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The current study reports for the first time an application of orography from the Cartosat-1 satellite
digital elevation model (DEM) generated at a source resolution of 30 m in a convection-permitting
numerical weather prediction model. The effects of improvements in the representation of orography have
been examined in the high-resolution regional National Centre for Medium Range Weather Forecasting
(NCMRWF) Unified Model predictions for a heavy rainfall event over the city of Chennai. A time-lagged
ensemble method is employed to account for the uncertainties associated with the initial conditions,
which can better forecast extreme weather events than single forecasts. The simulations reveal that
the predictions based on Cartosat-1 DEM capture the local details of the rainfall distribution better
than the National Aeronautics and Space Administration shuttle radar topography mission DEM-based
predictions, and better represent the orographic and thermal uplifting. The spatio-temporal patterns of
the simulated rainfall over Chennai are superior in Cartosat-1 DEM-based simulations mainly due to
the enhanced wind convergence and moisture transport. The present study reveals the role of mountains
in the enhancement of heavy rainfall events over coastal cities and highlights the potential use of high-
resolution orography in the improvement of the operational weather forecasting skill of the NCMRWF
Unified Model.
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1. Introduction

Sporadic extreme rainfall events followed by
devastating floods hit the South Indian city of
Chennai on 1 December 2015, causing extensive
damage to property and loss of life (Nagalakshmi
and Prasanna 2016). Under synoptic conditions
favourable to deep convective events, coastal cities
near mountainous regions can experience intense
rainfall events. Accurate high spatial-resolution
predictions are needed for such cities for flood risk
assessments and disaster management.

An improved representation of a mean orogra-
phy field in the model will better simulate the
effects of orography on flow fields, which will
result in an improvement in the prediction skill
of the model (Webster et al. 2003). These effects
are largely due to the changes in the representa-
tion of the height, width and slope steepness of
the mountains, which in turn affect the updraft
speed in the simulations. Chennai city is located
in the windward side of Jawadi hills of the East-
ern Ghats, which modulates the northeasterly
monsoon flow under the substantial influence of
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orography. The effects of mountains in the vicinity
of the coastal cities play a major role in deter-
mining the intensity and spatial pattern of heavy
rainfall events (Houze 2012). Studies performed
by Chen et al. (2013) over the northeastern Tai-
wan have also shown the importance of mountains
in the enhancement of rainfall over the coastal
regions. A detailed study performed by Phadtare
(2018) highlights the role of the Eastern Ghats
in the enhancement of extreme rainfall events
over Chennai city. Hence, it is not possible to
fully attribute the observed organisation and the
extreme rainfall intensities over Chennai city to
the intensity of the prevailing synoptic systems
only (Chakraborty 2016; Van Oldenborgh et al.
2016; Krishnamurti et al. 2017; Phadtare 2018),
as it is not sufficient to fully explain the observed
heavy rainfall intensity over Chennai. The present
study investigates the effects of improvements in
the orography in an operational high-resolution
regional weather forecasting model, which can
substantially improve the skill of the numerical
weather prediction (NWP) models. In order to
accurately simulate the spatio-temporal structure
of the extreme rainfall events, the regional weather
prediction models should be able to reproduce
the localised orographic effects in the simula-
tions through the incorporation of high-resolution
orography datasets.

Remote sensing techniques for gathering
information about the orography have improved
rapidly over the last few years, which offer sev-
eral advantages like higher accuracy and increase
in horizontal resolution. The mean elevation is the
most fundamental field to represent orography in
the models, which is explicitly resolved by the
model grids. Here we have employed the regional
version of National Centre for Medium Range
Weather Forecasting (NCMRWF) Unified Model
(NCUM-R) to simulate the extreme rainfall event.
The NCUM-R is a high-resolution convective-scale
model and the orographic effect in a high-resolution
model is mainly felt through the resolved orogra-
phy only (Webster et al. 2003). Hence, the main
purpose of this paper is to elucidate the impact of
resolved orography in an NWP model forecast over
the coastal cities through the implementation of
high-resolution Cartosat-1 digital elevation model
(DEM) (Version-3R1 with 30 m horizontal source
resolution) in the NCUM-R and by performing
a case study of the Chennai floods using the
ensemble technique.
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2. Data and methodology

2.1 NCUM-R orography from Cartosat DEM

In this study, the predictions of the global NCUM
model (N768) at a resolution of 17 km were down-
scaled to a 1.5 km horizontal resolution using the
high-resolution regional model (NCUM-R), setup
over a domain 73.25-87.25°E and 9.5-23.5°N. In
the blending zone, the NCUM global model orogra-
phy is slowly relaxed to the high-resolution NCUM-
R grid by applying linear interpolation. GCMs
using grid boxes of the order of tens of kilometres
requiring orographic parameterisations to resolve
the effects of sub-grid scale orography, whereas very
high-resolution NCUM-R simulation can better
resolve them explicitly, which reduces the require-
ment of sub-grid scale parameterisation. In the
present study, the mean orography in the NCUM-R
is represented using two datasets, National Aero-
nautics and Space Administration (NASA) shuttle
radar topography mission (SRTM) DEM (here
after SRTM DEM) and Indian Space Research
Organisation (ISRO) Cartosat-1 DEM (here after
Cartosat DEM). Simulations of NCUM-R are per-
formed using SRTM DEM (source resolution of
90 m) and high-resolution Cartosat DEM (source
resolution of approximately 30 m). SRTM DEM is
available from the USGS website: www.usgs.org.
Cartosat DEM high-resolution datasets have been
digitally generated from Cartosat satellite observa-
tions by ISRO and these high-resolution Cartosat
DEM (spatial resolution of 1 arcsec (approximately
30 m)) datasets are available in 1° x 1° tile size on
Bhuvan-geoportal of ISRO (http://bhuvan3.nrsc.
gov.in/applications/bhuvanstore.php). From these
raster tile files, the orography for the NCUM-R
domain was generated by performing the following
procedures.

