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Abstract

Cloud microphysical processes and rainfall over the Indian summer monsoon (ISM) region are unique because of the
strong interaction among clouds, thermodynamics, and dynamics. The heating and presence of water vapor during ISM
help for the formation of cloud particles in stratiform and convective clouds. In this study, we have analyzed the role of
cloud microphysical processes behind the ISM rainfall ISMR) and their inter-annual and sub-seasonal variability from the
Goddard Earth Observing System (GEOS) model data (i.e., MERRA reanalysis). The spatial distribution of microphysical
process rates (e.g., auto-conversion, freezing, accretion of rain and snow) over the Indian subcontinent are in line with the
rainfall distribution. Besides, the interannual variability of these cloud microphysical process rates is coupled to that of the
ISMR. It is revealed that these microphysical processes are in line with the spatial distribution of more (less) rainfall over
the Indian subcontinent during active (break) spells. They also have significant sub-seasonal variability like ISMR over the
ISM region. The variance is more in the synoptic scale than in quasi-biweekly mode (QBM) and monsoon intraseasonal
oscillation (MISO) scales. Further, the sub-seasonal variances of microphysical process rates are well correlated with the
mean ISMR. Results also reveal the teleconnection of cloud microphysical processes over the ISM region with the ENSO
phenomena. We hope that the understanding of detailed microphysical processes during ISM will help the development of

a climate model for depicting the mean monsoon. It may then enhance the skill of seasonal prediction.

1 Introduction

The Indian summer monsoon (ISM) rainfall (ISMR) is
one of the most important large-scale phenomena, driven
by ocean—atmosphere interaction (Meehl 1989; Nobre and
Shukla 1996; Trenberth et al. 2000; Zhou et al. 2008). It
acts as a pivotal water source for the countries of the Indian
subcontinent. It is not only the lifeline of the people residing
but also the impetus of the gross domestic product (GDP) of
these countries (Gadgil and Gadgil 2006; Parthasarathy et al.
1988). Hence, policymakers are interested in the prediction
of this variability well advanced for disaster management
and crop management.

Why is understanding the detailed microphysical process
rates important? Cloud and its propagation are important for
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monsoon (Sikka and Gadgil 1980), and cloud microphys-
ics in particular, which includes microphysical processes
(viz. autoconversion, accretion, freezing, and evapora-
tion), is crucial in seasonal and intraseasonal scales (Hazra
et al. 2016, 2017a, b; Dutta et al. 2020, 2021). Kumar et al.
(2017) have pointed out that, a better understanding of vari-
ous multi-scale processes which drive the MISOs is the key
to achieving better fidelity in coupled climate models. The
parameterizations of condensation, freezing, sublimation,
evaporation, autoconversion, accretion, and sedimentation
of liquid and ice (Bacmeister et al. 2006) are important for
sustaining monsoon dynamics through latent heating and
rainfall formation (Tao et al. 1990, 2001; Hazra et al. 2016).
Therefore, understanding the detailed microphysical process
rates may help to target the improvement of the particular
processes in a climate model.

Though the understanding of these detailed cloud micro-
physical processes for ISM precipitating clouds is important
to fix the target (i.e., tendency equations) in the model code
for developing coupled climate models, the studies in this
direction over the ISM region are limited. Wonsick et al.
(2009) have performed a detailed analysis of cloud amounts
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and their occurrence using satellite data over different loca-
tions, during different phases of monsoon. Chakravarty
et al. (2018) from radar observation found that the transition
phase from break spell to active is due to the increase of the
congestus clouds. Our earlier studies (Hazra et al. 2017a,b,
2020a, b; Dutta et al. 2020, 2021, 2022) demonstrated that
proper representation of cloud microphysical processes in
climate models can improve the simulation of mean and
intraseasonal features of ISMR through the dynamical and
thermodynamical structure of ISM.

