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Abstract

An endeavor has been made to utilize the ICTP’s regional climate model RegCM for simulating one of the most catastrophic
rainfall events recorded in the history of Mumbai, India on 26th July 2005. The recent version of the model, i.e., RegCM4.6
has been used to dynamically downscale this extreme event at 25 km horizontal resolution over the South-Asia Coordinated
Regional Climate Downscaling Experiment (SA-CORDEX) domain with initial and lateral boundary conditions from ERA-
Interim reanalysis (EIN15). Due to the coarse resolution of the EIN15, the rainfall pattern during the extreme rainfall event
that occurred over Mumbai is fairly unviable. However, the implementation of the dynamical downscaling using RegCM4.6
successfully able to capture the extreme events. The results indicate the RegCM4.6 using mixed cumulus parameterization
scheme (CPS; where the Emanuel scheme is considered over land and the Grell scheme is forced over ocean (EL_GO)
capable of downscaling the heavy rainfall event with higher accuracy compared to forcing data. This highly confined event
over Mumbai might be a manifestation of the low-pressure area formed over Orissa and the adjoining regions associated
with mid-tropospheric cyclonic (MTC) circulation over the western coastal region. A detailed analysis suggests that the
RegCM4.6 is able to reproduce the localized event satisfactorily as far as the spatial and temporal aspects are concerned.
There is a significant improvement in the model simulated output closer to the observations in terms of qualitative and
quantitative analysis of rainfall and large-scale fields. Furthermore, the RegCM satisfactorily simulates the features such as
the convergence at the lower level accompanied with the divergence at the upper level, higher cyclonic vorticity near lower
level, and presence of an enormous amount of moisture content at different pressure levels.

1 Introduction July, August, and September (JJAS). The Indian Summer

Monsoon (ISM) is often associated with heavy to extremely
The Indian Agriculture, economy, and social aspects are  heavy rainfall (Rajeevan et al. 2006). Some studies have
emphatically dependent upon the southwest monsoon. The = shown that the variability of the ISM has been reinforced in
Indian subcontinent receives about 80% of its annual rainfall ~ recent few decades (Ghosh et al. 2012; Singh et al. 2014) and
during the season which lasts over the country from June,  the regular pattern of ISM rainfall is being affected (Turner
and Annamalai 2012; Roxy et al. 2017). A rising tendency in
the number and intensity of extreme rainfall events has been
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ISM causes temporal or spatial variations, and the pattern
of rainfall can lead to drought or excessive flood over the
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Indian region which adversely affects the socio-economy
of the country (Das et al. 2007; Simpkins 2017). The study
by Almazroui et al. (2020) has proposed a significant
increase in projected temperature and precipitation over
South Asia and Indian subcontinent regions during the
summer monsoon season. Rainfall during the monsoon
season is based on the southwesterly flow of wind which is
influenced by the depression over the Arabian Sea and the
Bay of Bengal (BOB) (Krishnamurthy and Shukla 2007).
However, Nikumbh et al. (2020) have shown, only a strong
low-pressure system or depression is not sufficient to pro-
duce large-scale extreme rainfall events. However, the low-
pressure systems along with secondary cyclonic vorticity
may intensify the dynamic lifting of rising air and mois-
ture transport from the Arabian Sea (Swain et al. 2019b).
Using the regional climate model, Sinha et al. (2014) and
Ashfaq (2020) found that the South Asia topography plays
a vital role in regulating the monsoon circulation as it
helps to hold the conducive environment for the monsoon
precipitation. Ogura and Yoshizaki (1988) have discovered
that the elevation of the Western Ghat is one of the main
factors for deep convection well offshore over the Arabian
Sea. The mountainous zone works as a barrier for monsoon
wind which sometimes causes heavy to extremely heavy
rainfall over and nearby region (Soman and Krishnakumar
1990; Smith 1985). Studies of Krishnamurti and Hawk-
ins (1970) and Benson and Rao (1987) have suggested
that the mid-tropospheric cyclone (MTC) and convection
in tropical convergence zone are also major factors that
are responsible for the extremely heavy rainfall over the
Western Ghats and adjoining regions. A detailed descrip-
tion of MTC can be found in Miller and Keshavamurthy
(1967). As per India Meteorological Department (IMD),
rainfall amount of 6.5-12.4 cm within 24 h is termed as
heavy rainfall, 12.4-24.4 cm as very heavy rainfall and if
it exceeds 24.4 cm it is termed as extremely heavy rain-
fall (DST 2001). However, in general, the west coast and
nearby regions receive 10-300 mm of rainfall per day dur-
ing the southwest monsoon season (Vaidya and Kulkarni
2007) but some extreme rainfall events (~500 mm) have
been reported in the past (Rakhecha et al. 1990; Dhar and
Nandargi 1998) over these regions. Some of the extreme
rainfall events such as 375 mm of rainfall on July 5th,
1975, 318 mm on September 23rd, 1981, 399 mm on June
10th, 1991, and 346 mm on August 23rd, 1997 occurred
over the surrounded regions of Western Ghats and Mum-
bai (Jenamani et al. 2006). In August 2018, 440 people
were found dead due to the flood over Kerala because of
the extreme rainfall (Gulf News 30th August 2018). The
study of Mishra et al. (2018) showed that the respective
catastrophic flood over Kerala occurred due to multi-day
extreme precipitation, and the orography is one of the
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major reasons to enhancing the severity of the extreme
(Baisya and Pattnaik 2019).

