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Abstract
The present study investigates the performance of a regional numerical weather prediction model; namely, the Consortium 
for Small-scale Modelling (COSMO) in the prediction of the tropical cyclone (TC) trajectories for varying intensities of 
the storm. A total of 8 TCs formed over the Northern Indian Ocean from 2017 to 2019 are chosen for the evaluation of the 
COSMO model. The central pressure ( P

Central
 ), pressure drop ( �P ), and maximum sustained surface wind speed (MSW) 

simulated by the COSMO model are validated against the concurrent observations from India Meteorological Department. 
The forecasted mean track errors are 95 km for a lead time of 24 h, whereas it was about 140 km for a lead time of 48 h. The 
mean initial positional error in identification of the storm was about 50 km. The intensity of a storm is underestimated in 
terms of �P and MSW, especially for a lead time of 0–24 h, whereas the model shows a consistent overestimation for a lead 
time of more than 24 h. During the initial stage of a storm, when its intensity is categorized as a Deep Depression, we notice 
a maximum amount of uncertainty in the prediction of cyclone track. The COSMO model yields improved predictability 
of the tracks for storms categorized as Very Severe Cyclonic Storms. As the intensity of a storm increases from a Deep 
Depression to a Very Severe Cyclonic Storm, the track errors associated with model simulations tend to decrease. Results 
of the present study illustrate the predictability of TCs from COSMO in terms of the trajectory and intensity of the storm.

1  Introduction

Tropical cyclones (TCs) are some of the most destructive 
and devastating natural hazards attracting timely attention 
of disaster management system. Accurate analysis of the 
intensity of a TC, its structure, and position is very much 
crucial, especially for those cases when these variables are 
consistently changing. The ability of numerical weather pre-
diction (NWP) models to provide advanced forecasts of the 
trajectory and intensity of a TC helps in the protection of 
human lives and wealth by issuing appropriate and timely 
warnings. The regional NWP models serve as a primary 

tool for the operational weather forecasters in the identi-
fication of a low-pressure system over the oceanic basins 
as well as in the assessment of its movement, and probable 
landfall location. However, the prediction of a TC evolution 
depends on many factors at different scales, altitudes, and 
times, which makes the forecast of a TC track extremely 
complicated (Emanuel 2003). Because of its complexity, 
accurate prediction of the timing, location, and intensity of 
a TC remains an ongoing challenge. Therefore, a large group 
of weather forecasters are continuously striving to improve 
the predictability of TCs to reduce the human casualties and 
improve the disaster management system (Langmack et al. 
2012; Cruz and Narisma 2016; Samiksha et al. 2017; Zhou 
et al. 2017; Subrahamanyam et al. 2019; Dube et al. 2020; 
Mohanty et al. 2020).

The Indian sub-continent surrounded by the North Indian 
Ocean (NIO), comprising the Bay of Bengal (BoB) on the 
eastern side, and the Arabian Sea (AS) on the western side 
is exposed to nearly 10% of the world’s TCs, making it 
as one of the worst cyclone-affected regions (Dube et al. 
2020). Among the global oceans, the track forecast errors 
over the NIO are relatively high in comparison to the Atlan-
tic and the Pacific Oceans (Mohapatra et al. 2013). On an 
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average, the NIO witnesses 5–6 TCs each year and offers a 
natural laboratory to the weather forecasters for investiga-
tion of different aspects of regional NWP models and their 
potential in the prediction of TCs (Dube et al. 1997; Singh 
and Bhaskaran 2018). Though the regional NWP models 
have the potential to provide advanced predictions of TCs, 
they need appropriate initial and lateral boundary condi-
tions (LBCs) from the global models. Kumar et al. (2015) 
have compared the impact of four operational global model 
analyses from the European Centre for Medium-Range 
Weather Forecasts (ECMWF), National Centers for Envi-
ronmental Prediction (NCEP) Global Data Assimilation 
System (GDAS), NCEP Global Forecasting System (GFS), 
and National Centre for Medium-Range Weather Forecast-
ing (NCMRWF) on the performance of a regional atmos-
pheric model namely, the Weather Research and Forecast-
ing (WRF). Results from their study demonstrated improved 
performance of WRF model with the ECMWF analyses. 
Mukhopadhyay et al. (2011) carried out a sensitivity study 
on the impact of three different convection parameterization 
schemes in the prediction of the track and intensity of two 
TCs and addressed the problems associated with the incor-
poration of moist processes at different grid resolutions. 
Singh and Bhaskaran (2017) evaluated the performance of 
the Advanced Research Weather Research and Forecasting 
(WRF-ARW) model for prediction of BoB TCs by testing a 
combination of five Planetary Boundary Layer (PBL) and 
six cumulus convection parameterization schemes. Based 
on the “best possible” combinations of model physics used 
by Singh and Bhaskaran (2017), the predicted mean track 
error for a forecast lead time of 24 h was 71 km, whereas it 
was 114 km for 48 h. In one of the case studies, Bhaskar Rao 
et al. (2009) investigated the impact of horizontal grid reso-
lution on the prediction of track and intensity of the Orissa 
Super Cyclone of 1999. In this study, an enhancement in 
the grid resolution of the mesoscale atmospheric model did 
not influence the track of the storm. Tang et al. (2020) have 
summarized recent advances in our understanding of tropi-
cal cyclogenesis involving the interaction of dynamic and 
thermodynamic processes at multiple spatio-temporal scales. 
In their review paper, they have described the interaction of 
intraseasonal and synoptic variability and the interaction of 
multiple environmental controls, such as the vertical wind 
shear, tropospheric moisture, sea, and surface temperature in 
cyclogenesis. The forecasting skill of NWP models has sub-
stantially improved in recent decades, which can be attrib-
uted to the data assimilation techniques, improved treatment 
of sub-grid scale processes, and enhanced meteorological 
measurements from ground-based and space-borne plat-
forms (Mohanty and Gupta 1997; Singh et al. 2012; Ganesh 
et al. 2018; Dube et al. 2020).