The Cartosat-1 data is in the World Geodetic
System 1984 (WGS 84) and the geoid undula-
tions are computed (Rapp 1997) using spheri-
cal harmonic coefficients for Earth’s gravitational
potential data from the US National Geospatial-
Intelligence Agency (NGA) web portal. These
undulations are the separations between the geoid
and WGS 84 ellipsoid, whose surface is equipo-
tential. The geoid undulations corresponding to
the latitude and longitude of each Cartosat-1 data
points were used to correct the Cartosat-1 data
values. The corrected data are then bi-linearly
interpolated to the model grid. In the NCUM-
R, the mean orography is improved by removing
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sinks and spikes in the DEM by employing 1-2-1
filtering, which will help avoid the numerical insta-
bility and vertically coherent localised motions due
to grid-scale spurious forcing (Webster et al. 2003;
Sironi et al. 2015). The net effect of the applied
smoother is a uniform weight over a 2 x 2 grid area.
The same method has been applied for both SRTM
DEM and Cartosat DEM. In addition to this, the
default land—sea mask was also applied on both
datasets.

There are many advantages of using Cartosat
high-resolution orography data (horizontal resolu-
tion of 30 m) over relatively lower resolution SRTM
orography data (horizontal resolution of 90 m), as
the incorporation of high-resolution data can bet-
ter reproduce the orographic effects in the NWP
models. Cartosat DEM and deviations of Cartosat
DEM from SRTM DEM over the model domain
are depicted in figure 1(a and b), respectively. Few
studies have compared both DEMs, which show
that Cartosat DEM has higher accuracies in highly
rugged terrains and valleys over the Indian domain
(Yarrakula et al. 2013; Arun et al. 2016; Baral et al.
2016). Figure 1(b) clearly shows large areas having
significant difference between Cartosat DEM and
SRTM DEM over Chennai city, which can have a
direct impact on the precipitation simulated over
these regions. The mean errors of the DEMs gener-
ally increase with an increase in the elevation value
(Yadav and Indu 2016), which also depends on the
land use and land cover (LULC) characteristics
of the region. The mountain peaks in the Jawadi
hills region and Western Ghats region in both
DEMs in the model grids are depicted in figure 2,
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which clearly show the finer details resolved in
Cartosat DEM. Spot heights comparison studies
performed by Baral et al. (2016) have found that
SRTM DEM shows significant deviations in the
rugged terrains (e.g., Kanchenjunga area (27.70°N
and 88.14°E)). Similar to this, the SRTM DEM
shows significant deviations from Cartosat DEM
over the hilly regions in the model domain (see
figure 1b). The present study focuses on the oro-
graphic effects of the Jawadi hills (12.15-12.40°N;
78.2-79.10°E) of the Eastern Ghats, located to the
southwest of Chennai city at a distance of approx-
imately 200 km. These hills have a length of about
60 km and width of about 25 km with an average
height of 1053 m above the mean sea level. A spe-
cial feature of these hills is that there is a plateau
at the top with an extent of 10 km. The extent of
the hills and the slope of the plateau at the top
also play a role in the generation of rainfall over
the regions near the hills (Sato 2013). SRTM DEM
can represent the mountains in the model domain,
but a higher resolution Cartosat DEM better rep-
resents the mountain peaks and slopes in the model
domain.

2.2 Modelling and verification strategy

In the present study, we have employed the
NCUM-R (Jayakumar et al. 2017) to simulate the
extreme rainfall event that occurred over Chennai
city. The model is based on Even Newer Dynamics
for General Atmospheric Modelling of the Environ-
ment (END Game) dynamical core (Wood et al.
2014) with a radiation scheme based on Edwards
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Figure 1. Orography representation over the model domain:

(a) Cartosat-1 DEM data and (b) the difference between

Cartosat-1DEM and SRTM DEM. The colour scale shows terrain elevations in metres.
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Figure 2. NCUM-R model grid orography of Jawadi hills using (a) SRTM DEM and (b) Cartosat-1 DEM, and Western

Ghats using (¢) SRTM DEM and (d) Cartosat-1 DEM.

and Slingo (1996), precipitation/microphysics
based on the modified Wilson and Ballard (1999)
scheme (Walters et al. 2017) and has a cloud
scheme based on that of Wilson et al. (2008). The
convection-permitting NCUM-R allows to explic-
itly resolve the mid- and deep-level convection, and
the shallow convection in the model is parame-
terised using the scheme of Gregory and Rowntree
(1990). A grey-zone blended planetary boundary
layer (PBL) scheme (Boutle et al. 2014) is used
in the NCUM-R and the land surface character-
istics over the model domain are generated from
the ISRO LULC data (Unnikrishnan et al. 2016).
In the present study, the improvement in the rep-
resentation of the resolved mean orography in the
model is achieved by the implementation of high-
resolution Cartosat DEM and its implications on
the predictions of rainfall, wind and cloud systems
are discussed in the following sections.