On 26th July 2005, life in Mumbai city became standstill
and Santacruz meteorological station operated by Govt. of
India recorded 944.2 mm of rainfall in 24 h. Some nearby
places were also experienced heavy rainfall events. However,
observatory at Colaba, situated within 24 km in the south
of Santacruz observatory had recorded very less amount of
rainfall (73 mm) during the same period. It indicates that
extremely heavy rainfall event in Mumbai is highly local-
ized. Bohra et al. (2006) have found a significant increase
in rainfall of 80 mm in south Mumbai using the National
Centre for Medium Range Weather Forecasting (NCM-
RWF) high-resolution global model. Jenamani et al. (2006)
have made an attempt to find out the thermodynamical
aspects to find the possible cause behind the occurrence of
the Mumbai rainfall event. They identified that the lower
level moisture flows from the Arabian Sea and the dry air
in mid-tropospheric levels causes an enhancement of the
thunderstorm over the region. By combining the satellite
and radar input with synoptic and thermodynamic features,
Shyamala and Bhadram (2006) have found that the forma-
tion of the super thunderstorm triggered the heavy rain-
fall over the region. Furthermore, they concluded that the
extreme rainfall episode over Mumbai is a manifestation
of the interaction between mesoscale and synoptic scale.
In another modelling study with Fifth-Generation National
Center for Atmospheric Research (NCAR)/Penn State Mes-
oscale Model (MMY5), Litta et al. (2007) have proposed that
the amount and the location of rainfall are very sensitive on
appropriate cumulus parameterization scheme (CPS). Their
study finds the Grell scheme as the best performing scheme
to study rainfall extremes. They have also explained that the
formation of the mid-tropospheric mesoscale vortices and
the active monsoon phase over the western coastal region
causes the heavy rainfall for the respective event. Vaidya
and Kulkarni (2007) find a need of three-dimensional cloud
model to study such kind of extreme rainfall events as the
advanced regional prediction system model has a poor skill
to simulate the 381 mm rainfall during 09 UTC to 12 UTC
on July 26th, 2005. Study with Weather Research and Fore-
cast (WRF) model propose that the strong large-scale ris-
ing in the atmospheric circulation is occurred due to the
enhancement in the land-sea heating and topography of
Western Ghats (Kumar et al. 2008). The data assimilation
techniques improve the performance of the WRF model in
simulating extreme rainfall events along with the associ-
ate thermodynamic (Mohanty et al. 2012). Dodla and Ratna
(2010) have studied the Mumbai rainfall event using the
high-resolution NCAR/MMS5 model and have demonstrated
the benefit of four-dimensional data assimilation (FDDA)
nudging technique for predicting more precisely the loca-
tion and intensity of rainfall. Their experiment is able to
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produce 550 mm of rainfall within 24 h as the interaction of
the synoptic and mesoscale circulation causes the extreme
rainfall event. The deep convection process is governed by
the cyclonic circulation in mid-troposphere, which extended
towards the lower level during the later stages of the event
(Sahany et al. 2010). An earlier study has revealed the pat-
tern and relative mechanism on the synoptic and mesoscale
regarding the formation and growth of heavy rainfall events
in the model simulation (Schwartz et al. 1990). The high-
resolution mesoscale model has the ability to simulate or
forecast severe weather conditions (Kumar et al. 2008) with
limited forecast skills of 2—3 days (Sikka and Rao 2008; Das
et al. 2008). Winkler (1988) has attempted the prediction
of a summer-time rainfall extreme and has proposed that
the improvement in the regional climate model (RCM) is
helpful to understand the climatological features of extreme
rainfall events. It has the efficiency to simulate the atmos-
pheric states with a higher skill beyond a larger time scale,
such as monthly and seasonal scale (Xue et al. 2014; Saeed
et al. 2006, 2011). Though, the dynamical downscaling over
a smaller region or sub-region is still a challenge for the cli-
mate modelers. For this purpose, RCM by ICTP, Italy (i.e.,
RegCM) is designed to investigate those climate conditions
over the various CORDEX-CORE and its sub-regions across
the globe. Simulation of extreme events using RegCM will
be helpful to understand the capability of the model for pro-
viding sufficiently advanced intimation of the occurrence of
the extreme events which eventually will be beneficial for
the policy planning and management of the country.

Dash et al. (2015) have shown that the RegCM is success-
fully able to simulate the monsoon circulation over the Indian
subcontinent. Furthermore, several successful attempts have
taken to simulate the ISM intra-seasonal and inter-annual
using different parameterization schemes (Bhatla et al. 2016,
2018, 2019; Ghosh et al. 2019; Shahi et al. 2021). Several
scientists (Sinha et al. 2013; Maharana and Dimri 2016;
Bhatla et al. 2016; Ghosh et al. 2019; Verma and Bhatla
2021) show the importance of the parameterization scheme
in simulating the characteristics of ISM. Hence, the choice
of a suitable parametrization scheme is very important while
dealing with the RegCM simulation for a specific purpose
(Pal et al. 2007; Bhatla et al. 2016). The performance of
RegCM can be improved using the concept of mixed param-
eterization as suggested by Giorgi et al. (2012) and further
the mixed CPS shown satisfactory performance in simulat-
ing the ISM variability (Ali et al. 2015; Maity et al. 2017;
Ghosh et al. 2019; Sinha et al. 2019; Verma and Bhatla
2020; Verma et al. 2021; Shahi et al. 2021). Furthermore, it
is seen that the appropriate adjustment of moisture flux in
the RegCM can significantly improve the precipitation dis-
tribution and intensity (Mohanty et al. 2019). An attempt in
simulating rainfall and temperature using RegCM4.3 is per-
formed over the southeast Asia CORDEX domain and found

