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Abstract
In India, summer monsoon rainfall during June-July-August-September (JJAS) along the river Ganga is
the lifeline. Since its variability predominantly affects the agriculture production, drought and �ood over
the densely populated meteorological subdivisions of the Gangetic West Bengal, Jharkhand, Bihar, East
and West Uttar Pradesh. Owing to its importance, a large number of research on the variability of Indian
Summer Monsoon Rainfall (ISMR) has been conducted. However, the types of rainfall (or precipitation),
i.e. Large Scale Precipitation (LSP) and Convective Precipitation (CP), is less discussed. The LSP is
precipitated out from the stratus or nimbostratus clouds, while CP occurs from the cumulus and
cumulonimbus clouds, and both of them coexists during summer monsoon months. The current research
aims to know the climatological characteristics and possible cause of occurrence of these two types of
precipitation over the meteorological subdivisions. For this purpose, the data of LSP, CP, zonal, meridonal
(u  and v component) wind and Relative Humidity (RH) at the spatial resolution of 0.25° x 0.25° (25km)
for the period of 1980-2019 are taken from the European Centre for Medium-Range Weather Forecasts
(ECMWF), UK. The Outgoing Longwave Radiation (OLR) data at a surface resolution of 1° x 1° for the
same months and periods are obtained from the National Centre for Environmental Information (NOAA),
USA. The observed rainfall data of the India Meteorological Department (IMD) at the same resolution and
period is considered and compared with ERA data. The spatial and temporal distribution of both types of
precipitation is analyzed as well as their linkage with OLR, zonal winds and RH at pressure levels of 1000,
850 and 700hPa is examined. 

1. Introduction
The Indian Summer Monsoon Rainfall (ISMR) is the lifeline for the populations of India and its economy.
A substantially large number of researches on ISMR have been carried out on observational data. Based
on station or gridded data, the variability of ISMR has been examined on regional and national scales
(Koteswaram and Alvi, 1969; Jagannathan and Parthasarathy,1973; Raghavendra,1974; Hastenrath and
Rosen,1983; Mooley and Parthasarathy,1984; Sarker and Thapliyal,1988; Kripalani et al., 1991; Kulkarni et
al. 1992; Parthasarathy et al, 1994; Goswami et al, 2001; Singh and Sontakke 2002; Krishnamurthy and
Shukla, 2007; Dash et al., 2007; Guhathakurta, 2007; Guhathakurta and Rajeevan, 2008; Sontakke et al.
2008; Kumar and Jain, 2011; Guhathakurta et al., 2015). However, the occurrence of types of precipitation
(i.e. rainfall) during the summer monsoon season is less discussed, although LSP and CP co-occur. The
LSP occurs from the stratus or nimbostratus clouds, while convective precipitation happens from
cumulus or cumulonimbus clouds. These two types of clouds are found either separately or entangled in
the same cell of cloud. According to Houze (1997), the large scale or stratiform cloud region is a group of
convective cloud cells arranged horizontal, and the LSP is associated with a group of deep convection.
The CP is started due to the heating of the earth's surface, and the heated ground surface warms the air
above it, and such layer of air becomes lighter and rises rapidly into the atmosphere. The rising air cools,
and water vapour in the air condenses into clouds and precipitate further. So, in the case of CP, the strong
vertical motion or convection and updraft/downdraft in a single or group of convective clouds allow the
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droplets and ice particles to grow in size within the cloud. In LSP, the convection will not be strong, and
rainfall particles concentration occurs through the incursion of water vapour. The mechanism of LSP and
CP has already been discussed in the context of cloud microphysics (Tokay and Short, 1996). The
microphysical process of moisture particles and, consequently, the latent heat is released in both types of
precipitations. However, studies have shown that stratiform rainfall may occur in mesoscale convective
systems (Schumacher and Houze, 2003), and CP may be present within LSP (Gregory et al., 1990; Houze,
1993; Matthew et al., 2000).

During the development stage of a convective cloud, CP is dominant. However, when a convective cloud
matures and �nally decays, the LSP replaces the CP (Shen et al., 2012). Researchers suggested that the
relative contribution of CP and LSP varies with time and space over the tropical region (Cheng and Houze,
1979; Houze and Rappaport 1984; Johnson, 1984; Leary 1984; Chong and Hauser 1989; Goldenberg et al.
1990). Berg et al (2013) have shown that the CP is more sensitively to temperature increases than that of
LSP, and therefore events of extreme precipitation events are increasing with temperature rise. During the
LSP, the maximum heating due to latent heat is found at the height of 3km. However, the maximum
heating is found at 7–8 km height in the case of convective cloud (Schumacher and Houze, 2003). The
latent heat released (Houze, 2004; Schumacher et al., 2004; Choudhury and Krishnan, 2011) and the
growth process of precipitation particles (Mapes, 1993; Kodama et al., 2009) in convective and stratiform
clouds have been discussed.

In India, the CP and LSP in Tropical Rainfall Measuring Mission (TRMM) data of rainfall (1998–2010)
during JJAS over Central India, the Bay of Bengal is found almost equal to the total rain (Pokhrel and
Sikka, 2013). Chattopadhyay et al. (2009) has discussed the vertical pro�le of stratiform and convective
heating within the summer monsoon season of India. The domination of CP over northern and central
India and LSP over the southern peninsular of India has already been discussed for 1998 to 2013 (Ghosh
et al, 2016). The LSP did not show a trend in the spatial variability, whereas a clear increasing trend in the
spatial variability of CP is observed since the convective activity over the equatorial Indian Ocean is also
increasing (Prakash et al., 2013).

