used. Lapse rate was calculated using the temperature of
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nine layers of atmosphere between 1000 and 750 hPa, corresponding to the lower troposphere in the ERA-interim
dataset®. Precipitation data, as a gridded product, were obtained through the interpolation of data from 1803
irregularly located meteorological stations over India, with approximately 350 pixels over the Indian domain®.

Data Processing. The description and source of the data is listed in Table S4 for years 2000-2009 at reso-
lution of 1 x 1°. The spatial coverage for the study region was 6.5-40 °N to 66.5-100 °E. AOD values less than
0.8 were retained for the analysis as higher values may be due to misclassification of clouds as aerosols*’. Daily
pixel-wise absolute value for each variable was transformed into normalized anomaly. To achieve this, at a given
pixel, deviation of daily absolute value from its mean daily value (across years) was divided with standard devi-
ation of daily absolute value (across years). This was repeated for all the pixels. Further, season average anomaly
was calculated by taking mean of normalized anomaly for each year and every pixel. Normalized daily anomaly
(Axy,) for each variable was calculated as described below:

The normalized anomaly (Ax,;,) was the deviation of variable for a specific day (¢) and pixel (i) from the mean
(calculated across years), normalized by its standard deviation. Further, seasonal average anomaly (Ax,, y) Was
calculated for each year and each pixel. Depending upon the value of Ax, the complete 122-day temporal series
of anomaly (Ax,;,) was assigned to either low value cluster or high value cluster.

Egzﬁﬁy
T =22 G Nst=1,2, ..., T}
ti Y (1)
Gy — X
o) = |22 T = 1,2, Nit=1,2, ..., T}
Y—1 @)
X
Axyy="2—C {i=1,2,..,Nit=1,2,.., T3y = 1,2, ...}
o(x,) 3)
I Ax,
Ax,y == {i=1,2,...,Nsy=1,2, ..., Y
Xy T {i N;y } @
Ax, - >0, iis an high value pixel in year y =12 Nsy=1,2, ..}
7 |<0, iisalow value pixel in year y (5)

here t denotes a day in June-September (JJAS) (t=1,2, ..., T). Pixels are denoted as i (i=1, 2, ..., N) and y denotes
years (y=1,2, ..., Y). Tis total number of days in JJAS, N is total number of pixels and Y is total number of years.

The season averaged pixel-level AOD and precipitation anomalies were subjected to hierarchical clustering for
each of the years (2000-2009). Pixels were assigned to (a) high AOD-low precipitation (HL), (b) low AOD-low
precipitation (LL), (c) high AOD-high precipitation (HH), and (d) low AOD-high precipitation (LH) clusters. The
high AOD-low precipitation and low AOD-low precipitation clusters were selected to investigate possible effects
of different levels of aerosols on precipitation suppression. Clustering process is described below:

Pixels were first clustered into high and low AOD anomaly pixels depending upon Ax AOD values. These
pixels were further clustered into high and low precipitation anomaly pixels using Ax,, prec1p1tat10n values. Thus,
pixels were clustered into four clusters i.e. (a) high AOD-low precipitation (HL), (b) Ivow AOD-low precipitation
(LL), (c) high AOD-high precipitation (HH), and (d) low AOD-high precipitation (LL). Once the pixels were
assigned to respective clusters, cluster average of all the pixels was taken to get an average temporal series Ax,, for
each year which was used for causality analysis.

ZM(y)Axtiy
Ax,, = ———,
M(y) (6)

where M(y) is the number of pixels in a given cluster, ¢ is the day and y is the year.

HL clusters for years 2004, 2005 and 2009 are shown in Supplementary Fig. 2 while LL clusters are shown in
Supplementary Figs 3,4. For year 2004, HL cluster had 113 pixels while LL cluster had 98 pixels while year 2009
had 156 and 169 pixels respectively for HL and LL clusters. HL cluster corresponded to highly deficient region
for year 2004 and peninsular regions for 2009, as reported in literature®>*%. Though 2005 was normal year the
HL pixels (belonging to north-eastern region of India) received less precipitation compared to other years®. The
above clustering and analysis was based on normalized anomaly values. The definition of anomaly ensured that
regional effects were excluded while establishing causality.