that the RegCM is able to simulate the climate extremes
using Emanuel scheme over a complex topography (Ngo-
Duc et al. 2017). In recent times, various modifications and
up-gradations are going on to increase the RegCM efficacy.
Therefore, another contribution has been attempted in this
present study to support the ICTP RegCM community to
utilize the model in simulating and projecting the extreme
rainfall events at a regional/local scale with an aim to inves-
tigate the downscaling capabilities of RegCM. An endeav-
our has been made to utilise the version RegCM4.6 to suc-
cessfully capture the extreme rainfall event over a complex
topography, such as India. The case study has been chosen
for the extreme event over Mumbai on July 26th, 2005 and
the investigation is associated with synoptic, dynamic, and
thermodynamic aspects.

2 Model description and methodology

The RegCM4.6 is developed at ICTP, Italy to utilise
the model simulation for climate study. The ECMWF
Interim Reanalysis (EIN15) data (Simmons et al. 2007) at
1.5°% 1.5° horizontal grid resolution with 37 vertical lev-
els and National Oceanic and Atmospheric Administra-
tion (NOAA)’s weekly optimal interpolation (OI_WK) sea
surface temperature (OISST) data sets at 1° X 1° resolution
(Reynolds et al. 2007) are used as an initial and boundary
condition. A brief on the model hydrostatic of RegCM4.6 is
provided in Table 1 and the model physics can be obtained
from Giorgi et al. (2012). There are four core CPSs available
in RegCM4.6 viz. Kuo (Anthes et al. 1987), Grell (1993),
Emanuel (1991), and Tiedtke (1989). While other than these
four schemes, RegCM4.6 is capable to run the model sim-
ulation with a combination of two CPSs among them by
choosing one scheme over land and another one over the
ocean. In the present study, three core CPSs, namely, Grell,
Emanuel, and Tiedtke, are considered along with their six
different combinations, i.e., 1. Grell over land and Tiedtke
over the ocean (GL_TO), 2. Tiedtke over land and Grell over
the ocean (TL_GO), 3. Grell over land and Emanuel over
the ocean (GL_EOQO), 4. Emanuel over land and Grell over
ocean (EL_GO), 5. Emanuel over land and Tiedtke over the
ocean (EL_TO) and 6. Tiedtke over land and Emanuel over
the ocean (TL_EO) (Table 1). For the study requirement, the
model is set up with the hydrostatic dynamical core over the
SA-CORDEX domain (22°S-50°N and 10°E-130°E) from
July 1st, 2005 to July 30th, 2005 with a horizontal resolu-
tion of 25 km and sigma vertical level of 18 for 6 h’ time
step. To avoid the noise, initial 20 days from the simulation
period is considered as the spin-up time. The model simu-
lated rainfall, mean sea level pressure (MSLP), wind (U and
V components), relative and specific humidity, and pres-
sure vertical velocity have been considered for the current
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Table 1 Detailed description of RegCM4.6

Regional climate model (RegCM4.6)

Model dynamics

Horizontal and vertical resolution
Initial and boundary conditions

Sea surface temperature (SST)
Radiation scheme

Land surface model

Planetary boundary layer scheme (PBL)
Large-scale precipitation scheme

Convective parametrization schemes

Hydrostatic

25 km with 18 vertical sigma levels

ECMWEF ERA Interim reanalysis (EIN15)

OI_WK-OISST weekly optimal interpolation data set

NCAR CCM3 (Community Climate Model 3; Kiehlet al.1996)
Biosphere—Atmosphere Scheme (BATS) (Dickinson et al. 1989)
Holtslag (Holtslaget al. 1990)

Subgrid Explicit Moisture Scheme (SUBEX), Sundqvist et al. 1989

1.Grell

2.Emanuel

3.Tiedtke

4 .Emanuel over land; Grell over ocean (EL_GO)
5.Grell over land; Emanuel over ocean (GL_EO)
6.Grell over land; Tiedtke over ocean (GL_TO)
7.Tiedtke over land; Grell over ocean (TL_GO)
8.Emanuel over land; Tiedtke over ocean (EL_TO)
9.Tiedtke over land; Emanuel over ocean (TL_EO)

study. Furthermore, model simulated rainfall is compared
with the driving EIN15 reanalysis rainfall at 1.5°x 1.5° hori-
zontal resolution and 3-h Tropical Rainfall Measurement
Mission (TRMM) data set with the horizontal resolution of
0.25°x 0.25°for rainfall (Adler et al. 2000; Huffman et al.
2007). EIN15 6 h’s data with the horizontal resolution of
1.5°% 1.5%s used for verification of the model simulated
wind. The RegCM4.6 simulated relative and specific humid-
ity, MSLP, and pressure vertical velocity are re-gridded to
2.5°%2.5° horizontal resolution to validate the model per-
formance with NCEP reanalysis.

Spatial distribution of accumulated rainfall over Mumbai
and its adjoining areas has been analysed over the Santacruz
rain gauge station for the period of July 25th to July 27th.
To evaluate the model performance, each CPS is assessed
using Taylor’s diagram (Taylor 2001) with TRMM rainfall
data over Santacruz. Taylor’s diagram assesses similarity
between the observed and model simulated fields by evaluat-
ing the correlation coefficient (CC), root-mean-square error
(RMSE), and standard deviation (SD). Furthermore, these
parameters are represented by a single dot on a two-dimen-
sional plot. The statistical method is applied in this process
to evaluate whether the performance of model simulation
is in accordance with the observation or not. The model
data, which is in good fit with the observation, must have
high CC, low RMSE, and significant SD with their position
nearer to the observational point. Mathematically, the for-
mula of Taylor’s diagram is:

E"” = 0']% + 07 +200,p
where p is the CC between model and observation, E’is the

RMS difference between model and observation, where sz
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and 6,7 are the variances of the model simulation and obser-
vation, respectively.

