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Abstract

Even though the occurrence rate of tropical cyclones (TCs) is almost steady as reported in earlier studies, however, the inten-
sity of TCs has shown a significant increase due to global warming. Gonu (2007) and Phet (2010) are examples of TCs, which
affected the southern coasts of Iran. The first step in evaluating the effects of TC is the accuracy as well as the correctness
of the wind field. For this purpose, the WRF and parametric models have been implemented for the wind field simulation,
in the Makran coasts during the Gonu TC. QuikSCAT satellite data and coastal synoptic stations data have been used to
evaluate the wind field results. The results indicated that the WRF model can successfully forecast the cyclone’s path and its
outputs can be employed to forecast such weather hazards. Comparing the wind field results with satellite data, highlights
the accuracy of the WRF model in the coastal areas. Modeling the wind field asymmetry due to the cyclone confinement
and more realistic wind distribution, distinguishes the results of WRF model from other studied counterparts. In addition, a
comparison of the wind field results with the synoptic data indicates that the WRF model results meet very good accuracy.
Furthermore, the study of cyclone damage potential (CDP) index in the Gulf of Oman northern coasts shows that the WRF
outcomes have a very high accuracy. This study highlights the capability of the ARW model in simulating the wind field,

especially on the southern and southeastern coasts of Iran, which are affected by TCs.

1 Introduction

Tropical cyclones (TCs) are intense atmospheric vorti-
ces, which are generated in the tropical regions and humid
oceans. They are in the form of hundreds of kilometers thun-
derstorms sucking the air around. Severe TCs cause heavy
and destructive winds, heavy rains, and strong waves in the
coastal areas, which can lead to extensive destructions in
these places. Hence, accurate investigation of the effects of
TCs may lead to the optimal design of the coastal struc-
tures, adoption of optimal strategies for the coastal zone
management and reduction of damage caused by this natural
phenomenon.

Examining the accuracy as well as correctness of the
tropical cyclones’ wind field is the first essential step in
evaluating the effects of this phenomenon on the coastal

Responsible Editor: Silvia Trini Castelli.

< Mehdi Shafieefar
shafiee @modares.ac.ir

Faculty of Civil and Environmental Engineering, Tarbiat
Modares University, Tehran, Iran

area. Since the wind’s speed and direction change rapidly in
the place and time when this phenomenon occurs, the cor-
rect hindcasting of the wind field is a very difficult process.

The common methods of wind field hindcasting can be
classified into three groups, including the parametric models
based on gradient wind balance, Hurricane Research Divi-
sion (HRD) surface wind analyses system (H*WIND), and
mesoscale meteorological models such as weather research
forecasting (WRF) (Alizadeh-Choobari 2015; Das 2018;
Dunion et al. 2003; Green and Zhang 2015; Guo and van de
Lindt 2019; Lin and Chavas 2012; Powell et al. 1998; Young
2017). In addition to the above hindcasting approaches, the
wind field of the reanalysis models such as the European
Centre for Medium-Range Weather Forecasts (ECMWF)
Interim Reanalysis (ERA-Interim) and Climate Forecast
System Reanalysis (CFSR) are currently used for hindcast-
ing the waves, ocean circulation, and storm surge due to the
TC (Durrant et al. 2014; Mazaheri et al. 2013). Examin-
ing the technical literature of this field indicated that the
parametric, atmospheric mesoscale models (WRF) and
reanalysis databases information have been widely used by
many researchers (Cardone and Cox 2009; Krien et al. 2018;
Tanemoto and Ishihara 2013).
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Parametric models are based on the vortex physics.
In these models, the wind field pattern is simulated radi-
ally like vortices. To hindcast the TC’s wind field using
the parametric models, the temporal and spatial distribu-
tions of parameters such as location of the cyclone center
(eye), wind radii, maximum velocity and pressure drop
are required. In recent decades, the use of such models
has received much attention for hindcasting the influences
of the tropical cyclones (Holland et al. 2010; Vickery and
Twisdale 1995). The initial wind field hindcasting models
have been presented by Holland (Holland 1980; Young
and Sobey 1981). The initial models presented by them
are based upon the parametric analysis of the angular wind
speed gradient. Thompson and Cardone have modeled the
simultaneous impacts of the two cyclones by improving
the Holland model (Thompson and Cardone 1996). Rankin
model is another parametric model of wind field simula-
tion, in which, the considered profiles for the wind field
have been developed using the vortex model and radial
profile definition (DHI 2017). The ease of using parametric
models is one of the important advantages of this method.
However, the wind field simplification for the simulation
is one of the disadvantages of the parametric models that
can lead to the modeling errors in some cases.

Therefore, if the wind field is more carefully considered,
the capabilities of mesoscale atmospheric models can be
used for its simulation. WRF is one of the most common
examples of the mesoscale atmospheric models. The per-
formance of the WRF model to simulate the TC’s wind
field has been evaluated in numerous studies in terms of
its path and intensity. The results indicate that this model
is highly dependent on the initial boundary conditions and
selection of the used parameterizations (Alimohammadi and
Malakooti 2018; Cha and Wang 2013; Dodla et al. 2011;
Mohanty et al. 2010; Osuri et al. 2012a; Srinivas et al. 2013;
Xue et al. 2017). Dodla et al. have simulated Katrina tropi-
cal cyclone near Florida coasts by implementing the three
models of HWRF, ARW and NMM (Dodla et al. 2011).
Osuri et al. investigated the performance of the advanced
research WRF (ARW) model in real-time forecasting of 17
tropical cyclones that occurred in the North Indian Ocean.
The results indicate the high capability of operational ARW
model in simulating the wind field within the study area
(Osuri et al. 2013). Comparison of the three models’ outputs
illustrated that the HWRF model has better performance in
simulating Katrina cyclone. Xue et al. used the WRF model
to simulate the tropical cyclone in southern coasts of China
(Xue et al. 2017). Nadimpalli et al. assessed the performance
of hurricane WRF (HWRF) and WRF models in simulat-
ing 10 tropical cyclones occurred Bay of Bengal during the
time frame 2013-2017. The results point out to the neces-
sity for using high-resolution initial and boundary conditions
to forecast the cyclone in the study area (Nadimpalli et al.
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2020). The obtained results showed that the WRF model is
capable of simulating this cyclone with high accuracy.

