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Here we report results of a detailed numerical study 
on the effect of climate change on the characteristics 
of a very severe rainfall event that occurred in the 
coastal city of Chennai, Tamil Nadu, India in Decem-
ber 2015. The pseudo global warming (PGW) method 
was used to obtain the initial and boundary conditions 
of the future climate and projections were done for 
the far future, i.e. the year 2075 using the representa-
tive concentration pathway scenario of 8.5. The 
Weather Research and Forecasting (WRF) model was 
used for simulations with perturbed initial and boun-
dary conditions by the PGW method in a dynamic 
downscaling framework. The sensitivities of Micro-
physics and cumulus parameterization schemes in 
WRF were first studied. The warm rain microphysics 
(Kessler) scheme and Kain–Fritsch (KF) cumulus 
scheme showed good agreement with the observed  
data. Once the best schemes were identified for such 
an extreme event and for the specific region under 
consideration, simulations were carried out for future 
and current climate conditions. Results show that  
the bulk Richardson number, energy helicity index,  
K-index, moisture convergence, vertical temperature 
and mixing ratio all increase significantly in future 
climate conditions, thereby leading to heavy precipita-
tion. The precipitation in Chennai region increased by 
17.37% on the peak rainy day (1 December 2015) in 
future compared to current. The key takeaway though 
is that on succeeding days, the amount of precipitation 
was seen to increase dramatically by 183.5%, 233.9% 
and 70.8%. This is bound to lead to severe flood 
events that are likely to continue for more days in  
the future, thereby posing further risk and potential 
for damage. 
 
Keywords: Climate change, extreme rainfall events, 
pseudo global warming method, weather research and  
forecasting. 
 
INDIA is one of the most vulnerable countries in the world 
to extreme weather events like tropical cyclones, heat 
waves and intense rainfall. Annual average fatalities in 
India due to climate hazards are about 3660, which is the 
second highest in the world, and the average loss per year 