Since the prediction of TC trajectories has received much 
attention, it is equally important to be aware of the intrinsic 

and practical predictability limits of an NWP model in ques-
tion for operational applications. Therefore, it is beneficial 
to evaluate the performance of an NWP model in terms of 
predictability of severe weather events such as TCs. In this 
regard, COnsortium for Small-scale MOdelling (COSMO) 
provides a reliable and flexible NWP model, which has got 
widespread applications in the spatial scales spanning from 
mesoscale to regional scales (Baldauf et al. 2011). Subra-
hamanyam et al. (2019) have carried out a case study on the 
performance evaluation of this model for one of the rarest 
very severe cyclonic storms, namely Ockhi, over the AS. 
Results obtained from their study indicated a track error of 
about 74 km for a lead time of 24 h, whereas it was about 
41 km with a lead time of 18 h. Their study indicated an 
obvious dependence of the difference between the simulated 
and observed trajectory of Ockhi on the lead time. However, 
their study was confined to a single cyclone Ockhi which 
was one of the rarest TCs in the AS of the post-monsoon 
season.

The present study is focused on the performance evalu-
ation of the COSMO model in the predictability of TCs 
over the BoB and the AS region for 8 TCs from 2017 to 
2019. The main objectives of this work are twofold: (i) first, 
the COSMO model simulations are assessed for the iden-
tification of a TC, and thereafter, the behaviour of model-
simulated cyclone trajectories is investigated depending on 
the forecasting lead time; (ii) second, the predictability of 
a TC for various intensities of a storm is explored in terms 
of the pressure drop ( �P ), the maximum sustained wind 
speed (MSW), and errors in the simulated trajectories of 
cyclones. With these objectives, the contents of this paper 
are organized into five sections. Sections 2 and 3 provide 
details about the COSMO model and the database used in 
the present study, respectively. Section 4 covers the broad 
features about the progression of 8 TCs. Section 5 highlights 
the results obtained from the model simulations in terms of 
predictability of TCs for varying intensities. Finally, Sect. 6 
summarizes the important findings from this study with con-
cluding remarks.

2 � About the COSMO model

The Deutscher Wetterdienst (DWD, the German Weather 
Service) offers short-to-medium-range weather predictions 
with the help of ICOsahedral Non-hydrostatic (ICON), one 
of the global circulation models (Zängl et al. 2015). Fol-
lowing the same philosophy adopted in the ICON global 
model, DWD released a regional NWP model, namely 
COSMO, which has a similar model configuration, phys-
ics, and data assimilation schemes as that in the ICON. The 
primary goal of development of a regional model was to 
meet high-resolution forecast requirements in operational 
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weather predictions, and also to provide the user with a flex-
ible tool for research mode applications. The first version of 
COSMO was released in 2007; and thereafter, new versions 
of this model are being regularly updated under the frame-
work of a consortium for incorporating the latest updates in 
different modules of the model (Baldauf et al. 2011; Anurose 
and Subrahamanyam 2015; Subrahamanyam et al. 2019). In 
recent years, the COSMO has been extensively used for the 
prediction of numerous meteorological fields and assess-
ment of severe weather events over different parts of the 
globe. For example, Shrestha et al. (2015) used the COSMO 
model to analyze a deep convective storm event over the 
north-western foothills of the Himalayas, which yielded 
about 200 mm of precipitation within a day on 13 Septem-
ber 2012. The spatial pattern of daily-accumulated rainfall 
and atmospheric state profiles simulated by COSMO during 
this event compared well with the satellite and radiosonde 
observations. During the international event of the Sochi-
2014 Olympic Games, Murav’ev et al. (2015) carried out 
the verification of deterministic forecasts of precipitation, 
air temperature, and wind speed from the COSMO model. 
Kurowski et al. (2016) analyzed the mesoscale simulations 
from the COSMO model over the Alpine region, and showed 
a good agreement between the model simulations and obser-
vations for a typical westerly flow accompanied by a passage 
of frontal systems. Anurose and Subrahamanyam (2015) 
compared the altitude profiles of thermodynamic param-
eters of ABL simulated by the COSMO with the balloon-
borne GPS sonde observations over Thiruvananthapuram, 
a coastal station in India. Results obtained from their study 
revealed a good agreement between the model-simulated 
ABL thickness with concurrent GPS sonde measurements. 
Fotso-Kamga et al. (2020) have illustrated the ability of 
the COSMO model in simulation of the observed precipi-
tation, low-level wind circulation, and seasonal cycles of 
precipitation pattern over the Central African region. The 
model provides a flexible tool for meso-� and meso-� scale 
applications. Table 1 summarizes the technical details of the 
COSMO model used in the present study.

