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Tropical cyclone rapid intensification (RI) is a major challenge to operational forecasters. Amphan was
the most deadly cyclone over the north Indian Ocean basin as it caused 128 deaths in the region. This
study aimed to understand the impacts of sea-surface temperatures (SSTs) generated from two leading
operational agencies (i.e., Indian National Centre for Ocean Information Services (INCOIS) and National
Centre for Medium-Range Weather Forecasting (NCMRWF)) in India on the RI and mature super
cyclonic (SuCS) phases of the Amphan (2020) using the weather research and forecasting (WRF4.0)
model. Three experiments were carried out using SSTs from INCOIS (INC), NCMRWF (NCM) and
control (CNT) with an identical configuration at 3km resolution with a lead time of up to 96 h. The
results suggest that INC offered the best forecast in terms of track, intensity, RI and structure during the
three different phases of the SuCS, i.e., RI, mature and weakening stages. The CNT yielded forecasts with
the highest errors. The results of the model are validated with in-situ buoy and radar observations
establishing that INC robustly captured the intensification rate and the structure compared to NCM and
CNT. It is also revealed that 30-120km radii are the key eyewall region contributing to the RI and
mature phase of the SuCS Amphan through diabatic heating and convective bursts. The diabatic heating
has been placed between 600 and 400 hPa near the eyewall region, and it is well supported by the
formation of frozen hydrometeors in the SuCS. INC simulation is able to bring out those features accu-
rately, leading to better intensity prediction, whereas NCM and CNT overestimated those features
resulting in unrealistic intensification in the simulations. This study has a direct consequence to the
operational forecasting agencies and disaster managers for policy and preparedness.
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1. Introduction

Indian subcontinent frequently suffers from tropi-
cal cyclone (TC) landfall. It is one of the most
destructive extreme weather events that signifi-
cantly impact people, economy and environment,
particularly in coastal states during the landfall.
Over the north Indian Ocean (NIO) basins, TCs
develop during the pre-monsoon (March-May) and
post-monsoon (October and November) (IMD
2020a, b). Emanuel (2005) noted that there is an
increasing trend in the more destructive TCs.
Hence, an accurate forecast of TC track, intensity
(rate of intensification) and associated rainfall is
essential for better disaster preparedness and
management. The TC track forecast has improved
due to advancement in computing infrastructure,
numerical modelling and data assimilation, but the
intensity forecast is still a challenging problem
(Bender and Ginis 2000; Krishnamurti et al. 2005;
Rogers et al. 2006; Rappaport et al. 2009). Inade-
quate understanding of physical processes during
intensity change (Davis and Bosart 2002; Wang
and Wu 2004) and improper physical parameteri-
sation in numerical models (Karyampudi et al.
1998; Houze et al. 2006) make the TC intensity
forecast more complex. This complexity further
enhances during the rapid intensification (RI)
phase of the storm. The air—sea energy exchange in
the TC plays a crucial role in its intensity change
(Malkus and Riehl 1960; Black and Holland 1995).
The change in TC intensity is very much affected
by the multi-scale nonlinear interactions of differ-
ent phenomena and variables, e.g., sea-surface
temperature (SST), ocean heat content, vertical
wind shear, environmental moisture, inner-core
dynamics and thermodynamics, cloud micro-
physics and air-sea interaction processes (Wang
and Wu 2004; Pattnaik and Krishnamurti 2007;
Pattnaik et al. 2010; Kutty and Gohil 2017; Xu and
Wang 2018; Baisya et al. 2020; Munsi et al. 2021).

The SST of about 26.5°C or above is among the
most favourable conditions required for the genesis
of a TC (Palmen 1948; Gray 1998). The warm
ocean acts as a source of energy, e.g., sensible and
latent heat, which are required to maintain the
pressure gradient force within the TC core (Malkus
and Riehl 1960). Kaplan and DeMaria (2003)
showed that ocean inner-core processes and envi-
ronmental interaction together play an important
role in modulating TC intensity. A reasonable
prediction of the inner-core structural change and
storm radius may improve the forecast of TC
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intensity, intensity change and RI (Rappaport
et al. 2009; Chen 2011). It is a well-established fact
that a pre-existing high-SST anomaly at the right
side of the TC track contributes to RI by inducing
latent heat flux (LHF) (Kafatos et al. 2006). Using
satellite microwave measurements and buoy obser-
vations, similar results are also shown by Sun et al.
(2007). In addition, they have also noted that the
absence of a high SST on the right side of the track
reduces the intensification process. Crnivec et al.
(2016) compared the effect of varying SST and the
latitude and showed that the intensification rate of
TC strongly depends upon the latitude when the
SST is about 26°C, and this dependence reduces
with an increase in the SST. However, they found
that the TC intensification rate is mainly modu-
lated by an increasing SST for a given latitude. In
this context, Smith et al. (2014) noted that the TC
intensification rate is more rapid at low latitudes.
In addition to the impact on intensity, the SST also
modulates the TC tracks.