Since both types of precipitation are associated with convective activity, the LSP and CP may relate with
the Outgoing Longwave Radiation (OLR). Earlier researchers (Heddinghaus and Krueger, 1981; Prasad
and Verma, 1985; Muthuvel and Arkin, 1992; Xie and Arkin 1998; Prasad et al., 2000; Prasad and Bansod,
2000; Kumar et al, 2021) have shown that the low value of OLR corresponds to intense convection
whereas a high value of OLR shows cloud-free regions and therefore used for the study of the variability
of precipitations. Therefore there may be the possibility of a link between the OLR and the variability in
CP and LSP. In addition, water vapour is one of the critical factors for forming convective clouds (Battan
and Kassander, 1960) because the latent heat released by the moisture is absorbed at different levels and
enhances the condensation process. It is believed that the deep convection clouds have more liquid water
than that in stratiform clouds (Taylor and Ghan, 1992) and a large number of supercooled water droplets
in the deep convective cloud (Rosenfeld and Woodley, 2000). So, more moisture in the atmosphere may
enhance CP through deep moist convective activity and vice versa. It is believed that the CP and LSP
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during summer monsoon months over these meteorological subdivisions of the Gangetic plain take place
when surface easterly winds are more robust and the RH become more than 70% (Ramachandran and
Kedia, 2013; Acosta and Huber, 2017). During JJAS, the moisture in�ow is taken from ocean to land by
southeasterly �ow from the Bay of Bengal towards eastern and central India (Maussion et al. 2014;
Kobayashi et al., 2015; Acosta and Huber, 2017). In the absence or weakening of this low-level easterly
wind and associated moisture, the atmosphere may contain less moisture (Hastenrath 1976; Lamb 1978;
Sikka 1980; Jaswal and Koppar 2011) and may reduce LSP and CP.

Based on the above-cited literature and discussion, it aims to (a) analyze the spatial and temporal
distribution of LSP and CP and (b) their relation with OLR, zonal wind and RH by using more than 30
years of data. In the past research, these issues are not discussed over the meteorological subdivision of
the Gangetic plain of India. In this paper, the literature survey and the basic idea is kept in the Introduction
section. Section 2 describes the study area, data and methodology. Section 3 presents the results and
discussion, respectively, while Sect. 4 concludes the proposed work.

2. Study Area And Data
Figure 1 shows the study area comprising the meteorological subdivisions of the Gangetic West Bengal
(GWB), Jharkhand (JHA), Bihar (BR), East Uttar Pradesh (EUP), and West Uttar Pradesh (WUP). These
meteorological subdivisions are located adjacent to the river Ganga. These regions are densely populated
and largely depend on agriculture, especially on rainy crops. Hence precipitation is essential for
agriculture cultivation and therefore selected as the study area. The LSP and CP, zonal (u component of
wind) and meridional wind (v-component of wind), and RH available at the spatial resolution of 0.25° x
0.25° (~ 25km) are taken for Indian summer monsoon months of June, July, August, and September for
1980 to 2019 from the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis
(ERA5), UK (Hoffmann et al., 2018; Hersbach et al., 2020). The detail of CP and LSP in ERA5 is given on
the o�cial website of ECMWF, UK. The OLR data at a surface resolution of 1°x1° for the same periods are
obtained from the National Centre for Environmental Information (NOAA). The observed rainfall data of
India Meteorological Department (IMD) is taken at resolution of 0.25° x 0.25° for the period of 1980–
2019 for comparing with ERA5 data. The OLR data has been widely used in the qualitative estimation of
the convective activity over the region of interest (Chelliah and Arkin, 1992).

3. Results And Discussion

3.1 Convective and Large Scale Precipitation
The spatial distributions of mean monthly values of CP and LSP in June, July, August, September, and
mean JJAS for the period of 1980–2019 in ERA5(0.25˚x 0.25˚) data over the study area is shown in Fig. 2
and Fig. 3, respectively. The CP dominates in July and August compared to June and September (Fig. 2)
over each meteorological subdivision. In Fig. 3, the spatial distribution of mean monthly values of LSP is
well spread in July, and August followed by September and June. However, its value is comparatively less
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than that of the CP. The daily climatology of total precipitation i.e. CP plus LSP in ERA5, is plotted and
compared with IMD observed precipitation in Fig. 4a,b since IMD records only total precipitation, not CP
and LSP individually. The total precipitation in ERA5 has followed the pattern of IMD observed
precipitation, although both differ in magnitude. The climatology (for 1980–2019) of the relative
frequency of daily values of CP and LSP is shown in Fig. 5a,b. The interval of precipitation is kept on the
X-axis while Y-axis represents the relative frequency (in %) of occurrence of CP (Fig. 5a) and LSP
(Fig. 5b). In the case of CP, the percentage of 6.1-8 mm/day is 62% and 28% over the Gangetic West
Bengal and West UP. The percentage of occurrence of 0-2mm/day (minimum range) and 8.1-10mm/day
(maximum range) is lowest over each sub-divisions. In Fig. 5b, the LSP is found in the 0–2 mm/day
(minimum range) and 6.1-8 mm/day (maximum range) during 1980–2019. The percentage occurrence of
2.1-4 mm/day is 63% over the Gangetic West Bengal and 42% over the Bihar and West UP. The relative
frequency of CP is found in the range of 8.1-10mm/day, but it is absent in the LSP. The relative frequency
of LSP does not show much variation among subdivisions, while such variation is seen in CP.

