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Impact of Boundary Layer Physics on Tropical Cyclone Simulations in the Bay of Bengal
Using the WRF Model
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Abstract—In this work, the sensitivity of tropical cyclone (TC)
simulations over the Bay of Bengal to planetary boundary layer
(PBL) physics in the WRF model is investigated. Numerical sim-
ulations are performed with WRF-ARW model using NCEP GFS
data for five very severe cyclonic storms (Vardha, Hudhud, Phailin,
Lehar and Thane). Five conceptually different PBL schemes (YSU,
MYJ, QNSE, MYNN and BouLac) are evaluated. Results of 25
sensitivity experiments showed that PBL physics mainly affected
the intensity while producing small variations in track prediction.
The QNSE, followed by MYJ and BouLac, produced highly
intensified storms, and MYNN produced weakly intensified storms.
The YSU scheme showed better comparisons with IMD best track
estimates. From the analysis of five cyclones, it is found that the
YSU produced minimum errors for central pressure (—5.4, —0.8,
—2.6, —5.25 hPa), maximum wind (19, 7.6, —0.96, —0.77 m/s)
and track (66, 146, 182, 217 km) at 24-, 48-, 72- and 96-h forecast
intervals. Analysis of various thermodynamical and dynamical
parameters clearly showed that the PBL physics impacts the pre-
dictions by variation of (1) surface energy fluxes, (2) convergence,
(3) inflow/outflow, (4) tangential winds, (5) vertical motion and (6)
strength of the warm core and associated storm structure. A
detailed analysis conducted in the case of Hudhud indicated that the
PBL schemes influenced the intensity predictions through a
WISHE type of feedback by the variation of convergence, radial
inflow, vertical motion, and surface fluxes. While the YSU and
MYNN schemes produced moderate values of radial inflow, the
QNSE, MY]J and BouLac schemes produced stronger inflow. The
stronger inflow, spin-up and stronger wind-induced transport of
energy fluxes in the QNSE, MYJ and BouLac schemes led to a
stronger convection and a higher intensification of TCs in these
simulations.
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1. Introduction

Tropical cyclones (TC) are one of the most dis-
astrous weather phenomena that form over warm
tropical oceans. TCs are rotational wind systems in
the tropics characterized by a large central pressure
deficit and strong winds. They cause enormous
damage to life and infrastructure during their landfall
along the coastal areas due to heavy winds, storm
surge and rainfall. TCs in the North Indian Ocean
(NIO) are quite variable in their movement and
intensity (Raghavan and Sen Sarma 2000). Though
cyclones are largely steered by large-scale flows and
the Coriolis force (Gray 1968), the actual movement
is a result of complex interactions between the
cyclone’s internal and external influences. Accurate
forecasting of TCs is critical for early warning and
disaster management, and it is a challenging task for
meteorological agencies. Over the past few decades,
numerical models have shown considerable progress
in TC track prediction due to increased model reso-
lution, improved physics and quality initial
conditions (Houze et al. 2007; Miyoshi et al. 2010;
Rogers et al. 2006; Rappaport et al. 2009). However,
intensity prediction is still lacking skill (Braun and
Tao 2000) as it involves complex physical and
dynamical processes in the inner core and its modu-
lation by the large-scale environment.

The chief source of energy for the development of
TCs comes from the ocean surface in the form of heat
and moisture fluxes (Byers 1944; Emanuel 1986).
The transfer of energy at the air-sea interface and
within the atmosphere is controlled by the planetary
boundary layer (PBL) characteristics. The PBL
characteristics play a crucial role in the development
of TCs. The vertical turbulent mixing in the PBL can
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influence the air—sea exchange of moisture, heat and
other physical parameters (Garratt 1994; Stull 1988).
In addition, the friction in this region gives the initial
spin-up for the development of the system. The PBL
processes also facilitate the air—sea interaction with
the moist conditionally symmetrical neutral upward
flow through the secondary circulation in the eye wall
(Emanuel 1986). The evolution of the thermody-
namical and kinetic properties of the TC depends on
the exchange of energy and momentum by sub-grid-
scale eddies at the ocean surface. The explicit
inclusion of sub-grid-scale eddies in the mesoscale
model is not possible. So their effects are expressed
through parameterization schemes (Stull 1988; Hol-
ton 2004; Stensrud 2007). The PBL is a vital part of
TCs, as the energy transfer from the ocean surface to
the atmosphere occurs through the PBL, and friction
within the PBL modulates the low-level flow con-
vergence. The strength of the winds in this region
determines the flow convergence as well as the
degree of energy transfer and thus ultimately the
amount of convection and intensity of the storm. The
boundary layer friction plays a dual role in tropical
cyclones. It leads to the frictional convergence of the
flow in the moist surface layer and also for the
transfer of the latent heat to the system (Ooyama
1969). The PBL influences the intensification of the
tropical cyclone by the radial convergence of
momentum within the boundary layer (Smith and
Thomsen 2010). As the spin-up of the vortex is
associated with the dynamics of the boundary layer,
the representation of PBL physics in numerical
models is important in predicting TC intensification.

Recent modeling studies show large biases in TC
intensity and track predictions due to uncertainties in
the initial conditions and sensitivity to physics
parameterizations (Parker et al. 2017; Khain et al.
2016; Ma and Tan 2009; Miglietta et al. 2015).
Studies using both numerical modeling (Braun and
Tao 2000; Hill and Lackmann 2009; Nolan et al.
2009a, b; Smith and Thomsen 2010; Kepert 2012;
Kanada et al. 2012; Banks et al. 2016; Kumari et al.
2019; Loh et al. 2011) and observational analysis
(Powell 1982; McBride and Zehr 1981; Franklin et al.
2003; Kepert 2006a, b) have examined the influence
of PBL parameterization on TCs. Earlier studies
(Kanada et al. 2012; Davis et al. 2008; Wada and
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Usui 2010; Braun and Tao 2000; Gopalakrishnan
et al. 2013; Montgomery et al. 2010; Nolan et al.
2009a, b; Smith and Thomsen 2010; Srinivas et al.
2007, 2013) suggest that the PBL can alter the pri-
mary and secondary circulation, which in turn affects
the track changes, intensity, structure and precipita-
tion. Direct measurements of TCs are available from
only a few experiments, such as the Coupled
Boundary Layer Air Sea Transfer (CBLAST) exper-
iments (Black et al. 2007; French et al. 2007,
Drennan et al. 2007; Zhang et al. 2008). Braun and
Tao (2000) carried out high-resolution simulations of
hurricane Bob using the MMS5 model with four PBL
parameterizations. The sensitivity tests indicated
significant differences in the predicted cyclone
intensity, with maximum winds varying up to
15 ms™". Their results based on detailed observation
comparisons indicated significant differences; in
particular, the MYJ scheme produced larger frictional
tendencies, leading to stronger lower tropospheric
inflow and a stronger azimuthal wind maximum at
the top of the PBL, than the YSU scheme. Studies by
Hill and Lackmann (2009) and Nolan et al. (2009a, b)
on Atlantic hurricanes using different versions of
WRF have shown that the higher-order Mellor-Ya-
mada—Janjic energy (TKE)
scheme produces considerably higher intensity esti-
mates than the simple first-order non-local YSU
scheme. Recent studies of Atlantic hurricanes using
the high-resolution (3 km) HWRF model
(Gopalakrishnan et al. 2011) suggest that PBL verti-
cal diffusion has a strong influence on TC intensity
by strengthening inflow, increasing the spin of the
storm and enhancing the equivalent potential tem-
perature in the PBL, thereby leading to a stronger and
warmer core. In recent times, high-resolution
numerical models have been increasingly used, as
they resolve the topography and surface dynamical
and thermodynamical processes which consequently
influence the evolution of the PBL and weather pro-
cesses (Zhang and Anthes 1982; Rajeswari et al.
2020; Milovac et al. 2016). Li and Pu (2009) con-
ducted numerical experiments to analyze the
sensitivity of the early rapid intensification of TC
Emily (2005) at different horizontal resolutions.
Their study showed that at 3-km grid spacing, the
PBL processes had a significant impact on the storm
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convective and precipitation structures and corre-
sponding storm intensity.