In order to assess the ability of NCUM-R to
simulate extreme rainfall events, a time-lagged
ensemble technique (Hoffman and Kalnay 1983)
with different forecast lead times is used in this
study. Short-range predictions generally show a

strong dependency on initial conditions. The
variations in initial conditions in the ensemble
simulation represent the uncertainty in the initial
conditions and approximations in the determin-
istic forecast. The time-lag ensemble technique
decreases the inconsistencies present in the simu-
lations. Nevertheless, the selected case is a single
high impact extreme rainfall event with a pre-
vailing cyclonic system, the time-lagged ensemble
technique will provide a better understanding of
the mechanism behind the enhanced rainfall event
that occurred on 1 December 2015 than perform-
ing another case study of a heavy rainfall event that
occurred over Chennai with a much different syn-
optic situation. The use of the ensemble technique
would allow us to increase the robustness of the
results of this study by addressing the uncertainty
in the model simulation through variations in the
initial conditions. In the present study, we have
used the operational configuration of NCUM-R at
NCMRWEF and produced a five-member ensem-
ble of three-day predictions with the initialisation
cycles separated sequentially at 6 hr (00 Univer-
sal Time Coordinated (UTC), 06 UTC, 12 UTC
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and 18 UTC) from 29 November 2015, 18 UTC.
Here we did not consider the ensemble members
with initial conditions less than 12 h lead time as
it will not allow the model to evolve properly and
the forecasting skill will be less. This is justifiable
as earlier studies employing operational weather
models with three ensemble members were found
to be showing improved forecasting skills (Vogel
et al. 2014). Time-lagged ensemble simulations
using both SRTM DEM (hereafter SRTM-run) and
Cartosat DEM (hereafter Cartosat-run) orography
datasets were performed and predictions from each
ensemble members were examined. We have pro-
duced ensemble mean for the diagnosis, which will
help average out the effects of natural variability
(the chaotic nature of the atmosphere) from inde-
pendent runs and will help elucidate the impact of
orography.

The verification of NCUM-R forecasts against
hourly rainfall data from Japan Aerospace Explo-
ration Agency (JAXA) Global Satellite Mapping
of Precipitation (GSMaP) observations and inte-
grated multi-satellite retrievals for GPM (IMERG)
were performed to assess the forecasting skill
of the SRTM-run and Cartosat-run. In addition,
the model forecasts were also verified using rain
gauge observations at Chembarambakkam station
(13.00°N and 80.03°E) (Narasimhan et al. 2016)
located near Chennai city (hereafter rain gauge) to
increase the accuracy of the results.

3. Synoptic situations

During the mnortheast monsoon season, the
southeastern coast of India experiences extreme
rainfall events due to the formation of cyclonic
storms over the Bay of Bengal. On 30 November
2015, a well-marked low-pressure area was observed
over the Bay of Bengal and it quickly intensi-
fied into a cyclonic storm on 1 December 2015,
resulting in heavy rainfall over the southeastern
coastal regions of India. Precipitation amounts up
to 60 mm/h were recorded at Chembarambakam
rain gauge station. The ERA-Interim reanalysis
data illustrated in figure 3(a) shows the synoptic
situation prevailed over Chennai city on 1 Decem-
ber 2015 at 12 UTC. The ERA-Interim 850 hPa
geopotential height shown in figure 3(a) clearly
shows a cyclonic system associated with a low-
pressure system over the Bay of Bengal indicated
by lower values of geopotential. It is evident from
the figure that the prevailing winds over Chennai

Page 5 of 15 110

(@) 1524
iy o 4535
200“ < B e s i R
L ' : z 1516
QO
2 1512
g :""4—4~++:— e ; 5 E-
- 15°N}- ‘_"9‘7:::"‘: &h‘_‘_‘—:(‘?t 1508 G
et :::::—r-:-_-a—«— P‘-—::,__:E:: 1504
5 . - ged
crr il 1500
< 1496
10°N
75°E 80°E 85°E
Longitude 10 m/s
(b)13.5°N _ _ -
L8] | G P AL 3. = s
g , _ .
£ £
8 12.5°Nf

Longitude

Figure 3. (a) ERA-Interim reanalysis of 850 hPa winds (vec-
tor, m/s) overlaid by geopotential heights (shaded, gpm) for
1 December 2015 at 12:00 UTC. The Chennai domain (black
box), location of Jawadi hills (red box) and Chennai city
location (marked ‘X’ in magenta) are also given; (b) the dif-
ference in magnitude of orography generated in the NCUM-R,
using Cartosat-1 DEM and SRTM DEM (only positive values
are shown here) (shaded, m) and the difference in ensemble
mean of 50 m wind (streamlines) simulated in the NCUM-R
over Chennai city (Chennai city location is marked as ‘X’).

city were easterly, which transport moisture to the
Chennai region. The heavy rainfall that occurred
over Chennai was related to this persistent cyclonic
system and associated moisture transport from
the Bay of Bengal. Heavy rainfall associated with
orographic enhancement of precipitation is quite
often seen over the coastal regions, where moun-
tains/hills are present in the vicinity of coast (Chen
et al. 2013).