In the above discussion, the large value of CP compared to the LSP over these meteorological
subdivisions has also been supported in the earlier research (Saikranthi et al, 2014). The considerable
activity of deep convection (Zuidema, 2003) and associated precipitation (Zuluaga et al., 2010), as well
as the stratiform precipitation associated with prevailing weak wind system (Romatschke and Houze,
2011) may be the possible cause of enhancing the value of CP and suppressing the value of LSP over the
Gangetic West Bengal and adjoining meteorological subdivisions. The meteorological subdivisions of
West and East UP located over the north and west India are the dry region, and large values of OLR are
noticed there (Zipser et al., 2006) and is the possible cause of occurrence less amount of CP and LSP
over West and East UP. However, other than these meteorological subdivisions in India, a signi�cant LSP
or stratiform precipitation has been observed (Houze, 2007).

3.2 Outgoing Longwave Radiation (OLR)
It has already been stated that low values of OLR corresponds to strong convective activities in the lower
atmosphere and maybe the possibility of precipitation (Prasad and Verma 1985; Arkin et al. 1989; Xie and
Arkin 1998; Prasad et al.2000; Prasad and Bansod 2000; Kumar et al. 2021). So, the inverse relation
between OLR and precipitation could be a tool to understand the behaviour of CP and LSP. Thus, the
spatial distribution of mean monthly OLR in June, July, August, and September and the mean JJAS OLR
is shown in Fig. 6a,e, respectively. The spatial distribution shows a high value of OLR over the East and
West UP while comparatively lower values of OLR, especially in July and August, is observed over West
Bengal, Jharkhand, and Bihar. The spatial value of mean JJAS OLR is increased from West Bengal to
West UP. A similar pattern of OLR is observed in earlier researches (Mahakur et al. 2013; Hazra et al
2017). The daily climatology of OLR for the period of 1980–2019 over West Bengal, Jharkhand, Bihar,
East UP and West UP is shown in Fig. 7. The daily climatology of OLR is found comparatively higher over
the West UP and East UP, while lower values are received over the West Bengal, Jharkhand and Bihar. It
also reveals that the OLR remains high in June and September compared to the rainy months of July and
August over these meteorological subdivisions.
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3.3 Relation between OLR and Convective/Large Scale
Precipitation
It is believed that the low (high) value of OLR is indicative of enhanced (suppressed) convection and
hence more (less) cloud coverage (Prasad and Bansod, 2000). Researchers (Liu, 2003; Hu et al, 2011;
Kumar et al, 2017) have shown that the large value of OLR is associated with large turbulence in the
lower atmosphere while small values of OLR correspond to less turbulence. So, the LSP originated from
the stratiform cloud may have less turbulence while CP from convective clouds would have strong
updrafts of air mass and more turbulence. Further, near the Inter Tropical Convergence Zone (ITCZ)
position over these meteorological subdivisions in July and August, the convective activity is enhanced,
and OLR gets lower values (Gadgil, 2003) which may control the occurrence of CP and LSP. Therefore, the
scatter diagrams between OLR and LSP as well as in between OLR and CP in June, July, August, and
September and in mean JJAS for the period of 1980–2019 over the study area are shown in Fig. 8, Fig. 9,
Fig. 10, Fig. 11 and Fig. 12, respectively. The LSP and CP show an inverse relation with OLR over the
considered meteorological subdivisions; however, the relationship is more stronger (large value of R2) in
the case of CP and OLR.

Over the Gangetic West Bengal (Fig. 8), the values of CP is more concerning LSP in the individual months,
especially in July and August, as well as in JJAS when OLR lies in between 190–240 watts/m2. The
relation between OLR and CP is much better (high values of R2) than the relation between OLR and LSP
(low values of R2). These results suggest that the occurrence of convective activity supports large value
of CP over the Gangetic West Bengal because the deep convective activity has occurred over the BoB and
adjoining areas, and stratus cloud formation would be restricted, and less value of LSP is observed. In
Figs. 9 and 10, over the meteorological subdivisions of the Jharkhand and Bihar, the values of CP show
more consistency and dependency on OLR; the relation is relatively better in terms of R2 in July and
August. It means the Jharkhand and the Bihar regions get a large amount of rainfall through convective
activity and due to the position of ITCZ (Gadgil 2003). Over Bihar, the relation between LSP and OLR in
the individual months and JJAS reveals the occurrence of less amount of LSP. The meteorological
subdivision of East UP and West UP shows large values of OLR (Fig. 11a,e and Fig. 12a,e) i.e. 200–290
Watts/m2 over the East and West UP in comparison to the other meteorological subdivisions where OLR
lies in the range of 190–240 Watts/m2. Therefore, LSP and CP are relatively low over East and West UP
compared to other meteorological subdivisions. The OLR and LSP are shown a relatively poor relation
(low values of R2), and a low value of LSP is observed throughout the season. It may be summarized that
the meteorological subdivisions of the Gangetic West Bengal, Jharkhand and Bihar get the lower side of
OLR while East and West UP is receiving higher values of OLR, and this is the probable cause of lower
values of LSP and CP over the meteorological subdivisions of East and West UP.