The Weather Research and Forecasting (WRF)
model has been used for operational weather fore-
casting and emergency preparedness programs in the
Indian Ocean region (Roy Bhowmik 2013; Raja
Shekhar et al. 2020). There are several studies on the
prediction of TCs over the NIO region in terms of
physics sensitivity and data assimilation (Bhaskar
Rao and Hari Prasad 2007; Mukhopadhyay et al.
2011; Krishna et al. 2012; Srinivas et al. 2007, 2013;
Saikumar and Ramashri 2017; Raju et al. 2011;
Chandrasekar and Balaji 2012; Rambabu et al. 2013;
Rai and Pattnaik 2018; Greeshma et al. 2019; Mala-
kar et al. 2020; Mohanty et al. 2019; Mohan et al.
2019 among others). Srinivas et al. (2013) studied the
impact of WRF physics with 65 sensitivity experi-
ments for five severe TCs at 9-km resolution during
the period 2000-2011 and found that the non-local
YSU scheme gave more realistic prediction of winds
in the inflow region and intensity and track predic-
tions compared to the 1.5 order MYJ local TKE-
based diffusion scheme and non-local first-order
ACM scheme. Singh and Bhaskaran (2017) studied
the performance of WRF for TCs in the Bay of
Bengal (BOB) during 2013. It was suggested that the
non-local YSU along with the simplified Arakawa-
Schubert (SAS4) convective parameterization pro-
duced the best predictions for intensity and track
estimates. Kumari et al. (2019) studied the sensitivity
of WREF simulations of seven TCs in the BOB to the
model PBL schemes using 9-km resolution. It was
suggested that local and non-local PBL schemes
produce different impacts on the intensity and track
forecasts depending on the intensity stage of the TC
at which the model is initialized. Rai and Pattnaik
(2018) conducted a numerical analysis of structure
and intensity of TC Phailin with five PBL parame-
terizations and observed that during the pre-
intensification phase of the TC, the track and intensity
are not very sensitive to PBL parameterization, but
structural changes were observed. It has been shown
that a significant sensitivity of track and intensity to
PBL parameterizations is observed during a rapid
intensification phase. The WRF model has been
upgraded with several advanced physics schemes,
and it is necessary to test the model performance
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using sensitivity tests for better predictions. The
preceding review shows that compared to the large
number of sensitivity studies on Atlantic hurricanes,
relatively few studies exist for TCs in the NIO
focusing on the influence of PBL physics. Most of the
physics sensitivity studies for TCs over the NIO are
confined to a few cyclone cases at grid sizes of > 9
km using only a few PBL schemes and with limited
insights, not leading to clear inferences on their
application to operational predictions.

With this gap, the present study aims to examine
the performance of the WRF model with different
PBL physics on the intensity and track predictions for
tropical cyclones over the BOB of the NIO at 3-km
horizontal resolution. Five cyclones formed in the
BOB during 2011-2016 were considered for the
study. The objectives of the present study are to (1)
examine the sensitivity of structure and internal
dynamics that contribute to changes in the intensity
of TCs to different types of PBL physics and (2)
compare high-resolution simulations in the present
work with the earlier results using 9-km resolution
(Srinivas et al. 2013) for differences. Section 2 gives
a description of the cyclones selected in the study,
and Sect. 3 gives a brief description of the model and
the PBL physics schemes used for the simulations.
Section 4 provides detailed results of various simu-
lated parameters, and Sect. 5 gives the salient
conclusions of the study.

2. Tropical Cyclone Cases

In this study, five tropical cyclones (Thane, Lehar,
Phailin, Hudhud and Vardha) which formed over the
BOB during the period 2011-2016 are chosen for
simulations to assess the sensitivity of PBL physics in
the WRF model. Among the five cases, Thane and
Vardha originated in the southeastern BOB, Phailin
and Hudhud formed over the eastern central BOB and
Lehar over the Andaman Sea from a remnant cyclo-
nic circulation over the South China Sea. A
description of these cyclones is given in the bulletins
of the Regional Specialized Meteorological Centre
(RSMC) for Tropical Cyclones, New Delhi (India
Meteorological Department, 2010-2017). Details
regarding the duration, intensity category, landfall
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Table 1

Details of the selected tropical cyclones in the study

Cyclone Duration Category (MSW in m/s and min CSLP in  Landfall position =~ Model simulation period

(year) hPa) (YYYYMMDDHH)

Vardha 8-13 December VSCS (70, 975) Chennai, TN 2016120800-2016121300
(2016)

Hudhud 8-13 October  ESCS (100, 950) Visakhapatnam, 2014100800-2014101300
(2014) AP

Phailin (2013) 9-13 October

Lehar (2013) 24-28
November

Thane (2011) 26-30
December

ESCS (115, 940)
VSCS (75, 980)

VSCS (75, 969)

Gopalpur, Odisha  2013100900-2013101300
Machilipatanam,  2013112400-2013112809
AP

Cuddalor, TN 2011122700-2011123006

VSCS very severe cyclonic storm, ESCS extremely severe cyclonic storm, 7N Tamil Nadu, AP Andhra Pradesh, MSW maximum surface

winds, CSLP central sea level pressure

positions and the simulation period of the five TC
cases selected for the study are given in Table 1. The
IMD best tracks of all five TC cases are given in
Fig. 1b.