In addition to the above-mentioned wind field simulation
methods, one can use the reanalysis wind field data to evalu-
ate the effects of tropical cyclones. The wind field data of
the reanalysis models during the tropical cyclones have been
evaluated as input data for the ocean flow modeling in many
studies (Bell et al. 2013; Rathmann et al. 2014). Murakami
investigated the tropical cyclones’ characteristics in the rea-
nalysis data (Murakami 2014). The results illustrated the
reasonableness of the spatial and temporal distributions of
the tropical cyclones via the reanalysis data. Comparison of
the different reanalysis data also indicated that higher spatial
accuracy of the reanalysis data does not necessarily lead to
the accurate evaluation of the tropical cyclone’s conditions.
Hodges et al. assessed the track and intensity characteristics
of the tropical cyclones in the reanalysis data (Hodges et al.
2017). The conducted investigations show that the cyclone
track in the reanalysis data is in good agreement with the
Best track data. However, the reanalysis data underestimate
the wind speed values of the tropical cyclones while over-
estimate the corresponding pressure much higher than the
measured values.

The results of the technical literature review indicates that
the wind field examination of the TCs is one of the crucial
steps in studying this natural phenomenon. Improving the
accuracy of the TC’s wind field data yields the improved
results of other studies such as hindcasting the waves and
ocean circulation formed due to this phenomenon. Less
attention is paid to comprehensive study on wind field dis-
tribution by different methods (Parametric method, WRF
model, and Re-Analysis data) in the literature. Therefore,
the aim of this study is to simultaneous evaluation of all
methods in the most severe cyclone-affected the Gulf of
Oman northern coasts. Since the tropical cyclone Gonu is
the most severe one that has occurred in the Arabian Sea,
it has been investigated in this paper. The results of present
study highlight the need to use an appropriate model for
simulating and forecasting the weather risks in the coastal
areas. For this purpose, the wind field due to the reanaly-
sis data of ECMWF (ERA-Interim) and CFSR, simulation
using WRF models and parametric ones of Young and Sobey
(S&Y), Holland and Rankin, have been evaluated during
the cyclone Gonu occurrence. To assess the accuracy of the
studied wind fields, the data associated with QuikSCAT sat-
ellite, and Chabahar and Jask synoptic stations have been
used. Therefore, after presenting the research methodology
in Sect. 2, the study area will be introduced in Sect. 3. Sec-
tion 4 is dedicated to the provision of data specifications and
undertaken models. Model setup properties are described
in detail in Sect. 5. Comparison and interpretation of the
models’ results with the measurement data as well as exami-
nation of the damage potential caused by the storm based on



Assessment of wind datasets on the tropical cyclones’ event (case study: Gonu tropical cyclone) 741

the simulation results are presented in Sect. 6. Further, the
conclusions are presented in the final section.

2 Research methodology

Identifying the dominant wind field in the study area is one
of the most basic and important necessary information for
conducting the ocean and marine simulation studies. The
proposed method in this study can be employed for identi-
fying the wind field in an area. The present method can be
summarized in the following three steps (see Fig. 1).

The first step is to determine the characteristics of the
tropical cyclone Gonu. At this point, information of the
investigated databases is selected after checking the authen-
tic best tracking databases of Joint Typhoon Warning Center
(JTWC, https://www.metoc.navy.mil/jtwc) and Indian
Meteorological Department (IMD, http://www.rsmcnewdel
hi.imd.gov.in), (Step A). In the second step, the wind field in
the study area is hindcasted with the aid of different simula-
tion methods. At this stage, the different mesoscale models,
parametric as well as reanalysis databases can be used (Step
B). The validation and verification of the numerical model
has been conducted in Sect. 3 (Step C). To validate the
numerical model, the obtained results have been compared

with the measurement data and the cyclone potential damage
index has been examined as well. To ensure the accuracy
of the results obtained via the selected numerical model,
another cyclone’s wind field was examined in the study area.

3 Study area

The North Indian Ocean, with the two sub-basins in the east
(Bay of Bengal) and west (Arabian Sea), is one of the almost
active areas in terms of the tropical cyclones occurrence.
The position of the Arabian Sea and dominant track of the
tropical cyclones formed in this area are depicted in Fig. 2.
As shown in this figure, for the tropical cyclones formed
in the Arabian Sea, one can imagine three routes includ-
ing the movement to the north and inclination towards the
west (Oman), moving north and inclination towards the east
(India and Pakistan) and moving from east to west. Gen-
erally, the tropical cyclones moving towards the north of
Arabian Sea can affect the southern and southeastern coasts
of Iran and cause significant coastal damages in these areas.

Cyclone Gonu is the strongest tropical storm ever
occurred in the Arabian Sea. According to the Saffir—Simp-
son criterion, this storm ranks as one of the most severe
tropical cyclones (category 5). The best track of this cyclone
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Fig. 1 The methodology and steps of the present research

the Cyclone Damage Potential Index
(CDP) from di fferent sources of wind data
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Fig.2 The trajectory of tropical 9 PRRSTR
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in the Arabian Sea region are shown in Fig. 3a according
to the JTWC data. Figure 3b depicts the pressure varia-
tions of the cyclone center and maximum wind speed along
its direction according to the two databases of JTWC and
IMD. According to the JTWC database, the minimum pres-
sure in the cyclone center is less than 900 hPa while it is
estimated about 915 hPa on the basis of the IMD one. The
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important point is that according to the JTWC data, there is
a fluctuation in the cyclone’s center pressure before reach-
ing the minimum pressure, which may indicate the weaken-
ing and re-intensification of the tropical cyclone Gonu. The
cyclone’s maximum speed difference based on the JTWC
and IMD data is about 10 m/s. Since the JTWC database
information is more specific and has been cited by further
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Fig.3 a The path of cyclone Gonu based on JTWC data. b Comparison of the central pressure and maximum wind speed based on JTWC and

IMD data
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studies, this database have been used in the remaining of
the current study for controlling the numerical models and
reanalysis data.

