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Abstract—This study examines the performance of the

Advanced Research core of Weather Research and Forecasting

(ARW-WRF) model in prediction of the Bay of Bengal cyclone

‘Phailin’. The two-way interactive double-nested model at 27 and

9-km resolutions customized at Indian Institute of Technology

Kharagpur (IITKGP) is used to predict the storm on real-time basis

and five predictions are made with five different initial conditions.

The initial and boundary conditions for the model are derived from

the Global Forecasting System (GFS) analysis and forecast

respectively. The track of storm is well predicted in all the five

forecasts. In particular, the forecast with less initial positional error

led to more accurate track and landfall prediction. It is observed

that the predicted peak intensity and translation speed of the storm

depends strongly on initial intensity error, vertical wind shear and

vertical distribution of maximum potential vorticity. The trend of

intensification and dissipation of the storm is well predicted by the

model in terms of central sea level pressure (CSLP). The intensity

in terms of maximum surface wind (MSW) is under-predicted by

the model and it is suggested that the MSW estimated from pre-

dicted pressure drop may be used as prediction guideline. The

storm intensified rapidly during its passage over the high Tropical

Cyclone Heat Potential zone and is reasonably well predicted by

the model. Though the magnitude of the precipitation is not well

predicted, distribution of precipitation is fairly well predicted by

the model. The track and intensity of the storm predicted by the

customized WRF-ARW is better than that of other NWP models.

The landfall (time and position) is also better predicted by the

model compared to other NWP models if initialized at cyclonic

storm stage. The results indicate that the customized model have

good potential for real-time prediction of Bay of Bengal cyclones

and encourage further investigation with larger number of

cyclones.
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intensity, track, Phailin.

1. Introduction

Landfalling tropical cyclones (TCs) are one of

most feared and deadly meteorological phenomena in

the coastal regions worldwide. The devastation is

mainly due to the strong wind, heavy rainfall and

associated storm surges (EMANUEL 2005). Besides

human causality TCs cause huge damage to property.

The loss of life and property due to these landfalling

TCs can be significantly reduced by providing more

accurate prediction of track, landfall (location and

time) and intensity of the storm. So, it is very

important to predict the TCs as accurately as possible.

There has been significant improvement in numerical

prediction of TCs in last three decades. This is mainly

due to improvement in high-resolution dynamical

models, understanding of physical processes and data

assimilation technique for providing better initial

condition to the models. However, the track and

intensity prediction of the TC remain a challenging

task for atmospheric scientist and operational

forecasters.

In last two decades, the focus is on high-resolu-

tion mesoscale prediction. PATTANAYAK and MOHANTY

(2008) evaluated the performance of the Advanced

Research core of Weather Research and Forecasting

(WRF-ARW), WRF-NMM and MM5 model for the

prediction of very severe cyclonic storm (VSCS)

Sidr. It indicates that WRF-ARW model has better

forecast skill in terms of intensity prediction, but

WRF-NMM has better skill in predicting the track.

DAVIS et al. (2008) studied the performance of the

WRF-ARW model towards real-time prediction of

five land-falling Atlantic hurricanes during 2005.

They found that the performance of WRF-ARW

model is occasionally superior to other operational

forecasts. Several studies are conducted to investigate

sensitivity of various physical processes (MANDAL
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et al. 2004; PATTANAYAK et al. 2012; DESHPANDE et al.

2010, 2012; OSURI et al. 2011; SRINIVAS et al. 2007,

2012; BHASHKAR RAO and PRASAD 2006), model res-

olution (MANDAL et al. 2003; BHASKAR RAO et al.

2010) and impact of initial and boundary conditions

(MANDAL and MOHANTY 2006; SANDEEP et al. 2006;

ABHILASH et al. 2007; GOVINDANKUTTY et al. 2010;

SINGH et al. 2008, 2011; RAKESH et al. 2009; RAKESH

and GOSWAMI 2011; MOHANTY et al. 2010; KUMAR

et al. 2011; OSURI et al. 2012; SRINIVAS et al. 2010,

2013) towards mesoscale simulation of the Bay of

Bengal cyclones. Some studies on numerical simu-

lation of TC and monsoon depression over North

Indian seas are also reported (ROY BHOWMIK 2003;

KUMAR et al. 2010; ROUTRAY et al. 2010; RAJU et al.

2011). India Meteorological Department (IMD) is

presently using three regional models, Quasi-La-

grangian Model (QLM), WRF, and Hurricane WRF

(HWRF) for short range prediction and Global model

T574L64 for medium range forecast (7 days) of TCs

in North Indian seas. IMD is also using a multi-model

ensemble (MME) forecast to generate real-time pre-

diction of TC track with IMD-GFS, IMD-WRF, GFS-

NCEP, UKMO and JMA models as member (KOTAL

and ROY BHOWMIK 2011). TYAGI et al. (2010) reported

that the mean track forecast errors in real-time pre-

diction using QLM are about 92, 152, 235 and

375 km in 12, 24, 48 and 72 h forecasts, respectively.