On the other hand, despite significant improvements in
modeling resources and computation facilities, the skill
score of coupled global climate models (CGCMs) is far
below the potential predictability (PP) limit (Krishna Kumar
et al. 2005; Rajeevan et al. 2012). Can the improved under-
standing of cloud microphysical processes improve this?
Kulkarni et al. (2011) found that the predictability of the
seasonal mean depends on the credibility of the prediction
of MISOs. Limitations in prediction skills can be arising
from the unrealistic parameterization of cloud processes
and precipitation physics in climate models (Kumar et al.
2017; Hazra et al. 2017a, b; Dutta et al. 2020). Hence, De
et al. (2019) highlighted the need for more research on the
interaction between cloud and large-scale circulation process
which they found a “gray area in climate science.” Tiwari
et al. (2014) found that these low skill scores may originate
from sparse representation of observed teleconnection of
ISMR with Pacific SST, i.e., EI-Nino and Southern Oscilla-
tion (ENSO), revealed in numerous studies (Krishnamurthy
and Goswami 2000; Ropelewski and Halpert 1989; Sikka
1980; Mooley and Parthasarathy 1984; Pradhan et al. 2016;
Goswami and Xavier 2005; Goswami and Jayavelu 2001;
Pokhrel et al. 2012; Dwivedi et al. 2015). In general, these
studies highlight that moderate to strong El-Nino-like condi-
tions are responsible for below-normal monsoon to deficient
(droughts) conditions. Besides, several studies (Burns et al.
2003; Srivastava et al. 2002; Chang et al. 2001; Chattopad-
hyay et al. 2015; Sankar et al. 2016; Borah et al. 2020) have
discussed the role of other non-ENSO predictors (viz., North
Atlantic Oscillations (NAO), Atlantic Multidecadal Oscil-
lations (AMO), and Extra Tropics (ET) in regulating the
ISMR. Recently, Saha et al. (2019) observed that synoptic
components of the ISMR are also potentially predictable
which uplifts the potential predictability (PP) limit. In sub-
sequent works (Saha et al. 2019, 2020, 2021) they argued
that ISMR has a high predictability and the simulation of
sub-seasonal statistics, particularly the synoptic systems,
hold the key for skillful prediction on seasonal to decadal
time scale. The synoptic system is primarily governed by
lows and depressions that form over the Bay of Bengal and
travels west and north-westward (Saha et al. 2020; Godbole
1977; Stowasser et al. 2009; Revadekar et al. 2016; Krishna-
murthy and Ajayamohan 2010; Hurley and Boos 2015).
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Several studies (Sarker and Choudhary 1988; Prasad et al.
1990; Stano et al. 2002; Hunt et al. 2016) have performed a
composite analysis of different variables, taking a different
number of LPS. Recently, Hazra et al. (2020b) discussed the
fidelity of different cloud microphysical parameterization
schemes to simulate the characteristics of LPS which trav-
erse from the Bay of Bengal to the Indian mainland and have
an intensity of deep depressions using the Weather Research
and Forecasting (WRF) model. However, none of these stud-
ies discussed the cloud microphysical processes in the LPS.

Upon surveying the literatures, we found a lack of studies
that discuss cloud microphysical processes in interannual,
sub-seasonal scales (i.e., synoptic, QBM, and MISO) as well
as for LPS. Hence, in this endeavor, we have addressed the
following:

i)  Role of cloud microphysical process in governing the
seasonal mean rainfall and its interannual variability.

ii) Possible linkage of microphysical processes with
ENSO.

iii) Cloud microphysical processes in synoptic (3—7 days),
quasi-biweekly mode (QBM: 10-20 days), and MISO
(30-60 days) scales.

iv) Linkage between ISMR and cloud microphysical pro-
cesses in the sub-seasonal (synoptic, QBM and MISO)
scales.

v) Composite analysis of the cloud processes of LPS that
passes through Central India.

2 Data and methodology

These analyses are based on Modern Era Retrospec-
tive-analysis for Research and Applications—version
2 (MERRAZ2, Gelaro et al. 2017) reanalysis data. The
MERRAZ? replaced its predecessor MERRA, which was
terminated on March 2016. MERRA?2 is based on the
Goddard Earth Observing System (GEOS) atmospheric
data assimilation system version 5.12.4. It contains GEOS
atmospheric model (Rienecker et al. 2008; Molod et al.
2015) and the Gridpoint Statistical Interpolation (GSI)
analysis scheme (Wu et al. 2002; Kleist et al. 2009). The
model includes the finite-volume dynamical core of Put-
man and Lin (2007), and has an approximate resolution
of 0.5°%0.625° and 72 pressure levels from the surface to
0.01 hPa. A detailed description of the MERRA?2 product
can be found in the Gelaro et al. (2017) study. The GEOS
model included using the Earth System Modeling Frame-
work (ESMF) (Rienecker et al. 2008), where the cloud
scheme in the GEOS model considers a single phase of
condensate. The cloud microphysics for cloud water and
ice/snow is taken care of explicitly, as presented by Bac-
meister et al. (2006) and Barahona et al. (2014). It is to
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be noted that MERRA?2 data used here are data assimila-
tion products that consume observations and should not be
deemed proper observations. Bao and Zhang (2019) also
used MERRA data for their study over the Tibetan Plateau
region. The same data is also used for the study of tropical
cyclones (Jones et al. 2021) and tropical tropopause breaks
(Luan et al. 2020).

