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Abstract 

Long-term variations in the frequencies of different rainfall events during summer 

monsoon season (June through September) are analysed over a period of 38-years (1980-2017) 

using the simulations of Weather Research and Forecasting (WRF) model evaluated against the 

India Meteorological Department (IMD). Further, we have divided the study period into two sub-

periods such as before (1980-1998), and after the mega ENSO event (1999–2017). Our analysis 

suggests the WRF exhibits good skill in capturing the increased trends in the frequency of heavy 

and very heavy (extreme) rainfall events during the recent epoch (1999–2017).We have assessed 

the skill of WRF in capturing the observed probability distributions of daily rain rates over 

different sub-regions of India. Our results depict that the downscaled products of WRF captured 

well the extreme rainfall as observed in IMD, signifying that this dynamically downscaled model 

with continuous 36-hours re-initialization makes it suitable to simulate extreme rainfall events 

compared to light rainfall event. However, our analysis reports that there is a slight 

overestimation in WRF rainfall and fails in capturing the light rainfall events compared to IMD. 

The overestimation of rainfall by WRF possibly be due to increased pressure gradients and 

enhances the convection in the upper streams and associated rainfall. Our study emphasizes that 

the variability in summer monsoon rainfall during the recent period is due to the changes in the 

monsoon circulations, particularly monsoon low level jet (MLLJ) which leads to alter the 

moisture budget in terms of moisture convergence and transport. Moreover, the variability in 

frequencies of rainfall events are analysed for strong La Niña /El Niño years and observed an 

increase in extremes over major part of India during strong La Niña except over parts of Central 

India and NEI where strong El Niño dominates; which is well captured by the WRF model. 

Keywords: global warming, rainfall events, summer monsoon, WRF, Monsoon low level jet, 

vertically integrated moisture flux 

1. Introduction 

Asian summer monsoon (ASM) system is an integral component of the earth's climate 

system involving complex interactions of the atmosphere, the hydrosphere and the biosphere. 

The Indian summer monsoon (ISM) circulation is the part of ASM (Kaushal et al., 2018) that 



provides unprecedented rainfall and extremes. India receives about 80% of annual rainfall 

(Ghosh et al., 2016) during ISM season. Variations in Summer Monsoon (SM) rainfall affects 

the agro-economic sectors and socio-economic activities. The spatio-temporal rainfall variations 

during ISM season happened due tothe off-shore vortices, monsoon trough, and depressions, 

which exhibits inter-annual variability. Several studies reported that these systems derive from 

the Indian Ocean and act as the major moisture sources for the monsoon precipitation (Levituset 

al., 2005). The MLLJ plays a vital role in modulating the ISM activity (Joseph and Raman, 1966; 

Findlater, 1969; Cadet and Desbois, 1979; Mishra et al., 2004; Joseph and Simon, 2005; Sandeep 

and Ajayamohan, 2015; Wilson et al., 2018; Viswanadhapalliet al., 2019a; Kumar et al., 2020).   

Extreme rainfall events during ISM season are the devastating natural hazards. Extreme 

precipitation events (EPE) occur due to interactions between the synoptic-scale (horizontal 

length scale of the order of 1,000 km or more) disturbances and mesoscale (horizontal length 

scale of 5 km to several hundred kilometers) systems (Easterling et al., 2000; Schumacher and 

Johnson, 2005; Teixeira and Satyamurty, 2007; Srinivas et al., 2018; Viswanadhapalliet al., 

2019b). The offshore vortices (Bhaskarrao and Hari Prasad, 2006; Kumar et al., 2008), troughs 

(Viswanadhapalliet al., 2019b), depressions (Hunt and Fletcher, 2019), cyclonic systems formed 

over the north Indian Ocean, and mid-tropospheric cyclonic storms (Vaidya and Kulkarni, 2007) 

cause the EPEs. Further, recent climate warming increases the frequency of EPEs (Hegerlet al., 

2007). The frequencies of the heavy and moderate precipitation events have increased/decreased 

(Lau and Wu, 2007) over tropics in the past few decades. Wang et al. (2013) highlighted the 

enhanced monsoon circulation in the Northern Hemisphere (NH) during boreal summers after 

Mega El Niño (1998) which probably causes the changes in circulation and associated extreme 

events.   

Several studies (Dash et al., 2011; Vinnarasiet al., 2016; Viswanadhapalliet al., 2020) 

suggest that the variability of monsoon is high over the last few decades, mainly due to changes 

associated in the ISM circulation (Guhathakurta and Rajeevan, 2008). A sharp increasing trend 

in the occurrence of EPEs (Goswami et al., 2006; Guhathakurtaet al., 2011) across India is seen. 

The changes in extreme events in the climate flow are essential for agriculture planners, 

optimization inenergy sector, irrigation, and public health. The sparsity of the observations in 

both space and time demands the high-resolution rainfall reanalysis using dynamical 

downscaling of the global model (Pielke, 2013).  

Many studies (Wang et al., 2004; Dasariet al., 2012; Srinivas et al., 2013, 2014; Attada et 

al., 2014; Viswanadhapalliet al., 2017, 2019) highlighted the use of dynamical downscaling 

methods to provide an optimal estimate of climate at high spatial resolutions. Dynamic 



downscaling using high resolution regional climate models (RCMs), equipped with the advanced 

physics and dynamics, known for resolving localized climate features over the specific region 

from the global model outputs (Leung et al., 2003; Lo et al., 2008; Rauscher, 2010; Chan et al., 

2013; Xu and Yang, 2015). Several studies (Jacob et al., 2014; Xu and Yang, 2015; 

Viswanadhapalliet al., 2017, 2019; Dasari et al., 2020) indicated that RCMs with a suitable 

combination of physics parameterizations and observational assimilation provide physically-

consistent, comprehensive and coherent climate data at high spatio-temporal resolutions. This 

dynamical downscaling can be carried out by either allowing the RCM to simulate continuously 

its own climate for longer time periods or by frequently restarting the RCM from large scale 

outputs (i.e., re-initialization). Continuous climate simulations are generated by initializing the 

RCM at a specific time and the lateral boundary conditions are supplied at regular time intervals.  

It has its own inherent drawbacks as the quality of RCM products strongly relay on the lateral 

boundary conditions (Wilks, 1995; Storch et al., 2000). To minimize these errors and to capture 

the extreme conditions, the continuous re-initialization (e.g., Lo et al., 2008; Lucas-Picher et al., 

2013; Viswanadhapalli et al., 2017; Hima Bindu et al., 2018; Dasariet al., 2019) is implemented 

in many regional climate downscaling studies. The re-initialization enables RCMs to relay on 

initial condition by making use of assimilated information and minimizes the dependency on 

boundary conditions.    

This study evaluated the skill of the WRF model in capturing the frequency of heavy 

rainfall events during ISM season. We investigated further, the ability and reliability of the WRF 

model to simulate the probability density functions (PDFs) of rain rates, wind magnitudes, 

spatial-temporal rainfall patterns over different sub-divisions of India, and the frequencies of 

composite rainfall events for strong El Niño and La Niña events. In Section 2, the details of data 

and methodology are provided. The results and major findings of our study are described in 

Section 3. The summary and conclusions are provided in Section 4. 