Katsube and Inatsu (2016) have shown that over
the western pacific, the movements of TCs are
faster over warmer SST regions. Several studies
over the Atlantic basins have demonstrated that
changes in the SST can modulate the TC intensity
by modifying the tropospheric temperature profile
(Vecchi and Soden 2007; Ramsay and Sobel 2011;
Sun et al. 2014). They have also found that the
changes in TC activities are controlled by the rel-
ative value of the SST (i.e., the local SST relative
to its spatial mean in the rest of the tropics) rather
than the absolute value of the SST. Hegde et al.
(2016) have concluded that the warm (cool) Indian
Ocean (South China Sea) can substantially
enhance (reduce) the intensification of TCs due to
enhancement (weakening) of moisture supply in
the lower troposphere from the vicinity of the TC
centre. Therefore, suggesting an important role due
to SST variability within the local as well as in the
neighbourhood regions. Warm SST, high relative
humidity and low vertical wind shear are the most
favourable environmental factors for the RI of TCs
(Kaplan and DeMaria 2003; Chen 2011). It is also
found that the RI of a TC is strongly affected by
the wind-induced surface heat exchange (WISHE)
(Emanuel 1986; Rotunno and Emanuel 1987).
WISHE describes positive feedback between the
wind speed of 10m above the surface (WS10) and
the increase in the surface entropy flux (the sum of
sensible and LHF). It has long been accepted that
SST is a dominant factor that affects the maximum
possible intensity attainable by a storm (Palmen
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1948; Emanuel 1987, 1988) and strongly influences
the development and intensification of a TC
(Shapiro and Goldenberg 1998; Cione and Uhlhorn
2003; Trenberth and Shea 2006). In addition, a
number of modelling and observational studies
have established the relationship between the
change in SST and TC intensity (Ooyama 1969;
Demaria and Kaplan 1994; Bosart et al. 2000; Shay
et al. 2000; Cione and Uhlhorn 2003).

In this context, such studies are very limited over
the NIO basins, particularly with reference to a TC
gaining super cyclonic (SuCS) strength. Rai et al.
(2016) found that the SST variabilities within the
radial extent up to 75km from the TC centre
strongly impact its intensification. Furthermore,
they have noted a better results in terms of intensity
forecast of the TC through incorporation of high-
resolution SST and appropriate planetary boundary
layer parameterisation in the WRF model (Rai and
Pattnaik 2018; Rai et al. 2019). An increase in SST
contributes greatly to TC intensification by
enhancing convection near the eyewall and weak-
ening it in outer spiral rainbands. A study on Odisha
SuCS 1999 has shown that the higher resolution SST
facilitates TC intensification (Mandal et al. 2007).
Bongirwar et al. (2011) performed sensitivity
experiments using different sets of SST (e.g., satel-
lite-observed microwave SST and weekly averaged
Reynold’s SST) for two intense TCs formed over the
Bay of Bengal (BoB). They have concluded that the
satellite-derived SST improves the intensity due to
an improved prediction of LHF and sensible heat
flux (SHF). Other studies have shown that TC
intensity has a strong dependence on SST (Ren et al.
2014; Merlis et al. 2016; Srinivas et al. 2017). Srinivas
et al. (2017) have demonstrated that warmer sea
surface conditions lead to northward deviation of the
TC tracks over the BoB.

In general, very limited studies are available that
focus on severely rapidly intensified TCs over the
NIO basins, and there is a scarcity of studies vali-
dating the model results with observations, par-
ticularly for a SuCS. The SuCS Amphan is
responsible for 128 fatalities and caused the highest
colossal economic loss (13.7 billion USD) compared
to any TC in NIO basins that hit the Indian coast
(https://en.wikipedia.org/wiki/Cyclone_Amphan).
In addition, following two key questions that have
primarily motivated us for carrying out this study,
i.e., (i) how different spatial-resolution SSTs from
two operational centres (i.e., Indian National Cen-
tre for Ocean Information Services (INCOIS) and
National Centre for Medium-Range Weather
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Forecasting (NCMRWF)) impacted the SuCS
Amphan characteristics with special emphasis on
its intensity, track and structure during RI and
mature phase of a SuCS using forecast data as ini-
tial and boundary conditions. (ii) How the eyewall
convection, dynamics and thermodynamics of the
SuCS structures are modulated by these SSTs and
ultimately impact its key structures, particularly
during the mature phase of its life cycle. The
organisation of the rest of the paper is as follows:
i.e., overview of SuCS Amphan (section 2), model
and experimental design (section 3), results and
discussion (section 4), followed by conclusions
(section 5).

2. An overview of the SuCS Amphan (2020)

The SuCS Amphan was the most deadly (13.7
billion USD) TC for the NIO basin (State of World
Climate 2020), originated from the remnant of a
low-pressure area and occurred in the near-equa-
torial easterly wave over the south Andaman Sea
and adjoining southeast BoB on 13 May (IMD
2020a, b). Furthermore, this is only the second
SuCS in the BoB basin after Odisha SuCS 1999.
Under favourable environmental conditions, it
concentrated into a depression over the southeast
BoB in the early morning (0000 UTC) of 16th May
and further intensified into a deep depression (DD)
in the same afternoon (0900 UTC). It moved
northwestwards and intensified into cyclonic storm
Amphan (pronounced UM-PUN) over the south-
east BoB in the evening (1200 UTC) of 16 May
2020. It underwent RI for the next 24h and
accordingly intensified into a very severe cyclonic
storm (VSCS) by the afternoon 0900 UTC of 17
May, extremely severe cyclonic storm in the early
hours of 18 May (i.e., 2100 UTC of 17 May) and
subsequently into a SuCS storm around noon
Indian time (i.e., 0600 UTC of 18 May 2020). This
is to underline that during the RI process in
Amphan quantitatively the intensity has increased
by 55km/h almost 2.3 times in 24h, i.e., from
1700 UTC of 17 May to 2100 UTC of 18 May 2020,
which is one of the rarest records of intensification
in this ocean basin. During the DD and cyclonic
phase, the propagation of Amphan was very slow
(with the translational speed (T'S) up to 5km/h)
on 16-18 May. During the intensification of a
cyclone into the SuCS category, the TS of the
storm reaches up to 30 km/h before landfall. Fur-
thermore, the storm weakened into a VSCS when it
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Table 1. WRF 4.0 model configuration details.
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Parent domain Inner domain

Horizontal resolution (km) 9
Vertical levels 53
Forecast length (h) 96
Time step (s) 30
Model forecast output time interval (hourly) 6