The cloud microphysical tendency terms taken from
MERRA?2? data are autoconversion of cloud water to rain
(RAUT), accretion of cloud water to rain (RACR), accre-
tion of cloud water to snow (SACR), and net freezing of
cloud condensate into ice (FCI). The daily and monthly rain-
fall data are taken from Global Precipitation Climatology
Product (GPCP; Adler et al. 2003). These data are in the
range 1980-2019 except for daily rainfall data from GPCP,
which is in the range 1997-2019. LPS dates are taken from
Regional Meteorological Centre Chennai (RMCC), under
India Meteorological Department (IMD) (http://www.
imdchennai.gov.in/) during the period 1980-2019 for June
to September (JJAS) season only. It provides the tracks of
all depressions, cyclones, and severe cyclonic storms since
1891 forming over the Bay of Bengal, Land, and the Arabian
Sea. The LPS which traverse through the central India region
(72 —-88° E, 18 —28° N) are only considered irrespective of
intensity in this study. Marginal no of LPS found that forms
over the Arabian Sea and traverse through CI. Hence, they
are not considered here. The composites of LPS events are
made on the basis of dates on which the LPS (forming over
the Bay of Bengal and Land) are over land region only. The
sea surface temperature (SST) data sets used in the study are
obtained from Hadley center global sea Ice and Sea Surface
Temperature (HadiSST; Rayner et al. 2003).

The cloud microphysical processes, which include
cloud water and ice in both convective and grid-scale
parameterizations, are important for the parameterization
of surface precipitation.

In the simple cloud scheme, the predictive model equa-
tions for cloud water/ice mixing ratio g, can be written as:
-E.,.—-P

cr

0
aq; = —Advection + TurbulentTerm + Coy orid—scale

where the first two terms are advection and turbulent terms.
Condensation (convective and grid-scale) is denoted as
Ceonvgridscale The term E . is the evaporation of cloud and
rain and P denotes precipitation. Condensation, auto-con-
version, accretion, and deposition are key processes for the
formation of rain (Zhao & Carr 1997; Grabowski 1998).

P =AUT + ACR + AGG

where AUT is the “autoconversion,” and ACR and AGG are
accretion and aggregation terms respectively.

ACR = RACR + SACR

where RACR and SACR are the rain accretion and snow
accretion respectively.

The cloud scheme in the Goddard Earth Observing System
(GEOS) model considers a single phase of condensate. The
microphysical processes such as autoconversion, evaporation/
sublimation, and accretion of cloud water and ice/snow are taken
care of explicitly as presented by Bacmeister et al. (2006). The
relaxed Arakawa—Schubert (RAS, Moorthi and Suarez 1992) is
used for moist convection parameterization. All types of freez-
ing (homogeneous, heterogeneous, e.g., immersion, contact),
which are important for the formation of cloud ice, are treated
in the GEOS model (Barahona et al. 2014). The collection of
cloud ice to snow and the graupel or aggregation process depend
on the primary source of cloud ice, which is coming from the
“freezing” process. The JJAS mean climatology of auto-con-
version accretion and freezing of cloud ice are highly correlated
with ISM mean rainfall (Hazra et al. 2016). Therefore, we are
devoting this study to the understanding of the important micro-
physical processes (e.g., autoconversion, freezing, accretion of
rain and snow) for the ISM clouds and precipitation.

The normal monsoon years (NY), excess (formerly flood)
years (EY), deficient (formerly drought) years (DY), and El-
Nino/La-Nina years are obtained from “Monsoon On Line”
site maintained by the Indian Institute of Tropical Meteorol-
ogy, Pune, India (https://mol.tropmet.res.in/). The interannual
deviation of rainfall during 1980 —2019 is shown in Figure S1.
The sub-seasonal oscillations in different bands, i.e., Synoptic,
QBM, and MISO, of concerned variables were calculated by
applying the Lanczos band-pass filter of 2—7 days, 10-20 days,
and 30-60 days respectively. Active-Break dates are taken
from our earlier study (Dutta et al. 2020). Outgoing longwave
radiation (OLR) data are taken from the National Oceanic and
Atmospheric Administration (NOAA) (Liebmann and Smith
1996). Specific humidity, high cloud fraction, and wind data
are taken from the fifth generation of the European Centre
for Medium-Range Weather Forecasts (ECMWF) reanalysis,
ERAS5 (Hersbach et al. 2020) for the period of 1980—-2019.

The coefficient of variation (CV, Hendricks and Robey
1936) is calculated as

standard deviation
mean value

Coefficient of variation =

3 Results and discussions

3.1 Descriptions of the cloud microphysical
processes

We have considered four important microphysical processes,
namely (i) rain auto-conversion (RAUT), (ii) rain accretion
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(RACR), (iii) snow accretion (SACR), and (iv) freezing of
cloud ice (FCI). The RAUT conversion is controlled by a
parameterization that follows Kessler (1969) such that the
rate at which cloud water is converted to rainwater is given
by:

0%)
= A(Qc — {4
< ot auto

where ¢, is the cloud liquid water mixing ratio and
A=1073s7! represents the rate at which the conversion takes
place when ¢g.> g,.

