
Vol.:(0123456789)

SN Applied Sciences (2020) 2:1869 | https://doi.org/10.1007/s42452-020-03645-7

Case Study

An assessment of a very severe cyclonic storm in the Arabian sea using 
the COSMO model

Roshny S.1,2  · D. Bala Subrahamanyam1  · Anurose T. J.3  · Radhika Ramachandran1

Received: 20 June 2020 / Accepted: 7 October 2020 / Published online: 23 October 2020 
© Springer Nature Switzerland AG 2020

Abstract

Accurate and reliable representation of convective processes is one of the major sources of uncertainty in numerical 
weather prediction (NWP) models, especially for those operating in the grey zone resolutions. The performance of NWP 
models become more sensitive to their grid resolutions, when they are used for simulation of severe weather events, 
such as a cyclonic storm. In this paper, we present a detailed assessment of an intense convective episode with heavy 
precipitation associated with the passage of a very severe cyclonic storm “OCKHI” using the Consortium for Small-scale 
Modelling (COSMO). A set of distinct numerical simulations are carried out using COSMO to address the impact of grid 
resolution and the treatment of explicit and implicit convection. Results obtained from the present investigation indicate 
that explicit treatment of convection in the COSMO model led to improved prediction of the cyclonic event in terms of 
sea level pressure, maximum sustained surface wind speeds and the accumulated rainfall, but reduction of the spatial 
grid resolution from 7 to 3 km did not show appreciable di�erences in the forecast �elds. Conclusively, the current study 
recommends switching o� the convection parameterization scheme at a grid resolution of 7 km for improved predict-
ability of tropical cyclones.
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1 Introduction

Advances in numerical weather prediction (NWP) models 
is directly linked with the dramatic increase in processing 
powers of supercomputers which has enabled numerical 
simulations of the atmosphere at very �ne grid spacing 
in a range as small as 1–10 km [1]. At such resolutions, 
the physical processes such as turbulence, convective 
transport and clouds can be partially resolved, which 
are otherwise represented through parameterization 

schemes at coarser resolutions [2]. Presently, there is still 
no agreement in mainstream researchers on whether a 
convection parameterization is obligatory at “gray-zone” 
resolutions as the small grid boxes in the NWP models are 
still inadequate to represent the complete spectrum of 
convective motions [3–6]. Moreover, convection involves 
complex interactions with cloud formation which in�u-
ence the atmospheric circulation through diabatic and 
radiative e�ects. Methods for simulating convective pre-
cipitation have been a major focus during the evolution of 
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NWP models over the past few decades. Notwithstanding, 
the advancement toward this path has been moderately 
delayed because of numerous ambiguities in both repre-
senting the problem as well as modelling the complex pro-
cesses in convective events [7]. Furthermore, the schemes 
of parameterization in a model are directly or indirectly 
linked with each other, and reducing the errors attributed 
to one scheme needs improvements across the board to 
all facets of the model [8, 9].

Re�nement in spatial grid resolution of the weather pre-
diction models is constrained by the advancement in com-
putational infrastructure. Currently, most of the regional 
operational NWP models are con�gured for a spatial grid 
resolution of a few kilometers. The initial conditions and 
time-varying lateral boundary conditions for the regional 
NWP models are obtained by downscaling the coarse-grid 
data from the global models after taking into account of 
the distinct features of the surface and model topography, 
which are generally available at far better spatial resolu-
tions. Even though the larger scale forecasts contain the 
downscaled product, the process of downscaling may 
still add considerable value in certain circumstances, like 
when an intense convective event prevails over the study 
domain [10]. At very �ne grid resolution, the model attains 
inherent potential to explicitly resolve these processes. In 
this manner, dynamical downscaling of NWP models pro-
vide cloud-resolving capabilities, and the parameteriza-
tion of convective processes tends to become an obsolete 
component within the regional high-resolution simula-
tions. However, there is still lack of agreement within the 
NWP community on this topic, and scienti�c debate is 
going on regarding: (1) how the parameterization of con-
vection can be “switched o�” at �ne grid resolution? [11]; 
and (2) at which spatial grid resolution such a toggle must 
take place in NWP models? The onus is on obtaining a bal-
ance with a su�ciently high resolution which realistically 
represents convective processes and precipitation statis-
tics without using a convection parameterization scheme, 
within the capabilities of the available computer resources. 
Ultimately, the modellers would like to have a scale-aware 
parameterization scheme, so that it turns o� naturally at 
�ne grid resolution.