3. Model Configuration

The Advanced Research Weather Research and
Forecasting (WRF-ARW) model version 3.8 is used
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for the simulations. It is a 3D non-hydrostatic prim-
itive equation mesoscale model (Skamarock et al.
2008) developed by the National Centre for Atmo-
spheric Research (NCAR). The model uses a terrain-
following hydrostatic pressure vertical coordinate and
an Arakawa C-type horizontal grid. This model has
several options for spatial discretization, diffusion,
nesting, lateral boundary conditions, data assimilation
and physics. In the present study, the WRF-ARW
model is configured with three interactive nested

Vardjpa
Hudhud
Phailin

Lehar .
Thane ¢

Figure 1
a Simulation domains used in the WRF model and b the actual tracks of all five selected TC cases in the BOB according to IMD
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domains with horizontal resolutions of 27 km, 9 km
and 3 km, respectively (Fig. 1a). The simulation for
each cyclone is initialized at a deep depression stage
as given in Table 1. The India Meteorological
Department (IMD) defines (http://www.imdpune.gov.
in/Weather/Reports/glossary.pdf) a deep depression
as an intense low-pressure system represented on a
synoptic chart by two or three closed isobars at a
2-hPa interval and wind speed from 28 to 33 knots at
sea level and three to four closed isobars in the radius
of 3 degrees from the center over land. The initial
conditions are specified from the National Center for
Environmental Prediction (NCEP) Global Forecast-
ing System (GFS) 0.25° x 0.25° analysis, and the
boundary conditions are updated every 3 h. Except
for the PBL, the other physics options are chosen
based on earlier studies conducted for the TCs over
the Bay of Bengal (Srinivas et al. 2013; Raju et al
2011, 2012). The physics options included in the
model are the Kain—Fritsch scheme (Kain 2004) for
cumulus parameterization, the 6-hydrometeor class
Thompson scheme for cloud microphysics (Thomp-
son et al. 2008), the Noah scheme (Chen and Dudhia
2001) for land surface processes, and the RRTMG
scheme (Iacono et al. 2008) and the Dudhia
scheme (Dudhia 1989) for long-wave and short-wave
radiation transfer, respectively. The KF scheme is
used only in the outer domains with 27-km and 9-km
resolutions. In the fine-resolution 3rd domain, only
the Thompson microphysics scheme is used for
convection. Five numerical simulations with different
PBL parameterization schemes are conducted for
each cyclone cases, keeping all the other physics
options fixed.

Five PBL physics schemes (YSU, MYJ, QNSE,
MYNN and BouLac) are used in the present study. In
the WRF-ARW model, the PBL parameterization
schemes can be classified into two categories; local
and non-local schemes (Stensrud 2007). According to
local closure, the unknown quantity at any point in
space is parameterized by values and/or gradients of
known quantities at the same point in a local closure,
and in the non-local schemes, it is parameterized by
values of known quantities at many points in space
(Stull 1988; Hariprasad et al. 2014; Banks et al. 2016;
Srinivas et al. 2018) . The Yonsei University (YSU)
scheme is a first-order non-local scheme (Hong et al.
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2006) with a parabolic K-profile in an unstable mixed
layer. It includes a term for counter-gradient flux for
mixing by large eddies and an entrainment term for
mixing of stable air with the unstable air within the
PBL. The PBL height is calculated using the critical
Richardson number. The Mellor—Yamada—Janjic
(MYJ) scheme (Janjic 1994; Mellor and Yamada
1974, 1982) is a 1.5-order scheme using local ver-
tical mixing, where the vertical diffusion is
formulated through TKE. The Mellor—Yamada—
Nakanishi-Niino (MYNN) level 3 scheme (Nakanishi
and Niino 2006) is a second-order scheme based on
TKE with a local vertical mixing. In order to improve
the insufficient growth of the convective boundary
layer and underestimation of TKE in the Mellor—
Yamada schemes (1974, 1982), the MYNN scheme is
tuned with large eddy simulations (LES). The quasi-
normal scale elimination (QNSE) scheme (Sukorian-
sky et al. 2005) is a 1.5-order local closure and the
prognostic equation of TKE which uses new theory
for a stably stratified region to account for the wave
phenomena within the stable boundary layer. In the
QNSE scheme, mixing in the unstable and neutral
situations is calculated using the MYJ 1.5-order clo-
sure formulation (as in the MYJ scheme), and for
stably stratified conditions, the original QNSE model
is used. To account for the transport processes on the
eliminated scales in the QNSE scheme, ensemble
averaging over infinitesimally thin spectral shells
yielding scale-dependent horizontal and vertical eddy
viscosities and eddy diffusivities are used. Through
this, it could include the waves and turbulent aniso-
tropy. The  Bougeault-Lacarrere (BouLac)
scheme (Bougeault and Lacarrere 1989) is a 1.5-order
local scheme with a prognostic equation for TKE.
The TKE of the BouLac scheme has the same for-
mulation as in MYNN2, but the eddy diffusivity
differs in terms of formulation of the stability func-
tion and length scale. The formulation of the stability
function indicates that the BouLac scheme favors a
highly unstable condition in the PBL. The surface
energy fluxes are calculated using the MMS5 surface
layer scheme in the case of YSU, MYNN and Bou-
Lac schemes, and the Eta similarity scheme in MYJ
and QNSE schemes.
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4. Results and Discussion

The Results and Discussion section is divided into
two parts. The first part deals with the track and
intensity analysis of all the selected five cyclone
cases, and the second part consists of a more detailed
structural and intensity analysis of cyclone Hudhud.
The first 12 h of the simulation is considered as the
spin-up period of the model, and simulation results
are compared with observational estimates eliminat-
ing the spin-up time.