2. Model configuration, data, and methodology 

This section provides a brief description of WRF model configuration, the sensitivity 

experiments, and the reanalysis datasets used for model initialization. The details of the 

observational datasets used for the validation of downscaled fields are presented. 

2.1. Model domain and physics configuration  

In this study, we have used the WRF-ARW model version 3.9.1(Skamarock et al., 2008) to 

evaluate the model skill in capturing the variability of ISM rainfall and rainfall events during the 



period 1980-2017. The model configured with a single domain of 18 km horizontal resolution 

and 51 vertical layers with the model top fixed at 30 hPa. The spatial extent of WRF model 

domain configured in this study is shown in Fig. S1(a) and Fig. S1(b) indicates the map of India 

with different homogeneous regions and subdivisions. The topography information such as 

terrain elevation, land use and land cover and soil type, for the configured WRF domain are 

obtained at arc 5 min (∼10 km) resolution. The downscaled simulations are carried out with 

continuous re-initialization mode by daily initializing the WRF model and integrated for 36-h 

hours. Before generating 38-year downscaled climate product, we have carried out sensitivity 

tests for the model initializionusing ERA5 and ERA-Interim datasets, different physicial 

parametrizations, and lower boundary conditions. 

2.1.a. Sensitivity to Initial and boundary conditions  

To analyse the role of initial and boundary conditions on downscaled rainfall, we have conducted 

two sensitivity experiments by changing the driving fields i.e., ERA5 and ERA-Interim datasets  

for the WRF initialization considering a sample period of 10-years (JJAS months) from 2008 to 

2017 (Fig. 1). The first experiment conducted with coarse resolution reanalysis (0.75°) of ERA-

Interim (Dee et al. 2011) and the second experiment initialized with the high resolution 

reanalysis (0.3°) of ERA-5. The model results are evaluated in-terms of spatially, and by 

computing the Taylor diagrams (Fig. S2) with IMD for the JJAS of a good monsoon year 2012. 

The results clearly show an overestimation of JJAS rainfall by ERA5 compared to ERAI over the 

north-central India (close to foot hill of Himalayas) and Western Ghats regions. Few 

downscaling studies (Varga and Breuer, 2020) suggest that the WRF downscaled rainfall using 

ERA5 often exibits positive biases which are attributed to inherent issues of snow content both in 

terms of depth and cover in ERA5. The variations in the representation of snow content in the 

numerical models have significant impact on the simulated temperature and rainfall through 

changes in the surface albedo and energy balance (Varga and Breuer, 2020; Sabin et al., 2020).  

2.1.b. Sensitivity to lower boundary conditions (SST)  

In this study, the downscaled simulations are conducted by initializing the WRF model on daily 

basis at 1200 UTC using ECMWF ERA-Interim, and integrated for 36-hours. To enhance the 

land sea contrast in the downscaled simulations and to represent precisely the lower boundary 

conditions, the low-resolution SST fields from ERA-Interim data are replaced with time-varying 

high-resolution SST obtained from the Real-Time Global High-Resolution (RTG-HR; Gemmill 



et al., 2007) and updated time varying lower boundary conditions at 6-hour interval. Further to 

test the role of lower boundary conditions (SST) on downscaled rainfall, we have also conducted 

an additional experiment for the JJAS months of 2012 with coupled model i.e., WRF-Price-

Weller-Pinkel (PWP) Ocean model using HYCOM global reanalysis (Fig. S3). Our rainfall 

analysis with the coupled model suggests that there is a significant overestimation of coupled 

model rainfall over central India and Western Ghats region. This may be due to the lack of 

precise initial conditions of ocean, particularly SST with WRF-PWP system. The overestimation 

of rainfall by coupled ocean-atmospheric (WRF-PWP) model is probably due to the lack of 

realistic ocean intial conditions and missing details of the comprehensive 3-D ocean formulations 

enabled with bathymetry. The study by Samson et al. (2017) highlights that the performance of 

these downscaled simulations over Indian subcontinent will improve further with fully coupled 

ocean-atmospheric model by providing realistic ocean atmohspeirc conditions and considering 

larger region over Indian Ocean.  

2.1.c. Sensitivity to different physical parameterizations  

The previous studies (Srinivas et al., 2013; 2014; 2018; Srinkanth et al., 2014; Attada et al., 

2018; Mohan et al., 2018) highlight that the appropriate choice of physical parameterization 

schemes is essential for obtaining better accuracy in downscaling of the monsoon rainfall over 

Indian region using WRF-ARW model. In this study, we evaluate the role of different 

parameterizations on rainfall simulations by conducting a series of sensitivity experiments by 

changing the three microphysical, cumulus convection, land surface and boundary layer 

schemes. For cloud microphysics sensitivity, we used Lin et al. (1983), WRF single-moment 6-

class scheme (WSM6; Hong and Lim 2006) and Thompson (Thompson et al. 2008). To test 

sensitivity of PBL schemes, we have considered Yonsei University (YSU), Mellor Yamada 

Janjic (MYJ) and Mellor-Yamada-Nakanishi and Niino Level 2.5 PBL (MYNN2) schemes. We 

have also tested Noah (Niu et al. 2011), 5-layer thermal diffusion and Rapid Update Cycle 

(RUC; Smirnova et al. 2016) land-surface physics schemes, the three cumulus convection 

schemes such as Kain–Fritsch mass-flux (Kain, 2004), Betts-Miller-Janjic (Betts and Miller, 

1986; Janjic, 2000) and New Grell Ensemble scheme. We compared the spatial (Fig. S4) and 

temporal (Fig. S5) WRF rainfall with IMD gridded rainfall (Pai et al. 2014), and also evaluated 

its skill using Taylor diagram (Fig. 2).The spatial analysis of JJAS rainfall for 2012 suggests the 

rainfall was overestimated in WSM6 and Lin schemes particularly over central India region 

compared to Thompson scheme. The overestimation of rainfall over central India is also seen in 



case of PBL schemes where the maximum deviations are found in case of the MYJ scheme 

followed by YSU, while the MYNN2 scheme exhibits better skill compared to the two PBL 

schemes. The sensitivity analysis with the cumulus schemes clearly suggests that the KF captures 

the spatial and day-to-day variability of rainfall compared to BMJ and NGE schemes. Compared 

to Microphysics, PBL and cumulus, the analysis of land surface schemes reveals that the 

sensitivity of LSM schemes produces less bias compared to microphysics and PBL schemes.The 

downscaled rainfall from NOAH scheme is in close agreement over the central and western parts 

of India. Moreover, the results from the Taylor diagram computed over the different regions of 

India also confirm that the combination of Thompson+KF+MYNN+NOAH produces a 

reasonably good skill with minimum standard deviation, RMSE and higher correlation.  