The tropical cyclones (TCs) have the potential to be dis-
astrous weather phenomena and are capable of causing 
substantial damage to life and physical infrastructure in 
tropical maritime countries [12]. Extreme winds and heavy 
rainfall associated with TCs have drawn the attention of 
researchers over the years, and �ne-grid NWP forecasts 
have been helping the decision-makers to take advance 
precautions towards the passage of TCs. Accuracy of an 
operational NWP model in terms of early prediction of 
a TC, its movement, intensity, and associated precipita-
tion is invariably linked with the performance of di�erent 

parameterization schemes adopted by the model for 
treatment of subgrid-scale processes. Here we present a 
case study on the treatment of convection in a regional 
NWP model, namely—Consortium for Small-scale Mod-
elling (COSMO) during the passage of OCKHI, a “Very 
Severe Cyclonic Storm (VSCS)” over the central Arabian 
sea. OCKHI was one of the rarest cyclonic storms whose 
genesis took place in the Comorin Sea and subsequently 
the storm traveled more than 2000 km over the Arabian 
sea before making its landfall on the western coastline of 
the Indian peninsula. OCKHI attained rapid intensi�cation 
from a deep depression over the Comorin sea to a cyclonic 
storm within 6 h itself [13, 14].

The main objectives are broadly categorized into two 
aspects: (1) To study impact of downscaling on differ-
ent atmospheric �elds including the precipitation over 
a cyclone-a�ected oceanic region; (2) To assess the rele-
vance of implicit treatment of convection at two grid reso-
lutions by analyzing the model simulated �elds through a 
time-lagged ensemble approach.

This paper is organized into �ve sections. Section 1 
provides details about the COSMO model with a special 
emphasis on the parameterization of convection adopted 
by the model. Section 2 describes the method, the design 
of sensitivity experiments in the COSMO model, and the 
details of the database. All the important results obtained 
from the present article are detailed in Sect. 3. Finally, 
important conclusions drawn from the present article are 
summarized in the last section.

2  About the COSMO model

The COSMO is a non-hydrostatic limited-area atmos-
pheric prediction model that was developed at 
Deutscher Wetterdienst (German Weather Services) 
for operational NWP and various research applications 
on the meso-�  and meso-�  scale [15–17]. The three 
dimensional non-hydrostatic governing equations of 
the atmosphere are solved numerically on an Arakawa 
C-grid [15]. The temporal integration of the governing 
equation is done with the Runge-Kutta scheme with 
a prescribed time step chosen by the user. The lowest 
vertical level of the model is placed at 10 m above the 
local topography and a generalized terrain following 
height co-ordinate system is adopted for the definition 
of vertical grid points above. The prognostic variables 
in this model include temperature, specific humidity, 
horizontal and vertical Cartesian wind components, 
pressure perturbation, cloud water content, cloud ice 
content, turbulent kinetic energy, specific water con-
tent of rain, snow and graupel [18]. The COSMO model 
includes parameterization for radiative transfer, cloud 
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micro-physics, sub-grid scale turbulence, and convec-
tion. The model also includes parameterization for the 
ground heat and water transport and the land-atmos-
phere interactions. Surface-layer turbulent fluxes of 
momentum, heat and moisture provide a coupling 
between the atmospheric part of the model and the 
soil model. COSMO employs a stability and roughness-
length dependent formulation of surface-layer turbu-
lent fluxes, in which an analytic procedure is applied 
in the flux calculation in the Prandtl layer for improved 
computational efficiency [19, 20]. In the surface-layer 
parameterization scheme, the bulk exchange coeffi-
cients are approximated by iterative solution of ana-
lytical functions that relate these coefficients to the 
roughness length for momentum, heat and moisture. 
The magnitudes of bulk Richardson number (Ri

B
 ) are 

used for the discriminating the turbulent flow from the 
laminar flow, and thus representing the dynamic stabil-
ity of the atmosphere [21]. The formation and modifi-
cation of clouds is described by a bulk micro-physics 
parameterization including water vapour, cloud water, 
and ice, rain and snow with a fully prognostic treat-
ment of precipitation, i.e., three-dimensional transport 
of rain, and snow is directly calculated [22]. Condensa-
tion and evaporation are parameterized by saturation 
adjustment whereas depositional growth and sublima-
tion of cloud ice are estimated using an explicit non-
equilibrium growth equation. Sub-grid scale cloudi-
ness for radiation calculations is parameterized by an 
empirical function depending on relative humidity, ice 
content, and height. Time integration in COSMO uses a 
second order leapfrog time-split integration approach. 
Different schemes of initialization are available in the 
COSMO model, wherein the initial and lateral bound-
ary conditions of the atmosphere are fed to the model 
through a tailored sub-set of the global model’s analysis 
and forecast fields. In the present study, we have used 
COSMO Version 5.05 for all simulations. This version of 
the model was released in April 2018. More details on 
the functioning of COSMO are accessible on the model’s 
website and other published literature [13, 15–18].