Autoconversion is the initial stage of the collision—coa-
lescence process, in which bigger droplets with more fall
velocity collect smaller ones and form embryonic rain
drops (Liu et al. 2004, 2005; Cheng et al. 2007). Hence,
it acts as a primary source of rainwater in precipitation
(Hazra et al. 2015, 2016) followed by the collision growth
process which is termed accretion. Rain accretion (RACR)
is the collection of cloud drops by larger rain drops while
falling through a cloud, which depends on both cloud and
rainwater mixing ratios (g, and g,) (Kessler 1969). The
conversion terms of precipitation, due to the accretion of
cloud droplets by snow is called snow accretion (SACR),
while autoconversion is responsible for precipitation ini-
tiation, accretion controls the intensity of precipitation
(Wu et al. 2018). Snow accretion plays a crucial role in
the cold rain processes (Pruppacher and Klett 1997) as it
is related to the melting (Hazra et al. 2013) of mixed-phase
hydrometeors (snow and graupel). The cold rain process
plays a pivotal role in simulating the seasonal (Hazra et al.
2016) and intraseasonal features (Dutta et al. 2020) of ISM
in coupled climate models.

The process involved in ice particle formation is called
freezing of cloud ice (FCI). The ice crystal nucleation by
homogeneous and heterogeneous freezing is controlled by
temperature and supersaturation. The highest supersatura-
tion values correspond to low temperatures with high verti-
cal velocities (Barahona et al. 2014). Now, the formation of
cloud ice due to the freezing of cloud water (Mason 1971)
in the atmosphere acts as a primary source of snow and
graupel. The freezing process also acts as the controlling
factor for cloud ice to snow autoconversion and collec-
tion of cloud ice by snow. Now, the autoconversion and
accretion of rain depend on the cloud water mixing ratio
(Kessler 1969; Tripoli and Cotton 1980; Khairoutdinov
and Kogan 2000; Wood 2005). Autoconversion of cloud
ice to snow (Hazra et al. 2016; Zhao et al. 2017) is also
an important microphysical process which is responsible
for the formation of snow and subsequent increment of it
(snow) by accretion of snow (Yamasaki 2013). Therefore,
the formation of deep convection is related to the formation
of more FCI and then SACR.
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3.2 Interannual variability of cloud microphysical
processes

Firstly, it is important to compare the JJAS mean climatol-
ogy of rainfall of the GEOS model (product of MERRA2)
with observation (GPCP) before looking into the results of
microphysical process rates from MERRA?2. Figure 1 dem-
onstrates the 40 years of JJAS climatology of rainfall from
observation (GPCP) and MERRA?2 reanalysis (which is the
product of the GEOS model), along with the microphysical
processes. The rainfall climatology is consistent between
GPCP and MERRA? quantitatively and qualitatively over
the South Asian Monsoon region as well as the ISM region
(PCC~0.9). The consistency of the MERRA2 rainfall
annual cycle (Hazra et al. 2016) and spatial pattern studies
(Hamal et al. 2020; Reichle et al. 2017) with observation
provide the confidence to study the role of detailed micro-
physical process rates (which can be available only from the
model product) on the formation of rainfall. The maxima
of rainfall over ISM are noticed over the Western Ghats,
northeast India, extending to the Bay of Bengal (BoB). A
considerable amount of rainfall is received over the central
India region and Himalayan foothills as well. The climatol-
ogy of microphysical processes is well associated with the
spatial distribution of rainfall climatology over the whole
basin. Maxima of freezing of cloud condensate are noticed
over the Bay of Bengal. Maxima of ice-water content are
also reported (Rajeevan et al. 2013) over this region from
satellite data. The rain auto-conversion (RAUT, ~6.4 mm/
day) is the most among the microphysical processes over the
ISM region (70-90° E, 10-30° N), followed by rain accre-
tion (RACR, ~2 mm/day), snow accretion (SACR, ~ 1.5 mm/
day), and freezing of cloud ice (FCI, ~0.3 mm/day). Mod-
erate to high values of PCC of different microphysical
processes over ISM give a quantitative estimate of their
association with mean rainfall (Observation ~7.5 mm/day,
MERRA2 ~7 mm/day). The PCC is higher in RACR (~0.7),
followed by RAUT (~0.6), SACR (~0.5), and FCI (~0.3).
It is revealed that cloud microphysical process rates are
highly modulating rainfall formations. Therefore, the ques-
tion arises: Is there any role of these processes on the inter-
annual variation of the mean rainfall? To get a quantitative
estimate, we have computed the temporal (40 years) cor-
relation of these processes with the mean rainfall averaged
over the ISM region. All of these processes show a high
(r>0.5) and significant correlation (above 95%) with the
mean rainfall. The RAUT and RACR show a similar cor-
relation (r~0.8). The correlation is a little less in the case of
SACR and FCI (r~0.6). Increment (decrement) of rainfall
over the Indian land region is noticed in EY (DY), which
is consistent with the similar variation in the microphysi-
cal processes (Fig. S2, S3). There is a significant difference
(Fig. 2) in these processes (e.g., RAUT, RACR, SACR, and
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Fig.1 JJAS climatology of
rainfall from a GPCP and