4. Results and discussions

4.1 Impact of orography on weather prediction

The orographic effects are known to influence
the magnitude and distribution of precipitation
in mountainous regions, which are highly depen-
dent on the characteristics of the mountain ranges.
There exists a number of modelling studies about
the sensitivity of simulated orographic rainfall to



110 Page 6 of 15

the horizontal resolution of the model, and earlier
studies have already shown that the rainfall sim-
ulation over the windward side of slopes improve
with improvements in the representation and reso-
lution of the model orography (Dimri 2004; Smith
et al. 2015). In the present study, the effects of rep-
resentation of mean orography using SRTM DEM
and Cartosat DEM were studied, which show large
differences in heights and slopes of mountains in
the domain of interest (figures 1b and 2). The
domain has a very rugged orography characterised
by closely spaced mountains with a wide range of
scales and shapes, which favours the formation of
different types of clouds. The presence of rugged
orography can affect the spatio-temporal structure
of the precipitation near the hilly regions as the
intensity of orographic precipitation due to low
height mountain ranges is roughly proportional to
the altitude of the hills and prevailing wind speed
(Jiang 2003). It is evident from figure 3(b) that
the difference in Cartosat DEM and SRTM DEM
has a high impact on low-level (50 m) wind. The
figure clearly shows Jawadi hills (over the region
79.5°E and 12.75°N) as a source of wind diver-
sion near the Jawadi hills region. This leads to
a wind convergence over Chennai city from the
southwesterly direction and northeasterly direction
from the Bay of Bengal, which can modify the
local weather over the Chennai region. In addition,
small changes in orography can be seen all over
the domain which can alter the channelling of air
flow and contributes to the improvement in simu-
lations.

The NCUM-R model employed in this study
has explicit convection, which very well represents
the transport of heat, moisture and momentum
associated with the convective motions. Figure
4(a and b) shows the model surface temperatures
at 1.5 m (shaded) and 850 mb wind (vectors) from
the SRTM-run and Cartosat-run, respectively, on
1 December 2015 at 6 UTC. The differences
between these fields from the SRTM-run and the
Cartosat-run from 6 to 12 UTC are depicted in the
rest of the panels. In addition to the prevailing east-
erlies in the domain, the Cartosat-run produced
enhanced moisture transport towards the regions
12.5-13.5°N and 79.0-80.3°E (hereafter referred to
as the Chennai domain). This causes wind conver-
gence near the domain, and a fluid parcel which
converges horizontally becomes more cyclonic. As a
result, a cyclonic vortex starts to form northeast of
the Chennai domain. Figure 4(d-f) shows the tem-
poral evolution of the cyclonic vortex and a gradual
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intensification of the cyclonic system can be clearly
seen in figure 4(d-f), which has a maximum at
9 UTC. The formation of a low-pressure system
during the heavy rainfall event is in synergy with
the results of the study performed by Phadtare
(2018). The difference in the Cartosat-run and the
SRTM-run shown in figure 4(g—i) clearly shows
the weakening of the cyclonic vorticity from 10
UTC onwards over the northeast part of the Chen-
nai domain as the precipitation over these regions
intensify. The weakening of cyclonic vorticity is
mainly due to the decrease in wind convergence and
moisture transport near the Chennai domain. In
addition to wind convergence, figure 4(c—f) reveals
that the Cartosat-run produced higher surface tem-
peratures near Chennai city when compared to the
SRTM-run, and figure 4(g—i) shows that the dif-
ference in temperature decreases as the amount of
rainfall increases over the domain (see figure 10).
Higher surface temperatures will enhance the con-
vection associated with surface heating, and lead
to the formation of clouds as it causes air mass
to lift, expand and cool until it reaches saturation.
The latent heat released due to moisture conden-
sation enables many flows to rise over mountains
(Jiang 2003). In addition to the increase in sur-
face temperatures, the reduction in temperatures
can also be seen over the region near 78°FE-15°N,
which can be attributed to the lapse-rate asso-
ciated with the increase in mountain height in
Cartosat DEM when compared to SRTM DEM.
Furthermore, the cloud formation due to mountain
uplifts also leads to the reduction in surface tem-
peratures on the slopes (Kitoh 1997). Studies have
also shown that the magnitude of cyclone-induced
moisture transport has a strong dependence on
the meridional temperature gradient (Boutle et al.
2011), which in this case also helps to intensify
the cyclonic vorticity developed near the Chennai
domain.