Planetary boundary layer
Microphysics

Long-wave radiation
Short-wave radiation
Surface layer

Land surface

Cumulus

SST (6 hourly): NCMRWF (NCM), INCOIS (INC)
Initial and boundary conditions (6 hourly): GFS

3
53
96
10
1

Bougeault—-Lacarrere Scheme (BouLac) (Bougeault and Lacarrere 1989)
WRF Double Moment 6-class Scheme (Lim and Hong 2010)
CAM (Collins et al. 2004)

MMS5 similarity scheme (Paulson 1970)
Unified Noah land-surface model (Tewari et al. 2004)
Kain—Fritsch scheme (Kain 2004)

Explicitly resolved

hit the coast of West Bengal and Bangladesh on
1200 UTC of 20 May 2020. The SuCS maintained a
wind speed of 155-165km /h after the landfall with
a gust up to 185 km/h over land. It lay over West
Bengal as a VSCS, gradually moving north-north-
eastwards during the late evening to night (i.e.,
1200-1500 UTC) of 20 May (IMD 2020a, b).

3. Model and experimental design

The weather research and forecasting (WRF)-ad-
vanced research WRF (ARW) 4.0 version model
(Skamarock et al. 2008) is used to conduct exper-
iments with two-way interactive doubly nested
domains having horizontal resolutions of 9 and
3km. The model has 53 vertical levels, with the top
level fixed at 50 hPa. The model integration starts
at 0000 UTC of 16 May 2020 and ends at 0000 UTC
of 20 May 2020 (before the landfall), and this
duration has been selected to investigate the
impact of SSTs during the RI and mature phase of
the SuCS Amphan. The initial and lateral bound-
ary conditions for the simulations were obtained
from the National Centers for Environmental
Prediction (NCEP) Global Forecast System (GFS)
forecast data with a horizontal resolution of 0.25°
x 0.25° at 6 h intervals. The model physics options
include Kain—Fritsch (Kain 2004) cumulus for the
outer domain (9km), inner domain (3km) is
explicitly resolved. Detailed model configurations
are provided in table 1.

To examine the role of SSTs, we have adopted
two indigenously generated SSTs from leading

Table 2. Ezperimental design.

Sl. no. Experiment name Details of the experiment
1 CNT Default SST

INC INCOIS SST (0.083° x 0.083°)
3 NCM NCMRWF SST (0.25° x 0.25°)

operational centres of India, i.e., the INCOIS,
Hyderabad and the NCMRWEF. INCOIS uses
Modular Ocean Model (MOM - v4.0) to generate
SSTs (Ravichandran et al. 2013) and NCMRWF
uses Nucleus for European Modelling of the Ocean
(NEMO - v3.2) model to generate SSTs (Mogensen
et al. 2012). The INCOIS (NCMRWF) SSTs are
available at 0.083° x 0.083° (0.25° x 0.25°) spatial
resolution and 6-hourly temporal resolution. Three
sensitivity experiments are carried out for SuCS
Amphan, i.e., one control (CNT), another with
INCOIS SSTs (INC) and the other with NCMRWF
SSTs (NCM) (table 2). All the numerical simula-
tions are identical in the configuration except for
SST forcing and integrated up to 96h lead time
from the initial condition, i.e., 0000 UTC of 16 May
2020. The India Meteorological Department (IMD)
best track, TS, radar reflectivity and intensity (i.e.,
10-m maximum sustained wind as MSW and
minimum central pressure as MCP) and CPC
MORPHing technique 8km resolution precipita-
tion data (CMORPH 2011) are used to validate the
model results. All the results discussed are for the
innermost domain (3km).
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Figure 1. Ninety-six hour forecast tracks (IC: 0000 UTC of 16 May 2020) of SuCS Amphan from simulated experiments, i.e.,
control (CNT), INCOIS (INC) and NCMRWF (NCM). Observed track from IMD.

4. Results and discussion

In this section, extensive discussions and results
are presented concerning the simulated SuCS
Amphan’s track, intensity, intensity gradient, TS
gradient, forecast errors (intensity and absolute
track) and vertical-radial cross-section of azi-
muthally averaged layer anomalous dynamical and
thermodynamical parameters, e.g., potential tem-
perature, specific humidity, wind speed, vertical
wind speed, radial and tangential wind, diabatic
heating, temperature and liquid (e.g., cloud water
and rainwater) and frozen (e.g., graupel, snow and
ice) hydrometeors. The radial anomalous of
parameters are obtained by considering the
respective anomalies of the parameters for the
SuCS phase (54-75h) from the mean forecast
duration (96 h) at a specific radial distance for each
vertical pressure at every forecast hour. This kind
of analysis is carried out to provide more insight
into key anomalous distribution patterns of

parameters to augment our understanding with
reference to the fine-scale changes in the eyewall
regions impacting characteristics and modulating
the intensity of the SuCS. Apart from these
parameters, intense convective bursts and diabatic
heating processes at different radii are also exam-
ined to quantify its contribution towards intensity
fluctuations up to 96h (i.e., 0000 UTC of 16-20
May 2020) for the model inner domain (3km)
covering its RI, mature SuCS and weakening
phases.

4.1 Track and intensity

The best track (IMD) and simulated track at a 3h
interval of the TC Amphan are presented in
figure 1. The best track (IMD) and simulated track
are shown at 3h interval of the TC Amphan in
figure 1. In general, the simulations (i.e., CNT,
INC and NCM) are able to capture the initial
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Figure 2. (a) MCP (hPa) and (b) 10 m maximum wind speed
experiments.

northwestwards and then eastwards to recurve
closer to the IMD. However, NCM and CNT are
relatively more westwards of the observed track
except INC. In general, the track error increases
initially (25-120km) for the first 12 forecast hours
and then starts reducing (120 to 50 km) for all the
simulations up to 48 forecast hours (figure 3c).
Overall, the variations in track errors for NCM
(INC) are between 17.09 and 115.94 km (22.28 and
138.37km) (figure 1). Furthermore, examining the
track forecast errors, it is noted that the NCM
track is in closer proximity to the best track com-
pared to INC and CNT. Furthermore, the track
error grossly increases after 51 forecast hours in
CNT compared to other simulations. In general,
among all the three simulations, CNT has the
highest track error (90.27km), followed by INC
(68.50km) and NCM (50.16 km).