is US$ 12,822.708 million (in purchasing power parity)1. 
Floods caused by heavy rainfall are one of the most 
common natural disasters in India, leading to mass de-
struction of property as well as a large number of human 
casualties. During the period 1953–2011, around 1 lakh 
human lives have been lost in the floods caused by heavy 
rainfall2. The frequency and intensity of extreme rainfall 
events in India have shown an increasing trend in recent 
decades3–5. According to Mukherjee et al.3, in the past 
few decades, the increase in rainfall is prominent in the 
southern part compared to the northern part of the coun-
try. The southwest monsoon (SWM) and northeast  
monsoon (NEM) are the two significant contributors  
of rainfall in India; NEM contributes around 10–20% of 
annual rainfall in the country. The southern peninsular 
India, mainly the Tamil Nadu (TN) coast receives about 
50% of its annual rainfall from NEM6. Lately, the south 
Indian states have encountered an increased number of 
heavy rainfall events leading to massive floods. Kerala, 
the southwestern state of India, experienced massive 
floods in two consecutive years, 2018 and 2019. In 2018, 
Kerala had a record high precipitation in August, leading 
to massive floods, mainly in the central parts of the state. 
The massive floods had caused more than US$ 3 billion 
economic loss and led to the death of more than 400 
people7,8. In 2019 during the same period, Kerala was 
again hit by heavy rainfall and associated floods, which 
led to the death of 125 people9. Another major flood that 
happened in recent years was during 2015 in TN and the 
Union Territory Puducherry. Chennai city was the most 
affected region during the flood. The city received 
276 mm of rainfall on 1 December 2015 alone, constitut-
ing about 76% of the expected seasonal rainfall10. Due to 
this massive flood, more than 500 people lost their lives, 
and around 1.8 million people got displaced11. Changes in 
atmospheric conditions in a warming world are specu-
lated to be one of the reasons for the increased number of 
heavy rainfall events in South India. 
 Many studies have reported that the increase in atmos-
pheric temperature, sea surface temperature (SST) and 
atmospheric moisture content is due to climate change 
around different parts of the world12–14. According to the 
2014 report of IPCC12, without any mitigation, warming 
is likely to exceed 2°C, which is the pathway ranging  
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between representative concentration pathways (RCP) 6.0 
and 8.5. According to the Clausius–Clapeyron equation, 
the increase in atmospheric temperature, increases the 
moisture-holding capacity of the atmosphere, which leads 
to an increase in the amount of precipitation. In com-
pliance with earlier studies15,16, daily precipitation was 
found to increase by 7% for each degree rise in tempera-
ture. Prakash et al.6 showed that increased temperatures 
and frequent land falling of cyclones aggregate to en-
hanced NEM rainfall over peninsular India. 
 In 2015, the increased amount of NEM badly hit the 
coasts of TN, especially Chennai and Puducherry. The 
strong upper-level divergence and high moisture content 
at the lower level were favourable for occurrence of the 
heavy rainfall event in TN17. The strong wind shear to-
gether with dry-air advection facilitates favourable condi-
tion for heavy precipitation in the state18. Boyaj et al.10 
used the Weather Research and Forecasting (WRF) model 
to simulate the 2015 Chennai extreme rainfall event and 
found that NEM was positively correlated with SST  
pattern changes in the Bay of Bengal (BoB). They also  
noticed that El Niño connections with the BoB SST con-
tributed to 21.5% of extreme rainfall intensity. Sanap et 
al.19 also studied the effect of El Niño on NEM by ana-
lysing the 1951–2015 data and observed that El Niño 
years offered favourable conditions for initiation and 
westward propagation of easterly waves which intensified 
the rainfall. Srinivas et al.18 used WRF to simulate the 
Chennai rainfall and studied the effect of planetary boun-
dary layer (PBL) parameterization and grid resolution in 
the simulations. They found that PBL scheme strongly in-
fluenced the prediction of rainfall and out of all selected 
PBL schemes Mellor–Yamada–Nakanishi–Niino (MYNN) 
PBL scheme better predicted the event. However, most of 
these studies are related to the current events and those 
which occurred in the past. There is no study in the Indian 
region to predict future changes in rainfall, if such events 
occur again. 
 General circulation models (GCMs) have been tradi-
tionally used to study the changes in future climate 
events. However, the low resolution of GCMs which par-
ticipated in the Coupled Model Inter Comparison Project 
5 (CMIP5) hinders their use in the analysis of rainfall 
events. The PGW method, developed by Schär et al.20, 
can be used for more accurate modelling of future rainfall 
events. It allows retaining the daily variation in regional 
climate by taking realistic initial and boundary condi-
tions. The PGW method has been used to predict future 
changes of rainfall events in a global warming environ-
ment21–23. 
 There is a necessity to study the changes in the intensi-
ty of rainfall in the future due to the repeated extreme 
rainfall events. The objective of the present study is to 
quantitatively analyse the effect of climate change on 
Chennai 2015-like extreme rainfall events in the far  
future climate conditions. The future RCP scenario  

considered in this study is RCP8.5, which is able to  
capture the possible extremity of climate change. 

Model description 

The present study uses the advanced research WRF  
model (WRF–ARW) version 3.7.1, a numerical weather 
prediction (NWP) model developed by the National  
Center for Atmospheric Research (NCAR), USA24. The 
WRF–ARW model has been extensively used for simulat-
ing heavy rainfall events25–27, predicting tropical cyclone 
tracks28,29 and weather forecasting. Many researchers 
have successfully simulated the Chennai extreme rainfall 
event in 2015 using the WRF-ARW model10,11,17,19. For 
this study, we have chosen a two-way, interactive, triple-
nested domain with Mercator projection. The higher reso-
lution model (≤3 km) better simulates the exact location 
of a rainfall event compared to coarse resolution mod-
els17. In the present study, the innermost domain D03 
with 3 km resolution has been considered for further 
analysis. The first and second domains have a horizontal 
resolution of 27 km and 9 km respectively. All the do-
mains have 30 vertical levels, with increasing thickness 
along with the height, and the topmost level is 50 hPa. 
Figure 1 shows the domain set used in this study and  
Table 1 provides details of the domain configuration.  
Table 2 shows the physics parameterization schemes used 
in the study. The parameterization schemes, except for 
cumulus (CPS) and microphysics (MPS) were maintained 
the same in all the simulations. The convective and  
microphysical schemes represent the cloud and rain 
process in NWP models30. The extreme rainfall events are 
sensitive to microphysical parameterizations11. 