The MSLP, wind pattern, relative humidity and the pres-
sure vertical velocity at vertical atmospheric levels viz.
850 hPa and 500 hPa have been analysed. The association
of the thermodynamical and dynamical aspects are investi-
gated with the help of Hovmoller diagrams and time height
cross section of various model simulated parameters, such
as pressure vertical velocity, relative humidity, mass fraction
of cloud liquid water etc.

3 Results and analysis
3.1 Spatial distribution of rainfall pattern

The spatial distribution of accumulated rainfall on July 26th,
2005 simulated using different CPSs of RegCM4.6 along
with TRMM and EIN15 rainfall distribution are illustrated
in Fig. 1. Figure 1a shows the TRMM rainfall, Fig. 1c-k
shows the model simulated rainfall using different CPSs
and Fig. 1b depicts the EIN15 reanalysis rainfall distribu-
tion over the area of interest. The observed accumulated
rainfall for the period of 24 h has shown a maximum of
350 mm on the respective day of Mumbai extreme, while the
rainfall distribution is ranging from 10 to 290 mm over the
adjoining parts. The rainfall near Mumbai coastal areas is
gauged around 130 mm, where a 50 mm of rainfall has been
depicted over the Arabian Sea. The model simulated rainfall
shows 10 mm to 450 mm rainfall distribution in nine differ-
ent CPSs. Grell CPS simulates around 210 mm of rainfall
(Fig. 1c) on that day which is less than the observed pattern,
while it overestimates the rainfall in some of the adjoining
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Fig. 1 Spatial distribution of accumulated daily rainfall (mm) obtained from observations (TRMM) and RegCM model simulations with differ-

ent cumulus schemes for 26th July 2005 (16°-23°N and 68°-76°E)

areas of the western Indian peninsula (Surat and Western
Ghat). The Grell CPS also overestimates the rainfall distri-
bution over the Arabian Sea as compared with the observed
rainfall data. CPS Emanuel simulated rainfall over Mumbai
has shown a maximum value of 90 mm (Fig. 1d). Though,
the rainfall amount in Emanuel CPS is very less than the
observed rainfall, but unlike the CPS Grell, Emanuel shows
a uniform band of rainfall distribution (90 mm) over the
southern adjoining areas of Mumbai. CPS Tiedtke underes-
timates the rainfall amount (range between 10 and 50 mm)
over Mumbai and the nearby areas along with a good rainfall
estimation over the sea region (Fig. le). In Fig. 1f, the mixed
CPS TL_EO shows similar result as of Tiedtke over land
because of the mixing with the same CPS over land, and the
oceanic part follows the rainfall distribution of Emanuel,
as the Emanuel CPS is forced over the ocean. The GL_EO
mixed CPS shows a good agreement with the observation

(Fig. 1g) than TL_EO, Emanuel and Tiedtke. It is also
observed that the GL_EO is able to simulate the rainfall
distribution within the range of 10-330 mm over Mumbai
and its surrounding areas but with a northward shift in the
heavy rainfall location. The performance of the EL_GO CPS
also shows a good agreement with observation and simu-
lates the rainfall amount up to 400 mm over Mumbai and
an overestimation is observed near 17°N,73.5°E compared
(Fig. 1h) with TRMM rainfall. The simulation of EL_GO
CPS over the Arabian Sea is quite similar to the Grell CPS,
though the performance is not up to the mark (shows over-
estimation) as compared with TRMM rainfall. Furthermore,
simulation with the CPS EL_GO, it is observed that the spa-
tial distribution of rainfall is ranging from 10 to 400 mm
over the Arabian Sea, while most of the part of the Arabian
Sea receives up to 60 mm rainfall in the observed rainfall
except the coastal regions of Mumbai, where the amount is
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in the range of 90410 mm. CPS GL_TO is overestimating
rainfall by simulating up to 500 mm of rainfall over Mum-
bai and, the southern and northern regions of Maharashtra
(Fig. 1i). The model simulated all CPSs are performed very
similar over the Arabian Sea, except the Grell and those
mixed CPSs whose oceanic section is mixed with the Grell
CPS. Mixed CPS TL_GO shows less amount of accumulated
rainfall over Mumbai (170-210 mm) (Fig. 1j) when com-
pared with the TRMM rainfall and the performance of this
CPS is fairly good over the coastal areas of Mumbai. The
spatial distribution of rainfall using EL._TO finds a band of
50-130 mm rainfall over Mumbai and the surrounded region
of 16°-20.8°N and 73.8°E (Fig. 1k). Most of the consid-
ered CPSs, namely, Grell, GL_EO, EL_GO, GL_TO, and
TL_GO, have satisfactorily simulated the rainfall (close to
the observation) when compared to the driving EIN15 which
shows only 60—-100 mm of rainfall distribution over the
region of interest (Fig. 1b). Furthermore, RegCM4.6 with
CPSs Grell, EL_GO and GL_TO have downscaled the rea-
nalysis EIN15 data with better accuracy in spatio-temporal
aspects. Based on the above discussion it can be stated that
the Grell CPS has performed very well over the ocean sec-
tion either as a core CPS or in mixed CPS mode.