2.2. WRF configuration used for the downscaling of 38-year product  

Based on the sensitivity analysis carried out in the previous section, we have configured 

Thomson scheme (Thompson et al., 2008) for cloud microphysics, Rapid Radiative Transfer 

Model for Global circulation models (RRTMG) scheme for shortwave and longwave radiation 

processes (Iacono et al., 2008), Mellor-Yamada-Nakanishi-Niinoturbulent kinetic energy scheme 

MYNN2.5 scheme for the Planetary Boundary Layer (PBL) turbulence (Nakanishi and Niino, 

2006, 2009) and NOAH for land surface processes (Chen and Dudhia, 2001). Similar 

combinations are also used by several previous studies over Indian regions (Srinivas et al., 2013, 

2014; Madala et al., 2016).The downscaled simulations are carried out with continuous re-

initialization mode by daily initializing the WRF model using the ECMWF Interim reanalysis 

and integrated for 36 hours. From this daily 36 hours output, the first 12 hours product is 

removed as spin-up time, and the remaining 24 hours are combined to get the WRF climate 

product for the study period of 38-years (1980-2017). To enhance the land sea contrast in the 

downscaled simulations and to represent precisely the lower boundary conditions, the low-

resolution SST fields from ERA-Interim data are replaced with time-varying high-resolution SST 

obtained from the Real-Time Global High-Resolution (RTG-HR; Gemmill et al., 2007). The 

complete details on the model initialization and physical parametrization utilized in this study are 

discussed in the studied of Viswanadhapalli et al., 2019a and Dwivedi et al., 2021.  

2.3. Details of the observational datasets for comparision 

The daily gridded 0.25° × 0.25° IMD rainfall data (Pai et al., 2014) and European Centre for 

Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5) daily rainfall computed using 

hourly data are used for comparing the WRF model simulated rainfall to study the ISM 



variability and also the variations in the frequencies of the rainfall events of different categories 

during ISM season. The rainfall events are categorized as in the previous studies (Prathipati et 

al., 2019):light (>0 to <20 mm), moderate (≥20 mm to <60 mm), heavy (≥ 60 to <100 mm) and 

very heavy rainfall days (≥ 100 mm). The composite mean rainfall events with different 

thresholds during strong La Niña years (1988, 1998, 1999, 2007, and 2010) and strong El Niño 

years (1982, 1987, 1991, 1997, and 2015), and their differences are analysed. The trends and 

variability in rainfall are studied for two sub-periods such as before (1980-1998), and after the 

mega ENSO event (1999–2017). The delineation of two epochs is made at 1998 based on the 

previous study Wang et al. (2013), where significant changes in Walker and Hadley circulation 

are noticed after the mega El Niño Southern Oscillation (ENSO) event. 

            The ERA5 monthly means of relative humidity, temperature, zonal and meridional 

winds, and mean sea level pressure are utilized. MLLJ is one of the major driver of low level 

moisture transport towards the Indian region (Roja Raman et al., 2011; Viswanadhapalliet al., 

2020) and facilitates the enhancing/declining in ISM rainfall activity. The vertically integrated 

moisture flux (VIMF) convergence (divergence) and its transport computed using monthly data 

of ERA5 relative humidity, temperature, zonal and meridional winds over 1000-475 hPa levels, 

and mean sea level pressure are examined.  

The PDFs of daily rain rates over different regions over India (R1 (73oE–80oE; 32oN–

36oN), R2 (75oE–81oE; 28oN–33oN), R3 (70oE–75oE; 25oN–30oN), R4 (75oE–88oE; 20oN–

28oN), R5 (88oE–98oE; 22oN–29oN), R6 (69oE–75oE; 20oN–25oN), R7 (72oE–77oE; 8oN–20oN), 

R8 (78oE–85oE; 13oN–19oN), and R9 (77oE–79oE; 9oN–13oN)) during the ISM season for the 

period 1980-2017 are computed from the WRF and IMD rainfall. Further, we have performed 

the correlation analysis and examined statistical significance using student's t-test (Naidu et al., 

2017) between the frequencies in different rainfall events of IMD/WRF and the Oceanic Niño 

Index (ONI) over the domain, 5oN-5oS, 120o-170oW in the east-central tropical Pacific as well 

as the magnitude of VIMF transport over the domain, 5o-15oN, 45o-75oE of the Arabian Sea 

during the period 1980-2017 in the SM season.The monthly data of ONI is taken from the 

climate prediction center (http://www.cpc.ncep.noaa.gov/data/indices/oni.ascii.txt). 

3.  Results and Discussion 

We first discussed the WRF model skill in capturing the seasonal rainfall features and the 

frequencies of the different rainfall events. We have also assessed the model performance in 

reproducing the observed variability of rainfall and the daily rain rates during the ISM season, 

http://www.cpc.ncep.noaa.gov/data/indices/oni.ascii.txt


and the rainfall variability during strong El Niño and strong La Niña years. Further, we explored 

the possible causes for the  rainfall variability in the recent decade. 

3.1. Mean rainfall distribution 

                                              The distribution of mean ISM rainfall for the two epochs (1980-1998 and 1999-2017) and 

their differences (mean rainfall during 1999-2017 minus mean rainfall during 1980-1998) from 

WRF, ERA5 and IMD are presented in Fig. 3. Major parts of the west coast of India (Coastal 

Karnataka, Konkan & Goa, and Kerala) and parts of northeast India (NEI) i.e., Sub-Himalayan 

West Bengal and Sikkim (SHWB) experience substantial rainfall amounts of 2400-3300 mm, 

and 1500-3000 mm, respectively. The South Peninsular India (SPI), Jammu & Kashmir (JK), 

and some parts of northwest India (NWI) experience below 900 mm rainfall. The spatial 

distributions of IMD rainfall are well captured by the WRF model and ERA5. Though the ERA5 

rainfall seems to reduce mean bias over the central India as compared to the WRF, it has failed to 

replicate the observed IMD features over the west coast of India and few parts of NEI especially 

over Arunachal Pradesh. 

    The mean ISM rainfall differences between the two epochs (bottom panels of Fig. 3) 

reveal negative anomaly over parts of Indian south-west coast (parts of Kerala and Coastal 

Karnataka), parts of JK, major parts of NEI including Central Northeast India (CNEI). The rest 

of India experiences positive anomaly mainly over major part of NWI, Madhya Maharashtra, 

Uttaranchal, Interior Karnataka, and Vidarbha. The decrease (negative values) in rainfall is more 

prominent over CNEI, JK, and along the south-west coast of India.  It suggests that the mean 

rainfall seems reduced after 1998. WRF model captured the spatial features of differences in 

mean IMD rainfall, especially over CNEI, NWI, and along the west coast of India. The intensity 

varies slightly in WRF and failed in producing the positive differences in the leeward side of 

Western Ghats (Interior Karnataka and Vidarbha). However, the model has reasonably captured 

the IMD observed rainfall features, but the ERA5 has failed to replicate the spatial distribution of 

precipitation i.e., enhancement of rainfall activity is seen over major sub-divisions of India which 

is not in agreement with the observed pattern of IMD. This positive bias in the rainfall estimate 

of ERA5 is possible due to the significant increase in the light rainfall events which will be 

discussed in detail in the following section. 