Data and method 

The initial and boundary conditions for current simula-
tions were taken from the National Center for Environ-
mental Prediction Global Forecast System (NCEP  
GFS) of 0.25° × 0.25° resolution for every 3 h (ref. 31). 
The SST data were also taken from NCEP GFS of 
0.25° × 0.25° resolution32. The boundary conditions for 
the finer domain were received from the output of course 
domains. Since a two-way nested model has been  
employed in this study, the output of the finer domain 
was fed back to the coarser domain at each time step to 
update the mesh. 
 The initial and boundary conditions for the future sce-
narios were obtained by the PGW method that incorpo-
rates dynamic downscaling. In the PGW methodology, 
the climate change signal is calculated by taking the dif-
ference between the monthly mean of future climatic 
condition (2065–2085) and historic condition (1985–
2005). The obtained climate change signal, which is tem-
porally constant but spatially varying, is added to current 
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Figure 1. a, Weather Research and Forecasting model domain used in the present study. b, Area used for analysing the results: outer area 6°–
16°N and 76°–86°E used for drawing spatial plots; inner box 10°–14°N and 79°–82°E. 
 
 

Table 1. Model configuration 

Number of domains 3 
 

Resolution D01: dx = dy = 27 km 
 D02: dx = dy = 9 km 
 D03: dx = dy = 3 km 
 

Number of horizontal grid points in D01: 450 × 350 
 X and Y directions D02: 580 × 490 
 D03: 790 × 670 
 

Vertical levels 30 
 

Time step D01: 120s 
  D02: 40s 
  D03: 13.33s 
 

Central point for D01 13°N, 92°E 

 
 

Table 2. Physics parameterization schemes used in the study 

Longwave radiation Rapid Radiative Transfer Model (RRTM) 
Shortwave radiation Dudhia scheme 
Planetary boundary layer Yonsei University scheme 
Land surface MM5 similarity 
Surface layer Five-layer thermal diffusion 

 
 
GFS data to obtain the initial and boundary conditions of  
future scenario. 
 
 Future scenario = Climate change signal 
 

         + GFS current conditions. 
 
In the present study, the NCAR–CESM global bias-
corrected data were used for climate change signal calcu-
lation33. The dataset was obtained from the CCSM4 mod-
el output of the CMIP5 archive. The bias correction was 
done according to Bruyere et al.34, using the European 