In the present study, we have used version 5.05 of 
COSMO which was released in 2018. The governing equa-
tions of the model are based on the thermo-hydrodynamic 
equations in three-dimensional form and are numerically 
solved by second- or third-order finite difference methods 
on Arakawa-C-grid system. The lowest level of the model is 
placed at 10 m and a generalized terrain-following (sigma) 
height coordinate system is used for defining the vertical 
grid points (Schättler et al. 2018). The terrain-following 
coordinate system is very common in NWP models, though 
it has some inherent problems in geographical areas with 
steep topography. In a recent review, Mesinger and Vel-
jovic (2020) have analyzed possible errors in approxima-
tions of the pressure gradient force over steep topography in 

terrain-following coordinate systems. The COSMO model 
uses a generalized terrain-following height coordinate 
(sigma), where any unique function of geometrical height 
can be used for transformation. This coordinate system in 
vertical direction allows mapping the irregular grid asso-
ciated with the terrain-following system in physical space 
onto a rectangular and regular computational grid. Thus, the 
model takes into account the impacts of topography on the 
organized convection and its penetration to high altitudes 
(Schättler et al. 2018). The model uses 51 vertical layers 
from the surface to a ceiling pressure coordinate of about 
12.8 hPa roughly corresponding to 29.9 km. Approximately 
17 levels are included in the lower atmosphere for address-
ing the atmospheric boundary layer processes between the 
surface to an altitude of 3 km. The model offers a choice of 
schemes for parameterization of sub-grid scale processes 
of radiation, surface layer, atmospheric boundary layer, soil 
processes, convection, and precipitation. Horizontal and ver-
tical Cartesian wind components, temperature, pressure per-
turbation, specific humidity, turbulent kinetic energy, cloud 
water content, cloud ice content, the specific water content 
of rain, snow, and graupel are prognostic variables, while 
total air density, and precipitation fluxes of rain and snow 
are diagnostic variables of the model.

3 � Database

The meteorological database used in the present study is 
categorized under two classes, namely, (i) the COSMO 
model simulations and (ii) the India Meteorological Depart-
ment (IMD) Best Track data. More specifically, the central 
pressure ( P

Central
 ), �P , and MSW simulated by COSMO, 

together with the IMD observations constitute the main data-
base in the present study.

3.1 � COSMO model simulations

The initial and LBCs for the COSMO model simulations 
are derived from the analysis and forecast fields of the 
ICON global model, respectively. Here, we have used 
two different domains for the BoB and the AS cyclones. 
The BoB domain extends from 76◦ E longitude to 95◦ E 
longitude, while the AS domain is spread between 64◦ E 
longitude and 79◦ E longitude (see Fig. 1). In both these 
domains, the latitudinal coverage is kept identical between 
4 ◦ N to 24◦ N. These domains cover the movement of 
individual TC from the stage of depression to final dis-
sipation. For incorporating all the 8 TCs spanning from 
2017 to 2019 within a uniform time-scale, the calendar 
day numbers associated with each of these cyclones are 
indexed from 1 to 49 and are referred to as the cyclone 
day numbers (see Table 2 for more details). On each of 
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these cyclone day numbers, the initial condition of atmos-
phere is extracted from the analysis of ICON global model 

corresponding to 00 UTC of the respective day and the 
COSMO model simulations are carried out for a period of 

Table 1   Technical description 
of the COSMO model used for 
the simulation of 8 TCs over the 
BoB and the AS region during 
2017 to 2019

Model domain and reference atmosphere

Study domain Indian peninsula and the adjoining
Bay of Bengal and Arabian Sea

 Longitudinal coverage: 1) 76◦ E −95◦ E for Bay of Bengal
2) 64◦ E-78◦ E for AS domain

 Latitudinal coverage: 4◦ N to 24 ◦ N
 Horizontal grid resolution 0.0625 ◦ ( ∼ 7 km)
 Reference atmosphere Default version of the COSMO

Parameters for the Model Run
 Initial conditions of atmosphere Analysis fields corresponding to 00 UTC​

From ICON global model
 Lateral boundary conditions (LBCs) Forecast fields from ICON

Global model at 3 h intervals
 Forecast duration 48 h
 Model time step 30 s

Numerical techniques for model run
 Grid structure Arakawa-C-grid
 Time integration Two time level second- and third-order Runge–Kutta