3.2. Analysis of different rainfall events 

3.2.1. Light rainfall days 



The mean frequencies of light rainfall days in SM season for the periods, 1980-1998; 1999-2017 

using WRF model output, ERA5 re-analysis and observed IMD data are presented in the top and 

middle panels of Fig. 4. The mean frequencies for the periods, 1980-1998 and 1999-2017 are 

high over the parts of NEI i.e.60-90 days per season (dps), CNEI (40-70 dps), and west coast 

(40-60 dps), and lower number over parts of NWI (10-40 dps), parts of SPI (20-40 dps) except 

the west coast and parts of JK (30-50 dps). The spatial distributions of simulated mean 

frequencies for the two periods exhibit more or less same pattern with a slight spatial shift. WRF 

and ERA5 produced more light rainfall days than IMD with the highest positive bias over the 

leeward side of western Ghats. ERA5 and WRF produces relatively higher light rainfall days 

over leeward side of Western Ghats, CNEI, Uttaranchal, Himachal Pradesh, East Madhya 

Pradesh, and the north Tamilnadu compared to the rest of India. As compared to WRF, the 

ERA5 significantly overestimated the number of observed light rainfall days in both epochs and 

this number constitute significant amount in the cumulative rainfall which might have reflected 

in seasonal mean rainfall of ERA5 (Fig. 3). 

The differences in the mean frequencies of light rainfall days between the two epochs 

indicate (bottom panel of Fig. 4) negative values over central India particularly north of 20oN 

and parts of CNEI. The decrease in the light rainfall days in the recent period is observed over 

parts of NEI (0 to -16 dps), parts of north and northeast JK (0 to -16 dps), parts of CNEI (0 to -10 

dps) and few parts of SPI (0 to -4 dps). The increase in the light rainfall eventsis  seen over the 

west coast and parts of SPI during the recent period. These positive differences are also observed 

over parts of North India especially southern parts of JK (0-16 dps), parts of SPI (0-14 dps), and 

isolated pockets of NWI. Though, WRF exhibits high bias in capturing frequencies of light 

rainfall days, the WRF spatial distributions are in close agreement with IMD except over parts of 

Andhra Pradesh and west Tamilnadu. Nevertheless, ERA5 completely failed in replicating the 

observed IMD over major sub-divisions of India, where showing an increase in light rainfall 

days in the recent epoch compared to the previous. 

3.2.2. Moderate rainfall days  

The mean frequencies of moderate rainfall days for the two periods during SM season are 

presented in the top and middle panels of Fig. 5. The spatial distribution of mean frequencies 

seems to be high over the west coast (25-35 dps) and the parts of NEI (15-35 dps). Further, over 

CNEI and westcentral India (WCI), it is 10-20 dps and low over parts of JK (0-5 dps), NWI (0 to 

10 dps) and a major part of SPI (0-10 dps). The WRF and ERA5 frequencies more or less 



capture the spatial patterns of IMD with slight variations over central India and NEI (10 to 15 

dps).  

The differences in the moderate rainfall days are (bottom panel of Fig. 5) negative over 

the major parts of India suggesting that there is a decrease in the frequency of moderate rainfall 

events during the recent period. This decrease seems to be dominant over parts of NEI, parts of 

CNEI, Central India, and some parts of the south-west coast (-0.5 to -4 dps). Positive anomalies 

are over major parts of NWI, a leeward region of Western and Eastern Ghats, some parts of SPI 

(0.5-3 dps), and parts of Uttaranchal (0.5-4 dps). The differences indicate a decline in the 

moderate rainfall days over NEI, CNEI, and WCI and increaseover NWI and leeward region of 

SPI. The recent observed changes over different parts of India in IMD pattern are reseasonably 

captured by WRF except over NEI and eastern parts of Tamilnadu. On the other hand, the spatial 

variations of ERA5 reanalysis stands good over parts of the NEI and NWI, but it  has failed to 

reproduce the spatial pattern over major part of India by showing an increase in the frequency of 

moderate rainfall days in the recent epoch.  

3.2.3. Heavy rainfall days 

The mean frequencies of heavy rainfall days (top and middle panels of Fig. 6) are high 

over the parts of the west coast i.e., parts of Coastal Karnataka (10-12 dps), Konkan & Goa (5-12 

dps) and northern parts of Kerala (5-12 dps) and some parts of NEI i.e., SHWB (4-11 dps) and 

parts of Assam & Meghalaya (0-12 dps). It is 1-4 dps over CNEI, WCI, and Himachal Pradesh, 

0-2 dps over parts of JK, NWI, and major part of SPI except for the west coast. WRF model has 

simulated well the high frequencies over the west coast and parts of NEI, and low frequencies 

over NWI, parts of SPI (Tamil Nadu, north Karnataka, and south Andhra Pradesh). ERA5 has 

failed to capture the frequency of heavy rainfall events over west coast of India whereas WRF 

model captures relatively better. 

The differences (bottom panel of Fig. 6) indicate positive anomalies over north-west 

coast, parts of NWI (0.1-1 dps), southern parts of CNEI (0.1-1 dps), Uttaranchal, Assam, and 

Meghalaya (0.1-1.6 dps) suggesting there is a shift in the increasing mean frequencies from light 

to heavy rainfall days. Negative differences are over eastern parts of JK (-0.1 to -0.6 dps), parts 

of CNEI and NEI (-0.1 to -1.6 dps), and south- west coast (-0.1 to -1.6 dps). Overall, the mean 

frequency is enhanced during the recent epoch, particularly over the Indian region between 15o-

25oN. Both the model and ERA5 have a similar spatial pattern in the frequencies of these events 

as in observations but failed to simulate frequencies with more accuracy over regions of NEI. 



However, there are some regional differences between the ERA5 differences and model 

simulated differences. The large differences noticed with these two are probably due to the fact 

that the IMD data has standard observations for rainfall over India. However, this observed 

product has its limitations over the hilly regions due to sparse rain-gauge stations (Banerjee et 

al., 2019). The model simulated differences are in close agreement with those of observations. 

 

3.2.4. Very heavy rainfall days 

The spatial distribution of mean frequencies of very heavy rainfall days for the two 

periods shows (top and middle panels of Fig. 7) shows high values over the west coast i.e., parts 

of Coastal Karnataka (4-8 dps), Konkan & Goa (2.9-8 dps), northern parts of Kerala (1.8-8 dps), 

parts of NEI i.e., SHWB (0.2-8 dps), parts of Assam and Meghalaya (0.2-8 dps) followed by 

CNEI, WCI, parts of NWI, and JK (0.1-1.8 dps). And, the increase in frequencies of very heavy 

rainfall events over the west coast of India, central India and NEI failed to reproduce with ERA5 

reanalysis. 

The differences in the frequencies (bottom panel of Fig. 7) are negative over major India such as 

the south-west coast, foothills of Himalaya, CNEI, and parts of NEI suggesting a decrease of 

these events in the recent epoch. These events are enhanced over parts of west coast, especially 

Konkan and Goa, Madhya Maharashtra (0.1-1.6 dps), parts of NEI especially Arunachal Pradesh 

(0.1-1.6 dps), parts of WCI, and southern parts of CNEI (0.1-0.6 dps). Negative differences are 

over some parts of NEI especially Assam and Meghalaya, some parts of the southern west coast 

(-0.8 to -1.6 dps), isolated regions of North as well as NWI and parts of CNEI (-0.1 to -0.8 dps). 

The occurrence of these events and their changes are simulated well by the WRF model as 

compared to ERA5 especially over the regions of the west coast of India, central India and parts 

of NEI. Especially, the rainfall features of ERA5 seems to be far away from the observed 

extreme patterns. 