3  Methods and data

In the present work, the initial and lateral boundary 
conditions of the atmosphere are extracted from the 
analysis and forecast fields of ICON (ICOsahedral Non-
hydrostatic, a German global model) and are used for the 
initialization of COSMO. Further technical details on the 
COSMO model configuration used in the present study 
are described in Table 1.

3.1  Model simulations

The research work is focused on the performance evalua-
tion of COSMO model for an intense rainfall episode dur-
ing the passage of OCKHI—a VSCS over the central Arabian 
sea. The genesis of this cyclonic storm was observed over 
the Comorin sea in the November 2017 and afterward, 
the storm made north-westward progression and subse-
quently attained the status of a VSCS on the afternoon of 
1 December 2017. The primary objective of this case study 
is to assess the treatment of convection in COSMO and 
the impact of dynamical downscaling on the precipitation 
�elds over the central Arabian sea, which received very 
intense rainfall during the progression of OCKHI. Hence, 
a geographical region of about 1780 km × 1780 km cen-
tered around the coastal Arabian sea between 66°E and 
82°E longitudinal band and extending from 6°N to 22°N 
latitudes, is con�gured as the model domain. In the verti-
cal direction, a total of 50 vertical levels are con�gured in 
COSMO with the model ceiling at an altitude correspond-
ing to 10 hPa. The analysis �elds corresponding to 00 and 
12 UTC of ICON global model for a period of 3 days from 
1 December 2017 to 3 December 2017 are utilized as the 
initial conditions for each distinct simulations, and forecast 
�elds for + 48 h were generated from all individual simula-
tions. Di�erent meteorological �elds extracted from the 
COSMO forecasts form the main database in this study. 
Di�erent atmospheric �elds of the ICON German global 
model are available at a horizontal grid spacing of 0.13° 
[25–27]. Here, we have chosen the Tiedtke scheme of con-
vection, which is a well-tested scheme and is also used 
as the default parameterization scheme of convection in 
COSMO model [28–30].

3.2  Sensitivity experiments with NWP model

A total of three distinct numerical sensitivity experiments 
are designed and carried out in the present study for 
addressing the impact analysis of the treatment of con-
vection in the COSMO model. In these experiments, four 
distinct Analysis �elds of the ICON global model corre-
sponding to 00 and 12 UTC of 1 December, and 00 and 
12 UTC of 2 December 2017, provide initial conditions to 
the COSMO model for simulations with a lead time of + 48 
h, + 36 h, + 24 h, and + 12 h, respectively. Model simu-
lations with di�erent lead times are good for generation 
of a time-lagged ensemble. We have estimated the time-
lagged ensemble forecast �eld by taking average of di�er-
ent lead times for individual experiments described below. 
The lateral boundary conditions for all these simulations 
are provided by the ICON forecast �elds with an interval of 
3 h. Below, we explain the details about these numerical 
experiments (also refer to Table 1): 
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1. Parameterized convection at  ~ 7 km resolution (PC7) 

simulations

  In the �rst set of simulations (hereafter referred to 
as the PC7 simulations), COSMO model is con�gured 
for a spatial grid resolution of 0.0625° (= approxi-
mately 7 km), and the necessary constant and vary-
ing surface/atmospheric variables are downscaled 
from coarse grid ( 

∼
0.13°) �elds of ICON to a �ne grid 

( 
∼

0.0625°) of COSMO for the generation of initial and 
lateral boundary conditions. For PC7 simulations, con-
vective processes are parameterized using the Tiedtke 
convection parameterization scheme. For capturing 
the severe convective episode and associated rain-
fall �elds observed on 00 UTC of 3 December 2017, 
a time-lagged ensemble for four distinct simulations 
with di�erent leadtimes (e.g., PC7-48 where the 48 is 
the leadtime in hours) are carried out.

2. Explicit treatment of convection at  ~ 7 km resolution 

(EC7) simulations

  In the second set of simulations (hereafter referred 
to as the EC7 simulations), the grid resolution of the 
model is kept as same as the PC7 simulations, but the 
convective processes are explicitly simulated, and 
the provision for parameterization of convection is 
switched o�. Similar to the previous experiment, a 
time-lagged ensemble forecast �elds are generated 
with di�erent lead times.

3. Explicit treatment of convection at  ~ 3 km resolution 

(EC3) simulations

  This set of simulations (hereafter referred to as the 
EC3 simulations) are very similar to the EC7 simula-
tions except for the fact that the horizontal grid resolu-
tion in this set is further reduced to 0.025°. In this set 
of simulations also, the convection parameterization 
scheme is switched o�, and convective processes are 
explicitly simulated. For �ne-grid spatial resolutions, it 
is recommended to switch o� the convection param-
eterization scheme at horizontal grid resolutions �ner 
than 3 km, and the convective processes at such �ner 
resolutions must be treated directly.