The individual time series were found to be stationary using Kwiatkowski-Phillips-Schmidt-Shin (KPSS)
test or were made stationary by first order differencing, if the original time series was non-stationary. In the
cause-effect model, Granger causality (GC) was tested pair-wise both ways and once the causality was estab-
lished, the lagged correlation coefficient (lag obtained from GC analysis as discussed next) was calculated and
provided as input to path analysis. Lags with washout (i.e. precipitation causing AOD, feedback (i.e. AOD causing
precipitation and precipitation causing AOD), and lags associated with statistically not significant correlations
were excluded from the analysis. The statistical significance tests were performed at o =0.1 throughout the study.
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Granger causality. The notion of Granger causality (GC) was first introduced by Granger?®. It relies on
the principle that the causal event leads its effect and has unique information about the future. A variable Y is
said to Granger cause variable X, if inclusion of past information of both Y and X gives statistically significant
improvement in the prediction of X as compared to only inclusion of past information of X. GC has been applied
in climate domain for causal attribution®-¢,

Consider stationary time series of Y, and X; to test the null hypothesis of no Granger causality. Towards this
end, an auto-regressive model of X, is compared with auto- and cross-regressive model of X, involving Y, as,

Xi=op+a X, + ..., + o, X, , + & (7)

X, =@+ aX, |+ e +aX, ,+BY +8Y, + ey (8)

If the variance of the residual in the second model, labelled o> . is significantly less than the variance of the resid-

ual in the first model, labelled ¢, then the inclusion of information of Y is i improving the prediction of X, imply-
ing that Y'is Granger causing X. GC was tested at varying lags, and lags with statistically significant causality were
retained for further analysis. First order difference was performed for all the variables to ensure stationarity before
performing GC test for years 2004, 2005 and 2009. Along with this, causality of a particular day was also tested by
comparing the regression model with and without inclusion of a particular day value.

Xi=opg+a X, + ...l + o, X, , + & 9)

Xt = 070 + azIthl + o + &nthn + ﬂnthn + gxy (10)

If g%, is significantly less than 0%, _the inclusion of information of Y, _, is improving the prediction of X, implying

that Yyt . (Le. a particular n' day i in the past) is Granger causing X. The results found were same as with conven-
tional causality methods.

Path Analysis. Proposed by Wright?*, path analysis enables splitting of the net effect of one variable on other
variables into direct and indirect effects. The direct effect is the path coefficient of the directed edge between
two variables under consideration. The indirect effect is the sum of product of path coeflicients for all paths,
other than the direct edge, connecting the variables under consideration. To illustrate, consider the example in
Supplementary Fig. 9% where two exogenous variables Z, and Z, are affecting a common endogenous variable Y.
The variables Z, and Z, are correlated with Y. The correlation coefficients p,,, p;, and p,, are available for a given
data set. In Supplementary Fig. 9 the double headed arrow between the exogenous variables Z, and Z, represents
the correlation between exogenous variables. The single headed arrow from exogenous variables Z, to Y and Z, to
Y signifies that Y is dependent on Z, and Z,. The self-loop on variable Y represents the error term and coeflicient
D,- represents the error path coefficient. The regression model of Y, in standardized form, can be written as:

Y = p, 2+ Py Zs+ Bc (11)

Path coefficients p,,, p,, and p,. are calculated using:

Py, =P, (D) +pypp, (12)
Pay = PiyPry + Py (1) (13)
L=oy =p, +p,, + 0. +20,0,0,, (14)

Once the path coeflicients are calculated the total effect can be segregated into direct and indirect effects. The
direct and indirect effects of exogenous variables Z, and Z, on Y are shown in Supplementary Table 5.

In the current work, path analysis was used to segregate the causal influence of aerosol on precipita-
tion into cloud microphysics and radiative pathways. The strength of each path was quantified as product of
path-coeflicients of edges appearing in that path. The presence (absence) of a statistically significant path coefhi-
cient indicates the presence (absence) of the effect.
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Published: 24 March 2017 . Direct aerosol radl_atlve forcllng facilitates the onset of Indian monsoon ra_lnfall, b?sed on synoptic scale
fast responses acting over timescales of days to a month. Here, we examine relationships between
aerosols and coincident clouds over the Indian subcontinent, using observational data from 2000
to 2009, from the core monsoon region. Season mean and daily timescales were considered. The
correlation analyses of cloud properties with aerosol optical depth revealed that deficient monsoon
years were characterized by more frequent and larger decreases in cloud drop size and ice water path,
but increases in cloud top pressure, with increases in aerosol abundance. The opposite was observed
during abundant monsoon years. The correlations of greater aerosol abundance, with smaller cloud
drop size, lower evidence of ice processes and shallower cloud height, during deficient rainfall years,
imply cloud inhibition; while those with larger cloud drop size, greater ice processes and a greater cloud
vertical extent, during abundant rainfall years, suggest cloud invigoration. The study establishes that
continental aerosols over India alter cloud properties in diametrically opposite ways during contrasting
monsoon years. The mechanisms underlying these effects need further analysis.