The operational track forecast errors of IMD are 140,

262 and 386 km in 24, 48 and 72 h forecasts,

respectively (MOHAPATRA et al. 2013a). Similarly the

operational intensity forecast errors are 11, 14 and 20

knots in 24, 48 and 72 h forecasts (MOHAPATRA et al.

2013b). Comparing with other Ocean basins, the

operational forecast errors of IMD are still signifi-

cantly higher than that of National Hurricane Centre,

USA for TCs over North Atlantic Ocean (MOHAPATRA

et al. 2013a, b). Hence, there is further scope for

improvement in track and intensity forecasts based on

numerical weather prediction models, especially

customized regional/mesoscale models.

Recently, a very severe cyclonic storm, PHAILIN

crossed east coast of India near Gopalpur (Odisha)

around 1700 UTC of 12th October 2013 with a sus-

tained maximum surface wind speed of 215 kmph.

In this study, a customized version of ARW-WRF

model is used for real-time prediction of the VSCS

‘Phailin’. The objective is to investigate the capa-

bility of the modeling system in predicting the track,

intensity and landfall of the storm and some of its

specific features. A brief description of the storm

‘Phailin’ and associated synoptic features are pre-

sented in Sect. 2. The configuration of WRF model

used in the present study is described in Sect. 3. The

numerical experiments conducted and data used are

discussed in Sect. 4. The initial conditions used for

the simulations are investigated in Sect. 5. The

results obtained and related discussions are presented

in Sect. 6 followed by summary in Sect. 7.

2. A brief description of VSCS Phailin

The VSCS Phailin initially appeared as a well-

marked low pressure area over North Andaman Sea

on 7th October 2013 (IMD 2013) and concentrated

into a depression at 00:00 UTC of 8th October cen-

tered near (12.0�N, 96.0�E). It moved northwestward

and intensified into a deep depression in the morning

of 9th October. Moving in west–northwestward

direction, it crossed Andaman Islands near Maya-

bandar at 09:00 UTC of 9th October. The system

moved slowly over east central Bay of Bengal and

intensified into a cyclonic storm named ‘Phailin’

around 12:00 UTC. Moving westward, the storm

intensified into a severe cyclonic storm (SCS) at

03:00 UTC and further into a VSCS over east central

Bay of Bengal around 06:00 UTC of 10th October.

The storm intensified further and attained its maxi-

mum intensity around 03:00 UTC of 11 October. At

this stage, it was located near (16.0�N, 88.5�E) with

wind speed 115 knots and central sea level pressure

(CSLP) 940 hPa. Moving in northwestward direction

the storm crossed east coast of Indian near Gopalpur,

Odisha, around 17:00 UTC of 12 October 2013. After

the landfall, the system moved north–northwestward

for some time and then northward and finally north–

northeastward up to southwestern part of Bihar. The

storm weakened gradually into an SCS by 03:00 UTC

of 13 October and into cyclonic storm around 06:00

UTC. It further weakened into a deep depression over

north Chhattisgarh and adjoining Odisha and Jhark-

hand by 12:00 UTC of 13 October and into a

depression around 03:00 UTC of 14 October over
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southwest Bihar. The observed track of the storm is

shown in Fig. 1. The salient features of this storm are

as follows.

1. VSCS PHAILIN is the most intense cyclone that

crossed India coast after Odisha Super Cyclone of

29th October 1999.

2. There was rapid intensification of the system from

10th October morning to 11th October morning

leading to an increase in wind speed from 45 knots

to 115 knots.

3. At the time of landfall on 12th October, maximum

sustained surface wind (MSW) speed in associa-

tion with the cyclone was about 115 knots

(215 kmph) and estimated central pressure was

940 hPa with pressure drop of 66 hPa at the center

compared to surroundings.

4. It caused very heavy to extremely heavy rainfall

over Odisha leading to floods, and strong gale

wind leading to large-scale structural damage and

storm surge leading to coastal inundation over

Odisha.

5. Maximum rainfall occurred over northeast sector

of the system centre at the time of landfall.

6. Based on post-cyclone survey report, maximum of

storm surge of 2–2.5 m above the astronomical

tide has been estimated in the low lying areas of

Ganjam district of Odisha in association with the

cyclone and the in-land inundation of saline water

extended up to about 1 km from the coast.

7. It caused large-scale damage to property and loss

of some human lives.

3. Model description and configuration

The WRF-ARW model is developed at the

National Center for Atmospheric Research (NCAR)

in collaboration with a number of agencies viz., the

National Oceanic and Atmospheric Administration

(NOAA), the National Center for Environmental

Prediction (NCEP) and various universities. It is

based on an Eulerian solver for the fully compressible

non-hydrostatic equations with complete Coriolis and

curvature terms. The model uses the terrain-following

hybrid sigma-pressure as vertical coordinate. The

grid staggering is the Arakawa C-grid. The solver

uses the 2nd and 3rd order Runge–Kutta time inte-

gration scheme and 2nd to 6th order advection in both

horizontal and vertical directions and time-splitting

technique for using smaller time steps for acoustic

and gravity-wave modes (SKAMAROCK et al. 2008). It

also encompasses a number of physical

Figure 1
The IMD best-fit track of the Bay of Bengal cyclone ‘Phailin’ during 08–14 October 2013
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parameterization schemes, initialization option and

data assimilation packages. A detailed description of

the model is provided in SKAMAROCK et al. (2008).