It may be visualized that during the summer monsoon season, the large scale or stratiform cloud,
generally seen as a sheet of clouds, is recognized as a group of individual convective cloud cells
arranged one by one in the horizontal and the LSP occurs when all the convective cells are merged in a
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single sheet, and deep convection is reduced. The variation in the high activity of deep convection (i.e.
low value of OLR) over the adjacent area of BoB (Zuidema, 2003) and the variability of moisture in�ow
from BoB may be the possible cause of occurrence of a large fraction of CP in comparison to the LSP
during individual months over the Gangetic West Bengal and adjoining areas of Jharkhand. However,
both type of rainfall is suppressed over the Jharkhand. Over the meteorological subdivision of Bihar, the
summer monsoon winds reach in the middle of June. In July and August, the position of monsoon trough
over the Gangetic plain of Bihar enhances the convective activity (corresponds to low values of OLR)
(Choudhury and Krishnan, 2011), and the value of CP is increased signi�cantly in July and August over
Bihar. Further, the larger values of OLR reduces the convective activity, as well as atmosphere, remains
relatively free from the cloud over the East UP and West UP (Zipser et al., 2006), and that could be the
possible justi�cation of reduced values of CP and LSP in compare to that over the others meteorological
subdivisions.

3.4 Possible causes of variability in Convective/Large Scale
Precipitation
The in�ow of moisture and presence of easterly wind over the Gangetic plain (Bavadekar and Mooley,
1981; Ramachandran and Kedia, 2013; Acosta and Huber, 2017) are essential for the occurrence of LSP
and CP. In Fig. 13, the zonal wind and RH at the vertical pressure levels of 1000, 850 and 700hPa are
shown for the Gangetic West Bengal, Jharkhand, Bihar, East UP and West UP. In June, the lower
atmosphere shows the small values of RH and regime of westerly over the meteorological subdivision. In
July, and August, RH attain the maximum value at 850hPa over all meteorological subdivisions, but it is
80–90% over the Gangetic West Bengal, Jharkhand and Bihar and is in between 75–85% over the East
and West UP. During these two rainy months (July and August), the Gangetic West Bengal and Jharkhand
subdivisions are under the grip of purely easterly and westerly wind in alternative at vertical pressure
levels of 1000, 850 and 700hPa. These also get a large amount of RH and possibly set up the condition
to initiate moist convection. It has been established that vertical wind shear and moisture may initiate
atmospheric moist convection and convective cloud cells (Cotton and Anthes 1989; Houze 1993; Anber et
al, 2014), and therefore this is the possible cause of larger values of CP over these subdivisions.
Simultaneously, there is no direct moisture incursion through the easterly wind from the BoB, and as a
consequence, the LSP shows lower values. The meteorological subdivision of Bihar receives relatively
stronger easterly wind at the pressure levels of 1000hPa to 700hPa and RH of greater than 80% in July,
August and September so that this subdivision may have a combination of stratiform and convective
clouds.

Consequently, an almost equal proportion of LSP and CP is found (as shown in Fig. 10). Over the East UP,
a weak easterly wind is prevailing throughout the pressure levels (1000hPa to 700hPa) with restricted
vertical wind shear, and RH is reduced. Therefore LSP and CP are suppressed. Over the meteorological
subdivision of West UP, the wind changes the direction from easterly to westerly in vertical levels of 1000
to 700hPa and initiate vertical wind shear, but low values of RH does not allow to enhance the moist
convective activity, and therefore LSP and CP are reduced in comparison to other meteorological
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subdivisions of the Gangetic West Bengal, Jharkhand, Bihar and East UP. It may be summarized that LSP
is reduced when a weak easterly �ow and the reduced RH exists at a lower level of the atmosphere and
vice versa (Hastenrath 1976; Lamb 1978; Sikka 1980; Jaswal and Koppar 2011). The change of zonal
wind direction in the vertical levels (1000hPa to 700hPa) and increased value of RH could be favourable
for enhancing moist convective activity and maybe the possible cause of the occurrence of relatively
larger values CP over these meteorological subdivisions. The above analysis is carried out based on
zonal wind and RH; however other meteorological variables may also explain the variability in LSP and
CP.