JJAS Climatology

b MERRAZ2. ¢ Autoconver-
sion of cloud water to rain
(RAUT), d accretion of cloud
water to rain (RACR), e accre-
tion of cloud water to snow
(SACR), and f freezing of cloud
condensate into ice (FCI). ISM
region (70-90° E, 10-30° N)
averaged value of respective
variables are written at the top
left corner. Pattern correlation
of the microphysical processes
with the mean rainfall over the
ISM region is also given in

10S -

50E 60E 70E 80E 90E 100E 110E 120E

O
b)6.86(0.93)

parenthesis. Period: 1980-2019.
Unit: mm/day

FCI) over the Indian land and adjacent oceanic regions (BoB
and the Arabian Sea), which manifest in the formation of
rainfall. The difference between EY and DY clearly unveils
that, all of these processes and thus rainfall are stronger over
the ISM region during above normal years as compared to
below normal years (Fig. 2, Fig. S2, S3). To understand the
influence of ENSO on microphysical processes, which are
key elements for rain formation, we have further bifurcated
the deficient years into two parts, i.e., EI-Nino plus deficient
years (EDY) and non-El-Nino plus deficient years (NEDY).
Decrement of rain and associated microphysical processes
(Fig. 3) are found to be more in EDY (Fig. S4) as compared
to NEDY (Fig. S95).

In a quantitative estimate, we have computed the percent-
age deviation of these composites from the climatological
values over central India’s homogeneous monsoon region
(72—-88° E, 18 —28° N, Fig. 4). Results show increment
(decrement) in rain percentage (~ 10%) during EY (DY) over
this region. During EDY, the rainfall decreases in higher

percentage than NEDY. All the microphysical processes are
enhanced during EY as compared to DY. These processes
are more declined in EDY than NEDY (Fig. 4).

3.3 Sub-seasonal variability of cloud microphysical
process

It is important to note that the seasonal mean summer mon-
soon rainfall is coming from the combined contributions
of vigorous sub-seasonal oscillations (i.e., active and break
spells) (Goswami 2005) and synoptic disturbances (e.g.,
lows, depression, etc.). The monsoon intraseasonal oscilla-
tion (MISO), which is dominated by 30-60-day and 10-20-
day modes in the temporal domain, represents vigorous fluc-
tuations. Wang et al. (2005) showed that a coupled global
climate model (CGCM) is essential for a reliable forecast of
mean monsoon on the sub-seasonal time scale. Most of the
CGCMs participating in the Coupled Model Intercompari-
son Project-Phase 5 and 6 (CMIP5, CMIP6) have dry rainfall
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Fig.2 Difference between the 40N 3
composite of excess years (EY) g 3
and deficient years (DY) of rain- 30N 2
fall from GPCP (a) and cloud 4
microphysical processes i.e. 20N 1
RAUT (b), RACR (c), SACR | o
(d), and FCI (e) from MERRA2 @
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bias (Goswami & Goswami 2017; Choudhury et al. 2021;
Dutta et al. 2022). The underestimation of rainfall in most
of the CGCMs may be linked with the bifurcation of two
types of rain (stratiform and convective), which again linked
with the vertical structure of diabatic heating and the dry
bias propagation of the 30-60-day mode (Kumar et al. 2017,
Goswami & Goswami 2017; Dutta et al. 2021). Therefore,
here, we have discussed the microphysical processes rates
from MERRA?2 data and rainfall from GPCP in active to
break spells. The active and break periods (dates) are taken
from the earlier study of Dutta et al. (2020). Figure 5 shows
the difference between active and break composite of rainfall
and microphysical process (RAUT, RACR, SACR, and FCI)
anomalies. More (less) rainfall is observed over the Indian
landmass (equatorial Indian Ocean) during active spells
as compared to break spells. Quantitatively, the difference
in rainfall between active and break composite over ISM
(averaged) is approximately 9 mm/day. All the microphysi-
cal processes behave like rainfall distribution highlighting
their important roles in active/break spells. The difference
in RAUT is the highest (~4 mm/day), followed by RACR
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(~2 mm/day), SACR (~ 1 mm/day), and FCI (~0.1 mm/day).
The high pattern correlations over the south Asian mon-
soon region (50-120° E, 10° S—40° N) of these processes
(r~0.8 for RAUT, RACR, and SACR and r~ 0.6 for FCI)
with rainfall, for the difference between active and break
spells, reveals the significance and association of these pro-
cesses with spatial variation of rainfall quantitatively. These
findings are consistent with an earlier study by Hazra et al.
(2016).