The double-nested two-way interactive WRF-

ARW model with 27 and 9 km horizontal resolutions

customized at IITKGP through extensive sensitivity

is used in predicting the cyclonic storm ‘Phailin’. The

model domains with topography are shown in Fig. 2.

There are 35 vertical sigma levels with higher reso-

lution in the boundary layer (BL) with the model top

at 10 hPa. The physical parameterization schemes

used are old Simplified Arakawa-Schubert (SAS)

cumulus scheme (PAN and WU 1995), Yonsei

University (YSU) PBL scheme (HONG et al. 2006);

Lin microphysics scheme (LIN et al. 1983); the Rapid

Radiative Transfer Model (RRTM) for longwave

radiation (MLAWER et al. 1997) and Dudhia’s

scheme (DUDHIA 1989) for shortwave radiation. The

overview of the model used in the present study is

given in Table 1.

4. Numerical experiments and data used

In order to evaluate the performance of the model,

five model predictions are generated with different

initial conditions beginning at 12 UTC of 08th

October, 2013. The five model predictions with the

initial condition of 12 UTC of 08th Oct, 00 UTC of

09th Oct, 12 UTC of 09th Oct, 00 UTC of 10th Oct

and 12 UTC of 10th Oct will hereafter be referred as

E1, E2, E3, E4 and E5. The model configuration is

kept unchanged for all the five forecasts generated.

The topography for the double-nested model domains

are derived from United States Geographical Survey

(USGS) global topography datasets at 10- and 5-min

resolutions, respectively. The initial condition for the

model prediction is derived from NCEP-GFS analysis

available at 0.5� 9 0.5� resolution. The time-varying

lateral boundary conditions are derived from NCEP-

GFS forecast and updated in every 3 h. The best-fit

track data obtained from India Meteorological

Department (IMD) is used for the validation of

model-predicted track, intensity and landfall (time

and position) of the storm. The performance of the

customized model is also compared to that of other

NWP models viz., Multi-Model Ensembles (MME),

Hurricane WRF (HWRF), IMD-GFS, IMD-WRF,

GFS (NCEP), UKMO and JMA models as docu-

mented by KOTAL et al. (2013).

5. Initial conditions

The initial intensity of the storm in terms of

CSLP, MSWS and initial positional error are derived

from the GFS analysis and IMD best-fit datasets for

the five forecast experiments as shown in Table 2. It
Figure 2

Model domain used in the study with topography

Table 1

Overview of WRF-ARW model configuration

Dynamics Non-hydrostatic

Model domain 6�S–32.5�N, 66�E–110�E (D1)

0.5�N–26.5�N, 72�E–102�E (D2)

Horizontal grid distance 27 km (D1) and 9 km (D2)

No. of vertical levels 35

Integration time step 60 s (D1), 20 s (D2)

Time integration scheme Runge–Kutta 3rd order

Map projection Mercator

Horizontal grid system Arakawa C-grid

Spatial differencing scheme 6th order center differencing

Radiation parameterization

schemes

LW-RRTM

SW-Dudhia scheme

Land surface model Unified Noah LSM

PBL scheme YSU

Microphysics Lin

Cumulus parameterization Old simplified Arakawa–Schubert

(SAS4)
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shows that initial intensity of the storm in terms of

MSWS derived from GFS analysis are slightly

intense than IMD best-fit datasets for all five corre-

sponding initial conditions. The initial positional

error is derived as the distance between the initialized

storm location from the GFS analysis and IMD best

track location. The initial position error gradually

decreases with time except E5 and the least initial

position error is 18 km for E4 initial condition. It is

observed from Table 2 that E3 (09OCT_12UTC)

initial condition has less initial intensity error both in

terms of CSLP and MSW. Figure 3 shows the Phailin

cyclone track derived from GFS analysis and IMD

best-fit datasets. The colored marks indicate the

location of storm center for respective experiments as

derived from MCSLP. It is very clear that the GFS

analysis produces the storm which closely follows the

observed track, but with large displacement error at

the incipient stage of the storm viz., at 12 UTC of

08th OCT 2013.

6. Results and discussion

The evaluation of the performance of the cus-

tomized WRF-ARW model in real-time prediction of

the VSCS ‘Phailin’ is mainly focused on track, time

and location of landfall, intensity and rainfall asso-

ciated with the storm. The analysis of model

simulated storm inner-core structure and dynamics

are not carried in the study, since the model resolu-

tion (9 km) is not sufficient enough to resolve such

features (DAVIS et al. 2008). Model-predicted mean

vector displacement error (VDE) and error in landfall

time and location are compared with that of the other

NWP models. The model-predicted intensity in terms

of CSLP and MSW is compared with IMD best-fit

track datasets. The predicted rain rate is compared

with satellite-derived rain rate and station observa-

tions. The results are presented and discussed in

following sub-sections.