The above mentioned numerical experiments provide 
detailed insights on two aspects: (1) parameterized versus 
explicit convection; and (2) assessment of model resolu-
tion for convective-permitting model simulations through 
a time-lagged ensemble of forecast �elds with di�erent 
leadtimes.

3.3  Observations

For the validation of model-simulated forecast �elds, we 
have made use of two standard global reanalysis �elds, 
namely—ERA5 (European Centre for Medium Range 

Weather Forecasts Reanalysis) and National Center for 
Atmospheric Research (NCEP) Global Data Analysis Sys-
tem (GDAS) FNL (Final) 0.25 Degree Global Tropospheric 
Analyses and Forecast Grids (hereafter referred to as the 
FNL reanalysis). Both these reanalysis �elds are widely 
used and accepted for the validation of regional NWP 
model simulations [31, 32]. In the present study, we have 
examined the basic meteorological parameters such as sea 
level pressure, surface winds, air temperature, and accu-
mulated rainfall from the reanalysis data for the validation 
of COSMO model simulations.

In addition to these reanalysis fields, we have also 
made use of satellite-based precipitation measurements 
obtained from the Integrated Multi-satellitE Retrievals 
for GPM (IMERG) for the validation of accumulated rain-
fall from di�erent con�gurations of the COSMO [33, 34]. 
Here, we have used IMERG Level-3 data for the validation 
of 24 h accumulated rainfall measurements. In addition to 
the above-mentioned �elds, we have also made use of the 
best track data from the India Meteorological Department 
(IMD, http://www.imd.gov.in) on the time progression of 
OCKHI including the exact location of the eye of the storm. 
Maximum sustained surface winds and the estimated cen-
tral pressure of the cyclonic core data are also taken from 
the IMD report.

4  Results and discussion

4.1  Intense convective precipitation episode 
over the coastal Arabian sea

OCKHI was one of the rarest cyclonic storms with its total 
life span of 162 h during which it traveled a distance of 
2538 km over the Arabian sea [13, 14]. Historically speak-
ing, none of the Depressions or Cyclonic Storms formed 
in the month of December over the Comorin Sea ever 
became a VSCS in the last 100 years. OCKHI attained the 
status of a Cyclonic Storm from the stage of a Depression 
within 6 h. Its rapid intensi�cation was extremely unusual 
compared to normal storms. After attaining the status of 
VSCS, a broad region of the central Arabian sea received 
intense rainfall from 1 December 2017 to 5 December 
2017. Due to its long life span and associated intense 
rainfall over the central Arabian sea, this cyclonic event 
becomes an ideal case for investigation on the treat-
ment of convection in COSMO model. We have chosen 
a geographical area over the Arabian sea as the model 
domain centered over the region covering the convec-
tive events from 2 December to 3 December 2017 (see 
Fig. 1). Spatial �elds of 24 h accumulated rainfall for 00 
UTC of 3 December 2017 obtained from PC7 simulations 
are shown in background in Fig. 1 for a quick assessment 

http://www.imd.gov.in
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of the convective episode. The progression of OCKHI 
cyclonic storm from its formation as a depression on the 
early morning of 29 November 2017 to its �nal landfall and 
dissipation on 6 December 2017 are also marked along 
the trajectory. After its genesis, the storm gained intensity 
and moved north to north-westward and �nally became a 
VSCS on the afternoon of 1 December 2017. During its pas-
sage over the coastal Arabian sea from 29 November 2017 
to 3 December 2017, the storm moved north-westward, 
yielding in heavy (64.5–115.5 mm) to very heavy (> 115.5 
mm) precipitation over the central Arabian sea. Top row of 
Fig. 2 depicts + 24 h forecasted accumulated rainfall over 
the model domain for 00 UTC of 3 December 2017 as seen 
in (a) satellite-based GPM IMERG observation, (b) ERA5 rea-
nalysis �eld and (c) FNL reanalysis �eld. We also show the 
concurrent + 48 h and + 24 h advanced COSMO forecasts 
in the bottom row of Fig. 2d, e, respectively. The track of 
OCKHI is also overlaid on the spatial maps of 24 h accumu-
lated rainfall in Fig. 2. The OCKHI storm remained as a VSCS 
during this episode and made a north-westward move-
ment of about 350 km within 24 h. Satellite-based IMERG 
observation of precipitation, as well as the model-based 

ERA5 and FNL reanalysis field also indicated heavy to 
very heavy rainfall over the central Arabian sea along the 
observed track of OCKHI storm (top row of Fig. 2). It may 
also be noted that COSMO model simulations with a lead 
time of + 24 h as well as + 48 h shown in the bottom rows 
of Fig. 2 also indicated wide-spread heavy rainfall. Based 
on the intensity of convection, and category of OCKHI on 
these days, we have con�rmed the severe convective pre-
cipitation episode from 00 UTC of 2 December 2017 to 00 
UTC of 3 December 2017 over the Lakshadweep islands 
and the central Arabian sea as the primary case for inves-
tigation of the treatment of convection in COSMO model 
based on di�erent initial conditions.