According to the available track data of the cyclones
occurred in the Arabian Sea during the timeframe
1977-2016 (Fig. 2), the storm Gonu is the only tropical
one that has made landfall along the southern and south-
eastern coasts of Iran. Hence, the present study has focused
on this tropical cyclone. However, based on the methodol-
ogy presented in this study, it is necessary to evaluate the
performance of the selected numerical model for another
TC to verify the results. The track investigation of vari-
ous storms, illustrated that the tropical cyclone Phet is the
only very severe one within the Arabian Sea region that has
approached the southeastern coasts of Iran due to its move-
ment and affected these areas. Therefore, the cyclone Phet
has been also considered to verify the numerical model. This
cyclone has been formed on May 31, 2010 in the Arabian
Sea and dissipated on June 7, 2010. During the activity
period of the tropical cyclone Phet, its intensity has reached
category 4 according to the Saffir—Simpson scale. The track,
maximum wind speed changes and center pressure of this
cyclone are shown in Fig. 4 based on the JTWC data.

4 The utilized data

The information used in the present study includes both the
measurement and the reanalysis data. The measurement
data include the information associated with the satellite
and synoptic stations during the cyclone Gonu happening.
These data have been used for the results assessment. The
second part of the utilized data contains the wind field of
the reanalysis data of ECMWF (ERA-Interim) and CFSR
when the tropical cyclone Gonu occurred. The collected
information includes the wind speed and direction. The

(a)

details corresponding to each of the utilized information
are summarized below.

4.1 Measurement data
4.1.1 Satellite data

One of the wind field control tools is the use of satel-
lite measurement information. In the present study, the
QuikSCAT satellite’s information has been used during the
tropical cyclone Gonu. Since 1999, this satellite has been
collecting the wind field information on the earth with
the temporal and spatial resolutions of 12 h and 25 km,
respectively. The QuikSCAT observations are available at
https://podaac.jpl.nasa.gov. The small temporal and spatial
steps of this satellite’s harvesting networks are one of the
most important reasons for selecting this information. An
example of the QuikSCAT satellite data during the Gonu
TC is shown in Fig. 5. This figure indicates the spatial
variations of wind speeds in the Persian Gulf, Oman Sea
and Arabian Sea during the Gonu.

4.1.2 Local databases

To verify the wind field results obtained via the simula-
tion models, the data from Chabahar and Jask synoptic
stations have been used in the current research. Table 1
gives the specifications of each of these stations together
with their temporal resolution. The position of the utilized
measurement stations in relation to the cyclone’s path is
shown in Fig. 6. As would be observed, the Jask synoptic
station is very close to the direction of the cyclone Gonu
during the final days.
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Fig.4 a Track, b maximum speed and ¢ center pressure changes of the tropical cyclone Phet based on the JTWC data
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Wind Speed (m/'s)

Fig.5 An example of the QuikSCAT satellite data during the Gonu TC

Table 1 Specifications of the utilized measurements

Name Source Position Temporal
resolution
()
Chabahar synoptic Synoptic ~ Lat: 25.283000 3 hourly
Long: 60.617000
Jask synoptic Synoptic ~ Lat: 25.633333 3 hourly

Long: 57.766667

4.2 Reanalysis database

The present investigation uses the wind field information
obtained through the reanalysis data of ECMWF (ERA-
Interim) and CFSR databases. These data can be accessed
online on https://apps.ecmwf.int/datasets/data/interim-
full-daily and ftp://nomads.ncdc.noaa.gov/CFSR, respec-
tively. The wind field extracted from the reanalysis data
is one of the useful tools for meteorological and oceano-
graphic surveys and studies. The information of reanaly-
sis data on the studied parameters faces deficiencies and
shortcomings due to the limitations of field observations
in the coastal regions. However, the results of the litera-
ture review show that the recorded data of these databases
provide a reliable source for studies due to the mixing of
the modeling results and available measurements (Durrant
et al. 2014; Mazaheri et al. 2013; Saket et al. 2013; Wang
etal. 2018).

One of the doubts about the reanalysis data is the quality
of these information sources when severe weather conditions
such as TCs occur. Therefore, the quality of the reanalysis
data of ECMWF (ERA-Interim) and CFSR has been exam-
ined during the most severe tropical cyclones in the Arabian
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Sea. The specifications of the data used are presented in
Table 2.

5 Numerical modeling

In the present study, in addition to the reanalysis data, the
simulated wind field by the WRF models and parametric
ones during the occurrence of Gonu TC has been evaluated.
In this section, the specifications of the conducted simula-
tions are presented.

5.1 WRF model

Use of the mesoscale models is one of the tools for improv-
ing the wind field of the reanalysis data in the coastal areas.
The Weather Research and Forecasting (WRF) model is a
new generation of mesoscale atmospheric simulation sys-
tems designed for both research and operational applications
(Skamarock et al. 2008). The WRF model is considered as
an appropriate choice from a variety of perspectives includ-
ing accuracy, up-to-date numerical and physical schemes,
multiple and varying physical parameterization options, and
high-resolution information accessibility. Hence, the present
study uses this model to improve the wind field accuracy of
the reanalysis data during the tropical cyclone Gonu.
Selecting the modeling area is one of the most effective
parameters in simulating the mesoscale models. To arrive
at the best model configuration, several sensitivity analy-
ses have been performed to select the modeling range. The
simulation outputs and multiple sensitivity analysis to the
modeling dimensions indicate that selecting an internal
range with lower resolution leads to better results. The
defined modeling domain with the WRF model is depicted
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Fig.6 Location of the measurement stations in relation to the cyclone’s track and the computational domain boundary of the WRF model

Table 2 The wind field
specifications of the reanalysis
data

Temporal resolution

Highest available
spatial resolution

Period covered source Name

6 hourly

Hourly

0.75° x 0.75°

0.3°x0.3°

ECMWE ECMWE
Interim Rea-
nalysis (ERA

Interim)

1979—present

NOAA Climate Fore-
cast System
Reanalysis

(CFSR)

1979—present

in Fig. 6. Four different configurations have been also con-
sidered for the wind field modeling with WRF. The char-
acteristics of the configurations have been selected based
on the results of previous studies (Osuri et al. 2012a, b;
Perlin et al. 2014; Rakesh et al. 2009). The details of the
examined configurations are given in Table 3. In addi-
tion, 39 vertical grid, two-way integration, and 6-h spin-up
time, and 24 h forecasting length have been considered
for the modeling. The data of initial and boundary condi-
tions are needed to run the regional-scale meteorological
model. Here, the data of ECMWF (ERA-Interim) have

been selected for defining the initial and boundary condi-
tions of WRF.