The intensity in terms of MSW and MCP is
presented in figure 2(a and b) for the 96 h forecast
period. The simulated mean intensities of TC
wind differ significantly (i.e., 58.58-69.34 km /h) by

(km/h) of observed (IMD) and simulated (CNT, INC and NCM)

producing a stronger storm compared to the
observation up to 48 h with CNT (INC) having the
highest (least) errors and NCM (64.76 km/h) hav-
ing errors in between these two experiments.
However, from 48 to 75h (RI and SuCS phases),
the simulation TC mean intensities converge
towards the observations (i.e., 11.56 and 16.57km/
h). Here also, INC (CNT) yielded the best (worst)
results with the lowest (highest) errors and NCM
(15.48km/h) being in the middle. Although the
large spike in error in the initial hours might be
attributed to the model spin-up error, interest-
ingly, INC is able to minimise this error compared
to the other two experiments.

Beyond 48h, the mean error intensity forecast
increases rapidly with the maximum magnitudes,
ie., INC (96km/h), NCM (106 km/h) and CNT
(112km/h) with the highest errors at 87 forecast
hours (figure 3b). A similar kind of error pattern is
noted for MCP throughout the simulation, with the
least errors during the RI phase of the SuCS
Amphan for INC (0.98hPa), NCM (3.98 hPa) and
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Figure 3. Three hourly forecast errors of simulated experiments (CNT, INC and NCM): (a) MCP (hPa), (b) 10 m maximum
sustained surface wind speed (km/h), and (c¢) absolute track (km).

CNT (6.39hPa) (figure 3a), and followed by large
forecast errors prior and later than this phase. It is
evident that among the three simulations, the INC
forecast is highly reliable, followed by NCM and
CNT (worst). Hence, it clearly suggests the crucial
role of including realistic forcing of SST's to accu-
rately represent the intensification process of the
SuCS Amphan over the BoB. Furthermore, this is
to highlight that among all the three experiments,
INC yielded the least errors compared to NCM and
CNT during the RI and SuCS phases. Therefore, a
comprehensive analysis is carried out to under-
stand the key processes and mechanisms during
this period.

4.2 Rapid intensification

The gradients of MCP, MSW and TS at 24h
intervals are presented in figure 4(a—c). As per the
IMD criteria, if the T'C increases its MSW 30 knots
(~56 km/h) in the last 24 h, then it is considered as
the RI phase of the storm (figure 4b). From the
results, it is clear that although all the experiments
are able to reproduce this significant spike in
intensification rate and are within the range of the

RI phase (i.e., 30-54h) with INC (95.59km/h),
NCM (103.55km/h), CNT (112.07 km/h) and IMD
(69.45km/h). An overestimation in the intensifi-
cation phase has been observed in all the simula-
tions, with INC (37%) having the least error as
compared to NCM (49%) and CNT (61%). Fol-
lowed by this RI phase, Amphan reached the SuCS
stage (i.e., 48-72h). This is the steady and mature
state for the next 24h. In this duration, NCM
(38.72km/h) again able to yield the best intensity
(IMD: 46.3km/h) while INC (60.11km/h) and
CNT (22.03km/h) showed underestimation
(figure 4b). However, for the overall simulation
period INC yielded the best gradient of intensity
compared to others. The intensification error
magnitudes of RI and mature phases are INC
(26.14, 13.81 km/h), NCM (34.1, —7.57km/h) and
CNT (42.62, 24.27km/h) (figure 4b). As far as
MCP gradient is concerned, a similar pattern was
also noted in terms of intensity. Here also, the
maximum gradients for RI and mature phases for
SuCS Amphan are INC (—32.87, —20.77hPa),
NCM (—40.76, —19.23hPa), CNT (—40.99,
—20.61hPa) and IMD (—40, —11.5hPa)
(figure 4a). This reiterated the fact that INC
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Figure 4. Twenty-four hourly gradients of (a) MCP (hPa), (b) wind speed gradient (km/h) and (¢) TS (km/h) from observed

(IMD) and simulated experiments (CNT, INC and NCM).

yielded the best simulations followed by NCM.
After the 75h forecast, a sign of the pressure gra-
dient reverses, suggesting that the TC has reduced
its intensity. During this phase, the gradients are
INC (13.01hPa), NCM (5.75hPa), CNT
(11.08 hPa) and IMD (28hPa), suggesting that
results from INC are close to the observation in
terms of intensity (figure 4a).

The TS gradient of the TC in consecutive 24 h is
presented in figure 4(c). In the first 24 h, gradients
are overestimated in the simulations compared to
observations. The TS gradient for the first two
intensification phases are INC (—12.67, 4.72km/
h), NCM (7.2, 9.53km/h), CNT (14.26, 11.43km/
h) and IMD (5.19, 6.5 km/h). This result suggests
that NCM has the least error during 48-72h;
however, overall, INC yielded the least error com-
pared to others. The INC yielded a faster-moving
SuCS compared to observations during the initial
24 h. However, in the next 24h TS gradient sug-
gests, the INC TS gradient becomes negative,
suggesting SuCS slows down, whereas the other
two simulations CNT and NCM are still showing
over-estimated values. It is evident that INC

yielded comparatively the best TS during SuCS
and beyond (up to 96 h). During the last 48 h of the
simulation, INC yielded the least error, i.e., 4.72
and 5.52 km/h, followed by NCM having —9.52 and
13.99km/h, and CNT 11.43 and 14.87km/h, and
IMD it is 3.56 and 2.93km/h. Overall, we have
noted that mean TS gradients for different exper-
iments are INC (5.68km/h), NCM (5.26 km/h),
CNT (12.23km/h) and IMD (4.54km/h). Overall,
we have noted that mean TS gradients for
different experiments during the SuCS phase are
INC (15.46km/h), NCM (16.46km/h), CNT
(21.77km/h) and IMD (11.97 km/h). Additionally,
we have also found a similar pattern in perfor-
mance forecast for these three experiments, even at
6 hourly intervals (figure S2).