4.2  Simulation of sea level pressure and wind �elds

Based on the IMD bulletin number 30 (BOB 07/2017), 
the OCKHI cyclonic storm was very active on 00 UTC of 3 
December 2017, and its category was retained as a VSCS. 
On this day, there was a noticeable pressure drop of more 
than 15 hPa around the center of the storm, and the maxi-
mum sustained surface winds were reported to be as high 
as 86 knots. Figure 3 compares the spatial maps of sea 
level pressure and 10 m horizontal wind �elds simulated 
by COSMO, with the global datasets. The top row depicts 
the spatial maps of sea level pressure and wind fields 
inferred from the global models whereas the bottom row 
shows the time-lagged ensemble mean of COSMO model 
predictions with lead times of 48-, 36-, 24-h and 12-h.

Spatial maps of sea level pressure inferred from the 
ERA5 and FNL reanalysis as well as the ICON analysis clearly 
showed the presence of a prominent low-pressure region 
with a pressure drop of more than 15 hPa over the central 
Arabian sea. The location of the low-pressure region simu-
lated by three global models were lying within a range 
of about 50 km from the actual location reported by the 
IMD. In the case of the ICON analysis �eld, the deviation 
between the inferred and observed eye of the cyclone was 
41.7 km. All three con�gurations of COSMO model simula-
tions could clearly capture the presence of an intense low-
pressure system, indicating the potential of the COSMO 
model in early prediction of the storm and its intensity. 
Interestingly, COSMO model simulations with three dis-
tinct con�gurations do not show any large or signi�cant 
di�erences among themselves in terms of the intensity 
and location of the low-pressure region. This indicates that 
simulation of large-scale feature is more important in such 
cases rather than representation of �ne-scale features.

The top row of Fig. 3 represents three truths about the 
prevailing meteorological conditions through global mod-
els, which showed identical large-scale features, but dif-
fered from each other in terms of the magnitudes of the 
storm. ERA5, FNL and ICON global models clearly indicated 

Fig. 1  Geographical domain of the COSMO model. The background 
colour map shows 24 h accumulated precipitation (mm) on 00 UTC 
of 3 December 2017. The trajectory of OCKHI cyclonic storm from 
its formation as a depression on 29 November 2017 to its landfall 
and dissipation on 6 December 2017 is also overlaid on the plot. 
The trajectory along which the storm was categorized as a VSCS, is 
marked in red colour. Predicted trajectory of the storm through PC7 
con�guration of COSMO is marked in green colour



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1869 | https://doi.org/10.1007/s42452-020-03645-7 Case Study

the presence of a low-pressure system, but the magnitude 
of associated wind speeds ranged from 32 to 80 knots. 
In contrast to this, the di�erences in the magnitudes of 
the storm simulated by three distinct con�gurations of 
COSMO were very minimal, as against large di�erences 
between the global datasets. The wind �elds inferred from 
the ICON analysis (Fig. 3c) show a well-established coun-
ter-clockwise cyclonic circulation with the magnitudes 
of maximum sustained winds ranging between 34 to 40 
knots only, whereas it ranged between 40 and 64 knots in 
the case of COSMO model simulations.

With a view to quantifying the impact of dynamical 
downscaling of the COSMO model from ICON �elds, we 
show time-series plot of the estimated central pressure of 
the cyclonic storm and maximum sustained surface winds 
(Wind Speedmaximum ) in Fig. 4. As OCKHI attained the status 
of VSCS on 12 UTC of 1 December, the central pressure 
over the eye of the cyclonic storm further dipped from 
986 to 976 hPa on 6 UTC of 2 December 2017. In the case 

of ICON forecasted �elds, the simulated core pressure was 
in the range of 989–991 hPa. However, the regional NWP 
model COSMO with three con�gurations yields core pres-
sure to a minimum of about 984 hPa, which is substan-
tially better than the ICON �elds. Nonetheless, it has to be 
noted that the estimated core pressure from COSMO was 
still higher than the actual observed central pressure. Fig-
ure 4b shows the maximum sustained surface winds from 
the ICON and COSMO �elds, together with the concurrent 
IMD observations. In the case of COSMO and ICON mod-
els, Wind Speedmaximum is taken as the peak wind speed 
within an interval of 1 h. Traditionally, IMD uses the high-
est 3 min surface wind occurring within the circulation 
of the system. An inter-relationship between the central 
pressure de�cit and the peak surface wind speed during 
the tropical cyclones, is a long-standing topic of investiga-
tion which is approximated empirically but lacks physical 
understanding [35, 36]. Here, we observe that the mag-
nitudes of maximum sustained winds simulated by ICON 