Centre for Medium-Range Weather Forecasts (ECMWF) 
Interim Reanalysis (ERA-Interim) data. 
 Previous studies have noted that CCSM4 is a better 
predictor of Indian summer rainfall and its variability 
compared to other CMIP5 models35. It is to be noted that 
only the CCSM4 model was used to perturb the current 
climate and generate forcing data for future climate simu-
lations. The use of ensemble mean based on different 
climate models could diminish the uncertainty that may 
arise from using a single model, but it is expected that the 
general thermodynamic structure of the climate signal 
would be similar in different models36. 
 Figure 2 shows the PGW methodology adopted in this 
study. Details of the steps involved in WRF simulations 
are available in the WRF–ARW user guide37. 
 The observed precipitation data were taken from tropi-
cal rainfall measuring mission (TRMM 3B42-V7) data of 
0.25° × 0.25° resolution38, while wind and moisture data 
were from ECMWF reanalysis data (ERA5)39. In the 
present study, the TRMM and ERA5 data were used for 
comparing the current simulation results. 
 The sensitivities of CPS and MPS parameterization 
schemes were initially studied. Six combinations of CPS 
and MPS schemes were chosen based on previous studies 
in the BoB region10,29,40. Phadtare et al.40 used the WRF 
double moment 5 class (WDM5) microphysics paramete-
rization and Betts–Miller–Janjić (BMJ) cumulus convec-
tion scheme for the Chennai rainfall simulations. WRF 
Single Moment 3 class (WSM3) microphysics scheme 
and Kain–Fritsch (KF) cumulus convection scheme were 
used by Boyaj et al.10 for the same event. Kessler (warm 
rain) microphysics scheme was also seen to perform well 
in this region. Sandeep et al.29 used the Kessler scheme in 
the study region for simulating the Vardah cyclone that 
hit the coast of Chennai in December 2016. Hence, all 
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combinations of these three microphysics schemes and 
two cumulus convection schemes were studied. Instead of 
WSM3, in the present study, WRF Single Moment 6 class 
(WSM6) which is an advanced version in terms of repre-
sentation of hydrometeors, was used. The simulations 
were conducted for all six cases and the results were 
compared with the observed data. The scheme that gave 
predictions closer to the observed data was chosen for  
further studies. Table 3 shows all the six schemes that 
have been used. 
 Later, the rainfall event was projected to the far future 
(2075) for the RCP8.5 scenario using the PGW method. 
One of the main uncertainties in dynamic downscaling 
using WRF is that in the initial conditions, which is im-
possible to remove completely due to observational er-
rors. Ensemble method is one of the methodologies used 
for reducing uncertainty in the initial conditions41. In this 
 
 

 
 

Figure 2. Steps involved in the pseudo global warming method. 
 
 

Table 3. Sensitivity experiments conducted for the cumulus and  
 microphysics scheme 

Case no. Microphysics scheme Cumulus scheme 
 

1 WSM6 Kain–Fritsch 
2 WDM5 Kain–Fritsch 
3 WSM6 Betts–Miller–Janjic 
4 WDM5 Betts–Miller–Janjic 
5 Kessler Kain–Fritsch 
6 Kessler Betts–Miller–Janjic 

method, the model is initialized with different initial con-
ditions and the ensemble mean of these simulations is 
taken for further analysis. The above-mentioned metho-
dology has been adopted in the present study. The model 
was initialized with three different initial conditions:  
(a) 2015–Nov-29_00:00:00UTC, (b) 2015-Nov-29_06: 
00:00UTC and (c) 2015-Nov-29_12:00:00UTC. The  
simulations were carried out for both current and future 
conditions with the best parameterization scheme for 
these initial conditions. The results were analysed from 
30 November 2015 00:00UTC giving a minimum spin-up 
time of 12 h, so that the simulations had enough time for 
stabilization42. 
 NCAR command language (NCL) version 6.4.0 was 
used for analysing the outputs from WRF simulations43. 
The TRMM data and ERA 5 data were of 0.25° × 0.25° 
resolution, while the WRF outputs were of resolution 
3 km × 3 km. In order to compare the WRF output with 
the observed data, the rainfall, moisture convergence and 
wind values obtained from simulations were regridded  
to 0.25° × 0.25° using the nearest neighbour method  
(neareststod). 
 In the present study, bulk Richardson number (BRN) 
and energy helicity index (EHI) were used to measure the 
convective instability in combination with wind shear, 
and K-index was used for measuring the convective in-
stability. BRN was calculated as44 
 
 BRN = CAPE/(0.5U2), 
 
where U is the difference between density-weighted mean 
wind in the layer 0–6 km and mean wind in the layer 0–
500 m, and CAPE is taken as the mixed layer convective 
available potential energy to the lowest 100 hPa. BRN 
represents the balance between convective instability and 
wind shear. The high values of BRN refer to more unsta-
ble and less sheared environments. However, there is no 
proper threshold reference to differentiate various storm 
types. EHI was calculated according to Rasmussen  
et al.45, and formulated as  
 
 EHI = (CAPE) × (SRH)/(1.6 × 105), 
 
where SRH is the storm-relative helicity to the lowest 
3 km and CAPE is the same as used for BRN calculation. 
Higher EHI values refer to the potential for an intense 
storm. 
 The K-index was calculated by adding the dry bulb and 
dew point temperature at 850 hPa and subtracting the sum 
of the difference of dry bulb and dew point temperatures 
at 700 hPa and dry bulb temperature at 500 hPa (ref. 46). 
The equation for calculating the K-index is given as 
 