The Indian monsoon is influenced by multiple complex factors, from local physical processes to large-scale
forcing. The role of aerosols has received recent attention'-'°. Many studies have focused on monsoon rainfall
changes, which are mediated by slow changes in sea surface temperatures; when changes in the sea surface tem-
peratures degrade the north-south temperature gradient in the northern Indian Ocean, circulation changes occur
that are correlated with reduced monsoon rainfall’®. More recently, rapid changes in radiative forcing, because
of both anthropogenic and natural aerosols®!}, have been linked to increases in northward moisture transport
and, consequently, increases in rainfall, on daily and monthly timescales. Over continental areas of north India,
changes in aerosols were linked to asymmetric changes in precipitation, with increases west, and decreases east,
of 80°E®. Some studies have identified the influences of spatially separated aerosols (dust and black carbon over
Himalaya; dust outbreak over Africa) on observed increases of net diabatic heating rates in the middle to upper
troposphere or a strengthened northward pressure gradient over the Arabian Sea, with consequent increases in
synoptic scale moisture convergence over India.

Significant aerosol concentrations over the Indian subcontinent occur during the summer monsoon season;
the aerosol levels correlate with cloud properties, as illustrated for the monsoon month of July'? and for the defi-
cient monsoon year of 2009"%. Different mechanisms by which aerosols mediate cloud and rainfall development
have been proposed. Meteorological covariance can obscure observational evidence of the aerosol modification
of clouds. However, recent observational studies have attempted to control for meteorological effects through the
classification of clouds into regimes. Absorbing aerosols could lead to stabilization of the near-surface atmos-
phere, leading to positive feedback that reduces cloudiness'*. Observational evidence from the Amazon biomass
burning season supports the theory that black carbon aerosols inhibit warm cloud development'®. Absorptive
dust aerosol outbreaks over the Taklimakan desert!® and East Asia’s arid regions!’, have been linked to large
atmospheric warming effects and to significant reduction in the liquid and ice water path in dust-contaminated
clouds'. In contrast, an increase in the availability of cloud condensation nuclei at the cloud base could enhance
cloud “invigoration’, and increase rainfall intensity'>?°. Observations support aerosol-mediated increases in the
transition from stratocumulus to convective cloud regimes?! and rainfall intensity??>. However, to the best of our

Ynterdiciplinary program in Climate Studies, Indian Institute of Technology Bombay, Powai, Mumbai, India.
’Department of Chemical Engineering, Indian Institute of Technology Bombay, Powai, Mumbai, India.
Correspondence and requests for materials should be addressed to C.V. (email: chandra@iitb.ac.in)

SCIENTIFICREPORTS | 7:44996 | DOI: 10.1038/srep44996 1


mailto:chandra@iitb.ac.in

www.nature.com/scientificreports/

knowledge, the modulation of monsoon clouds by both spatially and temporally coincident aerosols has received
little attention.

This study focussed on three of six homogeneous monsoon rainfall regions identified on the basis of similarity
in rainfall characteristics and association of sub-divisional monsoonal rainfall with regional/global circulation
parameters®. The three selected regions, together account for over 85% of annual summer monsoon rainfall
and constitute the “core monsoon zone” over the Indian subcontinent?**. To investigate the aerosol modula-
tion of clouds and rainfall during deficient and abundant monsoon years, we used observational data from June
to September (JJAS), from 2000 to 2009. These data were coincident in space and time and include gridded
monsoon rainfall?*¥, aerosol optical depth (AOD) and cloud properties, sourced from the Moderate Resolution
Imaging Spectroradiometer (MODIS) Terra and Aqua Level 3 satellites.

A seasonal normalized precipitation anomaly was used to identify deficient and abundant rainfall years in
each region. The season mean variables in abundant and deficient rainfall years, respectively, were aggregated at
a pixel level, to analyse the anomalies in coincident aerosol abundance and cloud properties, during the summer
monsoon months of 2000-2009. The specific issue addressed in this work relates to whether the nature of aerosol
modulation of cloud properties remain the same under distinct conditions encountered in different monsoon
years, i.e. in deficient versus abundant monsoon years, do aerosols affect clouds in similar or dissimilar ways.