4.1. Track Predictions

The simulated tracks of all the five cyclones are
analyzed and compared with the IMD best track data
(Fig. 2). The track errors with the five PBL schemes
increased from initial to final stages during the life
cycle of the TC in all the simulations. However, the
track errors are nearly similar till 3648 h, but varied
widely thereafter. Srinivas et al. (2013) also have
found similar results for cyclone Sidr with three PBL
schemes. This suggests that PBL schemes have very
little influence on track predictions during the initial
stages of cyclones. It is noted that YSU and MYNN
schemes produced comparatively better results than
the other schemes throughout the life cycle for most
of the cyclones simulated. Simulated tracks for
Vardha, Phailin and Thane are closely dispersed,
and those for Hudhud and Lehar are widely dis-
persed. Simulated tracks are aligned to the north of
the observed track for cyclones Vardha and Thane
and to the southwest for cyclone Phailin. The
simulated tracks of cyclones Hudhud and Lehar are
aligned on either side of the observed tracks.
Simulated tracks followed a west-northwesterly
direction for cyclones Vardha and Thane and north-
westerly direction for cyclones Hudhud, Phailin and
Lehar. The strong easterly large-scale winds (16
knots) steered Vardha and Thane to the west and
show minimum deviations in simulations with dif-
ferent PBL physics. Hudhud and Phailin formed in
October which is the transition period from the
southwest monsoon to the northeast monsoon with a
weaker synoptic wind system. With the onset of the
NE monsoon, the strong NE winds restrict the
northward propagation of TCs. Wide dispersion is
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found in the simulated tracks for cyclones Hudhud
and Lehar (Fig. 2b, d) which moved to the northwest.
Figure 3 shows the time variation of track errors with
respect to the IMD estimates for experiments with
different PBL physics for each cyclone. The mean
track errors for all PBL physics are 31, 208, 278 and
330 km for Vardha, 62, 57, 62 and 150 km for
Hudhud, 62, 165, 146 and 312 km for Phailin, 108,
151, 233 and 158 km for Lehar, and 91, 168, 223 and
0 km for Thane at 24, 48, 72 and 96 h, respectively.
In the case of Thane, all the schemes produced a
similar order of track error at different forecast
intervals. The large deviation in the track from the
observation by all the schemes is apparently due to
the fact that the simulation of the tropical cyclone
movement is not related to the PBL schemes but due
to issues related to model dynamics and initialization.
The minimum track errors are produced by YSU and
BouLac for Vardha, YSU and MYNN for Hudhud,
QNSE, YSU and BoulLac for Phailin, MYNN and
YSU for Lehar, and MYNN and QNSE for Thane.
Overall, for all five cyclones, YSU followed by
MYNN produced the lowest track errors (66, 146,
182 and 217 km at 24, 48, 72 and 96 h, respectively),
while QNSE followed by MYJ and BouLac produced
the largest track errors (63, 163, 197 and 242 km at
24, 48, 72 and 96 h, respectively) (Table 2, Fig. 6).
The results of this study with YSU and MYJ
producing the lowest and highest track errors,
respectively, confirm the earlier findings by Srinivas
et al. (2013) for Sidr. The present results gain further
significance due to application for a relatively large
number of samples (five cyclones in the NIO region
for the sensitivity experiments) and at high resolution
(3 km). Though both MYNN and MY]J are based on
TKE closure, MYJ produced larger errors compared
to MYNN. The track differences in the two cases
could be due to variation in the turbulent length scale
and eddy diffusivity in MYNN which considers
effects of stability (Nakanishi and Niino 2009). The
MYNN scheme produced nearly similar results to the
first-order non-local YSU scheme, while results of
MY]J are closer to QNSE. The track errors among
different simulations varied by 5-20% at 24-96-h
forecast intervals, indicating only a small impact by
PBL physics. This indicates that the PBL physics
influences the track predictions mainly during the
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peak growth and decay phases, as also found by Rai
and Pattnaik (2018). The variation in tracks among
simulations with different PBL physics could be due
to changes in the thermodynamics and dynamics
induced by the differential transport of momentum
and moisture, which are analyzed in the subsequent
sections. Overall, we observe small variations in the
track predictions with different PBL schemes
(Fig. 6). The poor prediction skill of the WRF model
for westward-moving cyclones was also reported in
Srinivas et al. (2013), and the same is observed for
Vardha and Thane in the present study. The differ-
ences between simulation results and IMD estimates
could be due to the error in the IMD best track data
for cyclones in the NIO region. This data is derived
using all available surface and upper-air observations
from land and ocean, satellite observations and radar
observations and following the Dvorak technique
(IMD 2003). Owing to limited observations in the
NIO, the best track estimates are prone to errors as
they are mostly estimated with the satellite imagery
interpretation by Dvorak’s technique. The mean error
in best track may be taken as 50 km (http://www.
rsmcnewdelhi.imd.gov.in/images/pdf/archive/best-
track/bestrack.pdf).

4.2. Intensity Predictions

The intensity of each cyclone is examined based
on the central sea level pressure (CSLP) and maxi-
mum sustained wind (MSW) speed. The time series
of simulated CSLP of the five cyclones (Vardha,
Hudhud, Phailin, Lehar and Thane) for different PBL
schemes is compared with the IMD best track data
(Fig. 4). Generally, it is observed that for a majority
of the cyclones, all the simulations overestimated the
pressure drop as compared to the IMD estimates,
except for Thane where all the schemes underesti-
mated the pressure drop. In general, except for Thane,
all the PBL schemes show higher pressure drop
compared to the IMD estimates. All the simulations
for Vardha show a rapid deepening indicating early
attainment of peak intensification about 24 h before
the actual. For Hudhud, MYNN and YSU produced
better simulation of CSLP than the other schemes.
QNSE, BouLac and MY]J show early intensification
by 12 h. For Lehar, all the simulations show gradual
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deepening up to 60 h, in good agreement with IMD
data, but subsequent to 60 h, a sudden and large
pressure fall is observed, indicating attainment of
peak intensification about 12 h after the actual. For
Lehar, YSU, QNSE and BouLac produced better
simulation of CSLP before the peak intensification,
and MYJ and MYNN during the peak growth and
decay, than the other schemes. For Hudhud and
Phailin, all the simulations followed the observed
trends in CSLP evolution, but MYNN and YSU
produced better comparison with IMD estimates. All
the other schemes produced different results for
different cyclone cases. It is observed that the
maximum deviation in CSLP for all the cyclones is
produced by the QNSE scheme followed by the
BouLac scheme. For Vardha, the maximum pressure
deficit produced is 25 hPa with QNSE and BoulLac
and 15 hPa with MYNN against the actual pressure
deficit of 20 hPa. The maximum pressure deficit
produced for Hudhud is 65 hPa with QNSE and
35 hPa with MYNN against the actual 35 hPa. For
Phailin, the simulated maximum pressure deficit is
60 hPa with QNSE and 40 hPa with MYNN against
the actual 40 hPa. The simulated maximum pressure
deficit for Lehar is 55 hPa with QNSE and 25 hPa
with MYNN against the actual pressure drop of
20 hPa. The maximum pressure deficit produced for
Thane is 20 hPa with QNSE and 10 hPa with MYJ
against the actual pressure deficit of 30 hPa. For
Thane, none of the simulations could represent the
intensification of the cyclone. This suggests the need
for further investigations focusing on the dynamics
and initialization to understand the model’s lack of
success in simulating TC Thane. Overall, for all five
cyclones, the YSU scheme produced the lowest CSLP
errors (—5.4, —0.8, —2.6, —10.0, —5.25 hPa) and
QNSE produced the highest errors (—5.0, —8.0,
—11.2, —24.0, —11.8 hPa) at 24, 48, 72, 84 and 96 h,
respectively.

The time evolution of MSW of the five cyclones
with the five PBL schemes are compared with IMD
estimates (Fig. 5). A fall in pressure is followed by an
increase in wind speed during the growing and peak
phases. The winds are overestimated for Vardha,
Hudhud and Lehar, indicating stronger simulated
cyclones, and are underestimated for Phailin and
Thane, indicating weaker simulated cyclones in these
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<«Figure 2
Simulated vector tracks of the five selected TCs along with the
IMD observational track for a Vardha, b Hudhud, ¢ Phailin,
d Lehar, e Thane

cases. Like CSLP, the evolution of winds shows an
early intensification for Vardha and a late intensifi-
cation for Lehar in simulations. For most of the
cyclones, the MSW is overestimated by QNSE,
BouLac and MYJ, better simulated by YSU and
underestimated by MYNN compared to the IMD
estimates. For Vardha and Hudhud cyclones, the
YSU followed by MYNN produced winds in good
agreement with the IMD estimates, while QNSE,
BouLac and MY/ slightly overestimated the winds.
For Phailin and Thane cyclones, the QNSE followed
by BouLac, YSU and MYJ schemes produced winds
in better agreement with IMD estimates, while
MYNN considerably underestimated the winds dur-
ing the period of maximum intensification. For Lehar,
while all the schemes overestimated the winds from
72 h to 96 h, during the growing stages, MYNN
considerably underestimated the winds, QNSE and
BouLac overestimated the winds and MYJ and YSU
produced close estimates.