The improvements in orographic representa-
tion over the domain have a direct effect on
the water vapour transport over the Chennai
domain. The magnitude of moisture flux trans-
port in the simulations with SRTM DEM and
Cartosat DEM is illustrated in figure 5(a and b),
respectively, where the magnitude of vertically
integrated moisture transport (VIMT) from
the surface to 500 hPa is illustrated as the
shaded region and the vertically integrated mois-
ture flux (VIMF) as vector. The vertically inte-
grated zonal and meridional flux components can
be calculated as
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Figure 4. Surface temperatures (shaded, K) and 850 mb winds (vectors, m/s) at 6 UTC on 1 December 2015 in SRTM-run
and Cartosat-run are shown in (a) and (b), respectively. The differences in Cartosat-run and SRTM-run at 6, 7, 8, 9, 10, 11

and 12 UTC are shown in (c-i), respectively.
1 Ps
Q= [ audp, W
9Jp

1 Ds
Qv=- / qu dp, (2)
9 Jp

where ¢ is the gravity, ¢ is the specific humid-
ity, u is the zonal component of the wind, v
is the meridional component of the wind, ps is
the surface pressure and p is 500 hpa pressure.
Figure 5(c) shows the difference in VIMT and
VIMF between the Cartosat-run and the SRTM-
run. The differences in VIMT vectors overlaid
in figure 5(c) depict the enhanced northeasterly
moisture transport towards Chennai city in the
Cartosat-run compared to SRTM-run. Studies per-
formed by Chen et al. (2013) have shown that the

amount of low-level moisture and orographic effects
is equally important for a heavy rainfall event near
mountains. It is clear that low-level convergences
occurred in this case and the predominant north-
easterly winds transported moisture to the Chennai
region, which caused thunderstorms and sporadic
heavy rainfall events. Figure 2 clearly illustrates
that the Cartosat DEM has more number of higher
peaks than that of SRTM DEM, which improves
the simulated wind patterns and moisture trans-
port over mountainous regions. Changes in slopes
and altitudes of elevated landform in the model
can cause a change in the air flow and moisture
transport. This will eventually alter the conver-
gence of air and frontal lifting in the model, which
directly affects the rainfall prediction over the
domain.
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Figure 5. Magnitude of VIMT from the surface to 500 hPa and moisture transport (shaded, kg/m/s) (values above
700 kg/m/s are shown here) and VIMF vectors (kg/m/s) in the time-lagged ensemble forecast at 9 UTC on 1 Decem-
ber 2015 in (a) SRTM-run, (b) Cartosat-run and (c) the difference in magnitude of VIMT (shaded) and VIMT vectors in

Cartosat-run and SRTM-run.

The magnitude VIMT and VIMF vectors at
9 UTC on 1 December 2015 illustrated in figure
5(a and b) reveals that the rainfall peaks observed
over Chennai city are associated with the oro-
graphic uplifting in the vicinity of the coastal
city due to the prevailing northeasterly winds and
anomalous cyclonic systems present over the Bay
of Bengal. Since the peak rainfall in the model is
found to be around 12 UTC, we have performed a
detailed analysis of VIMT and VIMF with a lead
time of 3 h (9 UTC) as the synoptic-scale low-
pressure systems that is prevalent over the Bay of
Bengal can draw moisture from regions within a
distance of about 3-5 times the radius of the system
(Trenberth et al. 2003). Figure 5(a and b) shows
regions with major moisture transport and high
wind speed pathways associated with the cyclonic
system, which are directed to the Chennai domain.
A vector analysis indicates that the moisture trans-
port from the Bay of Bengal that converged over
the eastern parts of the Chennai domain is bring-
ing moisture to the Chennai domain. It is evident
from figure 5(c) that the Cartosat-run produces
higher values of VIMT over the coastal regions
of the Chennai domain and shows stronger flow
patterns of VIMF towards the coastal regions of
the Chennai domain (the continual flow pattern of
VIMF towards the Chennai domain is indicated by
a green arrow). These conditions favour the cloud
formation as the type of cloud that formed depends
on the availability of moisture and stability of the
atmosphere, which would cause enhanced rainfall
over the domain. Hence, the observed heavy rain-
fall event can be better predicted with improved

orographic representation, which will result in
an enhanced moisture transport (figure 5c¢) and
associated cloud formation over the domain. A
comparison of figure 5(a and b) indicates that
the improvement in orography has contributed to
an intensification of moisture availability over the
southwest Bay of Bengal by perturbing the prevail-
ing synoptic scale system, which also contributed
to the shifting of rainfall patterns from the ocean
to land as seen in figure 5(c).

The difference in ensemble mean of 850 hPa
geopotential heights over the Chennai domain at
6 UTC (left panel) and 12 UTC (right panel) on
1 December 2015 shown in figure 6(a and b) dis-
plays an increase in the geopotential height in the
Cartosat-run when compared with the SRTM-run,
depicting an increase in the easterly wind towards
the Chennai region with time. The increase in the
geopotential height in the Cartosat-run (figure 6b)
over the Chennai region shows the presence of
warm air masses. The signatures of the cyclonic
vorticity formed over the northeastern side of the
Chennai domain can be seen as a blue colour
patch in figure 6(a) at 6 UTC, which indicates a
decrease in geopotential height in the Cartosat-run
when compared with the SRTM-run. At 12 UTC,
the difference in geopotential over the Chennai
domain increases, which clearly shows the pres-
ence of warm air masses over the domain. The
changes in orography have an effect on the ver-
tical velocity as shown in figure 6(c and d), which
show regions with higher values of vertical veloc-
ity indicating enhanced vertical velocity in the
Cartosat-run in comparison with the SRTM-run.
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Figure 6. Difference in ensemble mean of simulations at 6 UTC (left panel) and 12 UTC (right panel) on 1 December 2015
in CARTOSAT-run and SRTM-run at 850 hPa. Panels (a) and (b) show geopotential height (gpm), and panels (c) and
(d) show vertical velocity (m/s) (only positive values of vertical velocity are shown here for clarity). Panel (e) shows the

difference in Cartosat-1 DEM and SRTM DEM.