Results

Season mean rainfall, aerosol and cloud properties. The deficient and abundant rainfall years dif-
fered in the three regions studied (Supplementary Fig. S1). The combined rainfall anomalies, calculated at pixel
level, for the “deficient” and “abundant” rainfall years in each region, ranged from —3 to 0 and 0 to +3 mm day ",
respectively, for over 95% of the pixels (Fig. 1a,b). Deficient rainfall years were characterized by a greater number
of “break periods” than abundant rainfall years (Table S1); a break period was defined as three or more consecu-
tive days with the normalized rainfall anomaly below —1 (ref. 25). During the deficient rainfall years, there were
eight, eight and two break periods, respectively, in R1, R2 and R3; during abundant rainfall years there were one,
four and zero break periods, respectively. The numbers of days that fell within the break periods were significantly
larger during deficient years (35, 42 and 8 days, respectively, in R1, R2 and R3) than in abundant years (3, 21 and
0 days, respectively) (Table S1).

An understanding of the aggregated aerosol and cloud properties during deficient and abundant rainfall years
would allow an analysis of how the aerosols mediate the cloud properties. Aerosol and cloud cannot be observed
simultaneously at the scale of Level-1 MODIS retrievals, wherein only pixels identified as cloud-free are used for
making Level-2 aerosol retrievals. However, for the Level-3 product (at 1° x 1°), both cloud-free aerosol retriev-
als and cloud retrievals are averaged, from the respective Level-2 datasets?, leading thereby to presence of both
aerosol and cloud retrievals in the same Level-3 pixel. In the present dataset, 20-50% (70-190 data pairs) of
daily retrievals at Level 3, contained both AOD and CDER data (Supplementary Fig. S2). We follow previous
studies using the MODIS Level 3 product!>!*?? to investigate aerosol-cloud interactions. Aerosol build-up has
been observed, even during the JJAS monsoon months; anthropogenic emissions and dust were seen to increase
columnar aerosol abundance during rainfall break periods and sometimes even during active surface rainfall
periods®, in the case of elevated dust plumes. During deficient monsoon rainfall years, largely positive anomalies
in AOD were found (83% of pixels) while in abundant rainfall years these were largely negative (69% of pixels)
(Fig. 1¢,d). Contrasting AOD anomalies were also seen in the absolute AOD data and were larger in deficient than
in abundant rainfall years for all regions, with high statistical significance (P < 0.10) (Supplementary Fig. S3a).
Examination of the aerosol index, or the aerosol absorbing index (AAI), showed that absorbing aerosols had a
similar behaviour to AOD (Supplementary Fig. S4a—c). This implies that the abundances of absorbing aerosols
(dust and possibly black carbon), and those of the total aerosols, were larger in deficient monsoon years.

Key cloud properties, coincident with the aerosols detected, were significantly different between deficient and
abundant rainfall years. Mean cloud drop size, measured through the cloud drop effective radius (CDER), had
almost exclusively negative anomalies in all regions during the deficient rainfall years (Fig. 1e; 99% pixels) and
positive anomalies during the abundant rainfall years (Fig. 1f; 84% pixels). The contrasts in the CDER anomalies
were consistent with those of the CDER season mean for each region, being lower in the deficient, compared
with the abundant rainfall years (Supplementary Fig. S3b) (P < 0.10). It is generally accepted that a critical cloud
drop radius is necessary for settling and initiating auto-conversion processes; these processes mainly result from
drop sweep-out by falling raindrops, leading to drop growth and the onset of precipitation. Mean cloud drop size
(Supplementary Fig. S3b) observed during deficient rainfall years, particularly in R3, could inhibit rainfall devel-
opment. These findings are consistent with more frequent observations of smaller cloud drop sizes in the month
of July during deficient rainfall years'?. In addition to the microphysical effects, the greater abundances of absorb-
ing aerosols, discussed above, could potentially exert a radiative effect, through stabilization of the near-surface
atmosphere®® and lead to the inhibition of vertical moisture transport. Season mean lower tropospheric stability
(Supplementary Fig. S5) showed a positive anomaly in deficient monsoon years, in contrast to a negative or neg-
ligibly positive anomaly in abundant monsoon years, over almost all parts of the three selected regions, which
merits further investigation.

