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AR — el H @i (BoB) & IW fafAd & g #fdet (bfew AR gege) W &g FeranR
gfdwgor gomelt (ROMS) ¥ U 3od-fa%ied HAAT Hde STAA (SST) & UHIE & J/g & 75| done
H WET (BoB) W IUY fAfded UeaTofir 3cic & WY ROMS-SST & Teaga 0.90 ¥ A™d &
IR 3T wewdy gAfar ¥ HA AT @9 AR SN 0.40°C ¥l SeodAd HEA FFHEUE (ARW)
Alser &1 fATen e RUfS & T A ROMS-SST & URA & & TC Hfea & fow TC dwar 3k
vl T # FUR AT TC gage 1 oodr F AR GUR @ T ¥ R o, AEEer e &
Joedr & gae & AR aul w4 A deeR ufdpfa & @y, S e Afsd 3mseye @ fAeA-favea
EAfegd- SST &1 3UANT AT ¥ G071 yaer &1 gorer & ROMS waier & aer &t & fow 3reva
3uTre faFardel @ 4@ 91U R Hage 7 Q@ WO & WY IH FCAT UTAEU BT TS GIAT0T faEus
&7 RER Jga AT Wi &1 geifeh, ROMS-SST Ul & fow #isel fegeies &6 a gl TC & faw
g URfAe Rufadl & v TC & & guR 8 Reaml adaa ufawaor Aeagd ST 3geer & fow
UFh AAEhA &3 ATHEPR Ufd¥U gRT S3aeha fov 10 3Tg ARG SST & 3UANT &dl T

ABSTRACT. Impact of high-resolution Sea Surface Temperature (SST) derived from the Regional Ocean
Modeling System (ROMS) on two intense vortices (Phailin and Hudhud) developed over the Bay of Bengal (BoB) are
investigated. The validation of ROMS-SST with various observational datasets available over BoB showed a reasonably
good correlation of greater than 0.90. The root mean square difference is around 0.40° C. Instigating ROMS-SST as a
lower boundary condition to the Advanced Weather Research (ARW) model improved the TC intensity and rainfall
location for TC Phailin. A minor improvement is observed in the intensity of TC Hudhud. Still, with better replication of
wind structure and rainfall location than the control experiment, which uses low-resolution Reynolds-SST from the global
model output. This right sector peak of latent heat pattern matches better with the observed structure of deep convection
observed from infrared satellite imagery for both TCs in the ROMS experiment as compared with the control experiment.
However, the model simulated track for the ROMS-SST experiment did not improve the TC track for all the initial
conditions for both the TCs. The present modeling study compliments the use of higher resolutions SST downscaled by a
mesoscale regional ocean model for the TC simulations.

Key words - Phailin, Hudhud, Bay of Bengal (BoB), WRF, SST, ROMS, Tropical cyclones.

1. Introduction formation of TCs (Gray, 1968). Its coast is especially
highly vulnerable to TCs due to the large density in

Tropical cyclone (TC) remains one of the worst population, shallow bathymetry and almost funnel shape
natural disasters globally. Among many ocean basins, the coastline. Accurate prediction of the intensity and landfall
Bay of Bengal (BoB) is one of the potential regions for the location of TCs well in advance will immensely help
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minimize heavy loss of life and property. During the last
few decades, regional numerical models over BoB played
a vital role in the real-time prediction of TCs (Srinivas
et al., 2013; Osuri et al., 2012; 2013; 2017; Mohanty
et al., 2015; Das et al., 2015; Nadimpalli et al., 2016;
2019; 2020; 2021). Although from the past 30 years
impressive strides have been made in the quality of TC
track predictions, unfortunately, there has been no
perceptible improvement in the skill of tropical cyclone
intensity prediction. One of the crucial elements in the
intensity evolution of the TC is its interactions with the
upper ocean.

The Ocean serves as an energy feeder to the TC
through the exchange of the enthalpy fluxes provided a
finite-difference of enthalpy between the atmosphere and
ocean interface (Palmen, 1948; Miller, 1958; Riehl, 1954),
which helps in enhancing the convection. As the TC
intensifies over the ocean, fluxes are enhanced due to the
intense winds, which further augments TC intensity
(Emmanuel, 1986); hence, TC's interactions with the
ocean play a predominant role in its life cycle. Further,
interactions of TC with different oceanic features have
been studied in detail over all the basins. e.g., TCs over
the Atlantic basin intensify as they pass through warm
ocean features like warm eddies and currents (Shay
et al., 2000; Goni and Trinanes, 2003). Conversely, TC
interactions with the cold-core eddy degrade TC intensity
(Zhanhong Ma et al., 2013). Thus, Sharp SST gradients
over the ocean play an important role in the intensity
evolution of the TC (Kaplan and DeMaria, 2003). Many
modeling studies showed that an accurate representation
of the SST fields could resolve the majority of the ocean
features and improve the TC's intensity prediction (Schade
and Emanuel, 1999; Bao et al., 2000; Chen et al., 2001;
Wau et al., 2007). Over the Atlantic basin studies with high
resolution coupled ocean and atmosphere model reported
an improvement in the prediction of the TC intensity
(Sanabia et al., 2013; Kim et al., 2014; Yablonsky et al.,
2015), similarly few modeling studies over the pacific also
reported the same (Sandery et al., 2010; Jullien et al.,
2014).