Goswami et al. (2003) put forward a hypothesis that the
increase (decrease) in rainfall over the monsoon trough
region during active (break) spells is attributed to the modu-
lation of the genesis of synoptic-scale low-pressure systems
(i.e., lows and depressions, etc.) through modulation of the
large-scale monsoon flow (Krishnamurthy and Ajayamohan
2010; Praveen et al. 2015). Several studies (Stowasser et al.
2009; Revadekar et al. 2016; Krishnamurthy and Ajayamo-
han 2010; Hurley and Boos 2015) found that majority of
these low-pressure systems (LPS) develop in the Bay of
Bengal, with typical time scales of 3-5 days. Of these LPS,
on average, approximately 14 are reported to occur each
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Fig.3 Same as Fig. 2 but for the
difference between the compos-
ite of El-Nino + deficient years
(EDY) and non-El-Nino + defi-
cient years (NEDY)

Fig.4 Percentage deviation
from the climatological values
(averaged over central India:
72-88° E, 18-28° N) region)
of the rainfall and different
microphysical process for dif-
ferent composites (i.e., excess
year (EY), El-Nino + deficient
years (EDY), deficient years
(DY), non-El-Nino + deficient
years (NEDY)) considered in
the study

N

Percentage deviation from climatology

summer, and nearly half of them are depressions (Godbole  and rains maximum over the western part of LPS. This may
1977; Mooley and Shukla 1987). These LPS move west-  be either due to a feedback mechanism between hydro-
north-westward to dissipate the central Indian subcontinent ~ dynamic instabilities and cumulus heating in presence of
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Fig.5 Same as Fig. 2 but for the 40N

difference between active and
break composites. The period is
1999-2008

EQE < M@E éﬁﬁq

low-level vorticity and vertical velocity (Goswami 1987) or
due to adiabatic nonlinear advection of potential vorticity
maximum that consists the LPS (Boos et al. 2015). Here,
we have studied the role of microphysical processes when
these LPS pass through the central India region (Fig. 6). A
total of 117 such LPS events originating from BoB and the
Indian land area are analyzed here (Fig. S6). Out of these
greatest number of LPS (84) are found to originate from
BoB and there are 33 such events originating from the land
area. Tracks of these events are prepared online using the
Cyclone eAtlas-IMD (Fig. S6). We have also computed the
composite of rainfall for these events during 1997-2019 only
due to the availability of GPCP data. During LPS, more rain
is observed over the ISM region (~9 mm/day, Fig. 6) com-
pared to its climatological value (Fig. 1) of ~7.5 mm/day.
The microphysical processes are also found to be strength-
ened during LPS. Stronger freezing of cloud ice (FCI) over
BoB followed by the central India region (Fig. 6e) indicates
the presence of deep convective clouds during LPS, which
help to uplift more moisture below the freezing level to form
cloud ice. Interestingly, the snow accretion process, which
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is a process when ice crystals can collide with supercooled
water droplets, is dominated over central India and the adja-
cent BoB region (Fig. 6d).

Now, we have computed the variance of microphysi-
cal processes, which in general can be done for rainfall to
understand the vigor of convection in different temporal
time scales (i.e., synoptic, 3—7 days; QBM, 10-20 days; and
MISO, 30-60 days). The averaged sub-seasonal variance
of microphysical processes in synoptic, QBM, and MISO
scales is also shown in Fig. 7 (RAUT and RACR) and Fig. 8
(SACR and FCI). The variance of these processes is found
to be more in the synoptic scale followed by QBM and
MISO scale (Figs. 7 and 8). The high variance is noticed
over central India and the equatorial Indian Ocean for all of
these processes. The Western Ghats and northeast India also
depict a high variance for RAUT, RACR, and SACR across
all the sub-seasonal scales. We can see that the magnitude
of variance is highest in rain autoconversion for each sub-
seasonal scale compared to other microphysical processes.
Since the microphysical processes differ significantly in their
climatological mean value, the coefficient of variation (CV)
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Fig.6 Composite of rainfall 40N

and microphysical processes for
the LPS events mentioned in
the study. ISM region (70-90°
E, 10-30° N) averaged value of
respective variables are written
at the top left corner. The cen-
tral India region is shown in (b).
Unit: mm/day

5.5
4.5

2.5
1.5
0.5

may be a better measure to compare the sub-seasonal vari-
ability of these processes. Table 1 contains the CV values
of all the cloud microphysical processes averaged over the
central India region. The CV is higher in the synoptic scale
for all the cloud microphysical processes. The CV is the
highest for RACR in all the sub-seasonal scales. The CV
values gradually decrease from high frequency (Synoptic) to
low frequency (QBM, MISO) for all the cloud microphysi-
cal processes.