Analyses of other cloud properties revealed that the deficient monsoon years were characterized by largely
negative anomalies of the ice water path (IWP; 91% of pixels), but positive anomalies (98%) in cloud top pressure
(CTP) (Fig. 1g and i). Abundant monsoon years were characterized by positive anomalies in IWP (93%), but neg-
ative anomalies in CTP (86%) (Fig. 1h and j). Region mean values of IWP (Supplementary Fig. S3c) were lower
(higher), but those of CTP were higher (lower) in all regions during deficient (abundant) rainfall years (P < 0.10).
Similar anomalies were observed in cloud liquid water path (LWP; data not shown). At the mean cloud top height
during abundant monsoon years (with a CTP of 410-580 mb) temperatures reached below freezing point (257-
318K), while during deficient rainfall years (CTP of 460-650 mb) the temperatures were largely above freezing
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Figure 1. Spatial distribution of region-specific June-September (JJAS) anomalies during deficient (first
column) and abundant (second column) rainfall years. (a,b) rainfall, (c,d) aerosol optical depth (AOD), (e,f)
cloud drop effective radius (CDER, pum), (g,h) ice water path (IWP, gm~2) and (i,j) cloud top pressure (CTP,
mb). Figure was created using FERRET v7.0 (http://www.ferret.noaa.gov/Ferret/).
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During deficient rainfall years During abundant rainfall years
Region Property AOD CDER IwWP CTP Region Property AOD CDER IWP CTP
AOD 1.00 AOD 1.00
CDER —0.06 1.00 CDER —0.03 1.00
Region 1 Region 1
Iwp 0.33 0.01 1.00 Iwp 0.06 0.01 1.00
CTP 0.23 —0.85 0.23 1.00 CTP 0.09 —0.81 0.14 1.00
AOD 1.00 AOD 1.00
CDER —0.60 1.00 CDER —0.13 1.00
Region 2 Region 2
Iwp 0.26 0.11 1.00 wp —0.1 —0.05 1.00
CTP 0.44 —0.37 0.03 1.00 CTP 0.04 —0.52 0.18 1.00
AOD 1.00 AOD 1.00
CDER —0.20 1.00 CDER —0.10 1.00
Region 3 Region 3
wp —0.30 0.56 1.00 wp 0.08 0.54 1.00
CTP 0.24 —0.56 —0.23 1.00 CTP 0.39 —0.65 —0.33 1.00

Table 1. Correlations between season mean aerosol abundance and different cloud properties during
deficient and abundant monsoon years in each region studied. Bold indicates a statistically significant
correlation (P < 0.10).

(312-317K). These results are consistent with observations of larger cloud vertical extents, and greater liquid
and ice water contents during active monsoon spells®, which occur more frequently in abundant rainfall years.

The relationships between aerosol abundance and different cloud properties were first examined through cor-
relation analyses of the season mean values at pixel level (Table 1); this was done within each homogeneous rain-
fall region, to limit the spatial extent and attempt to avoid spurious correlations® from climatological gradients of
aerosol and cloud properties, which may occur over larger spatial scales. During the season in deficient monsoon
years, negative correlations were found between AOD and cloud drop size, in two of the three regions (Table 1).
This indicates that higher aerosol abundances were coincident with lower cloud drop sizes. In contrast, a decrease
in cloud drop size was not found with increasing AOD in abundant monsoon years, in two of the three regions.
Season mean column water vapor availability showed a negative anomaly in deficient, but a positive anomaly in
abundant monsoon years (Supplementary Fig. S6), indicating a combined effect of aerosols and water vapour
limited regime on reduced cloud drop sizes in deficient rainfall years.

Correlation analyses of the season mean AODs with CTP and IWP showed differing behaviours among the
regions (Table 1). In R3, northwest India, AOD was correlated positively with CTP, during both deficient and
abundant rainfall years. In addition, increases in AOD were correlated with decreases in IWP, or reduced ice pro-
cesses, during deficient monsoon years, but there were no significant correlations during abundant rainfall years.
This suggests that greater aerosol abundances were coincident with shallower clouds and decreased ice processes,
during deficient rainfall years. These patterns differed from those observed in R1 and R2. R1 and R2 were identi-
fied in previous studies! as part of the core monsoon zone. In R1 and R2, the aerosol abundances were correlated
with shallower clouds, but increased ice processes, during deficient monsoon years. During abundant rainfall
years, there were no significant relationships between aerosol abundance and either cloud vertical extent or ice
processes. The clouds were shallowest in R3 compared with the other regions (Supplementary Fig. S3d; P < 0.10).
As the interactions between aerosols and clouds occur on short timescales, the aerosol-cloud relationships based
on the season mean, as discussed above, were further evaluated with analyses at daily timescales, below.

Daily mean aerosol and cloud properties. Temporal correlation analyses between aerosols and cloud
properties, of the daily mean values at pixel level, were carried out for each year, from 2000 to 2009 (Fig. 2). In
each region (R1, pixels 59; R2, pixels 87; and R3, pixels 63) for every year, the correlations between AOD and the
cloud properties (CDER, IWP, LWP and CTP) were calculated using the absolute values of each parameter. The
statistical significance of correlation coefficient was tested at o =0.10. At a given pixel, to identify the cumulative
frequency of occurrence, a correlation greater than zero was assigned as+ 1 and a correlation less than zero was
assigned —1. The cumulative sums of these values were calculated for deficient and abundant years separately;
larger, positive values of cumulative frequency indicated the presence of more number of positive correlations
and vice-versa.