Over the BoB, several numerical experiments are
conducted using the Advanced Research version of the
Weather Research and Forecasting (WRF) model to show
its reliability in the real-time TC forecasts (Osuri
et al., 2013; 2020). However, it is to be noted that most of
these studies used SST fields obtained from Reynolds SST
analysis (Chelton and Wentz, 2005). Reynolds SST
consists of weekly averages on a global 1° x 1° grid. Few
studies over BoB showed that with the use of high-
resolution satellite-derived SST, the intensity evolution of
the TC has improved significantly (Bongirwar et al.,
2011; Mandal et al., 2007). This improvement was
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attributed to the high-resolution SST fields, which
captured the sharp SST gradients. However, a three-day
composite  Tropical Rainfall Measuring Mission
Microwave Imager (TMI) SST was used in these studies
as a boundary condition. More details of TMI SST can be
found in Bongirwar et al. (2011). One of the major
drawbacks of the TMI SST is its inability to represent
accurate SST fields at times of cloudy weather and the
coastal regions. Over BoB air-sea coupling on tropical
cyclone (TC) predictions are studied using a three-
dimensional Price-Weller-Pinkel ocean model coupled to
WREF improved the prediction of TCs over BoB, which is
attributed to the realistic representation of the ocean state
during the integration of the model (Srinivas et al., 2016).
Hence, a higher resolution SST is needed over the BoB for
realistic TC prediction.

Over the north Indian Ocean, a coupled WRF-
Regional Ocean Modelling System (ROMS) model
simulations showed an improvement in the Indian summer
monsoon prediction due to the improved air-sea
interactions over the ocean (Samala et al., 2013). The
scientific community widely uses ROMS for various
applications (Sil and Chakraborty, 2011a; Sil et al.,
2011b; 2014). The authors in the current study focus on
studying the impacts of high-resolution climatological
SST produced from ROMS (now called ROMS-SST) in
the simulations of TCs using the WRF atmospheric
model. In the current study, two intense TCs occurred
over BoB in October 2013 and 2014, i.e., TC Phailin and
TC Hudhud, respectively, are selected as case studies. The
ROMS-SST with a horizontal resolution of 9 km is
obtained from the climatological simulation by Sil and
Chakraborty (2011a). They highlighted the capability of
the ROMS in simulating the mesoscale oceanic features,
which might significantly play an important role in the
intensity evolution of TCs.

The broad objective of the present study is to
investigate the impact of high-resolution ROMS-SST on
the intensity evolution and track of two TCs over BoB.
Before the simulations, ROMS-SST is validated with
available observations. Later, the WRF model simulates
two TCs, as stated earlier. The research and operational
community over India obtained two different kinds of
ocean boundary conditions from Reynolds-SST (defacto
mode of running forecast models for predicting tropical
cyclones Bay of Bengal (BoB) by the research and
operational community over India) ROMS-SST is used.
The paper is organized as follows. A short description of
two TC cases considered for this study is discussed in
section 2. Section 3 details the model, experimental design
and data used in this study. Results are presented in
section 4, followed by a summary and conclusions in the
final 5™ section.
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2. Tropical cyclone cases selected for the study

Two cyclone cases in October 2013 and 2014,
i.e., TC Phailin and TC Hudhud, have caused a
devastating impact on the coastlines of Orissa and Andhra
Pradesh in the current study. The selection of the two
recent cases that occurred during the last decade enables a
glimpse of the objectives of the current study.

2.1. Phailin cyclone

TC Phailin originated from a remnant cyclonic
circulation from the south china sea. It laid as a low
pressure on 6 October over the Tenasserim coast. It
intensified into a well mark low pressure on 7 October
over the north Andaman Sea, which later concentrated
into a deep depression over the same region on 8 October.
It moved west-northwestwards and intensified into a
cyclonic storm on 9™-morning Indian standard time. Later,
it intensified into a severe cyclonic storm and then rapidly
intensified into a very severe cyclonic storm in the
forenoon of 10 October. It crossed the Odisha coast and
adjoined Andhra Pradesh coast near Gopalpur (Odisha)
around 2230 hrs IST on 12 October, causing extremely
heavy rainfall over Odisha leading to floods (Osuri et al.,
2017).

2.2. Hudhud cyclone

Cyclone Hudhud developed from a low-pressure area
over the Tenasserium coast and adjoined the North
Andaman Sea on 6" October, 2014, which further
intensified into a depression on 7 October, 2014 over the
Andaman Sea. On 8 October, it intensified into a cyclonic
storm crossing the Andaman Islands. Later it moved
northwestwards and intensified into a severe cyclonic
storm (SCS) in the morning of 9" October IST and further
into a very severe cyclonic storm (VSCS) in the afternoon
of 10 October. It continued to intensify further and
reached its peak intensity on the 12" morning with a
sustained wind speed of 180 kmph crossing north Andhra
Pradesh coast over Vishakhapatnam on 12 October. It
caused heavy to extremely heavy rainfall over North
Andhra Pradesh and south Odisha coast (Nadimpalli et al.,
2016).