Though the high values of vertical velocity seen in
individual ensemble members are not well repro-
duced in figure 6(c and d) due to the ensemble
mean calculation, the figures clearly show a spa-
tial correlation between the geopotential difference
and vertical velocity difference over the Chen-
nai domain. The difference in orography height in
the Cartosat-run and the SRTM-run is shown in
figure 6(e) which indicates a weak positive corre-
lation with the positive vertical velocity shown in
figure 6(c and d).

In order to find out the effect of orography on
simulated clouds in NCUM-R, we have performed
a histogram comparison of clouds simulated in the
SRTM-run and the Cartosat-run over the Chennai

domain and the results are depicted in figure 7. The
low-level cloud cover (surface 6000 ft) simulated in
the Cartosat-run shows a significant increase in the
cloud fraction in the bins between 0.5 and 0.9,
which indicates the supremacy of Cartosat-runs
in simulating the enhanced cloud cover over the
Chennai domain. This result is in synergy with the
histogram analysis of rainfall shown in figure 9, as
the enhanced cloud cover under favourable con-
ditions positively correlates with the amount of
rainfall. Earlier works have identified that the
cloud cover has a positive correlation with rela-
tive humidity and vertical velocity (Walcek 1994).
The larger values of vertical velocity seen in figure
6(c and d) cause the air mass to be lifted and cooled
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Figure 7. Histogram comparison shows normalised probabil-
ity density function of low level, mid-level and high level
cloud fraction over the Chennai domain at 12 UTC on
1 December 2015 in SRTM-run and Cartosat-run.

to its dew point, and eventually become saturated
with cloud droplets and enhance the cloud forma-
tion. As the air mass cools down adiabatically, the
relative humidity increases and forms a cloud when
it reaches 100%. A detailed analysis of relative
humidity in the simulations (figures not shown)
shows an increase in relative humidity over the
Chennai domain in the Cartosat-run when com-
pared with the SRTM-run. The cloud size is also
linked to the vertical velocity through the entrain-
ment process, which has a strong dependence
on the vertical velocity present below the cloud
base and has a direct effect on the precipitation
patterns. These factors support enhanced cloud
formation in the Cartosat-run than in the SRTM-
run over the Chennai domain. This enhanced cloud
formation also caused an increase in the precipita-
tion over the Chennai domain at 12 UTC. Hence,
the Cartosat-run is better reproducing the heavy
rainfall events over the Chennai domain, favoured
by the cyclonic circulation formed over the north-
eastern parts of the Chennai domain due to the
combined effects of improvements in the orographic
uplifting and thermal forcing.

Histogram comparisons of mid-level clouds
(~6000-18,000ft) and high-level clouds (above
18,000 ft) are showing a maximum in the higher
cloud fraction bins. The mid-level clouds simulated
using the Cartosat-run and the SRTM-run during
the heavy rainfall event show significant differences
in the bins ranging from 0.8 to 0.9, which indicate
that there could be significant differences in the
simulated mixed-phase clouds (MPCs) causing a

J. Earth Syst. Sci. (2019) 128:110

difference in mid-level cloud fraction. MPCs consist
of supercooled liquid water droplets and ice crys-
tals. Earlier studies have shown that the orographic
MPCs are frequently observed in mountainous
regions (Henneberg et al. 2017). MPCs are sup-
posed to be short lived because the difference in the
saturation vapour pressure of ice crystals and water
droplets causes the rapid growth of ice crystals at
the expense of water droplets and enhances pre-
cipitation. Studies performed by Jayakumar et al.
(2017) have already shown that the MPCs are not
well simulated in the NCUM-R. Furthermore, high-
level clouds in the Cartosat-run and the SRTM-run
are not showing any significant differences over
the Chennai domain. Hence, a detailed study of
NCUM-R using the Cloud Feedback Model Inter-
comparison Project (CFMIP) Observation Simu-
lator Package (COSP) and its verification using
satellite observations is required to get a deep
insight into the effects of orography on MPCs in
NCUM-R, which is beyond the scope of this study.