Scheme
 Spatial discretization Second-order finite difference technique
 Numerical smoothing Horizontal diffusion of fourth order

Parametrization of physical processes
 Soil processes A two-layer soil model based on numerical solution

Of heat conduction (Jacobsen and Heise 1982)
 Surface-layer turbulent fluxes New TKE-based scheme which includes laminar

Sub-layer
 Vertical turbulence diffusion Prognostic TKE-based scheme including the effects

Of sub-grid evaporation and condensation
 Moist convection Tiedtke (1989)
 Radiation Ritter and Geleyn (1992)
 Grid-scale precipitation Kessler-type warm scheme with cloud

Ice and cloud water

Table 2   Details of the 8 TCs, 
their geographical region of 
genesis and category, and their 
respective indexed cyclone day 
numbers

1Cyclonic storm (CS); 2severe cyclonic Storm (SCS); 3very severe cyclonic storm (VSCS); 4Extremely 
severe cyclonic storm (ESCS)

Name of the tropical 
cyclone (TC)

Basin Duration Category of the 
storm attained

Cyclone 
day num-
ber

Marutha BoB 15–17 Apr 2017 (3 days) CS1 1–3
Mora BoB 28–30 May 2017 (3 days) SCS2 3–6
Ockhi AS 29 Nov-6 Dec 2017 (8 days) VSCS3 6–13
Titli BoB 8-12- Oct 2018 (5 days) VSCS3 13–18
Gaja BoB 10–20 Nov 2018 (11 days) VSCS3 18–28
Phethai BoB 13–18 Dec 2018 (6 days) SCS2 28–33
Fani BoB 26 Apr-4 May 2019 (9 days) ESCS4 33–42
Vayu AS 10–17 Jun 2019 (8 days) VSCS3 42–49
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48 h each. Afterwards, the forecasted meteorological fields 
of pressure and wind speed are used for the determination 
of P

Central
 , �P , and MSW corresponding to an individual 

cyclone. Location of the eye of the storm is identified as 
the location corresponding to a minimum value of P

Central
.

3.2 � Observations from IMD

We have used the observational data from e-Atlas of the 
Regional Specialized Meteorological Centre (RSMC) of 
IMD for the validation of COSMO model simulations. The 
e-Atlas of RSMC provides details on the track of cyclones, 
intensity, movement, P

Central
 , �P , MSW, and other relevant 

information at 3-hourly intervals. The observed values of 
P
Central

 are derived by an empirical relation suggested by 
Fletcher (1955). All these observations described in e-Atlas 
come through a variety of sources, including the surface 
networks, rawinsondes, radar, meteorological satellites, ship 
logs, and buoys (Mohapatra et al. 2011, 2012). Therefore, 
the uncertainties in the observed measurements can also lead 
to uncertainties in the validation of an NWP model. We have 
adopted the standard definitions of different categories of a 
TC based on the glossary of IMD (IMD-RSMC Frequently 
asked questions 2021).

4 � TCs over the BoB and the AS during 2017–
2019

Results obtained from the past literature reveals that the fre-
quency of TCs is more over the BoB than the AS, primarily 
because of warm SSTs, with an approximate ratio being 4:1. 
The NIO experiences 5–6 TCs on an annual basis, with a pri-
mary maximum in TC frequency during the Post-monsoon 
season (October–December) and a secondary maximum 
during the Pre-monsoon season (April–early June) (Osuri 
et al. 2013; Bhatla et al. 2020). During 2017–2019, the NIO 
region witnessed a total of 31 depressions, out of which 20 
were intensified into named cyclonic storms (CSs). Among 
them, 12 CSs were formed over the BoB region, and the 
rest of the 8 storms were in the AS region. In the present 
investigation, we have chosen a total of 8 CSs over the NIO 
region for evaluating the performance of the COSMO model 
in predictions of cyclone trajectories. Here, we present an 
overview of the 8 TCs under evaluation.

4.1 � Marutha (15–17 April 2017)

Marutha was one of the short-lived weak CSs of the pre-
monsoon season over the BoB. Its genesis started on 00 UTC 
of 15 April 2017 over the southeast BoB when depression 
was identified at 88.0◦ E/12.0◦ N location. On the same day, 
this system became a deep depression (DD) at 09 UTC and 
remained as a DD for 9 h, before intensifying into a CS at 18 
UTC. Marutha remained as a CS for the next 24 h. Eventu-
ally, it weakened into a DD on 21 UTC of 16 April 2017 and 
dissipated into a well-marked low pressure on 17 April 2017 
(Mishra et al. 2019). The trajectory of this CS is labelled as 
(1) in Fig. 1. During the passage of this storm, a maximum 
of 8 hPa �P and 20.5 m s −1 MSW was observed.