3. Models, experimental setup and methodology

3.1. Atmospheric model

The current study uses the advanced weather
research model WRF-ARW (hereafter ARW) model
developed from the National Centre for Atmospheric
research (NCAR). It consists of multiple dynamical cores,
which helps use the model for operational and research
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needs. The ARW model is a non-hydrostatic, fully
compressible mesoscale model based on the Eulerian
solver. The model equations, physics and dynamics are
described in (Dudhia, 2004 and Shamrock et al., 2005).
Three velocity components (u,v,w), pressure perturbations
(p"), temperature (T) and specific humidity (q) are the
prognostic variables. The ARW model is integrated at a
horizontal resolution of 9km with a single domain for all
the simulations. The model setup is followed as given in
Osuri et al., 2013.

3.2. Ocean model

ROMS is a free-surface, terrain-following, primitive
equation ocean model. The primitive equations are
evaluated using boundary-fitted orthogonal, curvilinear
coordinates on a staggered Arakawa C grid. The model is
run at a 10 km resolution in an attempt to resolve fine
structures of SST gradients. A complete description of the
model setup and the methodology used to prepare the
high-resolution climatological SST refer to Sil et al.
(2011b).

3.3. Data and experiments

High-resolution ROMS-SST is validated with
various available observational data sets such as World
Ocean Atlas 2005 (WOAO05 : https://www.ncei.noaa.gov/
products/world-ocean-atlas), domain averaged SST from
Argo (2003 — 2014 : https://incois.gov.in/argo/argo.jsp),
AVHRR climatology (https://climatedataguide.ucar.edu/
climate-data/sst-data-avhrr-pathfinder-v52-noaa-nodc) and
SST derived from three RAMA buoy (2005 to 2014;
https://incois.gov.in/portal/datainfo/rb.jsp) locations
(A) 8°N,90°E; (B) 12° N, 90° E, (C) 15° N, 90° E.

The WREF simulations are conducted for TC Phailin
and Hudhud with integration using Reynolds SST and
ROMS-SST. The forecast lead time of 96, 72 and 48
hours is chosen for the cyclone cases considering the real-
time practice of cyclone forecast warning over the region
(2-4 days before TC landfall). The simulations with
Reynolds SST are referred to as control run (CNTL) and
simulations with ROMS-SST are referred to as
experimental runs (ROMS). TC Phailin is simulated from
the initial conditions 0900 UTC, 1000 UTC & 1100 UTC
and TC Hudhud is simulated with initial conditions from
0812 UTC, 0912 UTC & 1012 UTC. A set of two
experiments with the three initial conditions are conducted
for each TC and the results obtained are compared with
the available observations. The initial atmospheric
conditions are obtained from the real-time global analysis
(GFS) available at 0.5° horizontal resolution. The TC
intensity and track observations are obtained from the
Indian meteorological department (IMD) and the same is
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Figs. 1(a-c).  (a) Taylor Diagram for SST comparison of model simulated SST with three RAMA moorings (RA, RB and RC), WOA2005 (LV), Argo
(AR) and AVHRR (AV). The radial distances from the origin in a typical Taylor diagram represent the standard deviations, whereas the
azimuthal positions show correlation coefficients. The distances between observation and model simulation represent model-observation
root-mean-square errors, which measure differences in amplitude. (b) Skill Map and (c) Correlation map with respect to WOA 2005
used for comparison with model simulations from ROMS on TCs, the results presented here would
(https://www.rsmcnewdelhi.imd.gov.in/).The  Satellite- primarily focus on the intensity (in terms of wind strength

based wind analysis (surface winds), which includes data
sets from advanced satellite based wind analysis, cloud
drift/IR/WV winds, Advanced-Scatterometer, IR-proxy
winds and Scatterometer winds, is used as observation in
comparing the model simulated winds. The preparation
and details of the satellite based winds can be referred to
with  Bessho et al, 2006 (https://rammb2.cira.
colostate.edu/).

4. Results and discussion

The results obtained from the above mentioned
numerical experiments are presented with the related
observational facts. As the study's main objective is to
access the impacts of the high-resolution SST derived

and precipitation) and storm tracks.
4.1. Validation of ROMS climatological SST

In order to summarize graphically on the agreement
between the climatological SST obtained from the ROMS
output with the observations, the authors use the Taylor
diagram. The similarity between the ROMS-SST and
observations is quantified in their correlation coefficients,
their centered root-mean-square difference and the
amplitude of their variations represented through their
standard deviations. The correlations for the ROMS-SST
are within 0.90 to 0.99 for all the observational data sets
as shown in Fig. 1(a) with 99% significant with student
t-test. The root mean square difference is around 0.4 °C,
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Figs. 2(a-c). SST field along with the observed tracks for (a) Control run for TC Phailin valid for (b) Control run for TC Hudhud and
(c) ROMS-SST for October. The black (green) line indicates the track of Phailin (Hudhud) TC

and the normalized standard deviation is slightly higher
than unity, indicating the variability is almost similar for
observations and model. From the above analysis
represented in the Taylor diagram, it can be inferred that
the climatological SST derived from the ROMS model
agrees closely with the observations. The spatial
comparison of the SST throughout the BoB is carried out
on the same 1° x 1° grid of WOA 2005 which is
considered as observation, the skill and correlation map is
shown in Figs. 1(b&c), respectively. From Fig. 1(c), the
ROMS-SST shows a mean correlation of about 0.91
throughout the BoB with 99% significance. The skill is
shown in Fig. 1(b) also projects a skill greater than 0.94
for the ROMS-SST. The above results show that the
ROMS-SST produces a realistic climatological pattern
closer to observations. This SST, when used as a lower
boundary condition for the simulation of TCs over BoB,
might significantly provide a realistic ocean condition for
the TC than compared with the Reynolds SST.