4. Conclusions
In India, the precipitation during the summer monsoon season, i.e. in JJAS, over the meteorological
subdivisions of the Gangetic West Bengal, Jharkhand, Bihar, East UP and West UP is very important.
During JJAS, the LSP precipitated from the stratus or nimbostratus clouds, while CP occurs from the
cumulus and cumulonimbus clouds, and both of them coexists. In the spatial distribution, the large
values of CP over the LSP are revealed over the Gangetic West Bengal, Jharkhand and Bihar; however,
both types of precipitations are suppressed over the East and West UP. During the period of 1980–2019,
the relative frequency of daily climatological values of CP (LSP) is relatively higher (lower). The frequency
of occurrence of 6.1-8 mm/day of CP is highest (lowest) over the Gangetic West Bengal (West UP).
Similarly, in the case of LSP, the frequency of occurrence of 2.1-4 mm/day is 63% (42%) over the Gangetic
West Bengal (West UP). The lower values of OLR (180–220 watt/m2) is found over the Gangetic West
Bengal, Jharkhand, and Bihar higher values of OLR (240–290 watt/m2) lie over the East and West UP. The
lower side of OLR (especially in July and August) is conducive for convective activities and vice versa. To
know the supportive condition for convective activities, the zonal wind and RH are analyzed on a monthly
scale. The change in the direction of zonal wind, i.e. easterly to westerly and vice versa, from the 1000hPa
to 700hPa pressure levels and a large amount of RH (> 80%) could be the possible justi�cation of
triggering moist convective activity, which leads to precipitating the larger values of CP over the Gangetic
West Bengal, Jharkhand, and Bihar during the months. The relatively stronger zonal wind of easterly and
the larger value of RH, i.e. 80–95% over the Bihar, is probably responsible for a good amount of LSP. Over
the subdivisions of West and East UP, the weak easterly in the lower level and small values of RH may be
a possible cause of lower values of CP and LSP. Such analysis of LSP and CP over the meteorological
subdivisions along the Gangetic plain may be used for various purposes.

Declarations
Acknowledgement

Authors are thankful to IMD (India), ECMWF (UK) and NOAA (USA) for providing the observed and
reanalyzed data for the current analysis.

Con�ict of Interest: There is no con�ict of interest.



Page 9/27

Funding Statement: There is no funding support for the current research.

Author's Contribution: Pradhan Parth Sarth (PPS) did conceptualize the idea for this research. Praveen
Kumar (PK) plotted the �gures and drafted the manuscript. 

Ethics approval: The authors con�rm that this research is original and has not been published in any
journal (in whole or in part).

Consent for publication: Authors have consented to publish this research

Availability of data and material: Models simulated outputs, Reanalysis and observed data are freely
available.

Code availability: Code used for this research may be available upon genuine request from corresponding
author

Consent to participate: None

References
Acosta, R. P. and Huber, M. 2017. The neglected Indo-Gangetic Plains low-level jet and its importance for
moisture transport and precipitation during the peak summer monsoon. Geophysical Research Letters,
(44), pp. 8601–8610. https://doi.org/10.1002/2017GL074440

Anber, U., Wang, S., Sobel, A. 2014. Response of Atmospheric Convection to Vertical Wind Shear: Cloud-
System-Resolving Simulations with Parameterized Large-Scale Circulation. Part I: Speci�ed Radiative
Cooling. Journal of the Atmospheric Sciences, 71(8), pp. 2976–2993

Arkin, P. A., Krishna Rao, A. V. R., & Kelkar, R. R. 1989. Largescale precipitation and outgoing longwave
radiation from INSAT-1B during the 1986 southwest monsoon season. Journal of climate, 2(6), pp. 619–
628

Battan, L. J. and Kassander, A. R. 1960. Design of a program of randomized seeding of orographic
cumuli, J. Atmos. Sci, (17), pp. 583-590

Bavadekar, S.N. and Mooley, D.A., 1981. Use of the equation of continuity of water vapor for computation
of average precipitation over peninsular India during summer monsoon. In: Lighthill, J., Pearce, P.R. (Eds.),
Monsoon Dynamics. Cambridge University Press, pp. 261–268

Berg et al. 2013. Strong increase in convective precipitation in response to higher temperature. Nature
Geoscience. (6). pp. 181-185. 10.1038/ngeo1731

Chattopadhyay, R., Goswami, B. N., Sahai, A. K. and Fraedrich, K. 2009. Role of stratiform rainfall in
modifying the northward propagation of monsoon intraseasonal oscillation, J. Geophys. Res., (114),

https://doi.org/10.1002/2017GL074440


Page 10/27

D19114, doi:10.1029/2009JD011869

Chelliah, M., & Arkin, P. 1992. Large-Scale Interannual Variability of Monthly Outgoing Longwave
Radiation Anomalies over the Global Tropics. Journal of Climate, 5(4), pp. 371–389

Cheng, C., and R. A. Houze, Jr. 1979. The distribution of convective and mesoscale precipitation in GATE
radar echo patterns. Mon. Wea. Rev., (10), pp. 1370-1381

Chong, M., and D. Hauser. 1989. A tropical squall line observed during the COPT 81 Experiment in West
Africa. Part II. Water budget. Mon. Wea. Rev., (117), pp. 728-744

Choudhury, A. D., and Krishnan, R. 2011. Dynamical response of the South Asian monsoon trough to
latent heating from stratiform and convective precipitation, J. Atmos. Sci., (68), pp. 1347–1363

Cotton, W. R., and Anthes, R. A. 1989. Storm and Cloud Dynamics. International Geophysical Series, (44),
Academic Press, 883 pp

Dash, S.K., Jenamani, R.K., Kalsi, S.R. and Panda, S.K. 2007. Some evidence of climate change in
twentieth-century India. Climatic change, 85(3-4), pp. 299-321

Gadgil, S. 2003. The Indian Monsoon and its variability. Annual Review of Earth and Planetary Sciences,
31(1), pp. 429–467

Ghosh S, Vittal H, Sharma T, Karmakar S, Kasiviswanathan KS, Dhanesh Y, Sudheer, K. P., Gunthe S. S.
2016. Indian Summer Monsoon Rainfall: Implications of Contrasting Trends in the Spatial Variability of
Means and Extremes. PLoS ONE 11(7): e0158670. doi:10.1371/journal.pone.0158670