4.2 � Mora (28–30 May 2017)

Mora was a Severe Cyclonic Storm (SCS) formed during the 
pre-monsoon season over the southeast BoB whose genesis 
started from the stage of depression on 00 UTC of 28 May 
2017 at 88.5◦ E/14◦ N. Mora attained the status of a CS on 
the same day as it developed adequate pressure drop at 15 
UTC. Under the favourable conditions, the storm sustained 
as a CS for the next 21 h and got intensified into an SCS on 
12 UTC of 29 May 2017. Mora continued as an SCS and 
made the landfall on early morning hours of 30 May 2017 
and dissipated into a well-marked low-pressure area (Chu-
tia et al. 2019). The trajectory of Mora is labelled as (2) in 
Fig. 1. The maximum �P and MSW associated with this 
storm were reported as 18 hPa and 31 m s −1 , respectively.
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Fig. 1   Geographical model domain of the COSMO for the Arabian 
Sea and the Bay of Bengal region is depicted through two rectangular 
boxes. Also shown in the figure are observed (continuous) and pre-
dicted (dashed) trajectories of 8 TCs, namely (1) Marutha, (2) Mora, 
(3) Ockhi, (4) Fani, (5) Titli, (6) Gaja, (7) Phethai, and (8) Vayu. 
Observed tracks are taken from the India Meteorological Depart-
ment’s Best Track data
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4.3 � Ockhi (29 November–6 December 2017)

Ockhi was one of the rarest CSs whose genesis took place 
near 81.8◦ E/6.5◦ N location in the Comorin Sea at 03 UTC 
on 29 November 2017. The Comorin Sea generally does 
not offer favourable conditions for the cyclogenesis, but 
Okchi originated from depression and intensified into a DD 
at 21 UTC of 29 November 2017. Since the formation of 
DD was close to equator and landmass, rapid intensifica-
tion of the DD was not expected. However, after 6 h of its 
formation as a DD, the system intensified into a CS and 
eventually became a very severe cyclonic storm (VSCS) on 1 
December 2017 (Roshny et al. 2018; Subrahamanyam et al. 
2019, 2020). This long-lived storm travelled through a re-
curvature track labelled as (3) in Fig. 1 and weakened into 
a well-marked low-pressure area over the northeast AS on 5 
December 2017. The maximum value of �P and MSW for 
this storm were 34 hPa and 43.7 m s −1 , respectively.

4.4 � Titli (8–12 October 2018)

Titli, a VSCS, was originated as a depression over central 
BoB near 88.8◦ E/14.0◦ N at 03 UTC on 8 October 2018. 
Initially, the system sustained as a depression for a few hours 
and became a DD at 18 UTC on the same day. Under favour-
able conditions for the cyclogenesis, the system attained the 
status of a CS at 06 UTC of 9 October 2018. Later, this 
was intensified into an SCS and then VSCS as it traversed 
towards the landmass [labelled as (4) in Fig. 1]. After mak-
ing the landfall, the storm gradually dissipated and became 
a well-marked low pressure on 13 October 2018 (Nadimpalli 
et al. 2020). During the passage of this VSCS, the maximum 
�P was 32 hPa, whereas the MSW was as high as 41 m s −1.

4.5 � Gaja (10–20 November 2018)

Gaja was one of the long-lived VSCSs with a very longer 
time-span as well as the trajectory (Dube et al. 2020; Sharma 
et al. 2020). This storm was originated as a depression over 
the southeast BoB near 92.5◦ E/11.7◦ N at 03 UTC of 10 
November 2018 and attained the status of a CS at 00 UTC 
of 11 November 2018. Furthermore, the progression of Gaja 
towards the landmass was reasonably slow and it continued 
as a CS for more than 4 days. As it approached the landmass, 
it was intensified into an SCS and then a VSCS at 21 UTC 
of 15 November 2018. Even after the landfall, this storm 
sustained for more time and crossed the peninsular Indian 
sub-continent and entered into the AS, where it weakened 
into a DD and then became a depression. On 19 October 
2018, this storm lost all its intensity and became a well-
marked low pressure over the central AS. A maximum of 30 

hPa �P and the MSW of 36 m s −1 was observed during the 
passage of this storm. The trajectory of this storm is labelled 
as (5) in Fig. 1.

4.6 � Phethai (13–18 December 2018)

Phethai, an SCS was originated as a depression over the 
southeast BoB close to 88.7◦ E/6.5◦ N at 00 UTC on 13 
December 2018. As the system moved northward, it attained 
the favourable conditions for the cyclogenesis and became 
a CS at 12 UTC of 15 December 2018, and further intensi-
fied into an SCS at 09 UTC of 16 December 2018 (Dube 
et al. 2020). It remained as an SCS for the next 15 h, and as 
it approached the landmass, it started dissipating and even-
tually became a well-marked low pressure on 18 Decem-
ber 2018 [its trajectory is labelled as (6) in Fig. 1]. During 
the passage of this storm, a maximum �P of 15 hPa was 
observed, whereas the MSW magnitude was 28.2 m s −1.