3.3. Role of monsoon winds on rainfall 

Further, we have analysed the possible factors that affecting the variations in the rainfall under 

different categories over India during the two epochs (1980-1998 and 1999-2017). Several 

studies (Wang et al., 2013; Chen and Tomassini, 2015; Viswanadhapalliet al., 2019a) highlighted 

that the variations in MLLJ act asa major factor in modulating the moisture transport towards 

Indian region, thereby leading to the variations in the formation of convective systems over India 



and affecting ISM rainfall. We have analysed the variability of wind magnitude over the core 

MLLJ region (5oN-15oN, 45oE-75oE) at different levels (925, 900, 850, and 700 hPa) for the two 

epochs (Fig. 8). The time series of the wind magnitude over the MLLJ for the two epochs depicts 

a slightly increasing trend at 925 hPa and a sharp increasing trend at 700 hPa in the recent epoch 

compared to the previous period. Further, a decreasing trend is observed at 900 and 850 hPa. 

WRF model captured similar increasing/decreasing trends at all levels as seen in ERA5 with 

different slope magnitudes. The changes in winds seen with WRF and ERA5 may be due to the 

changes in Hadley and Walker circulation found after the Mega El Niño event. The changes in 

global circulations patterns after 1998 resulted in an increase in surface pressures between heat 

low and Mascarene high associated with the temperature contrast between land and ocean. WRF 

model simulated wind magnitude trends seen in ERA5, however, the wind magnitudes are 

slightly underestimated by about 0.5 m/s at all levels during 1980-1998; and overestimated by 

about 0.5-1.5 m/s during 1999-2017. The probable reasons for wind overestimation are detailed 

in Viswanadhapalli et al. (2019a).  

3.4. Role of Moisture on rainfall 

The moisture transport plays a crucial role (Roja Raman et al., 2011) on ISM rainfall and the 

maximum moisture existed between 1000 hPa – 475 hPa.  Hence, the simulated and observed 

variations of the VIMF convergence (divergence) averaged for ISM season over India and 

neighbourhood depicts (Fig. 9) that a cyclonic circulation leading to convergence in VIMF 

ranging from 6 to 60 kg m-2 s-1is over parts of CNEI, WCI, NEI and SPI except the west coast; 

whereas the divergence is seen over parts of NWI, west coast, JK and few parts of NEI ranging 

from -6 to -60 kg m-2 s-1. Maximum VIMF is seen over Odisha, Assam and Meghalaya and 

minimum over the west coast. The VIMF transport is maximum over the Arabian Sea andmajor 

part of it is evident to diverge out, so less amount of water vapour is thus transported into India. 

This is responsible for the decline of ISM rainfall, as the advection is the main source for 

precipitation over India especially in SM months. The differences of VIMF convergence 

(divergence) depict that the divergence seen over the major part of India is inline with the 

reduced rainfall activity in the recent period. Persistent divergence is observed over the southeast 

Arabian Sea which controls the flow of moisture supply from Sea to the Indian mainland. The 

convergence is seen over parts of NWI, southern parts of NEI, southern parts of CNEI, and 

minor parts of WCI. The VIMF positive (negative) values clearly illustrate the same features of 

rainfall analysis (bottom panel of Fig. 3),where the convergence (divergence) leads to enhance 



(decline) the rainfall activity. The model captures more or less similar characteristics as of 

observations but fails in simulating its intensity. 

The frequencies of different rainfall events and the moisture transport over the MLLJ 

region in ISM season during 1980-2017 are important to understand. We have performed a 

correlation analysis between the VIMF transport averaged over the MLLJ region with the 

frequency of different rainfall events (Fig. 10). The analysis of light rainfall days with VIMF 

transport shows positive correlations with above 99% significance level over NWI, WCI, and 

major part of SPI except the west coast. Negative correlations are seen over minor parts of 

Konkan and Goa, Coastal Karnataka, and parts of NEI. The model captured the positive pattern 

over East as well as West Rajasthan and few subdivisions over WCI but failed in reproducing the 

negative correlations. For moderate rainfall events, positive correlations (above 90% 

significance) are seen over NWI, the major part of WCI, parts of SPI especially coastal Andhra 

Pradesh, and the west coast. The negative correlations are seen over major parts of Gangetic 

West Bengal and isolated parts of NEI. For heavy and very heavy rainfall events, the positive 

correlations are observed over parts of Saurashtra, Kutch & Diu, parts of the west coast, and 

isolated parts of the rest of India. From this, it can be concluded that the relationship of light and 

moderate events with VIMF transport is significant and these observed spatial patterns are well 

simulated by WRF with slight spatial variations. 

3.5. Probability Distribution Function of daily rain rates 

PDFs providethe frequency distributions of daily rain rates which help in evaluating the model 

skill in capturing the discrete characteristics of rainfall over a particular region. Inorder to test the 

WRF performance during 1980-2017, the PDFs of different rain rates (Fig. 11) are computed 

during ISM seasonover nine regions (Section 2). Over these regions, the probabilities of rainfall 

occurrences show that the model exhibits a close agreement with the IMD over R2, R3, R8 and 

R9 for all the rainrate categories. The model overestimates the light events over R1 and R6 and 

underestimates over R4. The model slightly overestimates the heavy and very heavy events over 

R4, R5, R7 and underestimates over R6. 

 The peak is noticed at 3 mm/day for both WRF and IMD over R1, and the PDFs 

contribution due to light events is about 73% (84%) for IMD (WRF) suggesting that WRF 

exhibits positive bias.  Over R2, WRF and IMD haveshown a peak at 6 mm/day and light events 

contributed 62% and 65%, respectively. The probability of occurrence of more than or equal to 

24 mm/day rainfall is very less. The rainfall over R1 and R2 regions is mainly due to western 

disturbances where the prevailing westerlies interact with monsoon flow and create weather 



instabilities. On rare occasions, monsoon depressions extend their tracks even up to northwestern 

parts by contributing rainfall on the left side of their tracks.  

WRF and IMD show a peak of 2 mm/day over R3,  the probability contribution of 

rainfall occurrence is nearly 92% for IMD and about 94% for WRF. The probability of 

occurrence of more than or equal to 16 mm/day rainfall is almost nil. As this region has less SM 

duration because of the geographical location and land properties, meager rain rates are seen in 

WRF and IMD. Over the R4 region, the peak is observed at 9 mm/day for WRF and 8 mm/day 

for IMD rainfall. About 78% of rainfall is associated with the light events in IMD, whereas about 

68% in WRF. The WRF rainfall shows curve shifted towards the higher values which indicates 

that the WRF produces higher rainrates compared to IMD. The rainfall PDFs more than or equal 

to 24-25 mm/day are very less over R4. The major source for rainfall over R4 is due to the 

passages of monsoon depressions and local instabilities.  

The simulated and observed peaks are observed at 15 mm/day and 13 mm/day, 

respectively over R5. The probability contribution of rainfall occurrence is nearly 49% for IMD 

and about 47% in WRF for light events. The WRF curve shifted towards the side of higher 

values indicated the probability of occurrence of higher rainfall events. The IMD and WRF show 

no rainfall events more than or equal to 36 mm/day.Good amounts of rainfall over R5 is 

generally due to the lows and depressions. The orographic effect also plays a crucial role in 

modulating the rainfall activity in R5. In July and August, India experiences break monsoon 

conditions which enhance the rainfall activity over this region.  