During deficient rainfall years, negative correlations occurred between AOD and CDER more often than
positive correlations, while the opposite pattern was observed during abundant rainfall years (Fig. 2a, b). This
contrast was observed most prominently in R2 and R3. At the daily timescale, greater aerosol abundances were
thus coincident with decreased (increased) cloud drop sizes in deficient (abundant) rainfall years. The nega-
tive correlations between AOD and CDER during deficient periods, and positive correlations during abundant
periods, were statistically significant in all three regions (Fig. 3a—c), based on the composited analyses. Thus, an
opposing influence of aerosol abundance on cloud drop size is evident; higher levels of aerosols lead to smaller
cloud drop sizes in deficient, and larger size in abundant, rainfall years.

The relationships between daily-mean AOD and IWP were examined by analysing the pixels with cloud top
temperatures (CTTs) less than 0°C (Fig. 2¢,d). The behaviour was different among regions. In R1 and R2 negative
correlations between AOD and IWP occurred more frequently during deficient rainfall years, while positive cor-
relations were more frequent during abundant rainfall years (Fig. 3d-f). In R3, during deficient years there were
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Figure 2. Temporal correlation cumulative frequency analyses during deficient (first column) and
abundant (second column) rainfall years. (a,b) AOD and CDER; (c,d) AOD and IWP, where cloud top
temperature (CTT) <0° (e,f) AOD and liquid water path (LWP); and (g,h) AOD and CTP. Correlations are
significant at P < 0.1. Figure was created using R statistical tool v3.3.1 (https://www.r-project.org/) and FERRET
v7.0 (http://www.ferret.noaa.gov/Ferret/).
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Figure 3. Scatter plot of statistically significant AOD-cloud property correlations at the pixel level, for R1,
R2 and R3, during deficient and abundant rainfall years. (a-c) AOD and CDER (um); (d-f) AOD and IWP

(gm™?); and (g-i) AOD and CTP (mb). Figure was created using SigmaPlot v11 (https://systatsoftware.com/).

not enough data points to analyse the relationship statistically, but no significant correlations were seen during
the abundant rainfall years. Thus aerosols were related with a decrease in ice processes during deficient, but an
increase in ice processes during abundant, rainfall years.

The relationships between AOD and LWP, were positive in both abundant and deficient rainfall years
(Fig. 2e,f); positive correlations occurred more frequently during the abundant rainfall years. This implies that
increases in aerosol abundance, with possibly greater availability of CCN, particularly sea salt aerosols entrained
in the strong westerly monsoon flows®, were correlated with greater amounts of liquid water in the clouds.

The AOD displayed negative anomalies in the abundant rainfall years, consistent with the rainout of aerosols.
Within this depleted aerosol field, the correlations between AOD and CTP (Fig. 2g,h) were more frequently neg-
ative during abundant, than deficient, rainfall years. This indicates that with an increase in aerosol abundance,
lower CTP, or higher cloud heights, occurred during the abundant monsoon years. However, the correlations
between CTP and AOD (Fig. 3g-i) were not significantly different between the abundant and deficient rainfall
years; this indicates that the magnitude of this effect did not change much between abundant and deficient rainfall
years. We note that fewer daily data were available during the abundant monsoon years, because of missing AOD
values in the satellite retrieval data.

Discussion

We used independent, but temporally and spatially coincident, data sets of rainfall data, and aerosol and cloud
property data. We established contrasting correlations between aerosol abundance and cloud properties on sea-
son mean and daily mean timescales, during deficient and abundant monsoon years. The effects of aerosols act
largely through microscale to mesoscale alterations of cloud microphysics and macrophysics, possibly through
the alteration of lower atmospheric stability on sub-seasonal timescales. The contrasts in the correlations during
deficient and abundant rainfall years, of AOD with CDER, IWP and CTP, indicate that the abundance of aerosols
correlated with smaller (larger) cloud drop sizes during deficient (abundant) rainfall years. Increases in aerosol
abundance were correlated with a greater persistence of lower ice processes and shallower cloud heights during
deficient rainfall years, but taller clouds and, evidence of, greater ice processes, during abundant rainfall years.