4.7 � Fani (27 April–4 May 2019)

Fani was one of the rarest CSs of the pre-monsoon season 
with very rapid intensification. This storm was originated 
as a depression over the eastern equatorial Indian Ocean 
close to 89.7◦ E/2.7◦ N at 03 UTC of 26 April 2019. The 
system was intensified into a DD at 00 UTC of 27 April 
2019, and within the next 6 h, it attained the status of a CS. 
Fani continued as a CS for 2 days and then intensified into 
SCS at 12 UTC of 29 April 2019. Later, it became a VSCS 
at 00 UTC of 30 April 2019 and sustained the status for 
nearly 3 days and then further intensified into an Extremely 
Severe Cyclonic Storm (ESCS). During the stage of landfall 
on 3 May 2019, its intensity was continuing as an ESCS, 
and thus, it led to serious damages over the landfall region 
(Kumar et al. 2020; Mohanty et al. 2020). During the pas-
sage of this storm, a maximum �P of 66 hPa was observed, 
whereas the magnitude of MSW was as high as 59 m s −1 . 
The trajectory of this storm is labelled as (7) in Fig. 1.

4.8 � Vayu (10–17 June 2019)

Vayu, a VSCS was originated as a depression over central 
AS close to 71.0◦ E/11.7◦ N at 00 UTC of 10 June 2019. 
On the same day, this depression became a DD and further 
intensified into a CS at 18 UTC. The storm moved parallel to 
the west coast of Indian sub-continent and attained the status 
of an SCS at 12 UTC of 11 June 2019 [its track is labelled as 
(8) in Fig. 1]. It further intensified into a VSCS at 15 UTC 
on 12 June 2019 (Albert and Bhaskaran 2020). The system 
hovered over the AS for about 4 days and dissipated into a 
well-marked low-pressure area over the northeast AS. The 
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maximum value of observed �P and MSW for this storm 
was 32 hPa and 41.1 m s −1 , respectively.

5 � Results and discussion

5.1 � Prediction of cyclone trajectories for 8 TCs

In Fig. 2a–h, we present an individual assessment of the 
model-simulated trajectories for the 8 TCs as a function of 
the forecasting lead time. The model simulations are sta-
tistically evaluated by the mean error and the correspond-
ing root-mean-square error. The mean error of the COSMO 
simulated track from observation and the RMSE values 
are depicted at 3 h intervals from 0 to 48 h. For individual 
cyclones, we have estimated the mean track error and RMSE 
by taking all the available simulations and corresponding 
observations from IMD. The first data point in all the 8 pan-
els of Fig. 2a–h corresponding to 0 h lead time depicts the 
uncertainty in the initial conditions of atmosphere derived 
from the ICON model. In all the TCs under consideration in 
this investigation, the uncertainty in the initial position of the 
track was less than 70 km. In the case of Gaja cyclone, the 
initial position of the storm obtained from ICON was within 
a diameter of 20 km, whereas in a worst-case scenario, the 
initial position of the storm was more than 70 km away from 
the actual position for the Fani cyclone. Except for a few 
cases, the track error tends to increase with the forecast-
ing lead time. In the case of Mora cyclone, the mean initial 
position error was as low as 20 km, but the predicted track 
deviates significantly from the IMD observations with fore-
casting lead time (Fig. 2b). The predicted trajectory of Mora 
with a lead time of 24 h was about 80 km, whereas the error 
was more than 200 km for a lead time of 48 h. In the case of 
Fani cyclone, the initial position itself deviated by more than 
60 km, and despite having a large error in the initial position 
of the storm, the COSMO was able to predict its trajectory 
with a mean error of 80 km for a lead time of 24 h. The 
track error of Fani cyclone for a lead time of 48 h was 157 
km, which is better than the Mora, Titli, and Ockhi where 
the initial position of the cyclone was better represented in 
the ICON analysis. There are few cases of TCs where the 
predicted trajectory for a storm showed significant errors 
from the observed trajectory despite having more accurate 
initial conditions in terms of the position of the storm, and 
hence, we can not attribute the errors in predicted trajectory 
by COSMO to the initial conditions alone. This also indi-
cates that the predicted trajectory of a cyclone by COSMO 
depends on other factors in addition to the representation of 
the initial position of the storm.

For representing a composite picture on the mean vari-
ations in the model-simulated trajectory, we have prepared 
an ensemble of all the cyclones and have plotted the mean 

error in the predicted trajectory as a function of forecasting 
lead time in Fig. 3. From the composite track error plot, it is 
clear that the errors between the model-simulated trajectory 
and the observations increase with forecasting lead time. 
The analysis shows a mean track error of about 50 km for 
the initial position of the storm, whereas it increases to 95 
km for a lead time of 24 h and further increases to about 
140 km for a lead time of 48 h. Mohapatra et al. (2013) 
have investigated the performance of objective TC forecast 
for short-range for a period of 9 years spanning from 2003 
to 2011, and have shown an average direct position error of 
about 140 km and 262 km for a lead time of 24 h and 48 h, 
respectively. In another study, Singh and Bhaskaran (2018) 
have investigated the track error for the TCs of 2013 and 
2014 over the BoB region with the aid of WRF model, and 
have demonstrated that the mean track error is 65 km, 58 
km, 99 km, and 103 km from day 1 to day 4, respectively. 
In their study, the initial positional error was 41 km. More 
recently, Dube et al. (2020) have carried out a detailed inves-
tigation on the performance of the operational global ensem-
ble prediction system at the NCMRWF for a total of 13 TCs 
from 2016 to 2018, and have reported a track error of about 
260 km for a lead time of 120 h, whereas it was about 140 
km for a lead time of 48 h. In this context, the performance 
of COSMO is reasonably good as far as the prediction of 
cyclone trajectories with a lead time of 0–48 h is concerned.