Over the R6 region, the rainfall peak is at 5 mm/day for WRF and 6 mm/day for IMD. 

Nearly 45% (55%) amount of rainfall is contributed for IMD (WRF) by light events. WRF shows 

the curve shifted towards the lower values indicating negative bias for rain rates between 15 to 

30 mm/day. The peak of R7 is seen at 10 mm/day (12 mm/day) for IMD (WRF) rainfall. The 

probability contribution of rainfall occurrence is nearly 52% (54%) for the contribution of light 

rain rates in IMD (WRF). WRF curve shifted towards the side of higher values and the rainfall 

PDFs with more than or equal to 34mm/day are very few. The rainfall over this region is mainly 

contributed due to the mid- tropospheric cyclones and off-shore vortices. 

The IMD (WRF) peak over R8 is at 6 mm/day (7 mm/day) and the probability 

contribution of rainfall occurrence is nearly 62% (64%) for the light events. WRF curve slightly 

shifted towards the side of higher values. The probability of occurrence of rainfall more than or 

equal to 26 mm/day is nil and the rainfall over this region is due to monsoon lows/depressions 



and coastal convergence. R9 is the rain-shadow region which experiences fewer rain rates with 

maximum probability during ISM season. The IMD (WRF) shows a peak at 4 mm/day (3 

mm/day) and the probability contribution of rainfall occurrence is nearly 96% (98%) for light 

events.  

The above analysis clearly demonstrates that the WRF captured the rainfall characteristic 

behaviour of PDFs of light events overall regions as seen IMD observations with a slight 

overestimation.  

3.6. Inter-annual Variability in the frequency of rainfall events  

We further analysed the skill of WRF in reproducing the observed variations in the frequency of 

rainfall events during the strong La Niña and strong El Niño events.  

The composite mean frequency of light events for strong La Niña years shows (Fig. 12) higher 

values over the leeward side of Western Ghats, NWI (10-50 dps), eastern and northern parts of 

Central India (60-90 dps), and west coast (50-80 dps). Strong El Niño years suggest higher 

frequencies over northern parts of (60-80 dps) NEI, the eastern part of JK, and foothills of 

Himalayas. The differences (strong La Niña minus strong El Niño) in the composite frequencies 

of light events show positive over major parts of India in WRF. The differences in WRF are 

agreeing with the IMD over major parts of the west coast, NEI, and Central India. However, the 

model fails in capturing the light rainfall frequencies over the parts of the WCI and the eastern 

part of SPI.  

The composite frequencies of moderate events of strong La Niña years (Fig. 13) are high over 

the west coast (25-35 dps), parts of the CNEI, WCI (10-20 dps), and the parts of NEI (10-35 dps) 

and lower frequencies are over parts of JK, West Rajasthan and Tamil Nadu (0-5 dps). The 

spatial distributions of mean frequencies of these events is more in strong La Niña compared to 

strong El Niño years. The simulated frequencies well agree more or less with the observed 

spatial distributions with slight variation in the frequencies. The differences indicate positive 

values over WCI and NEI. The decrease in the frequency observed over parts of NEI (-2 to -4 

dps), parts of Central India (-1 to -4 dps), and parts of JK (-0.5 to -2.5 dps) suggests that these 

events are dominant in strong El Niño years. The positive values over the major part of the west 

coast (3 - 4 dps), parts of SPI (3 - 4 dps), parts ofCNEI(1 - 4 dps), parts of Uttaranchal, Himachal 

Pradesh (2.5 - 4 dps), parts of the WCI (0.5 - 4 dps), and parts of  NWI (0.5 - 4 dps) suggest that 

these events are high in strong La Niña years. The differences in the simulated mean frequencies 



of these events clear suggest that the WRF model has the ability to produce a similar spatial 

pattern as that of IMD with slight variation in frequencies. 

The frequency of heavy events of the strong El Niño and strong La Niña years (Fig. 14) suggest 

that the frequencies are high over some parts of NEI, CNEI, WCI, and the parts of the west coast 

in strong La Niña years. An increase in these eventsis seen in parts of Konkan & Goa (5-12 dps), 

Coastal Karnataka (10-12 dps), and northern parts of Kerala (4-12 dps). The differences in the 

composite frequencies of heavy eventsshow negative values over parts of NEI (-0.1 to -1.6 dps), 

parts of WCI (-0.1 to -1.6 dps), parts of CNEI (-0.1 to -1.4 dps), and isolated parts of NWI and 

SPI (-0.1 to -0.8 dps); whereas the rest of India experiences positive differences suggesting that 

the WRF has higher heavy eventsinstrong La Niña years except over parts of Central India and 

NEI. The model simulates more or less similar patterns as of IMD over the major part of India 

except over NEI, parts of Goa and Coastal Karnataka. 

The composite frequency of very heavy events of the strong La Niña years have (Fig. 15) 

relatively higher values over parts of NEI i.e., SHWB (1.2-8 dps), parts of Assam and Meghalaya 

(0.5-8 dps) and the west coast i.e., parts of Coastal Karnataka (4-8 dps), Konkan & Goa (2.3-7 

dps), northern parts of Kerala (1.8-8 dps), followed by CNEI, parts of NWI and JK. The 

differences show negative anomalies over parts of NEI (-0.8 to -1.6 dps), parts of Central India (-

0.4 to -1.2 dps), isolated regions of SPI, and eastern part of JK (-0.2 to -0.6 dps), very heavy 

rainfall frequencies are high in strong El Niño years. Positive anomalies are seen over parts of 

the west coast of India, especially Konkan and Goa (1-1.6 dps), NEI especially SHWB and 

western parts of Arunachal Pradesh (0.1-1.6 dps), parts of NWI especially Saurashtra and Kutch 

(0.4-0.6 dps) and parts of CNEI (0.1-1 dps). The positive regions suggest that the very heavy 

events tend to increase in the strong La Niña years except over parts of Central India and NEI 

where strong El Niño dominates. The occurrences of very heavy events in the strong La Niña 

years is very well simulated by the WRF compared to IMD observations over the major part of 

India.  

3.7. Relation between the rainfall events and ONI 

We know that the relationship between ISM is strongly linked to the Niño 3.4 region.. 

Our analysis (Fig. 16) during 1980-2017 during SM season indicates that light events have been 

negatively correlated (significant at more than 90%) over parts of CNEI, WCI, NWI, and 

isolated places of SPI and positively correlated over minor parts of NEI. For moderate events, 



the correlations are negative and significant (90% and above levels) over the northern part of 

CNEI, southern part especially Vidarbha, Marathwada, Telangana, Rayalaseema, and Coastal 

Andhra Pradesh and positive over parts of NEI. For heavy and very heavy events, the positive 

correlations are seen over isolated parts of Central India and negative correlations are over 

isolated parts of northern and southern India. From above,it can be concluded that the 

relationship of moderate events with ONI indices stands good and the WRF model has simulated 

the correlation patterns as seen with IMD observations with slight spatial variations. 