Figure 6 shows the mean percentage error in
MSW and CSLP calculated with respect to IMD
estimates at 12-h intervals produced by each PBL
scheme for all five cyclones. A positive value
indicates an overestimation by the model and vice-
versa. In general, while MYNN underestimated the
winds by ~ 5 to 12% throughout the life cycle, all
the other schemes overestimated the winds to differ-
ent degrees (YSU: —2 to 25%; MYIJ: 5-22%;
BouLac: 8-28%; QNSE: 15-30%). During the period
of maximum intensification (48-84 h), the YSU
scheme produced the minimum error (+ 3%), fol-
lowed by MYJ (4 6%) and MYNN (—10%), while
the BouLac and QNSE schemes produced the max-
imum error of +22% which indicates a high degree
of overprediction. All the schemes produced gradu-
ally decreasing errors in the growing phase, minimum
errors during peak intensification followed by
increase in error toward the decaying phase. These
results suggest that the YSU followed by MYJ
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schemes produced comparatively small MSW errors
during the growing and peak intensification period.
The mean MSW errors for all five cyclones are
lowest with YSU (19, 7.6, —0.96, —0.77 m/s) and
highest with QNSE (28.5, 16.8, 13.4, 7.0 m/s) at 24,
48, 72 and 96 h, respectively.

Figure 6b shows the mean percentage error pro-
duced in CSLP simulation by all five schemes
calculated for the five TCs at an interval of 12 h.
The negative CSLP errors associated with the PBL
schemes at most of the time steps indicate underes-
timation of central pressure and thus an
overestimation of intensity. The CSLP errors indicate
the QNSE followed by BoulLac and MYJ produced
highly intensified storms. The maximum CSLP errors
produced during the peak intensification period are
—2.6, —1.2, —1.0, 0.8 and —0.5% for QNSE,
BouLac, MYJ, YSU and MYNN, respectively, and
they correspond well with the positive MSW errors
(Fig. 6a). Overall, considering the variation in both
MSW and CSLP, the YSU and MYJ schemes
produced smaller errors and thus better simulated
TC intensity. The variation in the turbulent length
scale formulation between MYJ and MYNN affects
the stability and buoyancy of the system, and this
may lead to variation in the temperature and moisture
distribution, warm core characteristics and radial and
tangential winds. These are analyzed in the subse-
quent sections.

4.3. Structure of the Storm

Results in the previous sections clearly show that
the QNSE, Boulac and MYJ produced stronger
cyclones with larger track errors; YSU produced
realistic results, while MYNN produced weaker
cyclones. Both YSU and MYNN produced realistic
track predictions. The differences in the simulations
are analyzed from storm thermodynamics and wind
flow characteristics such as warm core, vertical
velocities, vorticity/divergence and radial and tan-
gential wind distribution. Although this analysis was
conducted for all the simulated cyclones, results are
mainly illustrated for the TC Hudhud.
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Table 2

Mean track, CSLP and MSW errors computed from 3-h interval
model outputs for five tropical cyclones in the experiments with
different PBL physics

Mean error in track (km)

Forecast interval (h) YSU MYJ QNSE MYNN Boulac

24 669 769  63.7 76.3 69.6
36 833 985 1082 116.0 96.1
48 146.8 1452 163.3 139.2 154.0
60 158.7 163.5 1742 134.0 163.2
72 182.9 2004 197.6 1643 195.8
84 1947 2364 2189 1799 219.5
96 2174 2674 2422 241.1 221.0

Mean error in central sea level pressure (hPa)

Forecast interval (h) YSU MYJ QNSE MYNN BoulLac

24 —54 =22 -5 -2 —4.4
36 —48 -1 —5.8 1.6 —4.6
48 -0.8 4.2 -8 5.8 0.2
60 —-1.2 3 -9 5 -3
72 -2.6 0 —11.2 5.6 —6.6
84 —10 =775 =24 -2 —15
96 —525 —4 —11.75 —1.5 =3.75

Mean error in maximum surface wind speed (m/s)

Forecast interval (h) YSU MYJ QNSE MYNN Boulac

24 19.40 24.80 28.51 19.41  22.59
36 1224 14.64 13.74 526 15.07
48 7.64 825 16.84 2.89 8.64
60 430 536 1259 5.1 4.99
72 —-0.96 186 1339 —6.30 4.20
84 1.17 376 11.55 —421 11.65
96 —-0.77 071 7.04 —8.64 6.26

4.3.1 Radial and Tangential Wind Distribution

An important feature of the PBL related to TCs is the
effective inward acting force that develops due to
friction in the lower regions outside the eye wall
(Nolan et al. 2009a). This inward force gives rise to
strong inflow and spin-up of the inner core. Figure 7
shows the azimuthally averaged radial height cross
section of radial winds in the lower atmosphere (up to
3 km) for cyclone Hudhud at its peak intensification
stage (18 UTC 11 October 2014). The azimuthally
averaged profiles provide the mean representation of
distribution of the parameters. The negative wind
indicates the inflow which is prominent below 2 km,
and the positive winds which are prominent above the
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2-km altitude indicate the outflow. The maximum
radial wind speed is observed along the eye wall, and
with moving toward the eye, the radial wind speed
reduces to zero (Fig. 7). It is also clear that horizontal
and vertical gradient exist for the radial wind
distribution. The maximum inflow is observed at
lower levels, and as the height increases, the intensity
of inflow is reduced and outflow becomes prominent.
In the lower regions (0-0.5 km), the QNSE simulated
a stronger radial flow (31 m/s) over a wide area
followed by the YSU and MYJ (26 m/s), BouLac
(20 m/s) and MYNN (17 m/s). Similarly, in the
middle and upper layers, the QNSE simulated a
stronger outflow (8 m/s) followed by YSU (7 m/s),
MYJ and MYNN (4 m/s) and BoulLac (1 m/s). The
stronger TC with QNSE may be related to the
stronger upper-level outflow which leads to a
decrease in surface pressure (Fig. 4b) and consequent
increase in low-level inflow (Fig. 7c) near the inner
core. The stronger inflow in the case of QNSE, YSU
and MYJ leads to an increase of the angular
momentum (spin) of the storm, potential temperature
in the boundary layer, a stronger and warmer core
and, thus, a stronger storm. The simulations with
MYJ and MYNN show variation of about 9 m/s in
the maximum radial wind. These differences may be
attributed to the differences in the formulation of the
turbulent length scale in MYJ and MYNN and to the
higher surface exchange coefficient in the Eta surface
layer associated with MYJ compared to the MMS5
similarity surface layer scheme associated with the
MYNN scheme. This variation leads to more energy
transport from the ocean to the atmosphere for MYJ
simulations and results in a stronger TC. The stronger
turbulent diffusion in MYNN reduces the gradients
between the surface layer and the PBL, thereby
leading to a weaker frictional force and weaker
inflow, as suggested by Gopalakrishnan et al. (2013).