5.2 � Prediction of the intensity of TCs

To validate the performance of COSMO model simula-
tions, we compare the simulated intensity of 8 TCs with 
simultaneous observations obtained from the e-Atlas of 
IMD. The simulated and observed magnitudes of P

Central
 , 

�P , and MSW for 8 TCs are plotted as a function of the 
Cyclone Day Numbers in three rows of Fig. 4a–c, respec-
tively. Model simulations for each cyclone cover time-period 
from the stage of DD to the final dissipation. On each of 
the cyclone day numbers, model simulations were carried 
out for a duration of 48 h each. For discriminating the pre-
dictions valid for the first and second day, we have plotted 
the forecast parameters with a lead time of 0–24 h (the first 
day), and 24–48 h (the second day) in different colours in 
Fig. 4. Different categories of a TC in terms of the standard 
thresholds of pressure drop and MSW are marked by hori-
zontal lines in Fig. 4b–c for quick referencing. Qualitatively, 
there is a fair agreement between the model simulations and 
observations in terms of P

Central
 for a lead time of 0 to 24 h; 

however, there are large errors in the magnitude of P
Central

 
with a lead time of 24–48 h (Fig. 4a). The gross features in 
the temporal variation of P

Central
 as well as �P observed by 

IMD are well reflected in the model simulations, but the 
differences between the simulated and observed magnitudes 
of P

Central
 tend to increase for the most intense phase of a 
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Fig. 2   Mean track error in the COSMO model-simulated cyclonic tracks (in km) for a Marutha, b Mora, c Ockhi, d Titli, e Gaja, f Phethai, g 
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cyclone (Fig. 4a, b). We notice major differences between 
the simulated and observed pattern in P

Central
 , �P , and MSW, 

especially for the simulations with a lead time of 24–48 h 
(Fig. 4a–c). Such a difference is prominent in the case of 
Ockhi, Fani, and Vayu. Simulated values of the MSW for 
almost all the cyclones are comparatively larger than the 
concurrent observations (Fig. 4c). In one of the case stud-
ies dealing with the Ockhi cyclonic storm, Subrahamanyam 
et al. (2019) have attributed the errors in model simulations 
to the possible errors in the initial conditions of atmosphere 
provided to COSMO. In addition to the initial conditions 
provided to the regional NWP models, parametrized treat-
ment of convection and ABL processes also play an impor-
tant role in the intensity of the storm (Singh and Bhaskaran 
2017).

A careful examination of the temporal variations in �P 
and MSW during the transition of a storm from low intensity 
to high intensity and vice versa indicate a probable change 
in the behaviour of model-simulated parameters for varying 
intensity of the storm. To investigate whether the COSMO 
model simulations behave differently for different stages of 
a storm, we have classified our database into four catego-
ries namely, the DD, CS, SCS, and VSCS. In Fig. 5, we 
present a composite picture of the simulated and observed 
intensity of the 8 TCs for these four categories. Three rows 
of Fig. 5a–c depict the differences between the model and 
observations for the pressure drop ( ��P = �P 

COSMO
− �P 

IMD
 ), MSW, and errors in the trajectory of cyclone as a func-

tion of the forecasting lead time. We have divided the fore-
casting lead time from 0 to 48 h into 8 equal time-bins of 6 
h each, as depicted along the X axis in Fig. 5. The pressure 
drop simulated by COSMO for the DD and the CS stage is 
always larger in magnitude by 5–10 hPa than the concurrent 
observations (Fig. 5a). In contrast to this, the VSCS stage of 

a cyclone is underestimated by the COSMO model for the 
first 24 h. An underestimation of the pressure drop also leads 
to low values of MSW which are also underestimated for the 
VSCS as well as SCS stage during the first 24 h of simula-
tions (Fig. 5a, b). The model simulations with a lead time 
of more than 24 h yield a consistent overestimation of the 
pressure drop for all the stages of a cyclone. Broadly speak-
ing, the track error associated with the COSMO predictions 
increases with increasing lead time (Fig. 5c). Another inter-
esting observation is that the prediction of cyclone track is 
more accurate for the VSCS stage as against the DD stage. 
A combined assessment of the errors shown in three rows 
of Fig. 5a–c leads to the following points:

–	 COSMO model simulations with a lead time of 0–24 
h yield better agreement with the concurrent observa-
tions as against those with a lead time of 24 h–48 h. In 
the present case, the departure of the model-simulated 
parameters from the observations with a lead time of 
more than 24 h can be attributed to the possible errors 
in LBCs. In one of the modelling studies with the aid of 
Weather Research and Forecasting (WRF), Singh and 
Bhaskaran (2018) have shown the impact of LBCs on 
the forecasted track and have attributed the errors in the 
model-simulated trajectory of a TC to the LBCs provided 
by the global models.