4.2. Comparison of the SST fields

Figs. 2(a-c) show the SST fields used in the
simulations for TC Phailin and Hudhud along with their
observed tracks. Fig. 2(a) represents the SST field in the
control run for TC Phailin with initial condition 0900UTC
along with Phailin TC observed track taken from IMD
best observed tracks, while Fig. 2(b) represents the same
for the TC Hudhud with initial condition 0812 UTC. Fig.
2(c) represents the climatological ROMS-SST for October
used in the experiment for both the TC for all the initial
conditions aforementioned in the data and methodology
section. Comparing Fig. 2(c) with Figs. 2(a&b), it is
clearly evident that the ROMS-SST is able to resolve the
fine features in the SST field better compared with both the
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control runs, which exhibit smoothed out SST patterns.
The gradients resolving capability for the ROMS-SST
may be attributed to the outcome from high-resolution
simulations while preparing the SST from ROMS (Sil
et al., 2011b) when compared with the global model used
for preparing Reynolds SST. However, it is noted that
ROMS-SST used here gives us a higher spatial resolution.
However, the temporal resolution compared with the
control simulations is poor. However, the objective of the
current study is to assess the impact of fine SST gradients
resolved by the ocean model on TC simulations.

4.3. Simulated Intensity

4.3.1. TC Phailin

The intensity in terms of the model simulated
maximum 10 m surface winds and the wind intensity
errors calculated with IMD data considered as
observations are shown in Figs. 3(a-f). Fig. 3(a) shows the
time series evolution of the intensity of the TC for initial
condition 0900 UTC. The simulated intensity in the
ROMS is closer to the observations as compared with the
CNTL, especially during the peak intensity period,
i.e.,, 1012 UTC to 1206 UTC. Similar results are observed
for the other two initial conditions, i.e., 1000 UTC [Fig.
3(b)] and 1100 UTC (figure not shown). The intensity
errors calculated for all three simulations also prove that
the intensity prediction in the ROMS simulation showed
relatively less error than the CNTL run. The maximum
error in the intensity in the CNTL run is about -45 knots,
while the ROMS shows -35 knots. Phailin’s peak intensity
is captured in the ROMS with an underestimation of about
20 knots while CNTL showed an underestimation of
40 knots.
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Figs. 3(a-f).  Model predicted 10m wind speed (knots) from both CNTL and ROMS experiments at (a) 96 hour forecast, (b) 72 hour forecast along

with IMD best analysis for TC Phailin and (c) mean intensity error from both the experiments. (d), (e) and (f) are same as (a), (b) and

(c) respectively but for TC Hudhud

4.3.2. TC Hudhud

The model simulated intensity evolution for TC
Hudhud in terms of 10 m surface windspeed and its
associated intensity errors are shown in Fig. 3. The time
series of the wind speed intensity for initial condition
0812 UTC indicates that both the CNTL and ROMS
almost showed a similar intensity evolution; however,
both the simulations could not produce realistic peak
intensity of the TC [Fig. 3(b)]. For the initial condition
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0912 UTC shown in Fig. 3(d). ROMS simulation slightly
predicts peak intensity closer to the observation as
compared with CNTL. It is to be noted that both the
simulations are unable to capture the peak intensity shown
in the observations. Fig. 3(f) shows the intensity error
associated with all three initial conditions. It is seen that
the ROMS and CNTL run are similar intensity errors for
all the forecast lengths [Fig. 3(f)]. However, it is to be
noted that ROMS run was able to capture a realistic peak
intensity for the initial conditions 0900 UTC [Fig. 3(d)]
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Figs 4(a-f). Enhanced infrared imagery from MODIS/AVHRR for (a) TC Phailin and (d) TC Hudhud along with model predicted latent heat flux
(W/m?) from both (a) CNTL and (b) ROMS experiments for TC Phailin (c) and (d) are same as (a) and (b) but for TC Hudhud

and 1012 UTC (figure not shown) compared with the
CNTL run. However, the peak intensity is underestimated
by both the simulations.