3.2 Time series analysis of 6 hourly accumulated
rainfall at Santacruz in Mumbai

The 6-h accumulated rainfall time series for three consecu-
tive days viz. 25th, 26th, and 27th July over Santacruz rain
gauge station (19.09°N, 72.85°E) is shown in Fig. 2. The
accumulated TRMM rainfall illustrates that the maximum
rainfall of ~ 145 mm is occurred around 12 UTC (26th July)
which is gradually decreased by 18 UTC on 27th July.
It is found that the Tiedtke, TL_EO, and EL_TO CPSs

Fig.2 Time series of 6-h rain-
fall (mm) accumulations over
Santacruz (19.09°N,72.85°E) in
Mumbai during the period 25th
July to 27th July 2005 shown
for observations an RegCM
simulations with various CPSs

180

Rainfall (mm)
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have poorly captured the event with a maximum amount
of ~20 mm rainfall throughout the period. However, the
Emanuel, GL_EO, GL_TO, and TL_GO CPSs have shown
some improvements with a maximum rainfall in the range of
20-60 mm. Whereas, the performance of Grell CPS is sat-
isfactory (maximum rainfall > 160 mm); however, it shows
the maximum rainfall in prior to the actual time of heavy
rainfall episode during 18UTC on 25th July. The maximum
rainfall of ~ 140 mm at 12 UTC on 26th July is well simu-
lated by the mixed CPS EL_GO, while a sudden decrease
in rainfall has been noticed around 18 UTC on 26th July
which is not in accordance with the actual rainfall event.
However, the performance of mixed CPS EL_GO has shown
a closer pattern as observed and simulated nearly 113 mm
of rainfall, where the TRMM shows ~93 mm of rainfall
accumulation during 00 UTC on 27th July. TRMM rainfall
shows ~ 345 mm of accumulated rainfall, while the model
has simulated ~389 mm of rainfall using EL_GO CPS on
26-27th July (within 24 h) which is quite interesting. On the
other hand, reanalysis EIN15 have shown ~35 mm of rainfall
around 12 UTC (when the maximum rainfall of ~345 mm
is observed) along with 110 mm of accumulated rainfall
within 24 h. Most of the CPSs have shown significantly bet-
ter results when compared with the EIN15 reanalysis which
highlights the capability of RegCM4.6 in reproducing the
temporal distribution of rainfall as well as intensity. To eval-
uate the performance of RegCM4.6 in present study Taylor’s
diagram has been used (Fig. 3). In Fig. 3a, forcing EIN15
data has been considered as reference to investigate the per-
formance of RegCM4.6. From figure, it can be seen that
the Grell, Tiedtke, GL_TO, and TL_GO are having nearly
0.2, 0.1, 0.15 and 0.2 CC values, respectively along with
more than 1 RMSE values. Similarly, Fig. 3b represents Tay-
lor’s diagram with various CPSs, where the TRMM rainfall

~—4—TRMM
~m—EIN15
EL_GO
Emanuel
—¥—TL_GO
~o—Grell
—+—GL_TO
——GL_EO
——EL_TO
—o—TL_EO
—@—Tiedtke
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Fig.3 Taylor’s diagram for a
EIN15 and b TRMM rainfall vs
model simulated rainfall with
various CPSs over Santacruz,
Mumbai

® Emanuel

Correlation Coefficient

Tiedtke
® EL_ GO
GL_EO
EL_TO
* TL_EO
GL_TO
® TL GO

* \0.95

+10.99

(b)

3.7

data has been chosen as reference. Figure suggests that the
mixed CPSs, namely, EL_GO, Emanuel, TL_GO, EL_TO,
and GL_EO, have shown positive CC (>0.2), whereas the
rest of CPSs viz. Grell, Tiedtke, TL_EO, and GL_TO are
having very small (<0.1) CC values with TRMM rainfall.
It can be seen that the mixed CPS EL_GO shows much bet-
ter CC (~0.7) among all the considered CPSs. As far as the
SD is considered all the CPSs except EL_GO and EL_TO
have shown values in the range 0 to 0.38 mm which is very
far as compared to the TRMM rainfall, while EL_GO and
Grell CPSs depicts values ~1 mm. Furthermore, the CPS
EL_GO shows least RMSE as compared to the other CPSs.
Therefore, the mixed CPS EL_GO can be considered as best
performing scheme due to its higher CC, less RMSE, and
SD values close to the TRMM. A comparison of Fig. 3a, b
suggests that the model simulated results are much closure to
the high-resolution satellite TRMM data (0.25° % 0.25°) than
the coarse resolution driving EIN15 (1.5° % 1.5°) due to the
fact that Global Models are not able to capture the localized

0.75 0.38 0

0.38
Standard Deviation
Centered RMS Difference

phenomena due to their coarser resolution. However, by
dynamical downscaling of EIN15 to finer resolution using
the regional climate model RegCM4.6, it can be seen that
model has fairly simulated the localized heavy rainfall over
Mumbai and results are in accordance with the observations.
Moreover, the RegCM4.6 could able to bring out rainfall
distribution and intensity better than its driving force when
compared to the observations. Overall, analysis suggests
that the RegCM4.6 with CPS EL_GO have performed well
among all the nine CPSs considered in the present study.