6.1. Track

Figure 4 shows the tracks of VSCS ‘Phailin’

obtained from model predictions along with IMD

best-fit track. In all the five forecasts [E1, E2, E3, E4

and E5] the model-predicted track follows the

observed track throughout the forecast period with

the predicted track to the left of the observed track in

the first 48 h and right of it in the next 48 h. Table 3

summarizes the errors in all the five model predic-

tions. The experiment E1 with 12:00 UTC of 08th

October initial condition has the earliest landfall

among the five predictions with a large landfall time

error of 10 h compared to observed landfall. E2, E3,

E4 and E5 accounted lesser landfall time error and

with E4 providing accurate landfall time at 17:00

UTC of 12 October and minimum landfall position

error of 18 km. Experiment E3 with 12 UTC of 09th

October initial condition is found to have the second

least landfall position error of about 32 km away to

the right of the actual landfall position. The forecast

experiment E4 with least initial positional error

(described in Sect. 5) has least landfall positional

error with time of landfall exactly matches with

observation. It is noted that though E5 also have very

less landfall time error, but has maximum landfall

positional error of 114 km. In addition to landfall, the

mean vector displacement error is also less for E3

Table 2

CSLP, MSW derived from GFS analysis and IMD best-fit datasets and initial positional error at different model initialization time

Initialized time IMD best-fit data GFS analysis

CSLP (hPa) MSW (m/s) Stage (Saffir–Simpson scale) CSLP (hPa) MSW (m/s) Initial positional

error (km)

08OCT_12UTC 1003 13 D 1001 20 172

09OCT_00UTC 1002 15 DD 1000 20 74

09OCT_12UTC 999 18 CS 999 22 80

10OCT_00UTC 996 23 CS 987 28 18

10OCT_12UTC 976 38 VSCS 970 48 49

Vol. 173, (2016) Performance of WRF-ARW model in real-time prediction 1787



(44 km) and E4 (48 km) compared to other forecast

experiments. This clearly indicates that the landfall

position and time of the storm is better predicted if

the initial position of the storm is specified

accurately.

Figure 5 presents the translation speed of the

storm derived at 12 h interval from five model

predictions and IMD best-fit track data. In E1 the

translation speed of the storm is significantly higher

than that of observed storm throughout the forecast

period, leading to very early landfall. In other

experiments (E2–E5), the translation speed of the

storm is similar and slightly higher than that of the

observed storm during the intense period but differs

significantly in the early stages. The model predic-

tions E1 and E2 which has increased translation speed

are associated with over-prediction of storm intensity.

Figure 6 displays the VDEs for the five model

forecasts at 12 h interval. It reveals that experiments

E3 and E4 with less initial errors (position and

intensity) have less VDE compared to other forecasts

especially in first 72 h. The mean VDEs of all the five

forecasts range in 50–70 km during first 72 h. The

results indicate that the customized WRF-ARW is

able to predict the track of the storm quite accurately,

particularly with 00:00 UTC 10 October initial

condition.

The mean VDEs of the five forecasts using

customized WRF-ARW and errors in other NWP

forecasts including IMD official forecast are pre-

sented in Fig. 7. The mean VDEs of E3 and E4 are

also presented. It clearly indicates that VDEs in the

customized WRF-ARW forecast is consistently less

compared to the other NWP models as well as IMD

official forecast, except in 36 h forecast. It should be

noted that the average track forecast error was highest

in IMD-WRF with mean displacement of 95 km at

12 h to 265 km at 72 h forecast and also the error in

the JMA track forecasts are about 85 km at 12 h to

254 km at 72 h. The mean track errors in IMD-MME,

NCEP-GFS and UKMO are approximately of the

same order and are about 65 km at 12 h to 104 km at

60 h forecasts, respectively. In the IMD-HWRF, the

errors are about 49 km at 12 h and 183 km at 60 h

forecasts, respectively. In IMD official forecast, the

errors are about 63 km at 12 h and 90 km at 60 h

forecasts, respectively. The steering current vector

(SCV) around the storm is computed using NCEP

FNL analysis at every 6 h during 00:00 UTC 08

October to 00:00 UTC 13 October. The horizontal

mean winds within 1.5�–7� radius of the storm are

calculated in the levels between 925 and 200 hPa and

are given the variable weights based on maximum

potential vorticity at that level to estimate the SCV.

The comparison of the SCVs with the storm track

indicates that the storm followed the steering current

(figure not presented). This has possibly led to

reasonably accurate prediction of the track of the

storm by the model.

Figure 3
Phailin track derived from GFS analyses and IMD best-fit data with

the initial position of the storm in the five forecast experiments

Figure 4
The IMD best-fit and model-predicted tracks of ‘Phailin’ cyclone

with different initial conditions
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6.2. Landfall

Figure 8 presents reflectivity predicted by the

model in E3 and E4 and the reflectivity from DWR at

Vishakhapatnam valid at 15:00, 16:00 and 17:00

UTC of 12 October 2013, i.e., around the actual

landfall time of the storm. The landfall in these two

forecasts is discussed in this section as they provided

better prediction of the storm. The landfall errors in

other experiments are already discussed in Sect. 6.1.