5.2 Parametric models

In this study, in addition to the implementation of the WRF
model for the wind field hindcasting, parametric models
have been also used to simulate it. Many parametric models
have been reported for the wind field simulation of the TCs
from which, the three models of Young and Sobey, Holland
and Rankin have been evaluated and compared in the current
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Table 3 The configurations of
the WRF model

Scenario 1 (SC1) Scenario 2 Scenario 3 (SC3) Scenario
(SC2) 4 (SC4)
Horizontal grid distance
Domain 01 (degree) 0.3 0.15 0.3 0.15
Domain 02 (degree) 0.1 0.05 0.1 0.05

Longwave radiation

Shortwave radiation
Surface layer

Land surface

Planetary boundary layer
Cumulus scheme

Rapid Radiative Transfer Model
(RRTM)

Goddard
Revised MM5
Noah

MRF
Kain-Fritsch

Rapid Radiative Transfer Model
(RRTM)

Goddard

Eta

Noah

MY]J
Kain-Fritsch

research (DHI 2017). Specifications of the implemented
models are described in this section.

* Young and Sobey (S&Y) model

Young and Sobey (1981) expressed the rotational gradient
wind speed (V,) as:

;
r r
Xexp<7<1— ))forr<me,
Rﬂ‘lW > RmW
r
>R,
me > >f0r ' - "

ey
where, 7, R, and V_,, stand for the distance from the
cyclone center, radius of maximum wind speed and maxi-
mum wind speed, respectively. The values of R, and V.
have been extracted from the JTWC data. In addition, the
pressure in this model is obtained based on the following

equation:

Vg(r) = Vmax<

Vo(r) = Vi X €XP <(o.0025me +0.05) <1 -

R
P(r)=P.+(P,—P,) exp <—%> )

Here, P, is the pressure in the cyclone center and P,
defines the natural pressure or cyclone’s peripheral one. In
the same manner as above, the value of P, is deduced from
the JTWC data.

e Holland model

Holland demonstrated wind speed (V) profile as:

_ B (R’ R \* . (rf\ _ rlfl
Vg(r) = \/(Pn —P()Z(T> exp <_T> =+ (7) - 7
3)

In the above relation, p,, f and B define the air den-

sity, Coriolis parameter and shape coefficient, respec-
tively. Holland has used a rectangular hyperbolic function
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to model the pressure changes at the time of the tropical
cyclones formation. The pressure and shape coefficient B
are defined as in the following equations:

R B
P(r)=P .+ (P,—P,) exp <—T”> ; ©)

p. —900

B=20-
160

®)

The Coriolis parameter depends on the Earth’s rota-
tional frequency (€2) and latitude () of the studied area.
This parameter is defined according to the following
equation:

f =2Qsin @. (6)

e Rankin model

The Rankin vortex model uses the following velocity
distribution (DHI 2017):

r

Vg(r) = Vmax<R > for0 <r< me’

mw

X @)
Vo(r) = Vinax <L> forr >R,

Here, X is the shape parameter being proportional to
the wind speed distribution in radial directions. The value
of this parameter is commonly considered to be within
the range of 0.4-0.6. In the Rankin model, the pressure is
obtained from Eq. (2).

Table 4 lists all the information needed to simulate
the cyclone Gonu wind field. To calculate the superficial
winds, the geostrophic correction, motion’s asymmetry

correction and internal flow angle have been also consid-
ered (DHI 2017).
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Table 4 Input data needed to

: Time Longitude Latitude Radius V nax Peniral P cutral B X
simulate the cyclone Gonu field
(h) (degrees) (degrees) (km) (m/s) (hPa) (hPa)
0 71.60 13.70 0.00 7.7167 1006 1007 1.338 0.45
6 71.70 14.00 0.00 7.7167 1006 1007 1.338 0.45
12 71.50 14.20 0.00 7.7167 1006 1007 1.338 0.45
18 70.90 14.40 0.00 7.7167 1006 1007 1.338 0.45
24 70.00 14.70 74.08 15.433 1000 1004 1.375 0.45
30 68.80 15.00 46.30 15.433 1000 1004 1.375 0.45
36 68.30 15.10 74.08 15.433 1000 1004 1.375 0.45
42 67.80 15.10 64.82 20.578 994 1005 1.413 0.45
48 67.30 15.10 55.56 23.150 989 1005 1.444 0.45
54 67.10 15.40 46.30 28.294 982 1004 1.488 0.45
60 67.20 15.60 46.30 28.294 982 1002 1.488 0.45
66 67.50 16.00 37.04 30.867 978 1002 1.513 0.45
72 67.60 16.90 37.04 33.439 974 1000 1.538 0.45
78 66.80 17.50 37.04 36.011 970 1000 1.563 0.45
84 66.10 18.00 9.26 48.872 952 1001 1.675 0.45
90 65.50 18.60 13.89 61.733 933 1001 1.794 0.45
96 64.90 19.20 18.52 69.450 904 1002 1.975 0.45
102 64.10 19.90 18.52 74.594 914 1002 1.913 0.45
108 63.30 20.50 27.78 72.022 898 1003 2.013 0.45
114 62.50 20.80 18.52 69.450 904 1003 1.975 0.45
120 61.70 21.20 18.52 64.306 916 1001 1.900 0.45
126 61.10 21.60 27.78 59.161 937 1001 1.769 0.45
132 60.60 22.00 27.78 56.589 941 1001 1.744 0.45
138 60.00 22.60 27.78 46.300 956 1001 1.650 0.45
144 59.50 23.10 37.04 46.300 956 1000 1.650 0.45
150 59.20 23.80 46.30 38.583 967 999 1.581 0.45
156 58.90 24.50 55.56 33.439 974 998 1.538 0.45
162 58.40 24.80 64.82 28.294 982 1000 1.488 0.45
168 58.30 24.90 74.08 23.150 989 1001 1.444 0.45
174 58.20 25.10 0.00 18.006 996 1002 1.400 0.45
180 58.10 25.50 0.00 12.861 1002 1002 1.363 0.45
186 57.80 25.90 0.00 7.712 1006 1002 1.338 0.45

6 Results and discussion

The accuracy of the TC’s wind field is usually investigated
by evaluating the cyclone’s path and wind speed. Therefore,
in this study, the path of cyclone’s motion and then wind
field pattern have been evaluated. Furthermore, the wind
speed and direction are compared with the coastal stations
data. The statistical tests and CDP index are implemented to
evaluate the results. The results of the conducted investiga-
tions are given as below.