 K-index = Td850 hPa + T850 hPa – T500 hPa 
 
      + (T700 hPa – Td700 hPa), 
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where T is the dry bulb temperature and Td is the dew 
point temperature. The K-index value is high when there 
is abundant moisture in the mid-levels (Td850 hPa), high 
lapse rate (T850 hPa – T500 hPa) and low dew point depres-
sion (T700 hPa – Td700 hPa) at 700 hPa. A K-index value 
greater than 30°C represents favourable conditions for a 
high storm with likely intense rainfall, and a value more 
than 40°C indicates high probability of an extreme storm 
event46. 

Results and discussion 

Sensitivity of microphysics and cumulus schemes 

The sensitivities of the results to MPS and CPS schemes 
were first examined to determine the best physics 
schemes to be used for accurate prediction of an extreme 
rainfall event like the Chennai event. Simulations for all 
six combinations of MPS and CPS schemes were per-
formed on the WRF-ARW model in the specified domain 
for 29 November 2015: 00:00 UTC to 5 December 2015 
00:00 UTC, and the results were compared with the  
observed data. 
 Since our area of study is the Chennai and Purucherry 
regions, a small area shown in Figure 1 was considered 
for obtaining the daily average rainfall. Figure 3 shows 
the area-averaged rainfall in the specified region 10°– 
14°N and 79°–82°E from 30 November 2015 to 4 De-
cember 2015 for all the cases compared with the TRMM 
data. The TRMM data show peak rainfall on 1 December 
2015. According to the TRMM data, 140 mm rainfall was 
recorded in the specified region on 1 December 2015. 
Only case 5 (Kessler and KF) showed peak rainfall on 1 
December 2015, even though it was under-predicting the 
peak rainfall. During other days too, case 5 was seen to 
capture the exact trend of TRMM data. Cases 1–3 showed 
two peaks in the rainfall plot, on 30 November and 2 De-
cember 2015, and low rainfall on 1 December 2015 com-
pared to the TRMM data. Case 6 showed an increasing 
trend of rainfall from 30 November to 2 December 2015. 
Figure 4 shows the spatial comparison plot of 1 Decem-
ber 2015 rainfall for all the six cases with the TRMM  
data. The TRMM data showed high precipitation 
(>200 mm) in the region 79°–81°E and 11°–14°N, and 
only case 5 showed high rainfall in this region. Similar to 
the daily-averaged rainfall plot, all other cases showed 
lower amounts of rainfall in the region and the peak rain-
fall region did not coincide with Chennai and Puducherry. 
 Figure 5 shows the moisture convergence on 1 Decem-
ber 2015 at 1000 hPa for all the cases compared to the 
ERA-5 data. In all the six cases, moisture convergence 
showed good agreement with the ERA-5 data, both quan-
titatively and spatially. The high moisture convergence in 
the coastal areas in the region 10°–15°N in the ERA-5 da-
ta was precisely reproduced by all the six cases. Wind 

streamlines at 850 hPa were plotted for all the six cases 
and compared with ERA-5 data (Figure 6). The ERA-5 
data showed circulation in the region 8°E and 80°N. Cas-
es 3, 5 and 6 reproduced a circulation on 1 December 
2015. However, spatial matching with the ERA-5 data 
was not good. 
 From the comparison of all six cases with the observed 
data, it can be concluded that a warm rain microphysics 
scheme (Kessler) in combination with KF cumulus con-
vection scheme (case 5) is able to capture the trend of 
rainfall pattern reasonably well and is the best available 
model. The moisture convergence and wind streamlines 
too agree well with the observed data for case 5. In con-
sideration of the above reasons, case 5 was chosen for 
further studies. 
 The extreme rainfall event was involved with complex 
moist convection processes, which are better represented 
in the KF scheme compared to the BMJ scheme. The 
moist processes below cloud base level were not included 
in the BMJ scheme47. The strong lower-level moisture 
dynamics associated with mid-level cyclonic circulation 
was the critical factor in this event18. The low-level mois-
ture processes are well parameterized in the Kessler 
warm rain microphysics scheme. The Kessler scheme is 
involved with only three hydrometeors like water vapour, 
cloud and rain. The involvement of other hydrometeors 
such as ice, snow and graupel in WSM6 and WDM5 (ice 
and snow) may have resulted in the under-prediction of 
heavy surface rainfall of this particular event, which is 
highly influenced by low-level moisture convergence. 