4.2 Simulation of the heavy rainfall event using
NCUM-R

The impact of orography on the heavy rainfall
event which occurred over Chennai city on 1
December 2015 is examined in this section. Figure 8
shows the spatial distribution of ensemble mean
rainfall based on the SRTM-run and the Cartosat-
run (figure 8c and d) along with IMERG and JAXA
observations in figure 8(a and b). The JAXA obser-
vations, in general, have issues in measuring precip-
itation over the ocean (Aonashi et al. 2009), which
could be the reason for high values of precipitation
seen over the ocean in figure 8(b) when compared
to figure 8(a). Evaluation studies performed by
Ning et al. (2017) have shown that JAXA observa-
tions have a tendency to overestimate light rainfall,
whilst IMERG observations have a tendency to
underestimate 8-64 mm/day rainfall. A compar-
ison of simulated rainfall in Cartosat-run and
SRTM-run shows that the Cartosat-run is in better
agreement with the rainfall observations over the
coastal regions of Chennai city, especially over the
region near 14.0°N and 80.0°E, where the SRTM-
run shows very little rainfall when compared with
the observations. This is in agreement with the
increase in mountain heights seen in Cartosat DEM
over the northern and western sides of the Chennai
domain (see figure 6e). Earlier studies have shown
that an enhancement in rainfall can occur over hun-
dreds of kilometres away from the mountains when
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Figure 8. Observed hourly rainfall valid at 12 UTC on 1 December 2015 from (a) IMERG and (b) JAXA, and time-lagged
ensemble predictions in (¢) SRTM-run and (d) Cartosat-run data. Spatial correlation between the simulations with GPM
IMERG (SC IMERG) and JAXA (SC JAXA) over the Chennai domain (black box) are also given.

orographically blocked flow occurs (Houze 2012;
Phadtare 2018). The SRTM-run shows a shift in
moderate to heavy rainfall patterns over the ocean,
which is very much improved in the Cartosat-run.
The heavy rainfall patterns simulated in NCUM-R
over Chennai city in the Cartosat-run is a better
match with observations, which is in good agree-
ment with large clouds seen over Chennai city in
the Cartosat-run (figure 7). Moreover, the bias in
rainfall over the ocean is less in the Cartosat-run
when compared with the SRTM-run (e.g., region
near 14.5°N and 82.5°E). The spatial correlations
(SC) between the simulations with GPM IMERG
(SC IMERG) and JAXA (SC JAXA) over the
Chennai domain (black box) are also tabulated
in the respective figures (see figure 8c and d).
As the observed maximum of the accumulated
rainfall over land was found to be near Chen-
nai city, we have computed the spatial correlation
over the Chennai domain. The SC of the SRTM-
run and the Cartosat-run against IMERG over the
Chennai domain at 12 UTC is found to be 0.47
and 0.55, respectively. Similarly, against JAXA,

SC gives about 0.50 and 0.63. Verification against
both observational datasets shows the supremacy
of the Cartosat-run over the SRTM-run. Further
analysis shows that the localised features of rain-
fall over the Chennai domain are more evident in
the Cartosat-run, which is largely contributed by
the shift in rainfall from the ocean to the land
over the eastern coast of Chennai city. Histograms
of the simulated rainfall data provide consider-
ably more information about the distribution of
the rainfall amount (figure 9). Histogram compar-
ison of the Catosat-run and the SRTM-run with
IMERG and JAXA observations over the domain
12.0-15.0°N and 79.0-82.0°E shows a marginal
improvement in rainfall simulation in the Cartosat-
run below 11 mm/h and a significant improvement
in rainfall prediction above 11 mm/h bins. The
number of occurrences of moderate-heavy rain-
fall (11-16 mm/h) amount over the domain is
found to be more in the Cartosat-run when com-
pared with the SRTM-run. This clearly indicates
that there is an enhancement of rainfall over
the Chennai domain due to the implementation
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of high-resolution Cartosat DEM in NCUM-R.
Conversely, 5-6 mm/h rainfall comparison shows
that it is slightly overestimated in the Cartosat-
run. The light rainfall (4-5 mm/h) occurrences are
also better simulated in the Cartosat-run than the
SRTM-run.

The time series of the hourly accumulated rainfall
amount from the ensemble mean of simulations
using SRTM DEM and Cartosat DEM are com-
pared with the available rain gauge observations
from Chembarambakkam station, which is depicted
in figure 10(a). The amount of rainfall during the
peak spell period (9-15 UTC) from the SRTM-
run and the Cartosat-run is found to be 12.42 and
17.28 mm/h, respectively, whereas the observed
amount is 29.85 mm/h. Rainfall prediction at
this gauge location is found to be improved by
~4.79 mm/h and the correlation between the two
time series (C) is improved by 0.3452 in the
Cartosat-run when compared to the SRTM-run.
Hence, it can be concluded from figure 10(a) that
there is a significant improvement in the phase and
magnitude of the extreme rainfall prediction with
the implementation of Cartosat DEM in NCUM-R.
In addition to the rain gauge observation, we com-
pared the domain averaged rainfall over Chennai
with the satellite observation also (figure 10b). It
can be seen from figure 10(b) that the intensity of
ensemble mean rainfall forecast is better simulated
in the Cartosat-run when compared to the SRTM-
run during the peak hours and the figure also
illustrates significant improvements in the phase

J. Earth Syst. Sci. (2019) 128:110

(a) 60 R
55 1 A — Cartosat-run(C=0.6603)
501 d i < SRTM-run(C=0.3151)
45 | !\ =—oRain gauge

— JAXA
Cartosat-run
- SRTM-run

NOV30

Figure 10. (a) Observed hourly rainfall at Chembaram-
bakkam rain gauge and simulated hourly rainfall in SRTM-
run and Cartosat-run at model grids close to the Chem-
barambakkam rain gauge station. (b) Simulated domain
mean rainfall over the Chennai domain in the Cartosat-
run (dashed lines) and SRTM-run (solid line) along with
JAXA Global Rainfall Watch observations over the Chennai

domain.

of the simulated rainfall in the Cartosat-run when
compared with the SRTM-run on 1 December 2015.