To understand the relationship of microphysical pro-
cesses on ISMR, we have computed the interannual corre-
lation between sub-seasonal variances of each microphysical
process (averaged over the ISM region) and mean ISMR
(Fig. 9). The results reveal that synoptic variances of all
these processes are more correlated with mean ISMR that
QBM and MISO scales. For the synoptic case, FCI (r~0.7)
shows the highest correlation with mean ISMR, among
all followed by SACR (r~0.65), RACR (r~0.53), and
RAUT (r~0.45), which will help for the targeted improve-
ment in CGCMs. The high correlation of FCI and ISMR

80E

in the synoptic scale is due to the formation of more cloud
ice, snow, and graupel in presence of more moisture and
stronger updrafts during lows and depressions. On the other
hand, the correlation of FCI and ISMR decreases in the
QBM scale (r~0.27) and turns negative in the MISO scale
(r~=0.07). This highlights the role of ice processes in the
synoptic scale (e.g., lows and depression), where deep con-
vective cloud dominates. The RAUT is also less significant
in QBM (r~0.27) and MISO (r~0.14) scales. In the QBM
scale, correlations of RACR (r~0.45) and SACR (r~0.41)
with ISMR are only above the 95% significance level. In the
MISO scale, only RACR (r~0.36) is significantly correlated
with ISMR. However, low correlation coefficient (CC) val-
ues of the MISO scale variance of the other processes with
mean ISMR do not imply that they have low contribution
to the mean ISMR. In principle, the MISO scale consists of
active and break spells. Extended active (break) increases
(decreases) the mean ISMR, but their variance is positive,
which may result in low CC values (Saha et al. 2020) when
combined.
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Fig.7 Variances of the RAUT
and RACR in different sub-

seasonal scales. Unit: mm?/day.?
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In recent studies, Saha et al. (2019, 2020, and 2021) also
demonstrated an interesting relationship between the sub-
seasonal variance of rainfall and mean ISMR across all
periods. To find a similar relationship of the sub-seasonal
variance of microphysical processes, with the mean ISMR,
we have adapted the methodology from Saha et al.’s (2019)
study. The methodology is briefly described as follows. Each
microphysical process is spatially averaged (land region only)
over central India (72° E-88° E, 18° N-28° N). This yields
daily time series (40 years; 1980-2019) of the microphysical
process for central India. Then, we calculated the time series
(for each harmonic) after filtering out (low pass filter) the

@ Springer

harmonics up to 150th (i.e., 365/150=2.43 days of periodic-
ity) each microphysical process one by one by Fourier anal-
ysis. The first four harmonics (i.e., 0, 1, 2, and 3) together
represent the annual cycle. The remaining harmonics together
represent the total anomaly of periodicity 2 —91.25-day band
(in a 365-day calendar year, the fifth harmonics represents
365/4=91.25 days of periodicity). One by one, harmonics
are removed up to 150 (corresponds to 365/150=2.43 days)
and reconstructed back into the time series of daily rainfall
anomalies. Therefore, for each year, there will be 147-time
series (i.e., an anomaly with harmonics greater than 3, 4, 5
... 150 corresponds to the anomaly of 2—-91.25-,2-75- ...
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Fig.8 Same as Fig. 7 but for
SACR and FCI
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2 —2.43-day bands respectively). Then, the seasonal (JJAS)
variance of each filtered time series (i.e., 147 time series) is
calculated and the same is correlated with the seasonal (JJAS)

Table 1 Coefficient of variation of cloud microphysical processes
averaged over central India

Band RAUT RACR SACR FCI
Synoptic 1.00 1.77 1.35 0.56
QBM 0.50 0.87 0.68 0.34
MISO 0.28 0.48 0.37 0.21

0.25 0.4 0.7

0.001 0.006 0.015

0.0025 0.004

mean of ISMR (70° E—90°E, 10° N —30° N, the land region
only). Further, this variance is also correlated with mean Nino
3.4 SST to find the remote influence of ENSO (Fig. 10). Here,
a specific period contains the oscillations of all periods less
than 2 days. For example, period 10 stands for periodicity
2 —10 and so on. The results reveal that, all of these processes
show a significant and strong correlation in high-frequency
scales (i.e., synoptic). The correlation falls rapidly at higher
order periods and becomes less than 95% significant at around
period 15 for RAUT and RACR. However, SACR and FCI
become less significant after period ~30. Among all the pro-
cesses, FCI shows a peak at period ~ 3. It also shows a strong
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Fig.9 Correlation between June to September (JJAS) variance of the
microphysical process and the mean rainfall averaged over the ISM
region
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Fig. 10 Correlation of the seasonal (June to September average) mean
ISMR (Nifio3.4 SST) with the cumulative variance of different micro-
physical processes at various time bands (or period, i.e., 2.4-60 days)
are shown in solid (dotted) lines. A significant correlation of 95%
(p=0.05) is also shown

association with Nino 3.4 SST at that period. FCI also holds
a strong and significant correlation with Nino 3.4 SST up to
period ~20. The other processes also show similar associa-
tions; however, their strength is less and mostly below the 95%
significance level. All these results pinpoint the importance of
microphysical processes in the synoptic scale to contribute to
the seasonal mean ISMR.
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3.4 Possible factors behind the interannual
variability of cloud microphysical processes