Goldenberg, S. B., R. A. Houze, Jr., and Churchilln, D. D. 1990. Convective and stratiform components of a
winter monsoon cloud cluster determined from geosynchronous IR satellite data. J. Meteor. Soc. Japan,
(68), pp. 37-63

Goswami, B. N., and Ajaya Mohan, R. S. 2001. Intraseasonal oscillations and interannual variability of the
Indian summer monsoon. J. Climate, (14), pp. 1180–1198

Gregory J S, Richard H J and Bradley F S. 1990. The wake low in a mid-latitude mesoscale convective
system having complex convective organization. Mon. Weather. Rev. (119) pp. 134–158

Guhathakurta, P. 2007. Highest recorded point rainfall over India. Weather, 62(12), pp. 349-349

Guhathakurta, P. and Rajeevan, M. 2008. Trends in the rainfall pattern over India. International Journal of
Climatology. 28(11), pp. 1453-1469

Guhathakurta, P., Rajeevan, M., Sikka, D.R. and Tyagi, A. 2015. Observed changes in southwest monsoon
rainfall over India during 1901–2011. International Journal of Climatology, 35(8), pp. 1881-1898



Page 11/27

Hastenrath, S. 1976. Variation in Low-Latitude Circulation and Extreme Climatic Events in the Tropical
Americas. Journal of the Atmospheric Sciences. 33(2), pp. 201–215

Hastenrath, S. and Rosen. 1983. Patterns of Indian monsoon rainfall anomalies. Tellus A 35A(4), pp.
324–331

Hazra, A., H. S. Chaudhari, S. K. Saha, and Pokhrel, S.  2017. Effect of cloud microphysics on Indian
summer monsoon precipitating clouds: A coupled climate modeling study, J. Geophys. Res. Atmos.,
(122), pp. 3786–3805, doi:10.1002/2016JD026106

Heddinghaus RH, and Krueger A.F. 1981. Annual and interannual variation in outgoing longwave radiation
over the tropics. Monthly Weather Review (109), pp. 1208–1218

Hersbach, H. et al. 2020. The ERA5 global reanalysis. Quarterly Journal of the Royal Meteorological
Society. (146) pp 1999-2049 

Hoffmann et al. 2018. From ERA-Interim to ERA5: considerable impact of ECMWF’s next-generation
reanalysis on Lagrangian transport simulations. Atmospheric Chemistry and Physics.  (19), pp 3097–
3124

Houze, Jr. R. A. 1993. “Cloud Dynamics”, Academic Press, San Diego, pp. 197-404

Houze, R. A., Jr. 1997. Stratiform precipitation in regions of convection: A meteorological paradox? Bull.
Amer. Met. Soc., (78), pp. 2179-2196

Houze, R. A., Jr. and Rappaport, E. N. 1984. Air motions and precipitation structure of an early summer
squall line over the eastern tropical Atlantic. J. Atmos. Sci., (41), pp. 553- 574

Houze, R. A. 2004. Mesoscale convective systems, Rev. Geophys., (42), RG4003,
doi:10.1029/2004RG000150

Houze, R. A., Jr., D. C. Wilton, and Smull, B. F. 2007. Monsoon convection in the Himalayan region as seen
by the TRMM precipitation radar, Q. J. R. Meteorol. Soc., (133), pp. 1389–1411

Hu, L., Li, Y., Song, Y. & Deng, D. 2011. Seasonal variability in tropical and subtropical convective and
stratiform precipitation of the East Asian monsoon. Science China Earth Sciences 54 (10), 1595

Jagannathan, P. and Parthasarathy, B. 1973. Trends and periodicities of rainfall over India. Monthly
Weather Review, 101(4), pp. 371-375

Jaswal, A. K., and Koppar, A. L. 2011. Recent climatology and trends in surface humidity over India for
1969–2007. Mausam, 62(2), pp. 145–162

Johnson, R. H. 1984. Partitioning tropical heat and moisture budgets into cumulus and mesoscale
components: Implications for cumulus parameterization. Mon. Wea. Rev., (112), pp. 1590-1601

https://rmets.onlinelibrary.wiley.com/toc/1477870x/2020/146/730
https://acp.copernicus.org/articles/19/issue5.html


Page 12/27

Kobayashi, S., Ota, Y., Harada, Y., Ebita, A., Moriya, M., Onoda, H. 2015. The JRA-55 reanalysis: General
speci�cations and basic characteristics. Journal of the Meteorological Society of Japan, (93), pp.5–48

Kodama, Y.-M., Katsumata, M., Mori, S., Satoh, S., Hirose, Y. Ueda, H. 2009. Climatology of warm rain and
associated latent heating derived from TRMM-PR observations. J. Climate, (22), pp. 4908–4929

Koteswaram, P. and Alvi, S.M.A. 1969. Trends and periodicities in rainfall at west coast stations in India.
Current Science. 38(10), pp. 229-231

Kripalani et al. 1991. Large scale features of rainfall and outgoing longwave radiation over Indian and
adjoining regions. Atmospheric Physics (64), pp 159–168