6.1 Cyclone Gonu tracking
Investigating the trajectory of the TCs is one of the tools

for evaluating the results of numerical models. Given that
the cyclone’s track is as input information in the parametric

models, it is, therefore, important to evaluate the results
of the WRF model. The cyclone Gonu’s path based on the
WREF simulation results is plotted in Fig. 7 and compared to
that of JTWC track. As would be observed, there is a signifi-
cant difference between the modeling results and JTWC at
the beginning of the cyclone’s path and there are no sudden
variations of the storm direction in the WRF model’s results.
However, the overall results illustrate that the WRF model is
capable of forecasting the tropical cyclones’ path.

A comparison of the four scenarios defined in the WRF
model showed that the results obtained by WRF (SC2, SC4),
corresponding to the higher model resolutions, forecast the
first cyclone landfall on the coasts of Oman with higher accu-
racy. However, the results of WRF (SC1, SC3) models with
coarser resolutions were unable to successfully forecast the
first cyclone landfall on the Oman’s coastlines. Besides, the
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Legend

® WRF (SC4)
® WRF (SC3)

Fig.7 Comparison of the trajectory of the tropical cyclone Gonu according to the information of JTWC and WRF results

results achieved by WRF (SC2, SC4) models indicate three
landfalls. Here, the second cyclone landfall, which affects
the coasts of Iran in the Jask area, has been forecasted toward
the east of the range. In addition, there is a 1-day difference
between JTWC data and results of WRF (SC2, SC4) models.
Furthermore, based on simulation results, the third cyclone
landfall has occurred in the vicinity of the Strait of Hormuz.
The unusual displacement at the end of the 24 h forecasting
length can be observed in the results by all the simulations.
For example, the forecasted path by WRF (SC3) model at
18UTC 06 June 2007, has been on the east side of JTWC data,
whereas with a sudden change in the direction, the second
landfall has been successfully predicted close to them. These
large displacements are mainly due to the considered forecast-
ing length. Hence, according to the results of previous studies
and the current research, it seems that considering the fore-
casting length of less than 24 h can lead to an improvement in
the cyclone track forecasting results (Nadimpalli et al. 2020).

6.2 Comparison of the simulated information
results with the reanalysis models and satellite
data

Figure 8a, b depicts the wind speed at two different times
of the tropical cyclone Gonu in the reanalysis, WRF and

@ Springer

parametric models along with the QuikSCAT satellite data.
Comparison of the results obtained via the reanalysis mod-
els with satellite data indicate that outputs of the reanalysis
models’ do not perform well in the wind speed modeling
of Gonu. The cyclone speed is estimated to be more than
20 m/s in the satellite data while its maximum value reaches
15 m/s in the reanalysis models. The asymmetric cyclone’s
rotational pattern in the reanalysis models is in good agree-
ment with the satellite data. In general, the results show that
as the cyclone approaches the coastal areas of Iran, the wind
field modeled by ECMWF (ERA-Interim) exhibits a better
intensity and pattern.

Comparison of the results associated with the different
WRF model configurations with the satellite data in the
range of the studied area is presented in Fig. 8a, b. This
comparison illustrates that the wind field obtained via WRF
model with different configurations is consistent with the
satellite data. Improving the time resolution and param-
eterizing effective physics in the WRF mid-scale model,
have improved the results compared to the reanalysis
counterparts.

Comparing the results of WRF (SC1, SC3) models with
satellite data in Fig. 8a, b illustrates the higher accuracy
of the WRF (SC3) one in forecasting the maximum wind
speed. However, the overall distribution of wind speed
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(ERA-Interim)
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(a)

Fig.8 Comparison of the achievements of various models with the QuikSCAT satellite data on a 06.06.2007 at 2:00 PM, b 06.07.2007 at 2:00

AM

and direction in both models is almost the same and well
matched to the measurement data. Due to the mesh resolu-
tion increment in WRF (SC2) and WRF (SC4) models, the
accuracy of the numerical model’s results has increased in
forecasting the maximum wind speed.

Another important point is the asymmetry of tropical
cyclone Gonu’s wind field due to being trapped between
coasts of Oman and Iran. According to Fig. 8a, b, the asym-
metry of cyclone Gonu is observable in the results of all
WRF model configurations. The results of WRF (SC2, SC4)
models in Fig. 8a, b indicate that the accuracy of the model
in forecasting the intensity and asymmetry of the wind field’s
rotational pattern of the TC caused by the coastal impact has
improved with an increment in the mesh resolution.

Figure 8a, b shows that the estimated maximum speed in
the parametric models is in good agreement with the satel-
lite data. The cyclone confinement between the Iran’s and
Oman’s coasts has led to a decrement in the accuracy of the
parametric models’ results for hindcasting the wind speeds,
which is due to the best track information quality. Unlike
the results of the reanalysis models and WRF modeling, no
asymmetry is observed in the cyclone’s rotational pattern in
the parametric models. Given that the cyclone’s rotational
pattern in the parametric models is considered to be ideal

like Rankin vortex, the asymmetry is not tangible. Although
parameterizations have been made to apply asymmetry in the
parametric models, they meet significant differences from
the actual patterns. As the cyclone approaches the coasts
and it is enclosed between the coasts of the Gulf of Oman,
the influence of the cyclone’s surrounding environment on
the wind field is increased and this fact is not observed in
the parametric models’ results.