4.4. Air-Sea Interaction

From the theory of hurricanes (Emmanuel, 1986), it
is well established that the latent heat released from the
ocean plays a vital role in the intensification of TC. Hence
it is worthwhile to investigate the latent heat flux at the
peak intensity of the TC Figs. 4(a-f) represent the latent
heat flux at peak intensity for the TC Phailin (IC: 0900
UTC) and TC Hudhud (IC : 0812 UTC) at 1100 UTC and
1200 UTC respectively. Figs. 4(a&b) show latent heat
flux (W/m?) for TC Phailin for CNTL and ROMS. It is
observed that the ROMS experiment [Fig. 4(b)] shows a
higher exchange of latent heat flux release compared with
the CNTL [Fig. 4(a)] near the right side core of the TC. A
similar result is established in the TC Hudhud in the
ROMS experiment [Fig. 4(d)] compared with the CNTL
[Fig. 4(c)]. According to the satellite imagery at peak
intensity, it is evident that the height of clouds is
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maximum on the right side of the TC center, suggesting
deeper convection on the right sector of TC. Both the
simulations are able to capture the right sector peak in
terms of latent heat flux. However, it is noted that the
ROMS experiment inner core structures resemble well
with the observation compared with the CNTL run. The
improved inner core wind structure in the ROMS
simulation may be attributed to the greater exchange of
the latent heat flux in the right side of the TC, shown in
Figs. 5(a-i) and Figs. 6(-i). The comparison of model
simulated surface wind structure evolution of both the
TCs with the available observations from the satellite
derived winds are shown in Fig. 5 and Fig. 6 for TC
Phailin (IC : 0900 UTC) and TC Hudhud (IC : 0812
UTC), respectively. Figs. 5(a&b) represent the surface
winds for the CNTL and ROMS experiment after the 24
hrs integration of the model, while Fig. 5(c) illustrates the
observed satellite winds. From the figures, it may be
observed that the ROMS experiment replicates the realistic
wind structure in the inner eyewall of the TC compared
with the CNTL run. The maximum intensity of both the
model runs remains the same, i.e., 50 knts, but a major
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Figs. 5(a-i).  Model predicted wind structure from both (a) CNTL and (b) ROMS experiments for TC Phailin along with

Satellite derived wind structure at 24 hour forecast lead time. (d)- (f) and (g)-(i) are same as (a) and (b) but

at 48 hour tome lead and landfall time

difference is noticed in the spatial extent of the inner core
winds with the ROMS experiment closer to the structure
seen in the satellite winds [Fig. 5(c)]. The same features in
also observed after the 48hrs integration of the model
[Figs. 5(d&e)] where ROMS produces realistic wind
structure in the inner eyewall. It is also worth noticing that
the ROMS experiment's peak intensity matches the
observed satellite wind data [Fig. 5(f)]. The wind structure
associated with the Phailin on the landfall day is also
compared with the observations as it is significant for
disaster management preparedness. From Figs. 5(g-i), the
ROMS run produces a realistic wind structure pattern and
peak winds compared with the CNTL, especially in the
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eyewall region. The wind structure is also verified for the
TC Hudhud, as shown in Figs. 6(a-i). From Figs. 6(a-i),
both the CNTL and ROMS simulations produce similar
wind structures compared with the observations, but
significant improvement in the wind structure is
noticeable in the ROMS experiment compared with the
CNTL in the inner core regions.

45. Impact on winds, vertical velocity and
temperature along the cross-section of TC

In this section, the east-west cross-section of the
horizontal wind (knots), vertical velocity (cm/s) and the
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Figs. 6(a-i). Same as Fig. 5 but for TC Hudhud

temperature anomaly (K) are presented. The cross-
sections are obtained at reference latitudes that pass
through the storm's center at their peak intensities.

4.5.1. TC Phailin

Figs. 7(a-f) represent the wind structure, vertical
velocity and temperature anomaly of the model simulated
runs for the TC Phailin, respectively. From Figs. 7(a&b),
it can be inferred that the right sector peak horizontal wind
speeds in the eye, eyewall and the outer structure of TC
Phailin are captured in both CNTL and ROMS
experiments. However, the ROMS experiment shows that
the wvertical structure in terms of wind distribution
(>80 knts) has a greater depth extending up to 10 km.
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Comparing Figs. 7(a&b), which represents the vertical
wind velocity structure for CNTL and ROMS
experiments, stronger updrafts are visible in the ROMS
experiments than in the CNTL run, which supports the
convection seen from the satellite imagery. The
temperature anomaly seen in both simulations is seen to
be identical, but the ROMS experiment showed a large
spatial temperature anomaly of 6 K.

45.2. TC Hudhud

Figs. 8(a-f) represent the same above mentioned
parameters for both the model simulations for the TC
Hudhud, respectively. Figs. 8(a&b) show that the eye,
eyewall and outer structure are well simulated in both
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2014. (d-f) is also same as (a-c) but for ROMS run

CNTL and ROMS experiments. However, the vertical
structure in terms of the maximum wind (>110knts)
distribution reached higher altitudes in the ROMS
experiment as compared with the CNTL experiment.
However, the CNTL experiment shows the peak wind
speed structure reaching higher latitudes compared with
the ROMS experiment. It is to be noted that the ROMS
experiment exhibited stronger winds of about 100knts on
the right sector as well as the greater horizontal spatial
extent of the storm compared with the CNTL run.
Comparing Figs. 8(a&b) representing the vertical wind
structure for CNTL and ROMS experiment respectively,
stronger updrafts and associated downdrafts are visible in
the ROMS experiments compared with the CNTL run,
which supports the convection seen from the satellite
imagery. The temperature anomaly seen in both the
simulations is seen to be identical, but the ROMS
experiment showed a temperature anomaly of 6° K at
lower altitudes compared to the CNTL.
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The above results on the distribution of winds,
vertical velocity and the temperature anomaly warming
indicate that the ROMS-SST impacts the size, strength
and thermodynamic structure of both the TCs.