This clearly shows that the landfall time of the storm

predicted by the model with 00:00 UTC 10 October

initial condition exactly matches with the observation

and the location of landfall is also predicted quite

accurately (18 km away). With initial condition of

12:00 UTC 09 October, the model could not predict

the landfall accurately. The landfall time is 4 h before

the actual landfall time and the location of landfall is

32 km away from the observed landfall location.

The mean errors in forecasting the landfall

position and time by different NWP models are

provided in Table 4. It is observed that HWRF and

UKMO models have always (with all different

initial condition) predicted landfall to the right of

actual landfall point (figure not presented) with

maximum error of 340 km in HWRF forecast. The

IMD-GFS and NCEP-GFS have predicted landfall

sometimes to the right and sometimes to the left

depending on the initial condition. The JMA and

WRF-VAR have always predicted landfall to the left

with a maximum limit of about 215 km (KOTAL

et al. 2013). The table also shows that only IMD-

MME and customized WRF-ARW model could

predict landfall point near Gopalpur with errors

Figure 5
Translation speed of the storm derived from five model predictions

and IMD best-fit track data at 12-h intervals

Table 3

Model forecast error in landfall (time and location), mean VDEs over the whole period of the forecast and peak intensity (in terms of CSLP

and MSW) obtained from five forecast experiments and IMD best-fit datasets

IMD (best fit) E1 E2 E3 E4 E5

Landfall time error (h) – 10 2 4 0 1

Landfall positional error (km) – 92 63 32 18 114

Mean vector displacement error – 151 59 44 48 71

Max wind speed at peak intense stage (m/s) 59 49 51 48 48 48

Min CSLP at peak intense stage (hPa) 940 934 932 939 946 942

Figure 6
VDEs in model prediction in reference to the best-fit track with

different initial conditions

Vol. 173, (2016) Performance of WRF-ARW model in real-time prediction 1789



(mean) of 20 km and 25 (mean of E3 and E4) km,

respectively. The mean of landfall location errors in

the five forecasts with customized WRF-ARW

model is 65 km. This is mainly due to large landfall

position error in E1 and E4. The maximum

predicted landfall position error is about 144 km in

IMD-HWRF model. Most of the models predicted

delayed landfall except NCEP-GFS which predicted

advance landfall. The mean absolute landfall time

errors in different models are also provided in

Table 4. This indicates that IMD-MME and the

customized WRF-ARW model used in this study

provided better forecast of landfall time as well.

6.3. Intensity

The time evolution of observed and model-

predicted intensity of the storm in terms of CSLP is

shown in Fig. 9. The model-predicted intensity of the

storm in terms of CSLP in all five forecasts follows

the observed trend of intensification. However, model

forecasts E1 and E2, initialized at very less intense

stage (D and DD), have over-predicted the peak

storm intensity. In E2 forecast, the storm dissipated

early as it undergoes early landfall due to increased

translation speed. In E3 forecasts, the intensity of the

storm follows the observed intensity throughout the

forecast period. Also the mean predicted intensity of

the storm (in terms of CSLP) from all five forecasts

followed the observed intensity.

The intensity of the storm (in terms of MSW)

obtained from model forecasts and IMD best-fit data

is presented in Fig. 10. Though the model is

initialized with slightly higher intensity of the storm

(as derived from GFS) in all the experiments as seen

in Sect. 5, the MSW is under-predicted after 40 h of

model integration in all five forecasts. The mean

peak MSW of all five forecasts is about 49 m/s,

which is almost 10 m/s lower than actual peak

MSW of the storm. The velocity fields are usually

under-predicted by the NWP models, particularly in

the tropical region due to erroneous winds in the

analysis over the region. The erroneous velocity

field in the tropical analysis is due to domination of

mass fields in the observations compared to that of

the velocity fields. Considering this limitation in

NWP guidance with respect to MSW, model-

predicted CSLP is used to estimate MSW based

on MISHRA and GUPTA (1976) formulation for NIO

region as shown in Eq. (1).

MSW ¼ 14:2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

po � CSLP
p

; ð1Þ

where po is the outermost closed isobar.