The 21-year climatological mean difference 

The precipitation is positively correlated with tempera-
ture and moisture content in the atmosphere. Hence it is  
 
 

 
 

Figure 3. Time series of area-averaged rainfall (10°–14°N, 79°–
82°E) for all the six cases compared with tropical rainfall measuring 
mission (TRMM) observed data. 
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Figure 4. Spatial plot of 1 December 2015 rainfall (mm) for all six considered cases compared with TRMM observed data. 
 

 
 

Figure 5.  Moisture convergence (kg/kg-sec) at 1000 hPa on 1 December 2015 for all six cases compared with ERA5 Reanalysis data. 
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Figure 6. Streamline plot with wind magnitude (m/s) at 850 hPa on 1 December 2015 for all six cases compared with ERA5 Reanalysis data. 
 
 

 
 

Figure 7. The 21-year mean difference (future – historical) of sea 
surface temperature (K) for December in representative concentration 
pathway the (RCP) 8.5 scenario. 
 
 
imperative to study the change in SST and moisture con-
tent with climate change. Figure 7 shows the 21-year  
climatological mean difference of SST between far future 

RCP8.5 scenario and historic period in December. There 
was a noticeable increase in SST in future conditions and 
in some regions, it was more than 2°C. The increase in 
most parts of the BoB region was more than 1.6°C. Fig-
ure 8 shows the increase of surface temperature over the 
Indian region in December. Over the east coast of India, 
the increase was more than 2°C. Figure 9 shows the  
21-year climatological mean difference of water vapour 
mixing ratio (Q) between the far future and present con-
dition. A significant increase from 1 to 3 g/kg over the 
BoB region was observed. These conditions are favourable 
for an increase in precipitation in future climate condi-
tions. 
 Atmospheric instability also plays a major role in the 
amount of precipitation. In this study, changes in the K-
index value in future have been estimated. Figure 10 
shows a 1.75°C increase in the K-index value in future 
conditions over most of the domain. This significant  
increase in the K-index represents a more unstable  
atmosphere in the future warming climate. 

Atmospheric conditions 

The atmospheric instabilities, moisture content, tempera-
ture and wind play a crucial role in the precipitation 
amount and intensity. In the present study, the K-index, 
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BRN number and EHI were used to represent atmospher-
ic instability. Figure 11 shows the daily averaged K-index 
for current and future ensembles averaged over the do-
main 10°–14°N and 79°–82°E. The K-index value was 
more than 30°C for both future and current ensembles 
throughout the simulations. The highest K-index value in 
the current and future simulations was 36.4°C and 37.2°C 
respectively. The maximum K-index value in both the 
current and future simulations occurred on 1 December. 
Except on 30 November, the K-index values increased in 
 
 

 
 

Figure 8. The 21-year mean difference (future – historical) of surface 
temperature (K) for December in the RCP 8.5 scenario. 

 
 

 
 

Figure 9. The 21-year mean difference (future – historical) of water 
vapour mixing ratio (g/kg) for December in the RCP 8.5 scenario. 

 
 

Figure 10. The 21-year mean difference (future – historical) of K-
index (°C) value for December in the RCP 8.5 scenario. 

 

 
 

Figure 11. Time series of area-averaged K-index value (10°–14°N, 
79°–82°E) for future and current ensemble mean. 

 

 
 

Figure 12. Daily averaged bulk Richardson number for current and 
future ensembles averaged over the domain 10°–14°N and 79°–82°E. 
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Figure 13. Daily averaged energy helicity index for current and fu-
ture ensembles averaged over the domain 10°–14°N and 79°–82°E. 