Figure 8 shows the radius height cross section of
an azimuthally averaged tangential wind profile for
TC Hudhud at the time of its peak intensification (18
UTC 11 October 2014). The Cooperative Institute for
Research in the Atmosphere (CIRA) multi-satellite
analysis data was used for the comparison. The
analyzed CIRA data is prepared from data collected
by sensors of various satellites like SSM/I, AMSU,
MODIS, QuikSCAT and ASCAT at horizontal
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Time variation of central sea level pressure (hPa) from simulations with different PBL physics for a Vardha, b Hudhud, ¢ Phailin, d Lehar and
e Thane along with IMD observational data

resolutions of 25 km and above (Knaff et al. 2011). winds than the coarse CIRA data. The profile of
The model has a finer resolution (3 km) than the tangential wind in the CIRA data is observed as a
observation (25 km) and indicates stronger tangential smoothened one. The CIRA data (Fig. 8f) shows a
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Mean error in the simulated a MSW, b CSLP and ¢ track with respect to IMD estimates for the selected five TCs from simulations with
different PBL physics

maximum tangential wind speed of 50 m/s at a radius
of about 100 km from the eye with vertical extent of
10 km, and the winds decrease both horizontally and
vertically. The simulated maximum tangential wind
speed is 80 m/s for the QNSE scheme, 65 m/s for the
YSU and MY]J schemes, and 60 m/s for the MYNN
and BouLac schemes. The stronger inflow in the
boundary layer in QNSE, YSU and MY]J (Fig. 7) lead
to stronger inward transport of angular momentum
leading to more predominant tangential winds
(Fig. 8) near the eye wall and consequent increase
in TC intensity. The maximum winds are simulated at
80 km in MYNN and at 75 km in all the other
simulations. The maximum winds extended vertically
up to 8 km in YSU, 7 km in MY]J, 11 km in QNSE,

5 km in MYNN and 4 km in the BouLac scheme.
The vertical extension of maximum winds is better
simulated in QNSE and the horizontal extension in
MYNN and YSU schemes. The azimuthal distribu-
tion clearly shows that the MYJ produces relatively
stronger tangential winds compared to the MYNN
scheme.

4.3.2 Storm Thermodynamics

To examine the energy transport from the ocean
leading to the growth of the TC, the average sensible
and latent heat energy fluxes over a 2° x 2° area
were computed along the track of the TC Hudhud
(Fig. 9). The Modern-Era Retrospective Analysis for
Research and Applications 2 (MERRA-2) reanalysis
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decreased after the landfall. The differences in the
magnitude of the fluxes between simulation and
MERRA-2 are obvious due to finer resolution in
simulation than the MERRA-2 which is data analyzed
over larger areas. The positive values of latent heat

data set (https://disc.gsfc.nasa.gov/datasets/M2TINX
FLX_5.12.4/summary) with a resolution of
0.5° x 0.625° was used for the comparison. Both the
latent and sensible heat fluxes steadily increased with
time during the development period and rapidly
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flux indicate upward fluxes from the ocean to atmo- fluxes during the lifecycle of Hudhud (Fig. 9), it is
sphere, whereas the negative values indicate the evident that the simulated fluxes are slightly overes-
downward transport. From the time series of energy timated by YSU and MYNN and grossly
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Figure 9
Time variation in energy fluxes averaged over an area of 2° x 2° around the cyclone: a latent heat flux, b sensible heat flux along the track of
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overestimated by QNSE, MYJ and BouLac. The 1960). The same trends are observed in the studies of
differences are more in latent heat flux which is the Avolio et al. (2017) and Hariprasad et al. (2014). The
main source of energy for the TC (Malkus and Riehl simulated surface energy fluxes in the MYNN and
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YSU schemes are nearly similar as the same surface
layer scheme (MM5 similarity) is used in these cases.
Compared to MYNN, MY]J produced a higher latent
and sensible heat flux which is due to the higher
surface exchange coefficients for enthalpy in the
associated Eta surface layer scheme. The latent heat
flux exchange between the ocean to atmosphere
increases the available potential energy by releasing
the latent heat energy in the clouds, a portion of the
released latent heat results in an increase in kinetic
energy through an inefficient conversion (Malkus and
Riehl 1960; Nolan et al. 2007; Hogsett and Zhang
2009; Ma et al. 2015). The maximum values of heat
fluxes are noted during the peak intensity period (12
UTC 11 Oct to 00 UTC 12 Oct) just before the
landfall time.

Compared to the latent heat flux, the sensible heat
flux is noted to be at least 10 times less. Similar
results were reported in Nolan et al. (2009b) for
hurricane Isabel. The latent heat flux is crucial to the
intensification of the tropical cyclones, whereas the
sensible heat flux is more influential for the size of
the TC, that is, the TC is shrunk by 20% of its size if
we remove the sensible heat flux (Ma et al. 2015).

The intensity of the warm core of TC Hudhud in
different simulations is analyzed from the vertical
cross section of the azimuthally averaged temperature
anomaly (deviation of temperature from its value
before the formation of the storm) (Fig. 10). The
warming in the upper troposphere is due to

1800
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subsidence and adiabatic heating by cloud micro-
physical processes, whereas the cooling in the lower
regions is due to convergence, evaporation, precip-
itation and downdrafts. These processes affect the
intensity of the system through coupling between the
thermodynamics and dynamics. The analyzed CIRA
data from the Advanced Microwave Sounding Unit
(AMSU) azimuthally averaged temperature and
height profiles (Demuth et al. 2004) is used for
comparison. In the CIRA observation (Fig. 10f), a
maximum warming of 6 °C is observed at 12 km, and
cooling of —1.5 °C is observed in the lower levels.
Because of the coarse nature of CIRA data and the
resultant smoothening, the simulation indicates
higher warming at the core and more cooling at the
lower levels than the CIRA data. The YSU and
BouLac schemes produced a warming of 11 °C. The
MYJ and QNSE schemes produced the maximum
warming (12 °C), and the MYNN produced the
minimum warming (9 °C). The simulated warm core
strength is in accordance with the latent heat fluxes
produced in different simulations (Fig. 9). The strong
air—sea interaction associated with the MY]J through
higher surface exchange coefficients in the surface
layer scheme results in excess transport of moisture
and heat in the simulated TC, and excess core
warming relative to MYNN. The stronger heat fluxes
and stronger wind speeds in the case of the QNSE,
MY]J and BouLac schemes suggest a stronger simu-
lated cyclone (Fig. 5b) with a stronger warm core
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Figure 10

Vertical section of azimuthally averaged temperature anomaly (°C) for TC Hudhud at 1800 UTC 11 October 2014 from simulations with
different PBL physics: a YSU, b MYJ, ¢ QNSE, d MYNN, e BouLac, f CIRA
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(Fig. 9) according to the wind-induced surface heat
exchange (WISHE) theory of TC development
(Emanuel, 1986), due to large transport of heat flux
from the ocean to the atmosphere by the winds in the
inflow layer. Comparison with CIRA data indicates
the QNSE and MYJ schemes produced highly
intensified cores, while MYNN and BouLac produced