4.6. Impact on the movement of TC

The storm tracks of all 13 cases with the location of
the MSLP centre obtained for both CNTL and ROMS
experiment simulations and the IMD’s best track are
presented in Figs. 9(a-f). Figs. 9(a-c) shows that the TC
movement for both the CNTL and ROMS experiment
remains similar for all initial conditions. This is consistent
with the previous results that the TC movement is less
impacted with the SST when compared with the large-
scale midlevel winds. Similar results are also found for the
TC Hudhud [Figs. 9(d-f)], where no significant
improvement in the storm track is noticed with the
inclusion of the high-resolution ROMS-SST.
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4.7. Precipitation Prediction

The model simulated rainfall model is shown along
with the IMD rainfall data with a resolution of 0.5° x 0.5°.
For the details of the preparation of the observed data,
refer to Mitra et al., 2009. The Observed 24-h
accumulated precipitation (in mm) for TC Phailin and TC
Hudhud is presented in Figs. 10(a-f). Figs. 10(a&b)
represent the accumulated precipitation valid at 0300UTC
on 12 October, 2013 for CNTL and ROMS run,
respectively. Comparison of the model simulated rainfall
with the observation [Fig. 10(c)] shows that both the
simulations over predict the accumulated precipitation.
However, it is interesting to note that the location of the
rainfall in observation is well replicated in the ROMS run
compared with the CNTL run. This improvement may be
attributed to the realistic wind structure of the TC in the
ROMS run compared with the CNTL run. For TC
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Hudhud, the same feature, i.e., excess precipitation, is
observed in both the simulations, while the location of the
rainfall pattern is closely replicated in the ROMS
[Fig. 10(e)] compared with the CNTL [Fig. 10(d)].

5. Summary and conclusions

The present study investigated the impact of high-
resolution ROMS-SST in the numerical simulation of two
intense TC, i.e., Phailin and Hudhud, over the BoB. The
ROMS-SST obtained from the ROMS mesoscale ocean
model output is validated with the available observations.
The Taylor diagram shows that the correlation of the
ROMS-SST is near to 0.9-0.99 with all the observational
data sets. The root mean square difference is around 0.4°C
and the normalized standard deviation is slightly more
significant than unity. The spatial comparison throughout
the BoB domain shows a mean correlation of
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0.91 throughout the maximum portion of the domain
while the skill is about 0.94, suggesting that the ROMS
model was able to replicate a realistic SST field.

Instigating ROMS-SST as a boundary condition to
the WRF model improved the TC intensity, spatial
structure and rainfall location for the TC Phailin, while a
minor improvement is observed in the intensity of TC
Hudhud and better replication of wind structure and
rainfall location as compared with the CNTL. The latent
heat released during the lifecycle of TC Phailin shows a
more significant amount of flux release in the right sector
eyewall of the TC. This enhanced latent flux might be
associated with the improved wind structure in the ROMS
simulation. Similar results are found in the TC Hudhud
simulation. These results on the distribution of winds,
vertical velocity and the temperature anomaly warming
indicate that the ROMS-SST impacts the size, strength
and thermodynamic structure of both the TCs. However,
the model simulated track for the ROM-SST experiment
did not improve the TC track for all the initial conditions
for both the TCs. This shows that SST might not have a
greater effect on the TC tracks. The present modeling
study compliments the use of higher resolutions SST
obtained from a mesoscale regional ocean model for the
TC simulations.

Though the current study has a major limitation that
usage of climatological ocean conditions in atmospheric
model, this pays a path to the usage of high resolution
ocean conditions in the model for the prediction of TCs in
real time (Mohanty et al., 2019 and 2022).

Acknowledgments

The authors greatfully acknowledge India
Meteorolological Department for providing the observed
wind and track locations. RN and AKD express sincere
gratitude to Dr. K. J. Ramesh and Dr. M. Mohapatra for
their encouragement and help in this work. YSN
acknowledges the Council of Scientific and Industrial
Research (CSIR) for providing financial support (09/983
(0031)/2018-EMR-I). KKO gratefully acknowledge the
computational facility acquired through the grant of
ESSO, Ministry of Earth Sciences (No.MoES/16/09/2018-
RDEAS-THUMP-7), Govt. of India.

Disclaimer : The contents and views expressed in this
study are the views of the authors and do not necessarily
reflect the views of the organizations they belong to.

References

Bao, J. W., Wilczak, J. M., Choi, J. K. and Kantha, L. H., 2000,
“Numerical simulations of air-sea interaction under high wind
conditions using a coupled model : A study of hurricane
development”, Mon. Wea. Rev., 128, 7, 2190-2210.

117

Bessho, K., DeMaria, M. and Knaff, J. A., 2006, “Tropical cyclone wind
retrievals from the Advanced Microwave Sounding Unit:
Application to surface wind analysis”, Journal of applied
meteorology and climatology, 45, 3, 399-415.

Bongirwar, V., Rakesh, V., Kishtawal, C. M. and Joshi, P. C., 2011,
“Impact of satellite observed microwave SST on the simulation
of tropical cyclones”, Natural hazards, 58, 3, 929-944.

Chelton, D. B. and Wentz, F. J., 2005, “Global microwave satellite
observations of sea surface temperature for numerical weather
prediction and climate research”, Bulletin of the American
Meteorological Society, 86, 8, 1097-1116.

Chen, S. S., Zhao, W., Tenerelli, J. E., Evans, R. H. and Halliwell, V.,
2001, “Impact of the AVHRR sea surface temperature on
atmospheric forcing in the Japan/East Sea”, Geophysical
research letters, 28, 24, 4539-4542.