5. Conclusions

The present study reports, for the first time, the use
of Cartosat-1 satellite DEM for generating orogra-
phy for the NCUM-R, and the effects of orography
on rainfall, wind and cloud systems are studied.
The study is focused on the impact of mean orog-
raphy generated from high-resolution Cartosat-1
DEM and SRTM DEM on the NCUM-R simula-
tion of an extreme rainfall event that occurred over
Chennai city under prevailing cyclonic conditions
during the northeast monsoon period. Time-lagged
ensemble method with varying initialisation cycles
were used to average out the effects of natural



J. Earth Syst. Sci. (2019) 128:110

variability and to elucidate the impact of
orography on rainfall prediction. Spatial and tem-
poral correlation analysis against rain gauge and
satellite observations showed that there is a signif-
icant improvement in the phase and magnitude of
heavy rainfall episodes in the Cartosat-run and it
captures the local details of the rainfall distribution
over the Chennai domain better than the SRTM-
run. The simulations revealed that the orographic
effects of Jawadi hills have significantly contributed
to the localisation and enhancement of rainfall. A
histogram analysis of simulated and observed rain-
fall amount showed that the number of occurrences
of moderate to heavy rainfall is better predicted
in the Cartosat-run. Enhanced moisture transport
with changes in the uplift upstream has resulted
in an enhanced rainfall on the windward side of
the Jawadi hills, and led to a reduction in the
moisture availability on the leeward side. It was
also found that a positive moisture transport in
the Cartosat-run triggered a localised meso-scale
system by creating surface instability in the bound-
ary layer, which in turn caused an enhancement in
precipitation.

The study also revealed that the extreme rain-
fall event was not necessarily a manifestation of
the synoptic system only, but the perturbation of
the synoptic system by orography through wind
diversion and uplifting, which brought more warm
moist air to the land and contributed to the
enhancement of rainfall. As a result of this synop-
tic scale perturbation, the rainfall over the ocean
was shifted slightly into the land. Results show
that a change in wind caused by a change in
the mountain dimension can perturb the large-
scale synoptic systems, which can in turn change
the rainfall patterns associated with the cyclonic
system, and ultimately lead to a reduction in
land—ocean rainfall bias in the model. At larger
scales, a change in the mean orographic slope
can cause a change in wind direction to con-
serve potential vorticity of the flow (Lott 1999).
The predominant large-scale low-level winds were
northeasterly and this indicates that the mois-
ture transport from the Bay of Bengal to the
land will change with the change in the oro-
graphic slope and result in an increased orographic
rainfall under the right conditions. The model
has a terrain following a geometric height-based
vertical co-ordinate system, hence the pressure
gradient will change with the surface slope and
results in modified flow fields. These effects also
play a major role in rainfall forecast, which were
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improved in the model by the use of high-resolution
Cartosat DEM. Hence, the prediction of heavy
rainfall events in the vicinity of mountains using
NCUM-R demands high accuracy in mountain
heights and slopes in orography. As a result of the
incorporation of high-resolution Cartosat-1 DEM
in the NCUM-R, the simulations show more clouds
over the Chennai region than SRTM-run. This
is mainly due to the enhanced wind convergence
and moisture transport over the Chennai domain
due to the improvements in the orographic uplift
and thermal uplift. These improvements lead to
a better prediction of rainfall over the Chennai
domain. This is evident from the correlation cal-
culations with satellite observations, which show
a higher spatial correlation in the Cartosat-run
when compared with the SRTM-run. Furthermore,
rainfall forecast verification using the Chembaram-
bakkam rain gauge station shows an improvement
of ~4.79mm/h and a histogram analysis reveals
that the number of occurrences of moderate—heavy
rainfall over the Chennai domain has improved in
the Cartosat-run, which is in synergy with the
histogram analysis of simulated cloud fractions.
Therefore, we may hypothesise that the amount,
location and phase of the rainfall patterns over the
model domain are highly improved by the improve-
ments in the mountain dimensions and slope, which
in turn resulted in an improvement in the predic-
tion skill of NCUM-R. This improvement in the
prediction skill of NCUM-R will help improve the
disaster management and flood area assessments in
India.

The skill of the currently employed ensemble
prediction method can be improved by the use
of a convective scale ensemble prediction system,
which accounts for the model errors such as the
errors introduced by the initial condition (IC),
lateral boundary condition (LBC), model physics,
etc. However, such an ensemble system at a high-
resolution regional scale was not available at NCM-
RWF during the study period. It is envisaged that
future work will employ the convective scale ensem-
ble prediction systems, including sub-grid scale
orographic effects using Cartosat-1 DEM and the
evaluation of mixed phase clouds simulation using
COSP with satellite observations.
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