Fig. 2  a Satellite-based GPM IMERG observations of 24 h accu-
mulated precipitation (in mm) received over the study domain 
between 00 UTC of 2 December 2017 to 3 December 2017 associ-
ated with the passage of OCKHI; b, c concurrent precipitation maps 
from the ERA5 and FNL reanalysis; d, e advanced prediction of 24 h 

accumulated rainfall for the same period as shown in the top row 
by COSMO model with PC7 con�guration with a lead time of + 48 
and + 24 h based on the initial conditions of 00 UTC of 1 December 
2017 and 2 December 2017, respectively
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were relatively lower than the concurrent values obtained 
from three distinct con�gurations of COSMO. These dif-
ferences can be attributed to the wind-pressure relation-
ship, as the magnitudes of estimated central pressure in 
ICON simulations were higher than that of the COSMO. 
During the �rst 24 h of simulations, 7-km resolution of 
the COSMO model con�guration with the parametrized 
and the explicit treatment of convection yield almost 
similar magnitudes of Wind Speedmaximum , whereas the 
3-km con�guration allows the system to become more 
intense. Even though the observed wind speeds were not 
so intense as that seen in the EC3 con�guration, it is an 
interesting observation to note that the �ner resolution 
allows the tropical storm to become more intense, which 
is likely to be a systematic impact of the �ner resolution. A 
comprehensive examination of the sea level pressure and 
winds clearly indicates the intensity of OCKHI was under-
estimated by the ICON model, which is improved in the 
dynamically downscaled COSMO model simulations.

4.3  Simulation of precipitation �elds for 00 UTC of 3 
December 2017

Traditionally, the rain guages are considered as the most 
accurate way of measuring the rainfall, but logically it is 
not possible to have a network of raingauges over oce-
anic regions, therefore the satellite instruments provide 
a good alternative for the estimation of reality through 
remote sensing techniques. Figure 5 depicts 24 h accumu-
lated rainfall between 00 UTC of 2 December to 00 UTC of 
3 December 2017 from satellite-based IMERG data, ERA5 
reanalysis and FNL analysis data, together with the con-
current predictions of COSMO through PC7, EC7 and EC3 
con�gurations. The top row of Fig. 5 depicts three di�erent 
types of rainfall estimations. The IMERG �elds are satellite 
derived rainfall, while the ERA5 and FNL provide the esti-
mation of rainfall through two distinct global models. Even 
though the IMERG data provides a reliable estimation of 
the rainfall, it can only be treated as a satellite estimation 

Fig. 3  Sea level pressure (in hPa) and maximum sustained surface 
wind speed (in m/s) corresponding to 00 UTC of 3 December 2017 
in a ERA5 reanalysis, b FNL reanalysis; and c ICON analysis �elds. 

d–f a time-lagged ensemble mean forecast of di�erent lead times 
obtained from COSMO for PC7, EC7 and EC3 simulations
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of the reality, whereas the ERA5 and FNL derived rainfall 
are two other alternative ways of estimating the reality. A 
comparison of the rainfall estimated through di�ernt con-
�gurations of the COSMO model with satellite and global 
model data would provide us deep insights on the prob-
able uncertainties in the estimation of rainfall during such 
a severe weather event. Broadly speaking, the rainfall esti-
mated by IMERG and two global models showed a similar 
pattern of the accumulated rainfall, but the magnitudes 
were not similar.

The COSMO model simulations with PC7, EC7 and 
EC3 con�gurations indicating 24 h accumulated rainfall 
with a lead time of + 24 h are shown in the second row 
of Fig. 5. The parameterized convective simulation PC7-
24 yield fairly widespread rainfall over the central Arabian 
sea similar to that seen in the IMERG data. The EC7 and 
EC3 con�gurations of the COSMO allowed us to switch o� 
the convection parameterization scheme, resulting in 24 
h accumulated precipitation maps shown in the second 
row of Fig. 5. Both these con�gurations result in a lack 

of rainfall for a broader region of the model domain. In 
general, the area with heavy precipitation is con�ned to 
a very small region across the track of OCKHI in EC7 and 
EC3 simulations. One of the important conclusions from 
this comparison is that the di�erence between in the esti-
mated rainfall between EC7 and EC3 is much smaller than 
the di�erence between EC7 and PC7. This indicates that 
the impact of representation of convection appears to be 
more important than the spatial resolution of the model.