Dudhia, J., 2004, July, “The weather research and forecasting model
(version 2.0)”, In Proceedings of the 2™ International Workshop
on Next Generation NWP Model (19-23). Yonsei University.

Emanuel, K. A., 1986, “An air-sea interaction theory for tropical
cyclones, Part | : Steady-state maintenance”, Journal of
Atmospheric Sciences, 43, 6, 585-605.

Goni, G. J. and Trinanes, J. A., 2003, “Ocean thermal structure
monitoring could aid in the intensity forecast of tropical
cyclones”, Eos, Transactions American Geophysical Union, 84,
51, 573-578.

Gray, W. M., 1968, “Global view of the origin of tropical disturbances
and storms”, Mon. Wea. Rev., 96,10, 669-700.

Jullien, S., Marchesiello, P., Menkes, C. E., Lefévre, J., Jourdain, N. C.,
Samson, G. and Lengaigne, M., 2014, “Ocean feedback to
tropical cyclones: climatology and processes”, Climate
dynamics, 43, 9, 2831-2854.

Kaplan, J. and De Maria, M., 2003, “Large-scale characteristics of
rapidly intensifying tropical cyclones in the North Atlantic
basin”, Weather and forecasting, 18, 6, 1093-1108.

Kim, H. S., Lozano, C., Tallapragada, V., Iredell, D., Sheinin, D.,
Tolman, H. L., Gerald, V. M. and Sims, J., 2014, “Performance
of ocean simulations in the coupled HWRF-HYCOM maodel”,
Journal of Atmospheric and Oceanic Technology, 31, 2,
545-559.

Ma, Z., Fei, J.,, Liu, L., Huang, X. and Cheng, X., 2013, “Effects of the
cold core eddy on tropical cyclone intensity and structure under
idealized air-sea interaction conditions”, Mon.Wea. Rev., 141, 4,
1285-1303.

Mandal, M., Mohanty, U. C., Sinha, P. and Ali, M. M., 2007, “Impact of
sea surface temperature in modulating movement and intensity
of tropical cyclones”, Natural Hazards, 41, 3, 413-427.

Miller, B. 1., 1958, “On the maximum intensity of hurricanes”, Journal
of Atmospheric Sciences, 15, 2, 184-195.

Mitra, A. K., Bohra, A .K., Rajeevan, M. N. and Krishnamurti, T. N.,
2009, “Daily Indian precipitation analysis formed from a merge
of rain-gauge data with the TRMM TMPA satellite-derived
rainfall estimates”, Journal of the Meteorological Society of
Japan. Ser. 11, 87, 265-279.

Mohanty, S., Nadimpalli, R., Joseph, S., Srivastava, A., Das, A. K.,
Mohanty, U. C. and Sil, S., 2022, “Influence of the ocean on
tropical cyclone intensity using a high resolution coupled
atmosphere-ocean model : A case study of very severe cyclonic
storm Ockhi over the North Indian Ocean”, Quarterly Journal
of the Royal Meteorological Society, https://doi.org/10.1002/
0j.4303.



MAUSAM, 74, 1 (January, 2023)

Mohanty, S., Nadimpalli, R., Osuri, K. K., Pattanayak, S., Mohanty, U.
C. and Sil, S., 2019, “Role of sea surface temperature in
modulating life cycle of tropical cyclones over Bay of Bengal”,
Tropical Cyclone Research and Review, 8, 2, 68-83.

Mohanty, U. C., Osuri, K. K., Tallapragada, V., Marks, F. D.,
Pattanayak, S., Mohapatra, M., Rathore, L. S., Gopalakrishnan,
S. G. and Niyogi, D., 2015, “A great escape from the Bay of
Bengal ‘super sapphire-Phailin’ tropical cyclone: a case of
improved weather forecast and societal response for disaster
mitigation”, Earth Interactions, 19, 17, 1-11.

Nadimpalli, R., Osuri, K. K., Mohanty, U. C., Das, A. K. and Niyogi, D.,
2021, “Effect of Vortex Initialization and Relocation Method in
Anticipating Tropical Cyclone Track and Intensity over the Bay
of Bengal”, Pure and Applied Geophysics, 178, 10, 4049-4071.

Nadimpalli, R., Osuri, K. K., Mohanty, U. C., Das, A. K., Kumar, A,
Sil, S. and Niyogi, D., 2020, “Forecasting tropical cyclones in
the Bay of Bengal using quasi-operational WRF and HWRF
modeling systems: an assessment study”, Meteorology and
Atmospheric Physics, 132, 1, 1-17.

Nadimpalli, R., Osuri, K. K., Pattanayak, S., Mohanty, U. C,
Nageswararao, M. M. and Kiran Prasad, S., 2016, “Real-time
prediction of movement, intensity and storm surge of very
severe cyclonic storm Hudhud over Bay of Bengal using high-
resolution dynamical model”, Natural Hazards, 81, 3,
1771-1795.

Nadimpalli, R., Srivastava, A., Prasad, V. S., Osuri, K. K., Das, A. K.,
Mohanty, U. C. and Niyogi, D., 2020, “Impact of INSAT-
3D/3DR radiance data assimilation in predicting tropical
cyclone Titli over the Bay of Bengal”, IEEE Transactions on
Geoscience and Remote Sensing, 58, 10, 6945-6957.