–	 During the initial stage of a cyclone, when its intensity 
is equal to that of a DD, COSMO overestimates the pres-
sure drop irrespective of the forecasting lead time; how-
ever, the magnitudes of MSW are found to be close to 
the observations for the first 24 h. Beyond a lead time of 
24 h, the MSW is roughly overestimated by 5 m s −1 . In 
conjunction with the errors in the pressure drop and the 
magnitudes of MSW, the exact location of the storm also 
remains uncertain during the DD stage of a cyclone.

–	 The predictability of the cyclone tracks for the VSCS 
stage is better than the remaining stages of the storm; 
however, the magnitudes of pressure drop and MSW are 
underestimated in this stage. This denotes that as soon 
as a storm attains severe intensity, the model can capture 
its location with better accuracy; however, the magnitude 
of the storm is underestimated for the first day’s simula-
tions. As the forecasting lead time goes beyond 24 h, the 
track prediction for the VSCS stage is still better than 
the other stages of a storm, but the intensity of the storm 
is overestimated, which can again be attributed to the 
LBCs.

For making a firm assessment on the predictability of 
TC trajectories for varying intensity through COSMO 
model, we have analyzed the error in model-simulated 
trajectories as a function of the simulated pressure drop 
( �P ) through a scatter plot in Fig. 6. Standard thresholds 
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of �P for categorizing a storm into a DD, CS, SCS, VSCS, 
ESCS, and Super Cyclonic Storm (SuCS) are depicted 
by vertical lines along the �P-axis. During the initial 
stage of a TC, when the storm is categorized as a DD, 
we observe large variations in the track error. In other 
words, the uncertainty in the identification of the initial 
position of a TC is maximum for the DD stage, as the 

track error associated with this stage shows a variation 
from as low as 15 km to as large as about 140 km. As the 
intensity of the storm increases from a DD to CS, SCS, 
VSCS, and ESCS, the track error decreases with increas-
ing magnitudes of �P . Such a decline in the track errors 
with increasing intensity of the storm indicates improved 
accuracy in the identification of the storm’s position when 
it is well established.

Fig. 4   COSMO model simula-
tions together with the IMD 
observations of a central 
pressure ( P

Central
 , in hPa); b 

pressure drop ( �P , in hPa); and 
c maximum sustained surface 
wind speed (MSW, in m s −1 ) 
for 8 TCs as a function of the 
Cyclone Day Number. Model 
simulations with a lead time of 
0 to 24 h (first day) and 24–48 
h (second day) are shown in 
different colours. Standard 
thresholds of the �P and MSW 
for classification of the TC 
as a Deep Depression (DD), 
Cyclonic Storm (CS), Severe 
Cyclonic Storm (SCS), and 
Very Severe Cyclonic Storm 
(VSCS) are marked as the hori-
zontal lines in panel b and c 
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6 � Conclusions

In this study, the performance of a regional NWP model 
COSMO is evaluated in prediction of the trajectories and 
intensities of 8 TCs over the BoB and the AS region. The 
model simulations of P

Central
 , �P , MSW, and the trajecto-

ries of these storms are validated against the observations 
obtained from e-Atlas of IMD. Furthermore, a special 
emphasis is paid on investigating the differential behaviour 
of COSMO model for four stages of a storm, i.e., DD, CS, 
SCS, and VSCS. Based on a comprehensive analysis of 

these parameters for 8 TCs, we have derived the following 
conclusions: 

1.	 The mean initial position error for 8 TCs was about 50 
km. The predicted trajectories of these cyclones showed 
a dependence on the initial position error, whereas the 
differences of forecast cyclone tracks from analyzed 
ones with a lead time of more than 24 h we feel should 
be attributed primarily to errors in the LBCs.

2.	 Overall, there was a large amount of uncertainty in the 
identification of the eye of the storm for the low intensity 
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of the storm, as the mean track error associated with the 
DD stage for all the lead times was 104 km, whereas it 
was about 80 km for the stage of VSCS.

3.	 For model simulations with a lead time of 0–24 h, the 
intensity of a storm in terms of �P is overestimated by 
COSMO for the DD stage, whereas the MSW variations 
for the DD as well as the CS stages are found to be in 
good agreement with the observations.

4.	 The errors in model-simulated trajectories are found to 
be dependent on the pressure drop. Low values of �P are 
often associated with large errors in the cyclone tracks, 
while high values of �P in COSMO model simulations 
yield relatively improved cyclone tracks.

5.	 A composite analysis of all the cyclones yields a mean 
track error of about 95 km for a lead time of 24 h, 
whereas it was about 140 km for the 48 h lead time.
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