The rainfall maps obtained from IMERG observations 
and COSMO model simulations are categorized into 
standard classes of accumulated rainfall and are shown in 
Fig. 6. Based on the rainfall category map corresponding to 
IMERG observations (Fig. 6a), it can be noticed that about 
52% of the grid points are rain-free. Among the grid points 
with rain, very light to moderate rain grid points were 
spread almost in a uniform fashion, while there were only a 
very few grid points (less than 3%) amounting to relatively 
high to very high rain category. In the case of PC7 simula-
tions (Fig. 6b), the proportion of rain-free grid points was 

Fig. 4  a Time-series plot of minimum central pressure (in hPa) observed over the core of cyclonic storm through ICON �elds and COSMO 
simulations, together with the estimated central pressure by IMD. b Same as a, but for the maximum sustained surface winds (in m/s)
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about 60%, larger than the IMERG observations. Share of 
very light rain to moderate rain in this simulation was more 
or less uniform and was comparable to the IMERG observa-
tions. However, the percentage of grid points amounting 
to relatively high to extremely high rain class was higher 
than the IMERG observations. COSMO model simulations 
with an explicit treatment of convection (i.e., EC7 and EC3) 
(Fig. 6c, d) yielded a larger proportion of rain-free grid 
points as against the simulations with implicit treatment of 
convection. Both the EC7 and EC3 simulations resulted in 
extremely heavy rainfall (> 244.5 mm) for a few grid points, 
whereas the IMERG observations did not show any grid 
point with such a large value of precipitation.

In one of the regime-dependent evaluation studies 
of the accumulated precipitation in COSMO, Akkermans 
et al. [28] have evaluated two variants of the COSMO: a 
�ne-resolution version (2.8 km, COSMO-DE) and a coarse-
resolution version (7 km, COSMO-EU) for the German 

region. They observed a strong over-estimation of the 
precipitation fields by COSMO-EU, whereas a positive 
bias was identi�ed on top of topographical features such 
as the mountains and hill ridges. One of the plausible 
causes for di�erences in the convection parameterization 
scheme was discussed as the graupel scheme in COSMO-
DE, which might lead to over-estimation of the precipi-
tation subject to the formation of quick precipitation in 
the form of graupel [28]. In this context, our investigation 
yields reduced precipitation over the coastal Arabian sea 
when the convective processes are dealt explicitly and the 
parameterization scheme for moist convection is switched 
o�. Champion and Hodges [37] have investigated some 
of the important problems associated with dynamical 
downscaling of the Met O�ce Uni�ed Model by looking 
at the optimum con�guration for obtaining the distribu-
tion and intensity of a precipitation �eld to match obser-
vations. Their study has shown that realistic precipitation 

Fig. 5  24 h accumulated rainfall (in mm), from 00 UTC of 2 Decem-
ber 2017 to 00 UTC of 3 December 2017 extracted from a satellite-
based IMERG data, b ERA5 reanalysis, c FNL reanalysis; bottom row: 

d–f concurrent + 24 h predictions based on PC7, EC7 and EC3 simu-
lations, respectively
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intensities can be obtained using a high-resolution Limited 
area model-driven from a coarse resolution global model.

4.4  Track error analysis for PC7, EC7 and EC3 
simulations

In this section, we present the track error analysis for 
three different configurations of COSMO as a function 
of lead time taken by the model for prediction of the 
location of the cyclonic storm. Subrahamanyam et al. 
[14] have shown a mean deviation of 74 km between 
the observed and predicted eye of the cyclone for a lead 
time of + 24 h from the genesis of OCKHI to its final dis-
sipation stage. For a detailed assessment of the impact 
of dynamical downscaling and explicit treatment of 
convection in the COSMO model, we evaluate the pre-
dicted and observed eye of the cyclone on 00 UTC of 
3 December 2017 for PC7, EC7 and EC3 configurations 
with different lead times. As per the IMD reports, the 
eye of the cyclone was located at 11.82°N, 69.15°E on 
00 UTC of 3 December 2017. Predicted location of the 
eye of the cyclonic storm for different initial conditions 
corresponding to + 48 to + 12 h lead time for PC7, EC7, 

and EC3 simulations are tabulated in Table 2. The esti-
mated deviation between the predicted and observed 
eye of the cyclone is also shown as a function of lead 
time in the Table. Deviations in the track error for + 12 h 
is partially attributed to the spin-up of COSMO and ini-
tial/lateral boundary conditions provided to the model. 
Even though the prediction of low-pressure regime asso-
ciated with the eye of the cyclone is not directly related 
with the treatment of moist convection, we notice a 
small improvement in the time-lagged EC7 and EC3 
runs, as against the PC7 runs. Further, the track differ-
ence between all three configurations of COSMO are 
relatively small.

Based on the overall assessment of the COSMO model 
for implicit and explicit treatment of convection with 
regard to the track error as well as the magnitudes of 
estimated rainfall three different experiments, it can be 
concluded that the impact of explicit representation of 
convection is more important than the grid resolution 
of the model, as the results obtained for EC7 and EC3 
configurations yielded similar pattern of rainfall as well 
as the track of the storm.