Figure 11 presents the estimated MSW from the

model-predicted CSLP in all the forecast experi-

ments. The trend of sharp intensification and

dissipation of the storm after landfall is well

captured by the model, and in particular E3 follows

the observed trend very closely. The peak intensity

was maintained up to 15:00 UTC 12 October as

Figure 7
Mean VDEs of all five and two (E3 and E4) model forecasts along with other NWP model forecast with different lead time

1790 M. Mandal et al. Pure Appl. Geophys.



Figure 8
Model-predicted and DWR maximum reflectivity at 15:00 UTC, 16:00 UTC and 17:00 UTC; left panel predicted with E3 (12:00 UTC 09

October) initial condition, middle panel predicted with E4 (00:00 UTC 10 October) initial condition and right panel from Vishakhapatnam

DWR
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observed from IMD best-fit dataset. Table 3 shows

the MSW and CSLP at peak intense stage of the

storm in all five forecast experiments. It shows that

E3 has captured the peak intensity of the storm with

939 hPa CSLP and 60 m/s MSW at 12 UTC 11

October. Table 5 shows the mean absolute errors in

intensity in terms of estimated MSW in all five

experiments and the best forecast experiment E3

with other NWP model forecasts. It shows that the

mean absolute error in intensity forecast by the

customized WRF-ARW model is significantly less

than that of in IMD-SCIP, IMD-HWRF and IMD-

OFFICIAL. In IMD-OFFICIAL forecast the errors

in 24, 36 and 48 h intensity forecasts are 14.9, 18.7

and 11.1 m/s, respectively, while the mean errors in

the customized WRF-ARW forecasts are 8.3, 2.9

and 4.8 m/s.

The results discussed above indicate that the

intensity of the storm in terms of CSLP is well

predicted but the same is under-predicted in terms of

MSW; however, the estimated MSW (from predicted

CSLP) provides a better intensity forecast in all five

experiments.

6.4. Potential vorticity and vertical wind shear

As discussed in previous sections, the model

forecasts E1 and E2 initialized with CSLP of 1001

and 1000 hPa respectively over-predicted the peak

intensity of the storm. The forecast E3 is initialized

with initial intensity (CSLP) same as observed has

better predicted the trend of intensification, peak

intensity and dissipation. In E4 and E5, the model is

initialized with intensity slightly higher than the

actual intensity of the storm, while the peak intensity

is slightly under-predicted by the model. In this

section, the predicted intensity of the storm in all the

five model forecasts is discussed in the context of

Potential Vorticity (PV) and Vertical Wind Shear

(VWS). The feedback of latent heating on atmo-

sphere dynamics has a greater impact on cyclone

evolution. Potential vorticity is a non-conserved

quantity in the presence of diabatic heating (latent

Figure 9
Temporal variation in intensity (with different initial conditions) in

terms of observed and model-predicted CSLP

Figure 10
Temporal variation in intensity (with different initial conditions) in

terms of observed and model-predicted MSW

Table 4

The mean landfall position and time errors obtained from WRF-

ARW forecasts and other NWP model forecasts

S. no. NWP models Mean landfall errors

Position

(in km)

Time

(in h)

1. IMD-MME 20 1.9

2. NCEP-GFS 36 2.9

3. IMD-GFS 41 6.6

4. UKMO 44 2.4

5. WRF-ARW (mean of 5 forecasts) 63 3.4

6. WRF-ARW (mean of E3 and E4) 25 2

7. IMD-WRF 69 10

8. JMA 73 2.3

9. IMD-HWRF 144 3.9
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heat), which makes it an indicator of the impact of

latent heating in the atmosphere. The rate of PV

generation or destruction is completely determined

by the magnitude and gradient of the latent heating

and the magnitude of the absolute vorticity (STOE-

LINGA 1996). The vertical distribution of PV provides

a clear indication of optimum environmental steering

current associated with storm motion (SINGH et al.

2012).

PV ¼ �gðnh þ f Þ oh
oP

; ð2Þ

where ‘g’ is the acceleration due to gravity; ‘nh’ is the

horizontal relative vorticity; ‘f’ is the Coriolis

parameter and ‘h’ is the potential temperature. PV is

estimated from GFS analysis using the above Eq. (2)

and the vertical profile is generated by averaging PV

over an annular radius of 1� from storm center. Fig-

ure 12 represents the vertical profile of PV derived

Figure 11
Temporal variation in intensity (with different initial conditions) in

terms of observed and MSW estimated from model-predicted

pressure drop

Table 5

Mean intensity error in terms of MSW estimated from WRF-ARW predicted CSLP and other NWP model forecasts

NWP models Forecast hour

12 h 24 h 36 h 48 h 60 h 72 h 84 h 96 h 108 h 120 h

WRF-ARW (E1–E5 mean) 5.3 (5) 8.3 (5) 5.1 (5) 2.9 (5) 2.7 (5) 4.8 (5) 4.8 (4) 8.9 (3) 7.6 (2) 2.6 (1)

WRF-ARW (E3–E4 mean) 5.0 (2) 6.8 (2) 2.9 (2) 1.4 (2) 2.5 (2) 3.6 (2) 7.7 (2) – – –

IMD-SCIP 10.4 (8) 18.3 (7) 23.7 (6) 24.6 (5) 31.5 (4) 36.7 (3) – – – –

IMD-HWRF 17.0 (6) 21.0 (5) 27.8 (5) 30.5 (4) 28.3 (3) 19.5 (2) 11.0 (1) – – –

IMD-OFFICIAL 9.1 14.9 17.4 18.7 17.7 11.1 19.7 10.5 1.8 5.4

Figure 12
Vertical profile of Potential Vorticity (PV) derived from GFS

analyses at different initial conditions. PV is expressed in the units

of 1PVU that equals 10-6 m2/K/kg

Figure 13
Temporal evolution of vertical distribution of Potential Vorticity

(PV) derived from GFS analyses at 3-h time interval. The time axis

shows 120-h period that begins from 08OCT_12UTC. PV is

expressed in the units of 1PVU that equals 10-6 m2/K/kg
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from the GFS analysis for the five initial conditions

and PV is expressed in the units of 1PVU that equals

10-6 m2/K/kg. The increase in PV around the storm

is clearly seen as the intensity of the storm in GFS

analysis increases in the successive initial conditions.