3.3 Analysis of mean sea level pressure, relative
humidity and pressure vertical velocity
with wind

The daily MSLP of reanalysis and EL_GO CPS over the
region 0°-35°N and 50°-95°E during the period 24-28th
July 2005 is shown in Fig. 4. The left column (Fig. 4a) rep-
resents the formation of a low-pressure system (~ 1000 hPa)
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Fig.4 Mean Sea Level Pressure (MSLP; in hPa) pattern for a NCEP reanalysis (left column) and b mixed CPS EL_GO (right column) over the

region (0°-35°N and 50°-95°E) during 24th-28th July 2005

that has been started on 25th of July near the East coast,
Orissa and BOB. A constant decrease pattern in MSLP is
continued over the eastern coastal regions and BOB. It fur-
ther becomes remarkable at 998 hPa on 26th July affecting
the flow of moisture laden south-westerly monsoonal winds.
The CPS EL_GO (Fig. 4b) has simulated the formation of
the low-pressure system reasonably well. The condition of
low-pressure system persists for up to 2 days, i.e., 26th and

@ Springer

27th July 2005. Such low-pressure system formed over the
BOB often leads to a extremely heavy rainfall (more than
300 mm/day) over India and the southwestern region (Ajay-
amohan et al. 2010; Krishnamurthy and Ajayamohan 2010).

A comparison of reanalysis andEL._GO CPS wind (U and
V) pattern along with the variation of relative humidity over
the region 0°-30°N and 50°-95°E are shown in Fig. 5. Fig-
ure illustres that the 6-h variations in wind and the spatial
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distribution of relative humidity at 850 hPa on 26th July
2005. Figure also confirms the genesis and development of
the low-pressure system (cyclonic circulation) near Orissa
and over north—-west BOB (~20°N) at 00 UTC, where the
reconcilement of low-level southwesterly and easterly winds
takes place (Fig. 5i). The formation of this cyclonic circula-
tion enhances the speed of moisture load through the south-
westerly winds over Mumbai and Western Ghat regions and
causes extremely heavy rainfall to occur over Mumbai. The
presence of this cyclonic circulation over Orissa and BOB
is well simulated by the model and can be seen in the right

column (Fig. 5ii). Though, there is a slight shift to the right
to its actual position. At the same time, the winds circula-
tion are very intense (> 12 m/s) over Mumbai and West-
ern Ghats. The relative humidity is well simulated by the
model over Mumbai and its adjacent areas but its perfor-
mance is not satisfactory over central and the northeast
Indian regions. A band of 90-100% relative humidity can be
noticed over Mumbai and adjacent areas including Western
Ghats with the low-pressure system over BOB during the
whole day from 00 to 18 UTC on the date of extreme event.
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Fig.6 Same as Fig. 5 but shown for pressure vertical velocity (in shaded and positive for upward motion;in Pa/s) and U-V Wind (vector;in m/s)

at 500 hPa pressure level

A significant enhancement in the relative humidity can be
noticed towards central India during 12 to 18 UTC.

The comparison of 6-h wind (U and V) and vertical
pressure velocity at 500 hPa over the region 0°-25°N and
50°-90°E during 26th July is shown in Fig. 6. From the
figure, a cyclonic structure due to a low-pressure system
can be noticed using the reanalysis data with an enhanced
proportion towards central India and western coastal regions
(Fig. 61). This pattern persists during the whole day with
an intense wind with a magnitude of more than 8 m/s. A
cyclonic circulation is formed over Mumbai and its nearby

@ Springer

regions which is the conformation of MTC and can be a
possible cause behind the extreme rainfall event (Kumar
et al. 2008). These extremely heavy rainfall events are gen-
erally associated with MTC, off-shore troughs and vortices
(Francis and Gadgil 2006; Pradhan et al. 2015). The obser-
vation pattern of the cyclonic circulation is also satisfac-
torily captured by the model during the same period with
comparatively lower wind speed (Fig. 6ii). A same kind of
low-pressure system can also be seen near 15°-22°N and
55°-62°E in both observed and model simulation. The posi-
tive pressure vertical velocity for upward motion shows a
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continuous band of ~ +0.1 Pa/s over the region 10°-25°N
and 70°=76°E during 00 UTC on 26th July, whichis well
simulated by the model but with a narrower continuous
bands of higher values (>4 0.2 Pa/s). Furthermore, posi-
tive values over the Eastern coastal regions (near Orissa)
and 20°N-55°E (western region) have been noticed which
can also be seen in model simulated results, elsewhere the
pressure vertical velocity is negative (shows a downward
motion). The observation pattern shows that the intensity of
pressure vertical velocity band got enhanced (+0.15 Pa/s)
over Mumbai and the nearby regions and model still shows
a higher value during 06 UTC. The band with pressure verti-
cal velocity ~ +0.15 Pa/s is still consistant but it has been
enhanced up to+0.2 Pa/s or more over Mumbai around 12
UTC. The model has satisfactorily simulated the same mech-
nanism but with a greater magnitude (more than+ 0.2 Pa/s).
The condition of higher pressure vertical velocity over
Mumbai and adjoining area is persisted up to 18 UTC and
the model shows its capacity to represent the similar pat-
tern as it has shown during 12 UTC. The increased positive
values of pressure vertical velocity over Mumbai and nearby
regions prior to the extreme event may be the cause behind
the supply of enormous amount of moisture from surface to
the higher level which supports the occurrence of extremely
heavy rainfall over Mumbai on 26th July, 2005.