 
 
 

 
 

Figure 14. Moisture convergence (kg/kg-sec) at 1000 hPa of 1 De-
cember for current and future ensemble means. 

 
 

 
 

Figure 15. Change in vertical profile of temperature and mixing ratio 
(future – current) averaged over the domain 10°–14°N and 79°–82°E 
on 1 December. 

the future compared to the current. The increase was 
about 2.27%, 4.11%, 9.47% and 14.9% on 1, 2, 3 and 4 
December respectively. 
 Figure 12 shows the daily averaged BRN for current 
and future ensembles averaged over the domain 10°–
14°N and 79°–82°E. A significant increase in the BRN 
values was observed in the future compared to current 
values on 1 and 2 December respectively. The increased 
BRN values represent a more unstable and less sheared 
environment, which could be favourable for high precipi-
tation events. However, there was a decrease in the BRN 
values on 3 and 4 December in the future compared to the 
current. This may be associated with an increase in wind 
shear. 
 Figure 13 shows the daily averaged EHI for current 
and future ensembles averaged over the domain 10°–
14°N and 79°–82°E. The maximum EHI value in both the 
current and future simulations occurred on 1 December. 
The EHI values increased in the future compared to the 
current for all the five days. This suggests that instabili-
ties in the atmosphere are likely to increase in the future. 
 Figure 14 shows the moisture convergence at 1000 hPa 
for current and future ensembles for 1 December. Similar 
to the K-index plot, an increased moisture convergence 
was seen in future compared to the current scenario on  
1 December. In both the future and current scenario en-
sembles, moisture convergence was higher than 1 × 
10–6 kg/kg s in the coastal area from 11°N to 15°N. Addi-
tionally, the area having moisture convergence value 
higher than 2 × 10–6 kg/kg s was found to increase in  
future simulations in the coastal regions as well as over 
the sea. Increased moisture flux convergence values 
usually lead to an increase in precipitation48. 
 The vertical distribution of temperature and water  
vapour mixing ratio was examined over the Chennai  
region. Figure 15 shows the change in vertical distribu-
tion of temperature and mixing ratio for 1 December over 
the domain 10°–14°N and 79°–82°E. Between 400 hPa 
and 120 hPa, the warming was more than 3°C, which is 
quite significant. The temperature in future was seen to 
increase throughout the troposphere and a reversal in the 
trend was seen above the troposphere. The water vapour 
content in the atmosphere increased in the troposphere for 
future climate conditions and the increase was maximum 
on the surface, which is equal to 1.76 g/kg. These results 
are consistent with a previous study by Mittal et al.49, 
who stated that the warm and moist tropospheric condi-
tions lead to an increase in atmospheric instabilities. 
 Figure 16 shows the streamline plot of winds at 
850 hPa level for current and future ensembles. No  
significant variation in the wind in terms of magnitude 
and direction was observed in the Chennai region. How-
ever, the low-pressure region had slightly shifted towards 
the south in future compared to current simulations. 
 The changes in SST, surface temperature and water  
vapour mixing ratio are some of the reasons for changing 
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the atmospheric thermodynamics explained here. These 
changes are favourable for precipitation and hence in  
future climate conditions, the probability of heavy rain-
fall increases. 

Future changes in Chennai rainfall 

Figure 17 shows area-averaged rainfall over the region 
10°–14°N and 79°–82°E from 30 November 2015 to 4 
December 2015 for the current and future ensemble 
means. The rainfall pattern for the future showed the 
same trend as observed in the current condition. The total 
cumulative rainfall obtained for the five days (30  
November 00:00UTC to 5 December 00:00 UTC) was 
found to increase by 33.32% for future conditions. The 
peak rainfall was on 1 December 2015 in both future and 
current conditions, in the future peak rainfall was seen to 
increase by 17.4% compared to the current rainfall. On 2, 
3 and 4 December 2015, the increase in rainfall was 
183.5%, 233.9% and 70.8% respectively. The precipita-
tion pattern agreed well with the K-index and moisture 
convergence changes. Hence, it is evident that the  
increased amount of rainfall in the future could be due to 
 
 

 
 

Figure 16.  Streamline plot with wind magnitude (m/s) at 850 hPa of 
1 December for current and future ensemble means. 