Deficient monsoon years are characterized by lower levels of moisture convergence, vertical velocity and avail-
able column water vapour?**%. However, there is significant evidence of physical mechanisms that could explain
the observed correlations between aerosol and cloud properties, while exercising caution in any interpretation.
Satellite observations support the instantaneous brightening of clouds with increases in aerosol abundance,
through a decrease in CDER* and a corresponding increase in cloud drop number concentration®. In addition
to the microphysical effect, the presence of absorbing aerosols could potentially exert a radiative effect, through
stabilization of the near-surface atmosphere because of aerosol absorption'®, which inhibits moisture transport
and cloud development. Negative correlations of AOD-CDER, along with a positive anomaly in season mean
lower tropospheric stability, found here in deficient monsoon years, are consistent with mechanisms suggested
in previous studies.

Alternately, the aerosol-cloud invigoration mechanism'>, postulates that a larger abundance of aerosols
at the base of warm convective clouds leads to greater vertical cloud extent, and increased invigoration, which
is supported by observations?***%. An independent effect of aerosols on convective cloud invigoration over the
Atlantic, was suggested through differences in correlations of meteorological parameters with observed aerosol
optical depth from those with convective cloud properties, both in terms of the meteorological variables con-
cerned and the correlation sign®. Aerosol loading was linked to invigoration of convective clouds leading to
increased cloud macroscopic properties like cloud-top heights, thicknesses, and the expansion of anvil cloud
fractions, in unstable, moist atmospheres in the US Great Southern Plains®. Positive relationships found between
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cloud drop effective radius and aerosol optical depth or aerosol total concentration, in the Gulf of Mexico and
South China Sea, were reproduced in model calculations upon the introduction of giant CCNs*’. Over India,
observations reveal a higher availability of sea-salt CCN in abundant monsoon years from entrainment in strong
on-shore westerly flows*.

Negative AOD-CTP correlations and positive AOD-CDER correlations, seen in this study, occurred more
frequently in abundant monsoon years, along with more frequent, positive correlations between AOD and CF
(Supplementary Fig. S7a,b). Negative AOD-CTP correlations observed in previous studies, were largely explained
by a positive relationship between AOD and cloud fraction (CF)*. While AOD-CF relationships are sometimes
influenced by a high-bias in aerosol retrieval, from cloud contamination or meteorological effects like aerosol
humidification, these relationships have been observed using different measurement systems??; this suggests that
they are not caused by measurement artefacts alone. The present findings imply that, when the overall greater
convective activity and vertical moisture transport in abundant monsoon years is coincident with higher aerosol
concentrations, deeper and taller convective clouds occur.

The main finding of the work is the opposing nature of aerosol modification of clouds in deficient versus
abundant monsoon years. Overall, during deficient rainfall years, greater aerosol abundance was correlated with
a smaller cloud drop size, the persistence of lower ice processes and shallower cloud heights, consistent with
aerosol-mediated inhibition of cloud development. In contrast, during abundant rainfall years, aerosol abundance
was correlated with a larger cloud drop size, taller clouds and greater ice processes; this implied that cloud invig-
oration was mediated by the coincidence of aerosols and stronger convective fields. The coincidence of aerosols
and taller clouds suggests that vapour accretion during the longer duration of entrainment may explain, in part,
the observed positive correlations between AOD and CDER during abundant monsoon years. Other studies have
shown very important responses of the monsoon aerosol-induced changes that have acted through sea surface
temperatures (linked to monsoon weakening)"*#! and through temperature and pressure gradients, which facil-
itate moisture convergence and rainfall onset®!!. However, the consistent correlations seen in this work, from
the daily to season timescales, show that coincident continental aerosols alter cloud properties, in diametrically
opposite ways, in contrasting monsoon years. A suggestive implication of the findings is that aerosols inhibit
cloud development in deficient, but invigorate it in abundant, monsoon years. Further work is needed to carefully
attribute the observed relationships to the causal factors that could affect the consequent rainfall development.