Several studies (Dutta et al. 2020, 2021; Hazra et al. 2017a,
b) have highlighted the importance of thermodynami-
cal and dynamical factors behind the cloud microphysical
processes. For this purpose, we have evaluated OLR (i.e.,
proxy of convection), mid-tropospheric specific humid-
ity (i.e. availability of moisture, Fletcher et al. 2020), high
cloud fractions (HCF), and lower tropospheric circulation
(850 hPa). The mean value of OLR (averaged over the Bay
of Bengal., 80 —100° E, 10—-20° N), SH, and HCF aver-
aged over the ISM region are shown in Fig. 11 for different
composites (NY, EY, DY, EDY, and NEDY). High (low)
values of OLR represent shallow (deep) convection. A
decrease in OLR (~1 W/m?) is noticed in EY (203.6 W/
m?) from NY (204.7 W/m?). Drought years are associated
with significantly less convection (i.e., more OLR, 206.4 W/
m?). A significant difference between EY and DY is also
noticed for SH (~0.4 g/kg) and HCF (~7%). During EDY
(OLR ~207 W/m?), the convection is even less than that of
NEDY (OLR ~205 W/m?) which is consistent with SH and
HCF. The low-level jet (850 hPa, averaged over 50 — 65°
E, 5—15° N) is also found to be stronger in EY than that
DY (Fig. 12). Its strength is less in EDY than NEDY. The
Indian monsoon circulation is characterized by a strong low-
level southwesterly jet (Findlater jet), which peaks around
the Somali coast and Arabian Sea region. This low-level
jet (LLJ) connects the Mascarene high and Indian monsoon
trough and forms the lower branch of the monsoon Hadley
cell. The stronger (weaker) LLJ during indicates more (less)
influx of moisture (Wilson et al. 2018) over the Indian region
which is responsible for excess (deficient) monsoon. De et al.
(2016) also showed that the proper modulation of the LLJ
over the oceanic region, during a deficient monsoon event,
is manifested through the weak eastward moisture flux. The
availability of moisture plays a significant role in control-
ling the cloud microphysical processes (Hazra et al. 2016).
The LLJ over the Indian ocean is weakened during El-Nino
(Wilson et al. 2018) which is also responsible for warmer
SST anomalies over the western Indian Ocean. Babu and
Joseph (2002) also found that warmer SST anomalies over
the north Indian ocean are found during EDY than NEDY.

4 Conclusions

The present study illustrates the budget of detailed micro-
physical processes (tendency terms or production rates) from
the GEOS model (MERRAZ2 reanalysis) during extreme
monsoon years. The variance (represent the vigorous fluc-
tuations) of microphysical processes in the different tem-
poral domain (e.g., synoptic, QBM, MISO) and in relation
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Fig. 11 High cloud fraction and
mid-tropospheric (300-700 hPa) 72

—s— HCF (%) —e— SH (g/kg) —v— OLR (W/m?2) .
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16.0 in the CGCMs. In this study, we have discussed the role of
these microphysical processes behind the ISMR in interan-
nual and sub-seasonal scales. The major findings are sum-
marized below:
15.5 -

Windspeed (m/s)

NY EY

DY EDY NEDY

Fig. 12 Lower tropospheric circulation (850 hPa) averaged over Box
(50-65° E, 5-15° N) for different composites (normal year (NY),
excess year (EY), El-Nino+deficient years (EDY), deficient years
(DY), non-El-Nino + deficient years (NEDY))

to ISMR is also demonstrated in this present work, which
is important for interannual variability and the seasonal
mean. The understanding based on the results analyzed
here indicates the pathways to improve the shortcomings

i)  The microphysical processes are well associated with
the seasonal mean rainfall and play a significant role
in the interannual variability of the monsoon. During
excess (deficient) years they increase (decrease) signifi-
cantly.

ii) The microphysical processes are found to be linked
with large-scale phenomena i.e., ENSO. The difference
in composites between EDY and NEDY demonstrates
that during deficient years accompanied with El-Nino,
these processes are weakened even more.

iii) These microphysical processes are strengthened during
active spells as compared to break spells and also have
significant sub-seasonal variability. The variance is more
in the synoptic scale compared to QBM and MISO.

iv) The sub-seasonal variances of the microphysical pro-
cesses are well correlated with the mean rainfall. Cor-
relation is stronger in the synoptic scale. The synoptic
scale variances of these processes are also well corre-
lated with Nino 3.4 SST which may imply the remote
influence of ENSO on them. When the LPS moves
through the central India region, all these microphysi-
cal processes increase significantly.

This study concludes that, microphysical processes play
a seminal role in governing the interannual and sub-sea-
sonal variation of rainfall, backed by thermodynamical and
dynamical features. Therefore, revisiting the processes in
the microphysical scheme of the global climate model and
targeted modification to improve the particular processes
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will help to progress ISMR simulation from sub-seasonal
to seasonal time scale.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00704-022-04193-3.
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