3.4 Analysis of horizontal divergence

The horizontal divergence at the lower (850 hPa) and upper
(200 hPa) levels over the region 17°-22°N and 71°-76°E
during 06 and 12 UTC on 26th July has been presented in
Fig. 7. A strong divergence of 2x 107 to 4 x 10~/s is noticed
at 06 UTC at 850 hPa (Fig. 7a), while at the same time a
strong convergence or a negative divergence of — 6x 107
to — 4x 107%/s is noticed over 17°~19°N and 73°-73.5°E
at 200 hPa (Fig. 7c¢). A confluence of divergence and con-
vergence with small value can be seen over Mumbai and
its surrounding areas at both of the levels (850 hPa and
200 hPa) during 06 UTC. At 12 UTC, a strong convergence
of -6 107%/s (or less) at the lower level is accompanied by a
strong divergence of 4 x 107/s (or more) at the upper level is
depicted during the heavy precipitation over Mumbai (espe-
cially near 19.09°N-72.85°E) (Fig. 7b—d). Some patches of
lower level convergence and upper level divergence can also
be seen at the northward and southward directions from the
region of interest. This situation of lower level convergence
and upper level divergence causes net upward motion which
can be seen in Fig. 6¢. Such features provide necessary con-
ditions which are favourable for the formation of mesoscale
system and severe convective activity that may lead to the
heavy rainfall event to be occured (Goswami et al. 2013).

3.5 Analysis of latitudinal and longitudinal
variation of wind with specific humidity
(Hovmoller diagrams)

The Hovmoller diagram of EL_GO simulated 6-h wind
(zonal and meridional) (unit in m/s) superimposed with the
specific humidity (g/kg) at 850 hPa along with the rainfall
(mm) during the period 25th—27th July is shown in Fig. 8.
The latitudinal variation of zonal (u) wind with specific
humidity superimposed (Fig. 8a) and rainfall (Fig. 8b) is
considered between 3° and 30°N centred at 72.85°E. A
significant amount of moisture (13.2 g/kg) with intense
westerly wind (12 m/s or more) can be seen at 12°-15°N
which is further extended towards the lower latitude during
00 UTC to 12 UTC on 25th July. A significant amount of
rainfall between 80 and 100 mm can be found over the same
region at the same time. The presence of very high specific
humidity (13.6-14 g/kg or more) with higher wind veloci-
ties (westerlies) ranging from 8 to 14 m/s can be noticed
over 14°-25°N during 00 to 12 UTC on 26th July. A closure
investigation reveals that the maximum specific humidity
(~ 14 g/kg) and westerly wind speed (~ 12 m/s or more) are
present between 17° and 20°N from 12 UTC on 26th July to
06 UTC on 27th July which manifests the maximum rainfall
(up to 140 mm) over the same location and time period and
decreases later on (~40-80 mm) after 12 UTC on 27th July.
The persistence of intense westerly (south westerlies dur-
ing ISM period) wind could be the reason behind the enor-
mous supply of moisture over these latitudes. The results
are also in agreement with the TRMM rainfall (Fig. 2) over
the location of heavy rainfall, i.e., over Santacruz (19.02°N,
72.85°E) in Mumbiai.

The longitudinal variation between 60° and 90°E and cen-
tred at 19.09°N for meridional wind with superimposed spe-
cific humidity along with the rainfall distribution are shown
in Fig. 8c, d. From Fig. 8c, it is observed that a plenty of
moisture is present as the value of specific humidity showed
bands is between 11 g/kg and 13 g/kg over 66°—~72°E during
the time 00 to 18 UTC on 25th July. However, the meridional
wind (either towards the south or north) is not so intense dur-
ing the whole scenario. A rainfall band of ~ 80 mm (Fig. 8d)
at the same time and location seems to be following the
evolution of specific humidity. The band of higher specific
humidity gets enhanced (~ 14 g/kg and more) in between 71°
and 75°E at 00 UTC during 26th July to 18 UTC on 27th
July. A close observation in Fig. 8d depicts that the highest
rainfall (140 mm or more) has been occurred near 71°~73°E
after 00 UTC on 26th July to 18 UTC on 27th July. How-
ever, a decrease in rainfall (~40 mm) is seen during 18 UTC
on 26th July. As far as the meridional (v) wind component
is concerned, the directions are southward during most of
the time, where wind speed is very less with magnitude of
2 m/s excepts during 11 UTC and 18 UTC on 26th July
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Fig.7 Horizontal divergence
(x 107/s) during the 06 UTC
(Fig. a, ¢) and 12 UTC (Fig. b,

06 UTC

12 UTC

d) of 26th July 2005 at lower
level (850 hPa) and upper
level (200 hPa) for the mixed
CPS EL_GO over the region
(17°-22°N and 71°E-76°E)
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over the 63°-71°E (left to the place of heavy rainfall). The
whole mechanism supports the favourable conditions for an
extreme heavy rainfall event that was occurred on 26th July
2005 over Mumbai.

3.6 Analysis of vertical structure and involved
thermodynamics at the location of heavy
rainfall event

The thermodynamic and dynamic aspects provide the
favourable genesis conditions to an extreme rainfall event
and affect with several processes during its different stages
(Pfahlet al. 2017; O’Gorman 2015). To investigate such
aspects, the model simulated rainfall features related to the
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vertical structure of atmosphere has been discussed over the
location of heavy precipitation (Santacruz rain gauge station
at 19.09°N and 72.85°E) during 25-27th July 2005 (Fig. 9).
Figure 9a shows the time height cross section of divergence
and it can be demonstratedfrom the figure that the conver-
gence (negative divergence) is exhibited at mid-tropospheric
level (around 500 hPA) and 800 hPa prior to the 00 UTC
on 26th July and during the maximum rainfall (around 12
UTC on 26th July) (Fig. 9d) which persists during 00 UTC
on 27th July. A strong divergence of 3.5x 10™/s can be
noticed over the mid-lower troposphere (near 700hPA) dur-
ing the considered time which makes a contrasting feature
with lower levels (near the surface) and mid troposphere. A
closure look reveals that at the upper levels (250-200 hPa), a
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Fig.8 Hovmoller diagram computed for the wind and spe-
cific humidity in zonal and meriodional direction over Santacruz
(19.09°N, 72.85°E) location. a U-wind speed (contour; in m/s) and
specific humidity (shaded; in g/kg) at 850 hPa in zonal direction, b