PV profile corresponding to E1 and E2 indicates a

maximum value at 850 hPa (nearly 1.5 and 1.7 PVU)

and a near uniform PV distribution is observed in the

middle troposphere between 700 and 400 hPa. This

PV maximum is due to higher absolute vorticity at

that level.

In E3 and E4 initial conditions the primary PV

maxima is observed between 850 and 800 hPa, the

secondary maximum in E3 and E4 is observed

around 550 and 450 hPa, respectively. The primary

maximum is due to absolute vorticity at that level,

whereas secondary maximum is due to generation of

latent heat associated with cloud condensation

process. This corroborates with the findings of

BRENNAN et al. (2008) who has analyzed the

secondary PV in a well-organized cyclogenesis. It

should be noted that the level of PV maxima in E4

and E5 initial conditions are comparatively lower

(550 hPa) leading to under-prediction in peak

intensity of the storm.

In GFS analysis, the storm reached peak intensity

of 85 m/s at 12 UTC of 12th October, 2013.

Figure 13 presents evolution of vertical distribution

of PV during the period 12 UTC of 8th October and

09 UTC of 13th October derived from 3 hourly GFS

analysis. The peak intense stage of the storm in the

GFS is in conjunction with mid-tropospheric PV

maxima, which is associated with enhanced latent

heating of the atmosphere. This clearly indicates that

the storm reached its peak intensity when the

secondary PV maximum (6 PVU) is around 400 hPa.

Figure 14
Temporal evolution of vertical distribution of Potential Vorticity (PV) derived from model simulations at 3-h time interval. The time axes

show 120-h model simulation period that begins from 08OCT_12UTC. PV is expressed in the units of 1PVU that equals 10-6 m2/K/kg
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Figure 14 illustrates the evolution of vertical

distribution of PV in five model forecasts. In E1,

E2 and E3 the magnitude of secondary PV maxima

is 8 PVU with the level of maxima is slightly lower

(*420 hPa) in E3 compared to E1 and E2. The

level of secondary PV is highest (*400 hPa) in

E2. In E4 and E5, the magnitude of secondary PV

maximum is less and also at lower level compared

to that of the other forecast experiments. It may be

mentioned here that the peak intensity of the storm

is over-predicted in E1 and E2 with more over-

prediction in E2. The peak intensity was better

predicted in E3 and under-predicted in E4 and E5.

This clearly indicates that the intensity of the storm

is closely linked to not only to the magnitude of

secondary PV maxima, but also its level of

occurrence.

Figure 15 shows the vertical wind shear (VWS)

derived from GFS analysis at the time of initialization

of the five model forecasts. VWS is estimated using

the following Eq. (3).

VWS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U200 � U850j j2þ V200 � V850j j2
q

; ð3Þ

where U200 and V200 is the zonal and meridional wind

components, respectively, at 200 hPa; U850 and V850

is the zonal and meridional wind components,

respectively, at 850 hPa.

The distribution of VWS is similar in E1 and E2

initial conditions with weaker VWS around the storm

environment in E2. In E3 initial condition, VWS is

slightly stronger than that of E1 and E2. As discussed in

Sect. 6.3, the intensity of the storm is well predicted in

E3 and over-predicted in E1 and E2. In E4 and E5

initial conditions, VWS is significantly stronger that led

to under-prediction of storm intensity. This indicates

that the intensity forecast of the model depends on

VWS around the storm in the initial condition.

Figure 15
Vertical wind shear at different initial conditions derived from GFS analyses. The unit of vertical wind shear is m/s
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6.5. Rapid intensification

In this section, analysis of E3 and E4 forecasts are

presented as they provides better forecasts of the storm

compared to the other experiments. Hence the analysis

is restricted to E3 and E4 in the current and following

section. As observed, the storm intensified sharply

between 00:00 UTC of 10 October and 03:00 UTC of

11 October 2013 during which the pressure dropped by

56 hPa. In the forecasts also the sharp intensification

of the storm takes place during this period but the rate

of intensification is not as sharp as observed and the

intensification continued at a slower rate for some

more time. In the model forecasts E3 and E4 with

12:00 UTC 09 October and 00:00 UTC 10 October

initial conditions, the CSLP dropped by 38 and 40 hPa,

respectively, during 00:00 UTC of 10 October to 03:00

UTC of 11 October 2013. Figure 16 presents the

observed (best-fit) and forecasted tracks of the storm

superimposed over Tropical Cyclone Heat Potential

(TCHP) computed following the methodology pro-

posed by BALAJI and MANDAL (2014). This clearly

shows that the storm intensified sharply during this

period as it passed over the higher TCHP zone with an

average of 75 kJ cm2 around the storm path.