Osuri, K. K., Ankur, K., Nadimpalli, R. and Busireddy, N. K. R., 2020,
“Error characterization of ARW model in Forecasting tropical
cyclone rainfall over North Indian Ocean”, Journal of
Hydrology, 590, p125433.

Osuri, K. K., Mohanty, U. C., Routray, A. and Niyogi, D., 2015,
“Improved prediction of Bay of Bengal tropical cyclones
through assimilation of Doppler weather radar observations”,

Mon. Wea. Rev., 143, 11, 4533-4560.

K. K., Mohanty, U. C., Routray, A., Kulkarni, M. A. and
Mohapatra, M., 2012, “Customization of WRF-ARW model
with physical parameterization schemes for the simulation of
tropical cyclones over North Indian Ocean”, Natural Hazards,
63, 3, 1337-1359.

Osuri,

Osuri, K. K., Mohanty, U. C., Routray, A., Mohapatra, M. and Niyogi,
D., 2013, “Real-time track prediction of tropical cyclones over
the North Indian Ocean using the ARW model”, Journal of

Applied Meteorology and Climatology, 52, 11, 2476-2492.

K. K., Nadimpalli, R., Mohanty, U. C. and Niyogi, D., 2017,
“Prediction of rapid intensification of tropical cyclone Phailin
over the Bay of Bengal using the HWRF modelling system”,
Quarterly Journal of the Royal Meteorological Society, 143,
703, 678-690.

Osuri,

Riehl, H., 1954, Tropical meteorology (No. 551.50913 R555). McGraw-
Hill.

Samala, B. K., Banerjee, S., Kaginalkar, A. and Dalvi, M., 2013, “Study
of the Indian summer monsoon using WRF-ROMS regional
coupled model simulations”, Atmospheric Science Letters, 14, 1,
20-27.

Sanabia, E. R., Barrett, B. S., Black, P. G., Chen, S. and Cummings, J.
A., 2013, “Real-time upper-ocean temperature observations
from aircraft during operational hurricane reconnaissance
missions : AXBT demonstration project year one results”,
Weather and forecasting, 28, 6, 1404-1422.

Sandery, P. A., Brassington, G. B., Craig, A. and Pugh, T., 2010,
“Impacts of ocean-atmosphere coupling on tropical cyclone
intensity change and ocean prediction in the Australian region”,
Mon.Wea.Rev., 138, 6, 2074-2091.

Schade, L. R. and Emanuel, K. A., 1999, “The ocean’s effect on the
intensity of tropical cyclones: Results from a simple coupled
atmosphere-ocean model”, Journal of the atmospheric sciences,
56, 4, 642-651.

Shay, L. K., Goni, G. J. and Black, P. G., 2000, “Effects of a warm
oceanic feature on Hurricane Opal”, Mon. Wea. Rev., 128, 5,
1366-1383.

Sil, S. and Chakraborty, A., 2011a, “Simulation of East India Coastal
features and validation with satellite altimetry and drifter
climatology”, The International Journal of Ocean and Climate
Systems, 2, 4, 279-289.

Sil, S., Chakraborty, A. and Ravichandran, M., 2011b, “Numerical
simulation of surface circulation features over the Bay of
Bengal using regional ocean modeling system”, In Advances in
Geosciences: Volume 24: Ocean Science (OS) (117-130).

Sil, S., Chakraborty, A., Basu, S. K. and Pandey, P. C., 2014, “Response
of OceanSat Il scatterometer winds in the Bay of Bengal
circulation”, International Journal of Remote Sensing, 35, 14,
5315-5327.

Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O., Barker, D. M.,
Wang, W. and Powers, J. G., 2005, “A description of the
advanced research WRF version 2”, National Center For
Atmospheric Research Boulder Co Mesoscale and Microscale
Meteorology Div.

Srinivas, C. V., Bhaskar Rao, D., Yesubabu, V., Baskaran, R. and
Venkatraman, B., 2013, “Tropical cyclone predictions over the
Bay of Bengal using the high-resolution Advanced Research
Weather Research and Forecasting (ARW) model”, Quarterly
Journal of the Royal Meteorological Society, 139, 676,
1810-1825.

Srinivas, C. V., Mohan, G. M., Naidu, C. V., Baskaran, R. and
Venkatraman, B., 2016, “Impact of air-sea coupling on the
simulation of tropical cyclones in the North Indian Ocean using
a simple 3-D ocean model coupled to ARW”, Journal of
Geophysical Research : Atmospheres, 121, 16, 9400-9421.

Wu, C. C., Lee, C. Y. and Lin, I. I., 2007, “The effect of the ocean eddy
on tropical cyclone intensity”, Journal of the Atmospheric
Sciences, 64, 10, 3562-3578.

Yablonsky, R. M., Ginis, I., Thomas, B., Tallapragada, V., Sheinin, D.
and Bernardet, L., 2015, “Description and analysis of the ocean
component of NOAA’s operational Hurricane Weather
Research and Forecasting Model (HWRF)”, Journal of
Atmospheric and Oceanic Technology, 32, 1, 144-163.

Zhanhong Ma., Fei, J., Liu, L., Huang, X. and Cheng, X., 2013, “Effects
of the cold core eddy on tropical cyclone intensity and structure
under idealized air-sea interaction conditions”, Monthly
Weather Review,141, 4, 1285-1303.

-

118