Methods

Aerosol and cloud properties: MODIS Terra and Aqua Level 3 Data. Satellite measurements of cloud
properties, including microphysical, optical and thermodynamic properties were used. Data included CDER,
LWP, IWP, CE, CWV, CTP and CTT. Aerosol properties, including AOD, were used as measures of the columnar
abundance of total and absorbed aerosols, respectively. All variables, except AAI, were downloaded from the
NASA GES DISC Giovanni online data system (http://gdatal.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi? instance_
id=MODIS_DAILY_L3). The data from the MODIS remote sensors on board the earth observing system (EOS)
terra and aqua satellites, level 3, were used at 1° x 1°, latitude x longitude, resolution*? for the months of JJAS,
from 2000 to 2009. The MODIS instruments are flown on the Terra and Aqua satellites in sun-synchronous orbits,
with equatorial crossing times of 1030 and 1330 LST, respectively. These instruments are of the same design, to
reduce the error due to instrument differences. All the data products used from 2000 to 2002 were from the Terra
satellite; data products from the Aqua satellite are available from July 2002 onwards. During 2003-2009, MODIS
data products obtained from both the Terra and Aqua satellites were combined and utilized. Earlier studies*?
found that there are smaller differences between land and ocean AOD data from MODIS, compared with ground-
based aerosol robotic network (AERONET) sun/sky radiometer measurements*. Since the season is charac-
terized by the prevalence of cloudy skies, AODs larger than 0.8 were excluded from the data sets. This avoided
potentially large influences of satellite retrieval errors, such as cloud contamination, or domination by aerosol
swelling, from the large relative humidity around clouds. Cloud properties from MODIS L3 were derived from
MODIS Atmosphere L3 Gridded Product Algorithm?*#*. Cloud droplet effective radius retrievals from MODIS
are made from the 1.6, 2.1, and 3.7 pm bands, along with analyses and L3 aggregations that enable improved
spectral retrieval intercomparisons and estimate quantitative pixel level uncertainty (https://modis-atmos.gsfc.
nasa.gov/_docs/C6MODO060PUserGuide.pdf). In marine stratocumulus clouds, MODIS retrieved cloud effec-
tive radius using the 2.1 pm wavelength channel overestimated in situ measurements on average by 13% (ref. 46).
Passive remote sensed cloud products have been widely used in previous work!>1*223! investigating aerosol-cloud
interactions. While data have recently become available, after 2006, from active sensors, like the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP), a two-wavelength polarization lidar*’, and a cloud profiling
radar?, these datasets remain somewhat limited in terms of spatial and temporal coverage.

Rainfall observations. Daily mean rainfall data (1° x 1°), provided by the Indian Meteorological
Department (IMD) were used for the precipitation analysis from 2000 to 2009. The rainfall data set?” included
rainfall data from 2140 stations. Deficient and abundant rainfall years in each region, were identified through the
calculation of a seasonal normalized precipitation anomaly, for the monsoon months of JJAS, during the ten year
period of 2000-2009.

Aerosol absorbing index (AAl): TOMS and OMI. AAI data were from the Total Ozone Mapping
Spectrometer (TOMS, 1° x 1.25°) for 2000-2004*¢ and the ozone monitoring instrument (OMI, 1° x 1°) for
2005-2009%, as per their availability. To calculate anomalies, for the 10-year period (2000-2009), in the abundant
and deficient monsoon years we interpolated the OMI data set on the TOMS grid (i.e. 1° x 1.25°).
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Deficient and abundant rainfall years. In each region, deficient and abundant rainfall years, during the
10-year period (2000-2009), were identified through calculation of a seasonal normalized precipitation anomaly,
for the monsoon months of JJAS (Supplementary Fig. S1). The normalized anomalies were calculated at the pixel
level as the ratio between the difference of the annual mean from the 10-year mean, and the standard deviation
of the 10-year mean values. A threshold anomaly value of +- 0.1 was used to define years as “abundant” (>0.1)
and “deficient” (<—0.1) rainfall, consistent with the threshold used for the whole country (Ref: IMD Technical
Circular No. 2/2007). Deficient rainfall years in R1 were 2002, 2004 and 2009; in R2 and R3 they were 2000, 2002
and 2009. Abundant rainfall years in R1 were 2003, 2007, 2008; in R2 they were 2003, 2005, 2006, and 2007; and
in R3 they were 2003, 2006, 2007, and 2008 (Supplementary Fig. S1).

Pixel-level temporal correlation analysis. In each region (R1, R2 and R3) the correlations between aer-
osol (AOD) and cloud properties (CDER, IWP, LWP, CTP and CF) were calculated for each year (individually),
using absolute values of the AOD and cloud properties. Correlation coefficients were considered statistically
significant (o) at 0.10. At a given pixel, correlations greater than zero were assigned as +1 and correlations less
than zero were assigned as —1; to identify the cumulative frequency of occurrence, these values were aggregated
across deficient and abundant years. Therefore, a positive value of cumulative frequency indicates the presence of
more positive correlations, and vice-versa.

Lower Tropospheric Stability (LTS). Lower tropospheric stability (LTS = 0,0gup, — 81000npe; Kelvin), which
is defined as the difference in potential temperature () between the 700-hPa level and the surface®’, anomalies
were analysed using the ERA-Interim dataset produced by the European Centre for Medium-Range Weather
Forecasts®".
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