 54.96 (NR)
 17.50 (VLR)
 14.44 (LR)
 10.67 (MR)
 01.89 (RH)
 00.50 (HR)
 00.03 (VHR)
 00.00 (EHR)

IMERG

 59.52 (NR)
 10.38 (VLR)
 07.66 (LR)
 13.69 (MR)
 03.60 (RH)
 03.95 (HR)
 01.12 (VHR)
 00.07 (EHR)

PC7

 78.03 (NR)
 07.69 (VLR)
 03.26 (LR)
 05.14 (MR)
 02.57 (RH)
 02.29 (HR)
 00.84 (VHR)
 00.17 (EHR)

EC7

 76.97 (NR)
 08.06 (VLR)
 03.26 (LR)
 05.50 (MR)
 03.34 (RH)
 01.83 (HR)
 00.83 (VHR)
 00.22 (EHR)

EC3

Fig. 6  Pie-chart of standard rain classi�cation for the study domain 
as observed in IMERG and three di�erent con�gurations of COSMO 
(i.e., PC7, EC7 and EC3). Rain categories are classi�ed as: no rain (NR, 
0 mm); very light rain (VLR, 0.1–2.4 mm); light rain (LR, 2.5–7.5 mm); 

moderate rain (MR, 7.6–35.5 mm); relatively heavy (RH, 35.6–64.4 
mm); heavy rain (HR, 64.5–124.4 mm); very heavy rain (VHR, 124.5–
244.4 mm); extremely heavy rain (EHR, > 244.5 mm)
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5  Conclusion

In this research work, we assess the value of implicit and 
explicit treatment of convection in a regional NWP model 
COSMO during the passage of a VSCS over the coastal Ara-
bian sea. We have also attempted to investigate the role of 
initial conditions with di�erent lead times in the prediction 
of severe weather alerts by preparation of a time-lagged 
ensemble forecast �eld, which helped us to determine the 
performance of COSMO model with three distinct con�gu-
rations. Presently, there is no acceptable clarity about the 
spatial grid resolution of an atmospheric model at which 
the convective processes can be directly resolved. There is 
a good consensus that the use of high horizontal resolu-
tion improves weather and climate simulations in many 
ways, and tropical cyclones can be better resolved with 
�ner grid spacing. In the present case, explicit treatment 
of convection in the COSMO model led to improved pre-
diction of the cyclonic event in terms of sea level pressure, 
maximum sustained surface wind speeds and the accumu-
lated rainfall, but reduction of the spatial grid resolution 
from 7 to 3 km did not show appreciable di�erences in the 
forecast �elds. A �ne representation of orographic infor-
mation leads to improved precipitation patterns over the 
land regions, but the present study conducted over the 
oceanic region yields no signi�cant improvements in the 
forecast �elds with �ne grid resolution.

In NWP models, dynamical downscaling is considered 
as a useful approach to capture and assess the potential 
impact of these severe weather events. Hence, it is impor-
tant to understand under what conditions the dynamical 
downscaling is really capable of improving the model’s 
credibility or can reproduce weather extremes in an e�-
cient manner compared to the coarse grid model. While 

choosing a regional NWP model at a very �ne resolution, 
the modeler also needs to strike a good balance between 
the implicit and explicit treatment of convection. In this 
context, the present article provides a valuable impact 
analysis of the implicit and explicit treatment of convec-
tion in COSMO at higher resolution. Based on a compre-
hensive examination of di�erent spatial maps of mete-
orological parameters simulated through the implicit and 
explicit treatment of convection at a resolution of 7 km, 
the current study recommends switching o� the convec-
tion parameterization scheme for improved predictability 
of severe weather events such as tropical cyclones.
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Table 2  Di�erences (in km) between the observed and concurrent simulated coordinates of the eye of the cyclone by PC7, EC7 and EC3 
con�gurations of COSMO

IMD had reported the eye of the cyclone at 11.82° N, 69.15° E for 00 UTC of 3 December 2017

Lead time Predicted location of the eye of the Ockhi cyclone by COSMO

PC7 EC7 EC3

Latitude (°N) Longitude 
(°E)

Deviation 
(km)

Latitude 
(°N)

Longitude 
(°E)

Deviation 
(km)

Latitude 
(°N)

Longitude 
(°E)

Deviation 
(km)

48 h Fore-
cast

13.500 68.375 204.92 13.375 68.437 189.47 13.500 68.500 184.230

36 h Fore-
cast

13.437 68.500 193.252 13.437 68.562 190.880 13.400 68.600 185.606

24 h Fore-
cast
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12 h Fore-
cast
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