The results of Fig. 8a, b show that due to the cyclone
Gonu confinement between the coasts of Oman and Iran, the
accuracy of the parametric models’ results within this area
has decreased. This could be due to the inability to modify
the wind field of parametric models under the influence of
the coasts.

The general comparison of the reanalysis data results,
WREF and parametric models with the satellite data, indi-
cated that the WRF model performs better than other inves-
tigated ones. All of the configurations examined in the WRF
model have been able to successfully forecast the speed and
asymmetry of the cyclone’s rotational pattern. In addition,
the overall distribution of wind speed and direction in this
model is well simulated.
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6.3 Comparison of the WRF model’s outputs
and reanalysis data with the measurement

A comparison of the wind field results of the reanalysis data
and WRF model configurations with the synoptic stations
of Chabahar and Jask are presented in in Figs. 9 and 10,
respectively.

In addition, comparing the time history and Q-Q graph
of wind speed during the tropical cyclone Gonu at Chabahar
synoptic station (Fig. 9) illustrates that the reanalysis data
and WRF model’s results successfully cover the approach-
ing process of the storm (speed increasing) to the Iran’s
coasts. Comparison of the observational wind speed results
with the reanalysis and simulated values points out to the
overestimation of the latter ones. Comparisons among the
observational, reanalysis data and the results obtained via
WRF (SC3) model illustrate that WRF (SC3) overestimate
the wind speed higher than measured values. However, com-
parison of the wind speed results of WRF (SC1, SC2, and
SC3) models indicates that although the results are slightly
overestimated for wind speeds less than 9 m/s, the maximum
wind speed values are well forecasted by this model.

Further to these, comparison of the wind direction
results confirms the convergence of the reanalysis data and
WRF model with those via the Chabahar synoptic station.

Measurement [m/s] o o

CFSR [mis)
(@) ECMWF [:;

WREF (SC1) [m/s] ———
WREF (SC2) [m/s] === =
WREF (SC3) [m/s] =====-
WRF (SC4) [m/s] = = =

Examining the direction variation at Chabahar station indi-
cates that the results of the reanalysis data and WRF (SC3)
model are almost the same. However, the other simulations
(WRF (SC1, SC2, and SC3)) have also forecasted the wind
direction variations well. As shown in the Fig. 9, the spa-
tial resolution improvement in WRF (SC2, SC4) models
has led to an improvement in the wind direction and speed
forecasting within Chabahar synoptic range.

Figure 10 presents the reanalysis data and WRF simu-
lation results in comparison with the information of the
Jask synoptic station. The path examination of the cyclone
Gonu in Fig. 6 indicates that the Jask synoptic station was
directly exposed to this storm. The sudden increases and
decreases in the wind speed and significant changes in its
direction within the Jask synoptic data indicate the direct
impact of the cyclone on this area. Comparison of the wind
speed results points out to the weakness of the reanalysis
data in estimating the maximum cyclone speed. As shown
in Fig. 10, the maximum recorded speed at Jask synoptic
station is about 20 m/s while at the same time the maxi-
mum speed via the reanalysis ones is reported as 12 m/s.

The improvement in the WRF model’s results for fore-
casting the wind speed and direction are observable in
Fig. 10. The distinctive forecasting results of the WRF
models with respect to the reanalysis data can be observed
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Fig.9 Comparison of a speed and b direction of the wind at Chabahar synoptic station
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Fig. 10 Comparison of the wind’s a speed and b direction at Jask synoptic station

in Fig. 10. As it is clear, the results of this model are very
accurate in forecasting the wind speeds within the Jask sta-
tion area. It is noteworthy that the maximum wind speed
at Jask station is well forecasted by all the studied models
(WREF (SC1, SC2, SC3, SC4)). Examination of the results
via WRF (SC2, SC4) models also indicated that the simula-
tion results improve with the increasing mesh resolution.
Upon the storm proximity to the synoptic station and
simultaneous occurrence of the cyclone’s eye and wall
speeds (minimum and maximum wind speeds) in the meas-
ured data, the weakness of the numerical models in simu-
lating the abrupt changes is identified. For this reason, no
suitable correlation is observed between the simulation
results and measured data. As for the wind direction, when
the cyclone approaches the Iran’s coast, a large difference
is apparent between the observed and numerical data. How-
ever, as shown in Fig. 10, increasing the spatial resolution
of WRF models has led to an improvement in the results.
In general, investigating the time history and distribution
charts of the speed and direction variations of the reanalysis
data and WRF models at the two synoptic stations of Chaba-
har and Jask, indicate that the WRF model has been able to
successfully forecast the maximum speed values in coastal
areas. In addition, with the increase in the spatial resolution
of the WRF model, the accuracy of the model results in wind

speed forecasting has significantly improved. The overall
evaluation of the results shows that those obtained via WRF
(SC4) model are more consistent with the measurement data.

6.4 Comparison of the parametric models’ results
with measurements

The comparison of the wind speed and direction results cor-
responding to the parametric models with measured data
at synoptic stations of Chabahar and Jask are presented
in Fig. 11a, b. Comparison of the wind speed obtained
from parametric models with the measured information in
Fig. 11a indicate that the increasing trend of wind speed
affected by the cyclone approaching is successfully modeled
and wind speed values are well hindcasted. However, as it
turns out, the wind direction agrees with the measurement
results only when the cyclone approaches Iranian coasts and
there is no consistency between the results at other times.

Comparison of the parametric model’s results and Jask
synoptic data in Fig. 11b indicates the underestimation
of the wind speed values. In addition, the wind direction
hindcasted by these models is significantly different from
the coastal synoptic data and there is no proper agreement
between the wind direction of the parametric models and
the synoptic data.
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Fig. 11 Comparison of the wind speed and direction via the paramet-
ric models at a Chabahar synoptic station and b Jask synoptic station
(points describe the measurement data, dark-blue line: Holland para-

The results of parametric models indicate slight underes-
timation on the wind speed and the wind direction pattern
near the coast is not in good agreement with the measured
information due to the lack of coastal effects. The overall
evaluation of the results shows that among the investigated
parametric models, the wind field achieved via the Holland
parametric model is more consistent with the measured data.