a weaker core. Holland (1997) reported that the

maximum potential intensity of the TC is highly
dependent on the height of the warm core, the relative
humidity under the eye wall, and also the short-term
changes in the ocean temperature. Together, these
features clearly indicate that the upper level warming
is better simulated by the YSU, MYJ and MYNN
schemes relative to all the other schemes.
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Figure 11
The longitude height cross section of equivalent potential temperature (K) and vertical velocity (m/s) for TC Hudhud at its peak intensity at
1800 UTC 11 October 2014 from simulations with different PBL physics: a YSU, b MYJ, ¢ QNSE, d MYNN, e BouLac
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Figure 11 illustrates the vertical cross-sectional
view of equivalent potential temperature (theta-e) and
the vertical velocity (w) distribution of TC Hudhud at
1800 UTC 11 October 2014. The vertical theta-e
distribution suggests development of unstable layers
in the lower atmosphere (below 5 km), dry regions in
the mid-troposphere and stable layers in the upper
atmosphere (above 8 km). The high theta-e in the
lower regions is due to a stronger convergence of
moist air to the center of the TC. Because of
continuous transfer of surface fluxes, after some
hours, it will become a reservoir of high equivalent
potential temperature in the TC (Eastin et al. 2005;
Barnes and Fuentes 2010). The QNSE followed by
YSU and Boulac produced stronger and larger
unstable convective layers in the lower troposphere
compared to the MYJ and MYNN schemes. From
Fig. 11, it can be observed that the updraft is situated
along the eye wall for all the schemes. The YSU,
MYJ and QNSE produced stronger updrafts, while
MYNN could produce only a moderate value of
updrafts along the eye wall. The maximum equivalent
potential temperature is distributed within an altitude
of 2 km in the simulations with the YSU, MYJ and
MYNN schemes, whereas it extended to higher levels
in the case of QNSE and BouLac schemes. Among
the different simulations, the QNSE shows a rela-
tively wider area of high theta-e, indicating large
moisture convergence. So the overprediction by this
scheme is also quite clear from this analysis. The
maximum value of theta-e is predicted by the QNSE
scheme (390-395 K), and the MYNN scheme pro-
duced the minimum value (378-380 K). The YSU,
MYJ and Boulac schemes simulated moderate
values of theta-e (384-386 K). Even though the
variation in the surface exchange coefficients results
in more fluxes in the simulation with MYJ compared
to the MYNN, the stronger vertical mixing in MYNN
results in a relatively deeper unstable layer with a
moderate value of theta-e.

Figure 12 shows the average theta-e, vertical
velocity and divergence over a 2° x 2° area around
the center of Hudhud during peak intensification
(1800 UTC 11 October 2014). The theta-e profile
(Fig. 12a) suggests formation of unstable layers
below 4.5 km and stable layers above 5 km with a
local minimum in theta-e in the mid-troposphere. The

Pure Appl. Geophys.

theta-e profiles suggest formation of stronger unsta-
ble convective layers in the lower troposphere for
QNSE compared to other schemes. The average
simulated vertical velocities progressively increased
from 2 km onward (Fig. 12b). The QNSE followed
by MYJ and BouLac produced higher updraft veloc-
ities (40 cm/s for QNSE, 30 cm/s for MY]J, 27 cm/s
for BouLac). The YSU produced moderately strong
vertical motion (25 cm/s), and MYNN produced
weak vertical motion (18 cm/s) in 12-14 km of the
upper troposphere. This suggests the convection is
strong in the simulations by QNSE, MYJ and
BoulLac, weak in MYNN and moderate in YSU,
and the strength of the warm core varied accordingly
in the five simulations. The divergence profile
(Fig. 12c) shows that, with the exception of MYNN,
all the schemes produce stronger convergence below
2 km and stronger divergence in the upper tropo-
sphere (> 12 km). The stronger radial winds in
QNSE and MY]J suggest stronger convergence of
moist air in the boundary layer (Fig. 12c), stronger
vertical motion (Fig. 12b) and thus higher vertical
transport of the latent heat flux, producing a stronger
warm core in these simulations. The MYNN, due to
weaker inflow and convergence, led to relatively
weak vertical motions and a weak warm core.

4.3.3 Radar Reflectivity and Rainfall Distribution

Figure 13 shows the spatial distribution of maximum
radar reflectivity of TC Hudhud at 0400 UTC 12
October 2014 during the landfall along with corre-
sponding Doppler weather radar (DWR) data at the
Visakhapatnam station on the east coast. Maximum
radar reflectivity represents areas of deep convection,
cloud activity and rainfall. All the simulations show a
more intensive cyclone than the actual represented by
DWR data. The YSU, MYJ and MYNN schemes
produced a well-defined comma cloud band structure.
As the QNSE and BoulLac schemes simulated faster
cyclones, they failed to reproduce the observed cloud
band structure at the chosen time due to early landfall
and weakening. It is also clear that the YSU and
MYNN schemes predicted the actual landfall position
in close agreement with DWR observation. It is also
clear from the analysis that the well-organized high
convective activity and rainfall at the eye wall is not
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Figure 12
Vertical profiles of a theta-e (K), b vertical velocity (m/s) and ¢ divergence/convergence (x 107> s™') averaged over an area of 2° x 2° from
the center of a Hudhud at peak intensification from simulations with different PBL physics

present in the case of QNSE and BouLac schemes.
Among all the simulations, the YSU and MYNN
schemes better produced the region of active con-
vection in close agreement with the DWR
observations.

Figure 14 shows the simulated 24-h accumulated
rainfall for 00 UTC 12 October—00 UTC 13 October
during landfall for TC Hudhud along with corre-
sponding TRMM data (https://mirador.gsfc.nasa.gov/
collections/TRMM_3B42_daily__007.shtml). The
TRMM data shows symmetric distribution of rainfall,
indicating organized convection in a radius of
100 km around Visakhapatnam with maximum rain-
fall of 175 mm/day. All the simulations predicted
higher rainfall, i.e., > 200 mm/day, over land. The
MYJ and QNSE simulations produced a relatively
high amount of rainfall over wider areas, which could
be due to stronger convergence, convection, upward
moisture transport facilitated by stronger inflow and
larger latent heat flux simulation in these cases. The
YSU, MYNN and BoulLac schemes show similar
rainfall patterns. While none of the simulations could
reproduce the observed rainfall distribution, the YSU
scheme produced relatively better representation. The
rainfall simulated by different PBL schemes varied
according to the rate of storm movement, variation in
the landfall time and the associated intensity due to
moisture availability, etc. Simulations indicate

several smaller areas with relatively high rainfall
intensity due to meso-vortices compared to the
TRMM data which showed a lesser but uniform
rainfall distribution around the center due to coarse
resolution (25 km). The cloud band structure simu-
lated by the model with different PBL schemes is
influenced by the location of storm (land/sea/along
coast) and associated intensity within the 24-h rain-
fall period considered for comparison. It is seen that
the simulated storm in QNSE, BouLac and YSU (to a
certain degree) made early landfall. The system in
these cases progressed inland to different geograph-
ical locations, which results in changes in the
moisture and energy transport modulated by the
surface characteristics (drag, vegetation, inland water
bodies, etc.), finally influencing the organization of
clouds and rain band structure differently from the
observed pattern.