It is suggested that, in general, INC has per-
formed well compared to NCM. Nevertheless, it is
evident from these results that TS being one of the
key parameters, is not uniformly evolved in each of
these simulations and is highly dependent on
multiple factors, including intensification rate. In
terms of TS, except for initial hours (i.e., up to
48 h), INC has performed better, whereas NCM has
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performed better only during 24-48h. Overall,
CNT has overestimated the TS throughout the
simulation hours. NCM shows a closer resemblance
to observation only during the RI phase. This
clearly demonstrates that INC simulation has led
to the best intensity forecast during RI, mature
and decay phases of the SuCS Amphan followed by
NCM and CNT. This result re-emphasises the fact
that accurate and realistic SST is essential to
capture not only the RI phase of the SuCS, but also
intensity modulation at its different phases during
its life cycle.

4.3 Sea-surface temperature

SST is one of the potential factors controlling the
intensification of the TC. The 24 hourly spatial
distribution of the SST for INC and NCM and their

differences are shown in figure 5(a-1), respectively.
In general, it is noted that NCM has warmer (3 K)
SST throughout the simulation on the northern
sectors of the TC location compared to INC. The
SST cools to about 26°C around the Amphan
centre and its neighbourhood regions, which is due
to intense churning of water (figure 5d). However,
for INC we have noted intense cooling in and
around the Amphan from 24 h onwards up to 72h
and over a large area compared to NCM
(figure 5e-h). This is to mention that due to the
higher resolution of INC SST, we could note finer-
scale features of meandering below the SuCS. It is
also interesting to note that INC yielded intense
cooling up to —2.61°C at the surface, which is
realistic compared to the buoy observations.
Overall, the difference in the SST results suggests
that NCM yielded a warmer ocean condition
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Figure 6. Observed SST (buoy: BD13) along with simulated experiments (i.e., INC and NCM) and CNT.

compared to observation, particularly over the
SuCS location, hence suggesting that it might have
overestimated the atmosphere—ocean interaction
process for the SuCS (figures S4 and S5). It can be
observed that during the SuCS phase, the 6 hourly
gradients of the SHF and LHF are not well distinct
for CNT (figures S4 and Sha—c). However, in the
cases of INC (figures S4 and S5d-f) and NCM
(figures S4 and SHg-i), it is well spread across the
radius up to 300 km in the north and north-eastern
quadrants, suggesting that improved air-sea
interaction processes being incorporated through
SST forcings.

These signatures are clearer when we examined
the time-series SST from the buoy (BD13) location
(figure S1). The results suggest that throughout
the SuCS simulation period, INC yielded more
realistic SSTs (closer to BD13 observations) com-
pared to NCM (figure 6). Critically analysing the
results, up to 48 h of simulations, we have noted
that, on average, NCM has warmer (~0.5°C) and
INC has cooler (~—0.68°C) SST estimates com-
pared to BD13. Besides, CNT SST is found to be
very warm (0.60°C) compared to that of BD13.
The pattern of variations up to 48h in NCM is
coherent with the BD13; however, INC has less
variability during these hours. The results are
distinct after 48h, i.e., during the SuCS phase,
where the gradient of SST is well captured by the
INC compared to NCM and CNT. It is to mention
that INC elegantly reproduced the realistic SST

gradient (—2.61°C) up to 84h which has almost
matched the BD13 (—2.38°C) observations. How-
ever, NCM (CNT) simulation has led to less gra-
dient up to —1.21°C (—0.29°C) during that SuCS
period. Above all, with reference to BD13, NCM
and INC have relatively better signatures of SST
compared to CNT. The warmer SST might be one
of the major factors of NCM and CNT that has
over intensified the Amphan compared to IMD
(observation) and INC. Nevertheless, the superior
simulation of INC yielded a realistic SST gradient
as compared to NCM, particularly during the RI
phase, facilitates the intensity fluctuations of the
SuCS close to that of observations (IMD) (figure 2a
and b).

4.4 SuCS core structures

4.4.1 Dynamical and thermodynamical
parameters

In this section, the mean feature of SuCS Amphan
during the 54-75h forecast is discussed due to its
peak intensity. The azimuthally averaged vertical
layer anomaly of mean SuCS structures is created
up to 300km from the respective centres of the
SuCS at 1 hourly interval (figures 7-9). The pur-
pose of presenting these figures is to capture the
distinct signature of core parameters impacting the
intensity of the SuCS. The layer anomaly of
specific humidity (shading) and wind speed
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(contour) is shown in figure 7(a—c). In addition,
results of potential temperature (shading) and
vertical wind speed (contours) are presented in
figure 7(d—f).