6.5 Evaluation criteria of the wind field simulation
results

Finally, the statistical tests are used for the quantitative eval-
uation of the reanalysis data and wind field simulate results.
The modeling performance index statistics used in this study
are the Root Mean Square Error (RMSE), Bias and correla-
tion (R) between the simulated information and observa-
tional data. The RMSE is used as an analogy to highlight
the difference between the simulated and measured values.
This criterion is defined as in Eq. (8) and it is used as the
most common error indicator. The Bias is the mean of differ-
ence between the simulation results and observations, whose
positive and negative values indicate the overestimation and
underestimation of the model compared to observational val-
ues, respectively. The Bias value in the simulation is given
in Eq. (9). The correlation (R) shows the linear relationship
between the simulation and observational data which can be
defined as in Eq. (10):
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In the above relations, O defines the observational speci-
fications at measurement stations, S is the simulated values,
O and S stand for the observational and simulated mean
values, respectively. In addition, n is the number of samples.

The summary of the statistical measurements at each
of the four observational stations for each of the modeling
methods are listed in Table 5 together with the data from
the two reanalysis databases of ECMWF and CFSR. Here,
the wind speed is in meters per second while wind direction
in degrees.

Investigating the statistical parameters of the WRF mod-
els error, parametric models and reanalysis data highlighted
the distinctive results forecasted by the WRF model in the
study area. This distinction is especially significant in the
wind field assessment at Jask synoptic station. The results
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of WRF models better forecast the wind speed and direction
changes within the coastal areas compared to the paramet-
ric ones which are established based on the observations.
This can be seen in the wind speed and direction forecast-
ing results at both Chabahar and Jask synoptic stations.
Among the various WRF configurations, the evaluation of
the results indicated the better performance of WRF (SC4)
model. Among the parametric models, the Holland model
has a better estimation.

6.6 Cyclone damage potential (CDP)

There is a growing need for the objective and timely infor-
mation on the damages caused by TCs to conduct planning.
Thus, several indicators have been developed capable of esti-
mating the damage potential using the storm characteristics.
The Saffir—-Simpson scale, hurricane intensity index (HII),
and Carvill hurricane index are examples of these indicators
(Kantha 2006; Simpson and Riehl 1981; Smith 2010).

The examined indicators show that the rate of damage
caused by TCs is proportional to the third power of the
maximum wind speed (Emanuel 2005). Conducted studies
during the last decade have also shown that in addition to
the wind speed, the maximum values of other wind field
parameters also affect the damage induced by the cyclone
(Czajkowski and Done 2014; Zhai and Jiang 2014). These
concepts have led to the development of the CDP index as
follows (Holland et al. 2019):

CDP =4 , (In

where v,, is the maximum surface wind speed (knots), R,
defines the cyclone radius (nautical miles) and v, stands for
the cyclone forward speed (knots).

CDP is used to estimate the damages caused by the off-
shore wind, wave and current damage, onshore wind and
cyclone surge. This index can also be used individually,
quarterly and globally for a wide range of social purposes.
Moreover, the CDP parameter ranges from O to 10.

In the present study, to evaluate the wind field results,
the damage potential due to the direct impact of the
cyclone Gonu on the coasts of Iran has been investigated
during the period from June 5 to 7, 2007. Since the wind
field derived from parametric models is based upon the
JTWC data, the CDP index associated with these mod-
els has been calculated in the same way based on these
information. In addition, due to the coarser resolution of
the reanalysis data, the maximum surface wind speed (v,,)
obtained via them did not considerably differ from the
average wind speed, so the CDP index has not been cal-
culated for them.

The variations of v, R and v, and cyclone Gonu’s damage
potential are depicted in Fig. 12 according to various WRF
configurations and JTWC data within the corresponding

Table 5 Statistical measurement

R RMSE

Direction (°) Speed (m/s) Direction (°)

Speed (m/s) Direction (°)

X . Input data Bias
values for the investigated
information Speed (m/s)

Chabahar synoptic

WREF (SC1) 1.69
WREF (SC2) 1.30
WREF (SC3) 1.87
WREF (SC4) 1.40
ECMWF 2.29
CFSR 2.11
Holland 0.11
Rankin 2.96
S&Y - 0.57
Jask synoptic

WREF (SC1) 1.06
WREF (SC2) 2.51
WREF (SC3) 0.72
WREF (SC4) 3.16
ECMWF 1.80
CFSR 0.19
Holland —-1.32
Rankin 0.80
S&Y -2.09

7.71 0.55 0.75 3.59 30.07
19.72 0.60 0.73 3.34 40.30
6.50 0.70 0.55 4.05 50.63
19.02 0.62 0.77 3.20 39.79
9.14 0.77 0.55 3.29 42.86
-0.49 0.76 0.82 3.27 30.39

- 0.74 - 2.41 -

- 0.69 - 3.97 -

- 0.79 - 3.21 -
- 47.99 0.28 0.12 5.03 143.53
-51.87 0.26 0.29 6.09 131.11
—49.56 0.47 0.14 4.22 148.97
—46.59 0.26 0.25 7.05 130.15
54.70 -0.15 - 0.10 5.63 145.85
—53.60 -0.01 -0.24 5.15 166.92

- 0.46 - 4.55 -

- 0.17 - 4.57 -

- 0.31 - 5.64 -
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time period. According to Fig. 12, the CDP index falls
within the range of 0-5 and 0-7 according to the JTWC
data and results of WRF forecasting models, respectively.
Investigation of the results of various WRF configurations
shows that this model has been able to successfully estimate
the CDP. In addition, the results of the conducted forecast-
ing are in line with the CDP range obtained on the basis of
the JTWC data. The maximum CDP has been obtained with
according to the WRF (SC4) model results.

As shown by Fig. 12, the forecasting results of the WRF
model can be used to estimate the CDP in the coastal areas
of Iran. The obtained CDP can be used to plan and minimize
the damages caused by TCs.

6.7 Verification

In general, the results of the previous sections show that
the outputs of the WRF model with SC4 configuration have
better performance compared to the other models examined
in simulating the cyclone Gonu. Therefore, to verify the
results of this configuration, the wind field associated with
the tropical cyclone Phet has also been modeled.