5. Conclusion

This study examined the impact of PBL physics in
the WRF-ARW model on the prediction of intensity
and track estimates of tropical cyclones in the Bay of
Bengal of the North Indian Ocean. Five conceptually
different PBL schemes (YSU, MYJ, QNSE, MYNN
and BouLac) were evaluated for their performance in
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<«Figure 13
Comparison of maximum reflectivity (dBz) for cyclone Hudud
from simulations with different PBL physics: a YSU, b MYJ,
¢ QNSE, d MYNN, e BoulLac with f DWR observations at
Visakhapatnam at 04 UTC 12 October 2014

simulating various features of five very severe trop-
ical cyclones, namely Vardha, Hudhud, Phailin,
Lehar and Thane. The results of 25 sensitivity
experiments (five cyclones x five PBL schemes)
indicated that the non-local YSU scheme produced
the best results for both track and intensity predic-
tions. It was found that the simulated mean track
errors were lowest with YSU (66, 146, 182, 217 km)
and highest with QNSE (63, 163, 198, 242 km) at 24,
48, 72 and 96 h, respectively. The track errors that
varied by 5-20% at 24-96-h forecasts indicate the
small impact of PBL physics on track prediction.
Considerable differences are found in the CSLP
and MSW in the simulations with different PBL
physics. The QNSE followed by MYJ and BouLac
produced highly intensified storms, and MYNN
weakly intensified storms. The YSU scheme pro-
duced the lowest CSLP errors (—5.4, —0.8, —2.6,
—5.25 hPa), and QNSE produced the highest errors
(-5, =8, —11.2, —12 hPa) at 24, 48, 72 and 96 h,
respectively. The mean MSW errors for all five
cyclones are lowest with YSU (19, 7.6, —0.96,
—0.77 m/s) and highest with QNSE (28.5, 16.8, 13.4,
7.0 m/s) at 24, 48, 72 and 96 h, respectively. In
general, while MYNN underestimated the winds
by ~ 5 to 12% throughout the life cycle, all the other
schemes overestimated the winds to different degrees
(YSU: =2 to 10%; MY]IJ: 5 to 22%; BoulLac: 8-28%;
QNSE: 15-30%). During the period of maximum
intensification (48-84 h), the YSU scheme produced
the minimum error (+3%), followed by MYJ (+6%)
and MYNN (—10%), while the BouLac and QNSE
schemes produced the maximum error of +22%.
Analysis of various thermodynamical and dynamical
parameters clearly showed that the PBL physics
impacts the predictions by variation in (1) surface
energy fluxes, (2) convergence, (3) inflow/outflow,
(4) tangential winds, (5) vertical motion and (6)
strength of the warm core and the associated struc-
tures. The stronger intensity of TCs simulated by
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QNSE, MYJ and Boulac is also associated with
stronger convergence, inflow, vertical motions,
stronger theta-e and stronger positive vorticity, which
represent more convection in these cases.

A detailed analysis for the Hudhud cyclone indi-
cated that the PBL schemes influenced the intensity
predictions mainly through a variation in the above
parameters. The surface energy fluxes are highly
overestimated by QNSE, MYJ and BoulLac and
simulated in good agreement with MERRA-2 data by
YSU and MYNN. The radial inflow and outflow are
stronger in the simulations with QNSE and MYJ
schemes, moderate with YSU and weaker with
MYNN and BouLac schemes. The variation in the
radial inflow among different simulations is attributed
to the differences in the vertical diffusion and the
magnitude of friction/mechanical turbulence in dif-
ferent PBL physics. The surface latent and sensible
heat flux plays an important role in the development
and maintenance of the tropical cyclone (Byers
1944). The WISHE theory describes a positive
feedback between the surface wind speed and trans-
port of energy fluxes to the core, leading to
intensification of the storm (Emanuel 1986; Rotunno
and Emanuel 1987). The stronger intensification of
TCs simulated in the QNSE and MYJ schemes is due
to the stronger inflow, spin-up and the stronger wind-
induced transport of energy fluxes to the atmosphere
giving stronger convection. Though both MYJ and
MYNN use the basic Mellor-Yamada PBL formula-
tion, MYJ produced higher intensity than MYNN.
The differences in simulations between MYJ and
MYNN may be attributed to the differences in the
formulation of turbulent length scale and the higher
surface exchange coefficient in the Eta surface layer
scheme of MYJ. The enhanced upward motions and
surface fluxes in the MY]J increases the air interaction
and increase the surface energy convergence which in
turn strengthen the TC.

Overall, the simulations in this study suggest that
YSU produces better intensity and track predictions
for the TCs in the Bay of Bengal of the North Indian
Ocean. The present study using WRF at a 3-km res-
olution with YSU and MY]J producing the minimum
and maximum track and intensity errors, respectively,
confirms the earlier findings by Srinivas et al (2013)



5546 J. R. Rajeswari et al. Pure Appl. Geophys.

26N - 26N

24N 24N

22N 22N

20N 20N 1

18N 18N

16N 16N

14N 14N

12N 12N (mm)
10N 10N 1Y’

8N - 8N 300

6N I = £ T S 6N - N Wit o

76E 78E 80E 82E 84E 86E 88E 90E 92E 94E 96E 76E 78E 8OE 82E 84E 86E 88E 90E 92E 94E 96E
250

26N 26N
24N 24N 1
200
20N 20N
18N - 18N+ 150
16N - 16N~
14N - 14N
12N A 12N+ 100
1on N 1on

Ny 8N+ 50
N4 S IO MR e N4~

76E 78E 80E 82E 84E 86E 88E 90E 92E 94E 96E 76E 78E BOE 82E BAE 86E 88E 90E 92E 94E 96E

26N 26N - 0

24N - 24N -

22N - 22N
20N - 20N 1
18N - 18N~
16N 16N
14N 14N
12N
10N-v

8N A

6N - :
6N . | e e, s e e e e e
76E 78E BOE 82E B4E 86E 88E 90E 92E 94E 96E 76E 78E BOE 82E BAE BGE 8BE 90E 92E 94E 96E




Vol. 177, (2020)

<«Figure 14
Comparison of 24-h accumulated rainfall (mm/day) for Hudhud on
the day of landfall (00 UTC 12 October—00 UTC 13 October) from
simulations with different PBL physics: a YSU, b MYJ, ¢ QNSE,
d MYNN, e BouLac along with corresponding TRMM observation
®

with 9-km resolution for Sidr and also indicate
improved performance for intensity forecasts.

The better performance of YSU over other PBL
schemes could be due to better representation of the
convective scale eddies through non-local closure and
counter-gradient flux terms and explicit inclusion of
the entrainment fluxes. The YSU, due to a non-local
approach, better represents the effects of strong
updraft and downdrafts playing a major role in the
development of a TC. The WRF modeling system is
widely used for operational weather predictions for
monsoons and cyclones and other tropical weather
processes over India (Roy Bhowmik 2013). Recent
studies with WRF on monsoon rainfall (Hazra and
Pattnaik 2020; Rai and Pattnaik 2019) indicate that
the PBL physics influences the winds, temperature,
humidity and thermodynamics, ultimately impacting
the rainfall over different regions, and that the non-
local medium-range forecast (MRF) and YSU
schemes perform better. The YSU scheme was also
shown to produce a more realistic PBL structure
during the monsoon (Hariprasad et al. 2014). The
better performance of YSU over other complex PBL
physics schemes reported by various studies for dif-
ferent weather systems in the Indian region suggests
that YSU can be used for both cyclones and monsoon
phenomena in operational models.

The present study using high-resolution (3-km)
simulations provides greater insight into the PBL
physical processes impacting the TC structure, intensity
and dynamics compared to the earlier works over the
NIO region. The results of this study conducted with
more samples of cyclones and with GFS initial and
boundary conditions enable us to reduce the uncertainty
in operational TC forecasts over the NIO region.
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