Krishnamurthy, V., and Shukla, J. 2007. Intraseasonal and Seasonally Persisting Patterns of Indian
Monsoon Rainfall. J. Climate, (20), pp. 3–20

Kulkarni et al. 1992. Classi�cation of summer monsoon rainfall patterns over India. International Journal
of Climatology (11), pp 135–146

Kumar, V. and Jain, S.K. 2011. Trends in rainfall amount and number of rainy days in river basins of India
(1951–2004). Hydrology Research, 42(4), pp. 290-306

Kumar, S. 2017. A 10-year climatology of vertical properties of most active convective clouds over the
Indian regions using TRMM PR. Theoretical and Applied Climatology (127), pp 429-440

Kumar, A., Sarthi, P.P., Kumari, A. 2021. Observed Characteristics of Rainfall Indices and Outgoing
Longwave Radiation over the Gangetic Plain of India. Pure Appl. Geophys. (178), pp 619–631 

Lamb, P. J. 1978. Large-scale tropical Atlantic surface circulation patterns associated with Subsaharan
weather anomalies. Tellus, (30), pp. 240–251

Leary, C. A. 1984. Precipitation structure of the cloud clusters in a tropical easterly wave. Mon. Wea. Rev.,
(112), pp. 313-325

Liu, G. 2003. Determination of cloud and precipitation characteristics in the monsoon region using
satellite microwave and infrared observations. Mausam 54 (1), pp. 51–66 

Mahakur et al. 2013. A high-resolution outgoing longwave radiation dataset from kalpana-1 satellite
during 2004-2012. Current Science, 105 (8). pp. 1124-1133

Mapes, B. E. 1993. Gregarious tropical convection. J. Atmos. Sci., (50), pp 2026–2037

Matthew et al. 2000. Cloud-to-ground lightning in linear mesoscale convective systems. Mon. Weather
Rev. (129) pp. 1232–1242



Page 13/27

Maussion et al. 2014. Precipitation seasonality and variability over the Tibetan Plateau as resolved by the
High Asia Reanalysis. J Clim 27(5), pp. 1910–1927

Mooley, D.A. and Parthasarathy, B. 1984. Fluctuations in all-India summer monsoon rainfall during 1871–
1978. Climatic change, 6(3) pp. 287-301

Muthuvel C, and Arkin P. 1992. Large-scale interannual variability of monthly outgoing longwave radiation
over the global tropics. Journal of Climate. 5(4) pp. 371–389, doi:10.1175/1520-
0442(1992)005<0371:lsivom>2.0.co;2

Parthasarathy, B., Munot, A.A. & Kothawale, D.R.1994. All-India monthly and seasonal rainfall series:
1871–1993. Theor Appl Climatol (49), pp. 217–224

Prakash S, Mahesh C, Sathiyamoorthy V, Gairola RM. 2013. Increasing trend of northeast monsoon
rainfall over the equatorial Indian Ocean and peninsular India. Theor Appl Climatol (112), pp185–191 

Prasad KD, and Verma RK. 1985. Large-scale features of satellite-derived outgoing long-wave radiation in
relation to monsoon circulation over the Indian region. International Journal of Climatology (5), pp 297–
306

Prasad KD, Bansod SD, Sabade SS. 2000. Forecasting Indian summer monsoon rainfall by outgoing
longwave radiation over Indian Ocean. International Journal of Climatology (20), pp 105–114

Prasad, K.D. and Bansod, S.D., 2000. Interannual variations of outgoing longwave radiation and Indian
summer monsoon rainfall. International Journal of Climatology. 20(15), pp. 1955-1964

Pokhrel, S. and Sikka, D. R. 2013. Variability of the TRMM-PR total and convective and stratiform rain
fractions over the Indian region during the summer monsoon. Climate Dynamics, (41), pp. 21–44

Raghavendra, V.K. 1974. Trends and periodicities of rainfall in sub-divisions of Maharashtra state. Indian
Journal of Meteorology and Geophysics, 25, pp 197-210

Ramachandran, S. and Kedia S. 2013. Aerosol-Precipitation Interactions over India: Review and Future
Perspectives, Advances in Meteorology, (2013). 649156 

Romatschke, U., and Houze Jr. R. A. 2011. Characteristics of precipitating convective systems in the
South Asian monsoon, J. Hydrometeorol.(12), pp. 3–26

Rosenfeld, D. and Woodley, W. L. 2000. Deep convective clouds with sustained super cooled liquid water
down to - 37.5 °C, Nature, (405), pp. 440-442

Saikranthi, K., T. Narayana Rao, Radhakrishna, B. and Rao. S. V. B. 2014. Morphology of the vertical
structure of precipitation over India and adjoining oceans based on long-term measurements of TRMM
PR, J. Geophys. Res. Atmos., (119), pp. 8433–8449



Page 14/27

Schumacher, C and Houze, R. A. 2003. Stratiform rain in the tropics as seen by the TRMM precipitation
radar.  J. Climate, (16), pp. 1739-1756

Schumacher, C., R. A. Houze, and Kraucunas, I. 2004. The tropical dynamical response to latent heating
estimates derived from the TRMM precipitation radar, J. Atmos. Sci., (61), pp. 1341–1358

Shen X, Liu J and Li X. 2012. Evaluation of convective-stratiform rainfall separation schemes by
precipitation and cloud statistics; J. Trop. Meteorol. 18(1), pp. 98–107.