Figure 13 depicts a comparison of the track simulation
results with Best Track data along with the wind speed
and direction of the tropical cyclone Phet compared to the
measurement data of Chabahar synoptic station. As can be
seen in Fig. 13a, the tropical cyclone Phet track has abruptly
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changed toward the east and then northeast after the landfall.
Thus, the track modeling of cyclone Phet has higher uncer-
tainty than that of Gonu. Comparing the results of cyclone
track modeling with JTWC data in Fig. 13a, indicates that
the model has been able to well simulate the tropical cyclone
landfall to the coasts of Oman and Pakistan. In addition, the
overall cyclone Phet track has been successfully modeled.
However, there are inconsistencies in the modeling results
in the situation where the cyclone direction has changed
drastically. Reducing the forecasting length may improve
the results.

Due to the cyclone Phet track, the impacts of this storm
on the southeastern coasts of Iran and especially the data of
Chabahar synoptic station have been significant (Fig. 13a).
Therefore, the comparison of wind speed and direction
results via WRF (SC4) model with Chabahar synoptic sta-
tion data is illustrated in Fig. 13b, c. As shown in Fig. 13b,
the simulation results have been able to forecast the maxi-
mum wind speed as well as cyclone proximity to the study
area. However, due to the sharp change in the cyclone direc-
tion toward the east of the Arabian Sea as it approaches the
coasts of Iran, the time period of its impact on June 5 has
been predicted to be about a few hours, while it is about 1
day according to the measurement results. In addition, the
decreasing trend of the maximum wind speed, which indi-
cates the cyclone approaching, is more severe in the results
of the numerical model.
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Fig. 12 Time history of the variations in the cyclone damage potential (CDP), maximum surface wind speed (v,,), cyclone radius (R) and for-

ward speed (v,)
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Fig. 13 Comparison of the simulation results of a the cyclone track with JTWC data and with Chabahar synoptic station data, b wind speed, ¢

wind direction in the tropical cyclone Phet

Comparing the wind speed changes in Fig. 13c shows
that these variations have been well modeled. The differ-
ence between modeling results and measurement data is sig-
nificant when the cyclone impacts the Iranian coasts. This
is mainly due to the cyclone Phet track fluctuations in the
numerical model. However, it should be noted that consid-
ering the general direction of wind (north—south) when the
cyclone approaches the Iranian coasts, the results of numeri-
cal modeling meet acceptable accuracy. Due to the drastic
change in the tropical cyclone Phet track, the numerical
model performance is evaluated as desirable.

In the same manner as the cyclone Gonu, statistical tests
have been used for the quantitative assessment and to ensure
the accuracy of the numerical modeling results. Figure 14a,
b exhibits the scatter plot of wind speed and direction
changes and statistical error values in Chabahar station. Fig-
ure 14a also shows the accuracy of the WRF (SC4) model
results in wind speed simulation. Evaluation of the statistical
errors indicates the appropriate correlation coefficient of the
modeling achievements and acceptable dispersion rate of the
wind speed results. Moreover, the results of numerical mod-
eling have been able to successfully model the maximum
wind speed values due to the tropical cyclone Phet.

Examination of the scatter plot in Fig. 14b shows incon-
sistencies in the wind direction modeling. The inconsist-
ency of the results is significant when the wind direction in
Chabahar station is from the north (0-60°). Considering the
overall direction of the wind (north—south), it can be stated
that the results of the numerical model with a direction of
higher than 300° also indicate a direction in compliance with

the measurement data. However, the drastic change in the
cyclone Phet track has caused the conditions of Chabahar
station in this storm to be similar to that of Jask station in
cyclone Gonu. An overview highlights the proper perfor-
mance of WRF (SC4) numerical model in simulating the
tropical cyclone conditions.

7 Conclusions

In present study, wind field of Gonu tropical cyclone has
been investigated The wind field has been hindcasted using
the WRF model and three parametric ones including S&Y,
Holland and Ranking. Four different configurations have
been considered to forecast the wind field using WRF model.
In addition, the wind field of the ECMWF (ERA-Interim)
and CFSR reanalysis databases has also been studied during
the tropical cyclone Gonu.

Comparing of the wind field of the reanalysis stations and
observational data, one can conclude that both ERA-Interim
CFSR datasets have very close performance in the studied
area. However, CFSR showed better overall performance.

Comparison of the parametric models’ results and sat-
ellite images illustrates that these models meet significant
differences in the hindcastings of the actual wind patterns.
As the cyclone approaches and encloses among the Gulf of
Oman coasts, the impact of cyclone’s peripheral environ-
ment on the wind field increases and this behavior is not
observed in the outputs of the parametric models. However,
among the parametric models, the Holland model has shown
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Fig. 14 The scatter plot cor-
responding to the results of
Chabahar synoptic station data
and modeling a wind speed, b
wind direction

(a)

better performance for hindcasting the wind field within the
region.

The results from various WRF model’s configurations
indicate that this model can well forecast the cyclone’s
path. It is also possible to reduce the model error rate in
the cyclone track simulation by reducing the forecasting
length. In addition, comparing the wind field results with
satellite data illustrates that the WRF model has been able
to well simulate the asymmetry of the cyclone’s rotational
pattern while being trapped between the coasts of Iran and
Oman. However, increasing the model’s mesh resolution has
improved the results of cyclone’s asymmetry modeling.

Evaluating the results of WRF models in forecasting the
maximum wind speed and direction in the coastal areas of
Iran highlights the significant difference between the results
of this model and other ones along with the data examined
in the current research.

To plan and minimize the amount of damage caused by
TCs, the CDP index has been calculated based on the results
of WRF models. This investigation indicates that the WRF
model’s results can be well employed to forecast the poten-
tial damage index of tropical cyclones within the coastal
areas of Iran.

Based on the assessments made, the SC4 configuration
of WRF model has met the best performance in simulating
the tropical cyclone Gonu in the coastal areas of Iran rather
than other models and data examined.

In addition, the verification of this configuration in the
Phet TC shows its suitable in simulating the TC wind field
with drastic changes in the path of movement. In addition,
verification of the SC4 configuration of WRF model in the
Phet TC indicates a suitable performance of the WRF model
to simulate the TC’s wind field with sever changes in the
trajectory of TC.
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