It is found that maximum anomaly is noted for
CNT and NCM has overestimated the wind speed
compared to INC. It is also found that the vertical
extent of intense wind in CNT and NCM reached
higher pressure levels (~150hPa) compared to
INC, which is restricted up to 400 hPa. Further-
more, the radial extent of wind is found up to 230
and 270km for CNT and NCM, respectively,
compared to 120km in INC (figure 7a—c). These
distinct structures resulted in magnifying the
intensity of NCM and CNT compared to INC
(figure 2a). Furthermore, it also reiterates that the
respective SST forcing plays a key role in deter-
mining the intensity of the SuCS. Examining the
structure of specific humidity (shadings), it is

evident that the radial extent of the specific
humidity anomaly is maximum extended up to
120 km for each simulation, but the magnitude of
anomalous specific humidity is clearly dominated
up to the lowest pressure levels, i.e., 1000-900 hPa
(figure Ta—c). It is evident that the vertical extent
in terms of the magnitude of anomalous specific
humidity is the lowest for NCM compared to INC
and CNT. These results suggest that abundant
moisture availability is restricted to the eyewall
region and at the lower pressure levels closer to the
surface, facilitating the intensification of the SuCS.

Examining the anomalous potential temperature
(shading) and vertical velocity (contour), it is
evident that intense instability has been confined
to upper-pressure levels (~500hPa and above).
However, intense warming (>4 K) has been noted
for CNT (figure 7d) around 400 hPa, and for INC
about 300 hPa, suggesting that slight upper-level
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warming facilitates the accurate intensification
process. Interestingly, NCM simulation is not able
to yield middle level (300-500 hPa) heating at the
core; rather, an anomalous heating (>4 K) is noted
at 100hPa (figure T7f). A similar pattern of
anomalous heating (>4 K) is also noted for CNT at
100hPa. The wvertical velocity anomaly clearly
suggests that NCM and CNT have stronger and
intense updrafts radially (vertically) extended up
to 120km (100 hPa) compared to INC (radially:
60km and vertically: 200hPa) (figure 7d-f). Fig-
ure 8(a—c) presents the radial wind (shading) and
temperature (contour). The temperature warming
up to 0.5K is largely overestimated in NCM
and CNT compared to INC, particularly at the

upper-pressure levels (~500 hPa and above). The
overestimation of temperature also radially exten-
ded up to 300km, particularly at the upper-pres-
sure levels. Examining the radial wind, it is evident
that an intense inward radial flow (>4-6m/s) is
noted for CNT and NCM, particularly at the lower
levels (1000 to 700 hPa) compared to INC. Fur-
thermore, the vertical extent of the radial compo-
nent of the wind has been observed up to 700 hPa
in CNT and NCM compared to INC (800 hPa). The
core radial extent of INC is restricted to up to
60km. At the upper level (500 hPa and above), an
enhanced positive anomaly (>4-6m/s) of radial
wind is noted for CNT and NCM compared to INC.
The intense outward (inward) anomaly at the
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upper levels (lower levels) of NCM and CNT
directly indicates strong upper-level divergence
and lower-level convergence in these simulations
compared to INC, resulting in more intense SuCS
(figure 8a—c).

Furthermore, the anomalies of diabatic heating
(contour) and tangential wind (shaded) are shown
in figure 8(d—f). The results clearly suggest that an
anomalous diabatic heating rate of up to 5K/h is
noted for all three simulations; however, the radial
spread of maximum anomalous diabatic heating is
noted at 0-75km for NCM, and at 0-60km for
CNT compared to 30-60km for INC. This indi-
cates that NCM and CNT have overestimated the
diabatic heating resulting in more intensification
compared to INC. It also reveals that a narrow and
less spread anomalous diabatic heating structure
near the eyewall region is key for accurate intensity
forecast of the SuCS and well-replicated by INC.
For tangential wind (shaded), the maxima have
excellent overlapping over the diabatic heating
regions. Furthermore, the spread of the anomalous
tangential wind (>11km/h) has been more for
CNT (180km) and NCM (170km) compared to

INC (~120km). These results demonstrate that
there is a strong coherence of anomalous diabatic
heating distribution and the tangential wind effi-
ciently facilitates the warm core structure and RI
of the SuCS. Therefore, INC yielded these param-
eters in a more realistic manner compared to NCM
and CNT.

The diabatic heating anomalies at different radial
distances (namely at 30, 60, 90, 120, 150 and 180 km)
are shown in figure 9(a—c). There is a well-marked
increase in the positive anomalies during the SuCS
phase at 60, 90 and 120 km radii in the cases of all the
simulations. This diabatic heating occurrence clo-
sely resembles the convective bursts (discussed in
section 4.6). It is evident that the maximum diabatic
heating anomaly is intense up to 15K /h (11 K/h) in
NCM (CNT) compared to 7K /h in INC (figure 9b).
This clearly suggests that low-heating tendency in
the INC compared to others simulates realistic SuCS
Amphan intensity during the RI and mature phases
of the TC. Furthermore, similar to convective burst,
there is a rapid reduction in diabatic heating of INC,
which is still amplified (unrealistic intensification)
in the cases of NCM and CNT (figure 9a and c)
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during the weakening phase (beyond 75h). Overall,
there is an excellent coherence between diabatic
heating within radii 60-90 km observed to be more
efficient in rapidly developing a warm core thermal
structure and intense tangential wind shown in
figure 8(d—f). In this context, we have examined the
height of the cloud bases at different radii and found
that during the SuCS phase, the lowest cloud base
height is noted for all experiments at 30 km which
gradually increases up to 120 km from the centre.
After the SuCS phase, the cloud base height at
respective radii has shown an increase, indicating
the weakening of the TC. These results suggest that
the clouds at the nearest radii (30-90km) with the
lowest cloud base heights mainly contribute to dia-
batic heating and flaring up its intensity (figure S3).