Sikka, D. R. 1980. Some aspects of the large scale �uctuations of summer monsoon rainfall over India in
relation to �uctuations in the planetary and regional scale circulation parameters. Proceedings of the
Indian Academy of Sciences-Earth and Planetary Sciences. 89(2), pp. 179–195

Singh, N. and Sontakke, N.A. 2002. On climatic �uctuations and environmental changes of the Indo-
Gangetic plains, India. Climatic Change, 52(3), pp. 287-313

Sontakke, N.A., Singh, N. and Singh, H.N. 2008. Instrumental period rainfall series of the Indian region (AD
1813—2005): revised reconstruction, update and analysis. The Holocene, 18(7), pp. 1055-1066

Taylor, K. E. and Ghan, S. J. 1992. Analysis of cloud liquid water feedback and global climate sensitivity
in a general circulation model, J. Climate, (5), pp. 907-919

Tokay, A. and Short, D. A. 1996. Evidence from tropical raindrop spectra of the origin of rain from
stratiform versus convective clouds, J. Appl. Meteorol., (35), pp. 355-371

Xie P, and Arkin P. 1998. Global monthly precipitation estimates from satellite observed outgoing
longwave radiation. Journal of Climate (11), pp. 137–164

Zipser, E. J., Cecil, D. J., Liu, C., Nesbitt, S. W., Yorty, D. P.  2006. Where are the most intense thunderstorms
on Earth? Bull. Am. Meteorol. Soc., (87), pp. 1057–1071

Zuidema, P. 2003. Convective clouds over the Bay of Bengal. Mon. Weather Rev., (131), pp. 80–798

Zuluaga, M. D., Hoyos, C. D. and Webster, P. J. 2010. Spatial and temporal distribution of latent heating in
the South Asian Monsoon Region, J. Clim., (23), pp. 2010–2029

Figures



Page 15/27

Figure 1

Study area comprising the meteorological sub division of India (Red Boundary) namely WUP–West Uttar
Pradesh; EUP–East Uttar Pradesh; BR–Bihar; JH–Jharkhand; and GWB – Gangetic West Bengal, in India
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Figure 2

Spatial distribution of mean monthly Convective Precipitation (CP) in the months of (A) June, (B) July, (C)
August, (D) September; and (E) during JJAS for the time period of 1980-2019 in ERA5(0.25˚x 0.25˚) data
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Figure 3

Spatial distribution of mean monthly Large Scale Precipitation (LSP) in the months of (A) June, (B) July,
(C) August, (D) September; and (E) during JJAS for the time period of 1980-2019 in ERA5(0.25˚x 0.25˚)
data
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Figure 4

Total precipitation (mm/day) over meteorological subdivisions of the Gangetic West Bengal (GWB),
Jharkhand (JH), Bihar (BR), East UP (EUP) and West UP (WUP) in (a) IMD, and (b) ERA5, respectively
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Figure 5

Relative frequency (in %) of (a) Convective Precipitation (CP) and (b) Large Scale Precipitation (LSP) for
the time period of 1980-2019 in ERA5 (0.25˚x0.25˚) data over West Bengal, Jharkhand, Bihar, East UP, and
West UP, respectively
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Figure 6

Spatial distribution of Outgoing Longwave Radiation (OLR) (Watts/m2) in monthly mean of (a) June, (b)
July, (c) August, (d) September and in mean of (e) JJAS for the time period of 1980-2019
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Figure 7

Temporal variation of daily climatology (June to September) of Outgoing Longwave Radiation (OLR)
(Watts/m2) during JJAS for the time period of 1980-2019
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Figure 8

Scatter diagram between Large Scale Precipitation and OLR as well as Convective Precipitation and OLR
(from left to right) during the time period of 1980-2019 over the Gangetic West Bengal in the months of
(a) June; (b) July, (c) August; (d) September and (d) JJAS, respectively
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Figure 9

Scatter diagram between Large Scale Precipitation and OLR as well as Convective Precipitation and OLR
(from left to right) during the time period of 1980-2019 over the Jharkhand in the months of (a) June; (b)
July, (c) August; (d) September and (d) JJAS, respectively
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Figure 10

Scatter diagram between Large Scale Precipitation and OLR as well as Convective Precipitation and OLR
(from left to right) during the time period of 1980-2019 over Bihar in the months of (a) June; (b) July, (c)
August; (d) September and (d) JJAS, respectively



Page 25/27

Figure 11

Scatter diagram between Large Scale Precipitation and OLR as well as Convective Precipitation and OLR
(from left to right) during the time period of 1980-2019 over East UP in the months of (a) June; (b) July,
(c) August; (d) September and (d) JJAS, respectively
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Figure 12

Scatter diagram between Large Scale Precipitation and OLR as well as Convective Precipitation and OLR
(from left to right) during the time period of 1980-2019 over West UP in the months of (a) June; (b) July,
(c) August; (d) September and (d) JJAS, respectively



Page 27/27

Figure 13

Vertical pro�le (1000hpa to 700hPa) of the zonal wind (m/s) and RH (%) in June, July, August and
September during 1980-2019 over the meteorological subdivisions of the (a) Gangetic West Bengal
(GWB), (b) Jharkhand (JHA), (c) Bihar (BR), (d) East UP (EUP) and (e) West UP (WUP), respectively