 

4. Summary and Conclusions 

Our study assesses the performance of the WRF model in capturing the observed ISM 

rainfall characteristics and the rainfall events over India and different subdivisions of India. The 

WRF model skill reported in capturing the light, moderate, heavy, and very heavy rainfall 

events, and the spatial distributions of their corresponding frequencies. We have also studied the 

changes in the rainfall days with different thresholds during the two sub-periods such as before 

(1980-1998), and after the mega ENSO event (1999–2017) to understand the global climate 

change effect. Further, the variations of rainfall days and the inter-annual variability over India 

and different sub-divisions of India are reported. 

The spatial distributions of mean ISM rainfall during the two specified epochs are well 

simulated by the WRF model compared to ERA5 reanalysis, especially well captured over 

CNEI, NWI, and along the west coast but failed in producing the positive differences in the 

leeward side of Western Ghats. However, from the overall distribution, it indicates that the mean 

rainfall is reduced after mega ENSO event, giving rise to raise in extreme events and fall in light 

and moderate events. 

The model exhibits high bias in capturing the spatial pattern of frequencies of light rainfall 

events, but it has very reasonably well simulated the frequencies of moderate rainfall events over 

the major part of India except for NEI and eastern parts of Tamil Nadu. It simulates more or less 

similar pattern in the frequencies of heavy rainfall events as of observations but failed to 

simulate frequencies with more accuracy over hilly regions of NEI due to sparse raingauge 

stations. And also, the overestimation/warm bias of the rainfall intensity is due to the increased 

pressure gradients that in turn enhances the convection in the upper streams. In the recent 19 

years, the occurrence of very heavy rainfall events is seen frequently and simulated well by the 

WRF model over Konkan and Goa, Madhya Maharashtra and also over parts of NEI. The 



simulated extreme rainfall patterns by WRF model are in close agreement with the IMD 

observations compared to that of ERA5. The WRF exhibits significantly less positive bias in the 

seasonal rainfall compared to ERA5 which shows more light rainfall days. Moreover, the WRF 

model exhibits better skill in capturing the extreme (heavy and very heavy) rainfall events, 

whereas ERA5 failed to capture the IMD observed pattern. From these results, we infer that the 

downscaled WRF rainfall generated using consecutive re-initialization methods produces 

relatively better rainfall product than the ERA5 dataset and good agreement with the observed 

IMD rainfall. The previous downscaled studies conducted using the WRF model over India have 

used continuous simulation method without re-initializations and several downscaling studies 

(Lo et al., 2008; Lucas-Picher et al., 2013) highlight the continuous simulation of regional 

climate model failed to capture the extreme events and the consecutive re-initialization method 

with daily model initialization successfully overcomes this issue and reproduces the spatial and 

temporal variability of extreme nature (e.g., Lo et al., 2008; Lucas-Picher et al., 2013; 

Viswanadhapalli et al., 2017; Dasari et al., 2019).In the recent years, there is an increase in the 

frequency of the extreme rainfall events over the different regions of India, which ruin lives and 

livelihoods especially depending on rainfall and as it has a vivid effect on agriculture. In the 

context of climate change, extreme weather events are promising as a potential threat to food 

security and farmers livelihoods. So, our study findings may be helpful for configuring the 

regional climate model to capture the extreme rainfall events in the climate products. Morever 

theseresults setup an idea for researchers working on different rainfall events over various 

subdivisions of India and also serve asdecision making particularly for extreme event prone 

zones. 

The PDFs simulated by the WRF model over different regions of India illustrate either 

warm/cold bias when compared with observed values. Over the nine regions, the probabilities of 

rainfall occurrence show substantial overestimation among model performance when compared 

to the observation for light rainfall events, and negligible or light occurrence of moderate, heavy 

and very heavy rainfall events is observed. From the fascinating results on these PDFs, in 

particular, the probabilities of rainfall occurrences show that the model exhibits a close 

agreement with the IMD over R2, R3, R8 and R9 for all the rainrate categories. The model 

overestimates the light rainfall events over R1 and R6 and underestimates over R4. It slightly 

overestimates the heavy and very heavy rainfall events over R4, R5, R7 and underestimates over 

R6.The above results on spatial rainfall variability, rainfall frequencies under different categories 

and PDFs over different regions of India suggest that the observed rainfall features in the two 

epochs are captured more or less reasonably well by the WRF model. 



Cadet and Reverdin (1981) stated that the major amount of water vapour of about 70% 

flows to the west coast of India from Southern Hemisphere. It’s a known fact that the water 

vapour from both the Arabian Sea and Bay of Bengal plays a crucial role in modulating local 

weather events. The fluctuations in the transport of water vapour through Somali jet induce the 

variations in the ISM rainfall activity.The magnitude of the winds is slightly underestimated by 

about 0.5 m/s at all levels for the period 1980-1998; and overestimated by about 0.5-1.5 m/s for 

the recent period, 1999-2017.The decreasing trend observed at 900 and 850 hPa over MLLJ 

region may play a crucial role and responsible for a decline in ISM rainfall over major parts of 

India.This change in wind may be due to the changes in Hadley and Walker circulation found 

after the Mega El Niño event in 1998 (Wang et al., 2013). Moreover, till now most of the ISM 

rainfall variability studies are based on MLLJ intensity or shifting, but in this study, the authors 

have attempted to examine the rainfall variability with the VIMF convergence/divergence along 

with its transport. The analysis of VIMF convergence (divergence) depicts that the anomaly 

divergence is more evident over the major part of India which resembles the diminished rainfall 

activity in the recent period. Further, as the strength of the VIMF transport is high over the 

Arabian Sea and the major part of it is evident to diverge out, so less amount of water vapour is 

thus transported into India which may be responsible for the recent decline in the rainfall activity 

over India.The relationship between the observed frequencies of different rainfall events and (i) 

the moisture transport averaged from the surface to 475 hPa pressure levels over the MLLJ 

domain and (ii) ONI in SM season during 1980-2017 stands good. The model well simulated the 

correlation patterns with slight spatial variations except for light rainfall days. 

 The frequency of light rainfall events is perceptibly enhanced over the parts of CNEI, 

parts of NWI and WCI during strong La Niña cases and over the parts of NEI and parts of 

Northeast JK during strong El Niño cases. The frequency of moderate rainfall events is markedly 

enhanced over parts of NEI and parts of Central India during strong El Niño cases and over the 

major part of west coast of India and parts of SPI during strong La Niña cases.The frequency of 

heavy rainfall events is enhanced over parts of NEI, WCI& CNEI and diminished over the major 

part of India in strong El Niño cases when compared to La Niña cases. The frequency of very 

heavy rainfall events is enhanced over parts of NEI and parts of Central India during strong El 

Niño cases. Whereas, a remarkable raise is seen over the parts of west coast of India, especially 

Konkan and Goa during strong La Niña cases. Moreover, it can be concluded that the 

frequencies of extreme nature i.e., heavy and very heavy rainfall events increased substantially 

over major part of India during strong La Niña years except over the monsoon core region i.e., 

Central India and parts of NEI where strong El Niño dominates. During strong La Niña/El Niño 



cases, the WRF model significantly well simulates the distributions of mean frequencies of very 

heavy rainfall events over parts of NEI and west coast of India signifying that this model with 

data re-initialization makes it suitable to simulate extreme events. It replicates well the high 

frequencies of heavy rainfall days over some parts of NEI and the west coast of India and also 

has the ability to produce a similar distribution pattern as of IMD. When compared to the 

observations, the simulated WRF model output represents more or less the same pattern for the 

frequency of moderate rainfall days with slight variation. The inability of the WRF incapturing 

the frequencies of light rainfall days maybe because of the simulations made with coarse 

resolution having high uncertainty, and these uncertainties may be reduced by using 4DVAR 

analysis in the future. 
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Figure Captions: 

Fig. 1: The spatial distribution of 10-year mean ISM rainfall (mm/season) from WRF model 

initialized with ERA5 and ERA-Interim datasets (top panels) and their respective mean biases 

(bottom panels) computed against the IMD gridded rainfall during the JJAS months of 2008-

2017. 