4.4.2 Hydrometeors

The vertical-radial structure of anomalous frozen
hydrometeors: graupel (shading), snow (black
contours) and ice (red contours) during the SuCS

phase of the TC for all three simulations are
shown in figure 10(a—c). The larger anomaly
(>1.5g/kg) of graupel is evident from CNT and
NCM simulations compared to INC. The extent of
graupel hydrometeors has a close resemblance
with the diabatic heating pattern suggesting its
dominant contribution. Ice negative anomaly
(>—0.04g/kg) is present in the case of INC near
the centre of the TC between 300 and 400 hPa;
however, CNT having a positive anomaly (>0.5g/
kg) suggests that for INC there is a reduction in
the ice phase hydrometeors during the SuCS
phase. A positive anomaly (>0.02g/kg) is noted
for NCM. Besides, no drastic changes are noted
for the snow hydrometeors across the simula-
tions. Hence, the results clearly state that the
presence of intense ice and graupel hydrometeors

contributes to the storm intensification
(figure 10a—c).

Similarly, the vertical-radial structure of
anomalous liquid hydrometeors: cloud water

(shading) and rainwater (contours) is shown in
figure 10(d-f). As compared to INC, CNT and
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during the 96 h of forecast period for Amphan. Grey-shaded region marked the SuCS phase (54-75h) of the storm.

NCM show a limited radial extent of rainwater
with a positive anomaly (>2g/kg). This suggests
that intense rainfall is associated with the narrow
core region of the SuCS in CNT and NCM com-
pared to INC. As far as cloud water is concerned,
the changes in respective simulations are not that
drastic except for INC where the maximum
anomaly (>0.8g/kg) is noted around 800 to
700 hPa suggesting the SuCS holds more precip-
itable water compared to INC and CNT. To
substantiate the hydrometeor distribution, we
have examined the cloud base height at different
radii (30-180km) at 30km intervals for each
SuCS simulation (figure S3a—c). In general, it is
noted that the cloud base height reduces (50 to
~1800km) during the SuCS phase of the storm
compared to other phases of the SuCS, and the
lowest value is noted for INC simulation
(figure S3b). Furthermore, the cloud base height
gradually increases with radii, and the maximum
height is noted at 180km. It can be concluded
that for INC, higher cloud water content at the
lowest level has a close resemblance with the
lowest cloud height at small radii (up to 60km).

4.4.3 Convective bursts

The convective bursts within different radii (i.e.,
30-180km at an interval of 30 km) of the SuCS are
represented in terms of vertical velocity anomaly
(figure 1la—c). The vertical velocity anomaly
(convective burst anomaly) has been obtained from
the difference between instantaneous and the 96 h
mean value (Heng et al. 2020; Tang et al. 2020).
This is to note that only upward velocity (updraft)
is considered. The preferential azimuthal location
of intense convective burst generally forms over the
low shear zone and the structural changes in the
vortex due to the vertical stretching are observed
(Hazelton et al. 2017; Yang et al. 2019). It is clearly
observed that just before the SuCS phase
(36-54h), the simulations have shown anomalously
strong convective bursts (up to 0.6 m/s) over the
60-90km radii for most of the simulations. The
intensity of convective burst is strong for NCM
and CNT compared to INC prior to the SuCS
phase. This well-marked gradual increase in the
convective burst of updrafts until the SuCS phase
designates the development of deep convection,
vortex strengthening and eyewall development
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Figure 12. (a—c) Observed (CMORPH) and (d-1) simulated change 6 hourly rain rate (mm/h) for Amphan.

representing the RI phase. During the SuCS phase,
the convective bursts at 60, 90 and 120 km radii are
dominated in the cases of CNT and NCM, facili-
tating the over intensification (figure 2a and b).
While in the case of INC, these bursts are limited
to 90 km radii, and the burst values at other radii
(i.e., 60, 120, 150 and 180km) are relatively
weaker, indicating that INC intensification is less
(more realistic) compared to CNT and NCM
(figure 2a and b) and this could be one of the fac-
tors for the better performance of INC.

In addition, the convective anomaly has been
limited to the 0.4m/s for INC, whereas it has
increased up to 0.56m/s for NCM and CNT,

leading to more intensified SuCS in these simula-
tions. We have also noted that 30km radii have
relatively stronger updraft anomalies in the CNT
and NCM, suggesting over-intensification. While in
the case of INC 30 km radii updrafts, anomalies are
either weak or negative (compared to outer radii at
60 and 90 km which correspond to eyewall region
of the storm), suggesting a prevalent descending
motion associated with the eye of the storm. This
again re-establishes the fact that the INC simulated
the SuCS phase with higher efficiencies as observed
and also suggested that the radius of the eye of the
SuCS Amphan is about 25 km (Ahmed et al. 2021).
In addition to INC, NCM also replicates these
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Figure 13. (a) Observed and (b—d) simulated spatial radar reflectivity (dbZ) for Amphan at 2100 UTC of 19 May 2020.

features at 30 km during the SuCS phase; however,
for CNT these features are erratic. Just after the
SuCS phase (>75h), there is a rapid fall of con-
vective burst in the INC at different radii with a
maximum drop over 30 and 60 km suggesting that
the structured eye collapsed in the storm due to
weakening (figure 11b). This feature has been
completely missed in NCM and CNT, and instead,
these two simulations have amplified the convective
burst at different radii and thus intensifying the
TC, which is unrealistic (figure 11a and c).