 
 

 
 

Figure 17. Time series of area averaged rainfall (10°–14°N, 79°–
82°E) of current and future runs (dark line: ensemble; light lines: simu-
lations for three different initial conditions). 

atmospheric instability, availability of high moisture and 
warm SST. The increase in the maximum and total rain-
fall in the future scenario points to the likelihood of dan-
gerous and prolonged flood situation in this region.  
Figure 18 shows the spatial plot of total precipitation for 
future and current ensembles for 1, 2 and 3 December 
2015. The coastal area receiving more than 200 mm (red 
colour) of rainfall increased in the future, even though the 
total area (including green colour) had decreased. Hence 
in future, there could be a likely increase in the area re-
ceiving high-intensity rainfall. 

Conclusion 

The main objective of this study was to quantitatively 
evaluate the effect of climate change on the characteris-
tics of a heavy-rainfall event that occurred in the coastal 
city of Chennai in December 2015. The high-resolution 
WRF model was used for the simulations. Initially, the 
sensitivity of CPC and MPS schemes was studied for six 
different cases on accurately simulating the 2015 Chennai 
rainfall. The results of warm rain microphysics (Kessler) 
scheme and KF cumulus scheme were seen to agree well 
with the observed data. These schemes were able to  
capture the observed rainfall trend, even though they  
underpredicted the highest rainfall. These physics schemes 
were then used for studying the changes in future rainfall 
events. 
 A comparison of future and current rainfall events was 
carried out later. Simulations were done for both future 
and current conditions. Ensemble method was used to  
reduce the uncertainty associated with the initial condi-
tions. PGW dynamic downscaling method was adopted 
for representing the simulations for future climate condi-
tions and projections were done for the far future (2075) 
RCP8.5 scenario. CCSM4 GCM data were used for ob-
taining the climate change signal using the PGW method. 
The climate change signal thus obtained was added to the 
initial and boundary conditions of the current scenario, 
which gave the initial and boundary conditions of the  
future climate. 
 

 
 

Figure 18. Spatial plot of total precipitation (mm) for future and cur-
rent ensembles for 1, 2 and 3 December. 
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 The results show that in the future scenario, SST, sur-
face temperature and moisture content in the atmosphere 
increase in the BoB region. The increase in these quanti-
ties can lead to an increase in atmospheric instability and 
moisture convergence. In the present study, BRN and 
EHI were used to measure the convective instability in 
combination with wind shear, and K-index was used for 
measuring the convective instability. All these parameters 
showed an increase in atmospheric instability compared 
to the current simulation. Similarly, moisture conver-
gence, vertical value of temperature and mixing ratio 
showed an increase on 1 December 2015 in future climate 
conditions. The increase in these quantities is favourable 
for heavy precipitation. So the projection shows increase 
in precipitation on 1 December and consecutive days. The 
total increase in precipitation for five days, from 30  
November to 4 December 2015 was 33.32%. On 1 De-
cember 2015, which is the peak rainfall day, the  
increase in precipitation in future over the Chennai  
region was found to be more than 17% and for the next 
consecutive days, the increment was 183.5%, 233.9% and 
70.8% respectively. The geographical extent of the region 
receiving more than 200 mm of rainfall for three days 
was seen to increase in future climatic conditions. The 
size and intensity of heavy rainfall events can increase 
significantly in the far-future high-emission scenario  
climate conditions. If a similar event occurs in the future, 
the flood conditions are likely to continue for more days 
compared to the current event, thereby signifying  
increased risks; this would require better preparations to 
face the disaster. This study considers only one event, 
and thus the results are suggestive. Furthermore, several 
cases during different seasons (pre-monsoon and post-
monsoon) need to be studied to arrive at a better conclu-
sion for the responses of extreme rainfall events to  
climate change. 
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