Fig. 2: Taylor diagrams plotted over the different regions of India using the WRF simulated daily 

rainfall from different WRF sensivity experiments along with IMD gridded rainfall product. 

Fig. 3: The distribution of mean SM rainfall for the two segments and their differences 

(left/middle/right panel represents the simulated WRF model output/ERA5 reanalysis data/IMD 

observed precipitation). 

Fig. 4: The distribution of mean frequencies in light rainfall days during SM for the two 
segments and their differences (left/middle/right panel represents the simulated WRF model 
output/ERA5 reanalysis data/IMD observed precipitation). 

Fig. 5: The distribution of mean frequencies in moderate rainfall days during SM for the two 
segments and their differences (left/middle/right panel represents the simulated WRF model 
output/ERA5 reanalysis data/IMD observed precipitation). 

https://doi.org/10.1080/16000870.2018.1445380


Fig. 6: The distribution of mean frequencies in heavy rainfall days during SM for the two 
segments and their differences (left/middle/right panel represents the simulated WRF model 
output/ERA5 reanalysis data/IMD observed precipitation). 

Fig. 7: The distribution of mean frequencies in very heavy rainfall days during SM for the two 
segments and their differences (left/middle/right panel represents the simulated WRF model 
output/ERA5 reanalysis data/IMD observed precipitation). 

Fig. 8: The WRF simulated and IMD observed wind magnitude trends at different levels (925, 
900, 850, and 700 hPa) over MLLJ domain (50N-150N, 450E-750E) during SM. 

Fig. 9: The vertically averaged (1000 to 475 hPa) moisture flux convergence (divergence) 
[shaded, units: Kg m-2 s-1] and vertically integrated moisture flux transport [vectors, units: Kg m-

1 s-1] in SM for the two segments simulated by the WRF model and ERA5 estimates and its 
differences (left/right panel represents the simulated WRF/ERA5 output). 

Fig. 10: The correlation patterns between the frequencies of different rainfall events and the 
magnitude of VIMF transport over MLLJ region during SM season for the period 1980-2017. 

Fig. 11: The WRF simulated and IMD observed probability distribution function of daily rain 
rates over different regions in India during SM for the period 1980-2017. 

Fig. 12: The composite distribution of the frequencies for light rainfall days during SM in strong 
La Niña and strong El Niño cases and their differences (left/right panel represents the simulated 
WRF model output/IMD). 

Fig. 13: The composite distribution of the frequencies for moderate rainfall days during SM in 
strong La Niña and strong El Niño cases and their differences (left/right panel represents the 
simulated WRF model output/IMD). 

Fig. 14: The composite distribution of the frequencies for heavy rainfall days during SM in 
strong La Niña and strong El Niño cases and their differences (left/right panel represents the 
simulated WRF model output/IMD). 

Fig. 15: The composite distribution of the frequencies for very heavy rainfall days during SM in 
strong La Niña and strong El Niño cases and their differences (left/right panel represents the 
simulated WRF model output/IMD). 

Fig. 16: The correlation patterns between the frequencies of different rainfall events and Oceanic 
Niño Index over east-central tropical Pacific during SM season for the period 1980-2017. 



Fig. 1: The spatial distribution of 10-year mean ISM rainfall (mm/season) from WRF model 

initialized with ERA5 and ERA-Interim datasets (top panels) and their respective mean biases 

(bottom panels) computed against the IMD gridded rainfall during the JJAS months of 2008-2017.
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Fig. 2: Taylor diagrams plotted over the different regions of India using the WRF simulated daily rainfall 

from different WRF sensivity experiments along with IMD gridded rainfall product.
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Fig. 3: The distribution of mean SM rainfall for the two segments and their differences 

(left/middle/right panel represents the simulated WRF model output/ERA5 reanalysis 

data/IMD observed precipitation).
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Fig. 4: The distribution of mean frequencies in light rainfall days during SM for the two 
segments and their differences (left/middle/right panel represents the simulated WRF model 
output/ERA5 reanalysis data/IMD observed precipitation).
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Fig. 5: The distribution of mean frequencies in moderate rainfall days during SM for the two 
segments and their differences (left/middle/right panel represents the simulated WRF model 
output/ERA5 reanalysis data/IMD observed precipitation).
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Fig. 6: The distribution of mean frequencies in heavy rainfall days during SM for the two 
segments and their differences (left/middle/right panel represents the simulated WRF model 
output/ERA5 reanalysis data/IMD observed precipitation).
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Fig. 7: The distribution of mean frequencies in very heavy rainfall days during SM for the 
two segments and their differences (left/middle/right panel represents the simulated WRF 
model output/ERA5 reanalysis data/IMD observed precipitation).
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Fig. 8: The WRF simulated and IMD observed wind magnitude trends at different levels (925, 900, 850, and 700 hPa) over MLLJ domain (50N-
150N, 450E-750E) during SM.
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Fig. 9: The vertically averaged (1000 to 475 hPa) moisture flux convergence (divergence) 
[shaded, units: Kg m-2 s-1] and vertically integrated moisture flux transport [vectors, units: Kg 
m-1 s-1] in SM for the two segments simulated by the WRF model and ERA5 estimates and its 
differences (left/right panel represents the simulated WRF/ERA5 output).
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Fig. 10: The correlation patterns between the frequencies of different rainfall events and the magnitude of VIMF transport over MLLJ region 
during SM season for the period 1980-2017.
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Fig. 11: The WRF simulated and IMD observed probability distribution function of daily rain rates 
over different regions in India during SM for the period 1980-2017.

Page 40 of 51

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only

A
cc

ep
te

d 
A

rti
cl

e

This article is protected by copyright. All rights reserved.



Peer Review Only

Fig. 12: The composite distribution of the frequencies for light rainfall days during SM in 
strong La Niña and strong El Niño cases and their differences (left/right panel represents the 
simulated WRF model output/IMD).
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Fig. 13: The composite distribution of the frequencies for moderate rainfall days during SM 
in strong La Niña and strong El Niño cases and their differences (left/right panel represents 
the simulated WRF model output/IMD).
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Fig. 14: The composite distribution of the frequencies for heavy rainfall days during SM in 
strong La Niña and strong El Niño cases and their differences (left/right panel represents the 
simulated WRF model output/IMD).
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Fig. 15: The composite distribution of the frequencies for very heavy rainfall days during SM 
in strong La Niña and strong El Niño cases and their differences (left/right panel represents 
the simulated WRF model output/IMD).
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Fig. 16: The correlation patterns between the frequencies of different rainfall events and Oceanic Niño Index over east-central tropical Pacific 
during SM season for the period 1980-2017.
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