4.4.4 Rainfall and radar reflectivity

The rates of observed (CMORPH) and simulated
rain at 6 hourly intervals during the SuCS phase
within a 300km radius from the centre are

presented in figure 12. It is noted that CNT and
NCM (figure 12d—f and j-1) yielded intense rainfall
(>12mm/h) with a time up to 150 km radius sug-
gesting stronger TC compared to INC. However, it
is also noted that over the southwestern section of
the storm, there is a large deficit of up to —10 mm /h
as noted for NCM (figure 12j-1) and CNT
(figure 12d—f). In the case of INC, we have noted
both positive (>6 mm/h) and negative anomalies
(3mm/h) of rainfall moderately and over a limited
region (figure 12g—i). These results again suggest
that INC has a moderate and realistic structure and
intensity of Amphan compared to NCM and CNT.
In general, model simulations (CNT, INC and
NCM) have overestimated the rainfall and inten-
sity compared to CMORPH during the SuCS phase
(figure 12a—c).
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Finally, simulated radar reflectivity is validated
against IMD Paradip radar at 2100 UTC of 19
May 2020 (figure 13a—d). As anticipated, INC
(figure 13c) has nailed the key features of the SuCS
core structure compared to NCM (figure 13d) and
CNT (figure 13b). INC simulation has realistically
reproduced the rugged eyewall region with a
reduced intensity as captured by the IMD radar.
However, NCM and CNT have shown the well-
structured eyewall region with the demarcated eye,
suggesting that the TC is still at the intensification
stage during that time, and this is contradictory to
the observations. As discussed earlier, the TS of
INC has been relatively slower compared to that of
CNT and NCM. Hence, this result again re-estab-
lished the fact that the INC yielded the realistic
structure, intensity and RI phase of the SuCS
storm followed by NCM, whereas CNT has the
least efficiency.

5. Conclusions

This study aimed to analyse the impact of SSTs
from two leading operational centres (i.e.,
INCOIS and NCMRWF) on the different phases
(RI, mature and weakening) of the SuCS
Amphan using the WRF model. In general, the
robust impact has been noted on the SuCS
structure, intensity and track due to modulation
in SST forcing. The model-simulated tracks
exhibit early landfall in the cases of CNT and
NCM and near-observed landfall timing (minimal
errors) in the case of INC. Overall, the track
errors are much higher for CNT and marginally
higher for INC compared to NCM. In terms of
intensity, it is found that, in general, three sim-
ulations are able to capture the RI phase
(0600 UTC of 17 May to 0600 UTC of 18 May)
and mature SuCS phase (0600 UTC of 18 May to
0300 UTC of 19 May 2020); however, INC yiel-
ded the best results (least errors) with simulating
the intensity accurately even during the weak-
ening phase of the SuCS up to 96 h lead time. By
validation with BD13 buoy data, it is also noted
that INC yielded the best RI phase of the
Amphan with capturing a rapid cooling of SST
up to —2.61K followed by NCM (—1.21K)
compared to observations (—2.38K). These
results clearly demonstrated that the INC inte-
gration with higher resolution SST is able to
accurately simulate the intensification rate and
absolute intensity during RI, mature and
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weakening phases of the SuCS Amphan, followed
by CNT. CNT has failed to simulate the inten-
sification process with the largest errors in its
forecast. The gradients of MCP and MSW at 24 h
interval matches quite well with those of IMD
observations during the RI, SuCS and weakening
phases in the case of INC, whereas it has been
underestimated for CNT and NCM.

An analysis of the inner-core structure of
Amphan during the SuCS phase suggests that the
positive radial and tangential wind anomalies
superimposed with positive temperature and dia-
batic heating anomalies extending from the surface
to 180 hPa are well simulated by INC, resulting in
an accurate intensity forecast compared to NCM
and CNT. Both NCM and CNT have overesti-
mated these anomalous structures resulting in an
unrealistic higher intensification rate of the TC.
Examining the convective burst in the SuCS, it is
found that positive anomalies of vertical wind
speed and diabatic heating rate for 60 and 90 km
radii are dominant during the SuCS phase of the
TC in the cases of all the experiments, but INC
yielded a moderate vertical convective burst lead-
ing to a realistic intensification forecast compared
to CNT and NCM. Furthermore, a gradually
increasing trend is noted in the case of INC com-
pared to NCM and CNT, where these bursts are
highly overestimated, leading to more unrealistic
amplification of intensity.

It is found that anomalous liquid and frozen
hydrometeors during the SuCS phase suggest that
the magnitude of positive graupel anomaly is larger
in the cases of CNT and NCM compared to INC.
Hence, it is to conclude that this overestimation of
frozen hydrometeors might also be responsible for
unrealistic intensification in CNT and NCM com-
pared to INC. The results in terms of tangential
wind and diabatic heating suggest that 30, 60, 90
and 120km eyewall radii are the major contribu-
tors for the RI and mature phases of the SuCS.
This feature is very well simulated by INC com-
pared to NCM and CNT, where these are overes-
timated by these experiments. Both diabatic
heating and convective burst are well poised at the
right timings for facilitating the RI and mature
SuCS of Amphan. Validation of radar reflectivity
with IMD, which is an excellent way to examine
the structure of the SuCS from independent
observations, also emphasises that INC reproduces
the structure compared to NCM and CNT.
Although there is a minor mismatch about the
location of storm for INC due to slower movement,
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the simulated structure is neat and robust. This
validation through radar observation is one of the
best independent benchmarks to confirm the
robustness of the INC forecast.

As far as validation of rain rate is concerned, it is
noted that CMORPH observations are not able to
bring out the proper structure of a SuCS. There-
fore, in intercomparison among the simulations, it
is found that NCM and CNT have overestimated
the rainfall in the eyewall region compared to INC.
Finally, with all the robust supporting evidence, it
was demonstrated that INC yielded the best sim-
ulation in terms of characteristics of the SuCS
Amphan, particularly its RI and mature phases
followed by NCM. The CNT forecast has the
highest errors. The findings of this study have a
direct consequence to the operational forecasting
agencies over the Indian region for augmenting its
understanding of the key features of the SuCS and
its modulations due to the changes in SST forcing.
Furthermore, enhanced efficiency of SuCS forecast
will facilitate the policymakers, particularly for the
coastal states of India, for their better disaster
preparedness and minimising the losses in terms of
lives and properties.
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