strong divergence is present along with a strong convergence
at lower levels near to the surface (1000-800 hPa) before and
during the heavy rainfall (Vaidya and Kulkarni 2008). Two
maxima in rainfall first up to 140 mm of rainfall at 12 UTC
on 26th July and another one just before 00 UTC on 27th
July (~118 mm) are noticed in Fig. 9d which are accom-
panied with the lower level convergence and upper level

20 40 60 80 100 120 140

Rainfall (in mm) distribution over 3°N-30°N and 72.85°E, ¢ same
as (a) but for V-wind speed (contour; in m/s) and specific humidity
(shaded) in meridional direction, and d Rainfall (in mm)distribution
over 19.09°N and 60°E-90°E during the period 25th—27th July 2005

divergence structure that enhances the convective activities
during the event (Goshwami et al. 2013).

The situation of lower level convergence and upper level
divergence prompt the net upward motion which is sup-
ported by the pressure vertical velocity (values are positive
for upward motion in Fig. 9b). It can be depicted that the
vertical motions (pressure vertical velocity) are positive and
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intense (6X 10~°~18 X 10~ hPa/s) at the mid and lower lev-
els (between 1000 and 450 hPa) during 00 UTC to 10 UTC
on 26th July. The maximum vertical pressure velocity up
to 18 x 107> hPa/s or more can be noticed in between the
levels of 850—600 hPa. The presence of sufficient amount
of moisture in the atmosphere is a necessary aspect for the
occurrence of such an extremely heavy rainfall event in
addition to the intense vertical motions. Figure 9c shows
that a large amount of moisture (relative humidity) is pre-
sent near the surface throughout the event which further
extended up to the mid tropospheric level. A band of high
relative humidity extending from surface to 600 hPa has
also been noticed which is supported by the lower level
convergence and intense vertical motions that causes the
rainfall amount of ~60 mm during 18 UTC on 25th July.
It is to be noticed that the maximum amount of moisture
(relative humidity ~ 100%) is present over lower and mid
troposphere prior to the extreme rainfall, i.e., before 12 UTC
on 26th July. This situation can be explained in such a way
that the strong convergence at lower level causes intense
vertical motion and pumps a lot of moisture from lower to
the near mid troposphere. It can also be confirmed by the
presence of maximum mass fraction of cloud liquid water
(20x 107240 x 1072 g/kg) as in Fig. 9e. The vertical motion
get slow (Fig. 9b) and the amount of moisture in lower and
mid troposphere become low (Fig. 9c) along with the disap-
pearance of cloud liquid water fraction (Fig. 9e) after and
during 12 UTC on 26th July, where the maximum rainfall
takes place (Fig. 9d; Sahany et al. 2010). Another rise in
rainfall (~ 118 mm) can be observed after 18 UTC on 26th
July followed by a sudden drop of rainfall in between at 12
UTC and 18 UTC on the same day. This scenario can also
be explained like: the presence of lower level convergence
prompts intense vertical motion which pumps a plenty of
moisture in lower and mid troposphere, and the formation of
dense cloud (high mass fraction of cloud liquid water) takes
place which and results of heavy rainfall. The higher values
of positive/cyclonic vorticity (~7 x 107/s) can be seen near
the surface (extending towards lower tropospheric level)
around 18 UTC on 25th July and before 12 UTC on 26th
July (Fig. 9f). The positive vorticity at lower level supports
the divergence in upper level and net upward vertical motion
which favours the deep convection.

4 Summary and conclusions

The authors have tried to capture the rainfall extreme
over Mumbai occurred on 26th July 2005 and, therefore,
have considered the coarser resolution of forcing data of
EIN15 with a resolution of 1.5°x 1.5° to producea high-
resolution (0.25°% 0.25°) dynamical downscaled data
using RegCM4.6. From the forcing rainfall data by EIN15,

it is very hard to see the rainfall extreme over Mumbai
which is clearly visible in the TRMM rainfall for the
respective days. It may be due to the coarser resolution
of EIN15 rainfall data. The RegCM4.6 performance has
been evaluated with TRMM rainfall and it is found that
the RegCM4.6 performs significantlywell when model is
setup in mixed cumulus parameterization schemes mode.
The spatio-temporal distribution of accumulated rainfall
(within 24 h) shows that the Grell, GL_TO, and EL_GO
CPSs have performed satisfactorily compared to the other
CPSs. Furthermore, EL._GO shows the best performance
by capturing the highest peak of extreme rainfall along
with the region of heavy rainfall with significant accuracy
on 26th July as compared toTRMM rainfall. By incorpo-
rating the dynamical downscale using RegCM4.6 with the
coarse resolution data of EIN15, it is possible to capture
the extreme rainfall events over the regional scale (e.g.
Mumbai extreme rainfall events on 26th July 2005), and
the effort of the regional climate modeler community get
success and the concept of dynamical downscaling get
another level of attention to study the regional/local scale
phenomena.
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