6.6. Precipitation

Similar to previous section, the results from E3

and E4 are discussed. Figure 17 shows rainfall rate

(in inches/h) valid at 00:00UTC 12 October from

model forecasts and derived from SSMI F-16 and

METEO-7. The regions of maximum precipitation

and distribution of rain bands in the model predic-

tions (in the south-west sector) matches well with the

satellite-derived observation though the magnitude of

rain-rate in the core region of the storm is slightly

over-predicted. With E3 initial condition, the model

over-predicted rainfall in northwest and southeast

sector while with E4 initial condition, the over-

prediction is only in the southeast sector.

The 24-h accumulated precipitation from E3 and

E4 forecasts and observation valid at 03:00 UTC of

13 October is presented in Fig. 18. The observed

rainfall presented here are station rainfall over

different districts of Odisha. In general, precipitation

in most of the districts in Odisha is over-predicted in

both forecasts with more over-prediction in E4. The

rainfall over central part of coastal Odisha is well

predicted. In the forecasts, the maximum precipita-

tion of 400 mm occurred at Banki, Odisha, where

observed precipitation was 381 mm. Over-prediction

is more pronounced in interior Odisha. The accumu-

lated rainfall is under-predicted in the northeastern

part of Odisha in both the forecasts.

Figure 19 illustrates model-predicted 84-h accu-

mulated precipitation during 00:00 UTC 10 October

to 12:00 UTC of 13 October with superimposed

model-predicted track of E3 and E4. It shows that in

both predictions heavier precipitation is to the left of

the track over ocean as well as over land. The model-

predicted heavier precipitation in south Odisha is in

contrast to the observation that recorded more

precipitation in north Odisha.

7. Summary

The study evaluates the performance of the cus-

tomized WRF-ARW model in real-time prediction of

Bay of Bengal cyclone ‘Phailin’. Five real-time predic-

tions are generated with five different initial conditions

derived from GFS analysis and lateral boundary

Figure 16
The IMD best-fit track and model-predicted best track of E3 and E4

forecast superimposed over TCHP of 08 October 2013
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condition provided every 3 hourly using GFS forecast.

The results are analyzed towards the prediction of track,

intensity, landfall (time and position) and associated

precipitation. The results presented and discussed in the

previous section can be summarized as follows:

The track of the storm is reasonably well pre-

dicted by the model with the five different initial

conditions. The mean VDEs during the whole period

of forecast are varying in the range of range of

44–151 km, where the maximum initial positional

error itself was about 172 km. The prediction of track

and landfall (time and location) of the storm signifi-

cantly depends on the initial positional error. The

error in predicting landfall time is more if the

Figure 17
Rainfall rate (in inches/h) valid at 00:00UTC of 12 October in a E3 forecast, b E4 forecast and c derived from SSMI F-16 and METEO-7
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translation speed of the storm is higher which is

closely associated with over-prediction of storm

intensity.

The model-predicted intensity of the storm sig-

nificantly depends on the stage at which the model

has been initialized. The intensity, trends of intensi-

fication and dissipation and also the peak intensity of

the storm in terms of CSLP is well predicted by the

model if initialized at the cyclonic stage. The inten-

sity is over-predicted if the model is initialized at the

depression and deep depression stage of the storm

and under-predicted if initialized in severe cyclonic

stage. The intensity of the storm in terms of MSW is

significantly under-predicted by the model at the

intense stage of the storm. But MSW estimated from

predicted CSLP can well represent the storm

intensity.

The rapid intensification of the storm during 00:00

UTC 10 October to 03:00 UTC 11 October is rea-

sonably well predicted by the model and is due to the

passage of the storm over the higher TCHP zone. The

intensity of the storm is closely associated with

vertical distribution of PV. The storm reaches its peak

intensity when the level of secondary PV maximum

lies between 450 and 400 hPa. The peak intensity of

the storm depends not only on the magnitude of

secondary PV maxima, but also on the level at which

it is observed. The model-predicted intensity of the

storm is also significantly influenced by the vertical

wind shear in the model initial condition.

The spatial distribution of rain rate associated

with the storm at its peak intense stage is reason-

ably well predicted by the model with over-

prediction in core region of the storm. The maxi-

mum rain rate in the south-west of the storm as

seen in observation is well predicted by the model.

Though the precipitation affected regions are rea-

sonably well predicted by the model, the magnitude

and distribution of accumulated precipitation is

over-predicted (under-predicted) in southern

(northern) part of Odisha.

The intensity of the storm is significantly better

predicted by the customized WRF-ARW model com-

pared to IMD-SCIP, IMD-HWRF and IMD-

Figure 18
24-h accumulated rainfall valid at 03:00 UTC of 13 October: a E3 forecast, b E4 forecast, c observed station rainfall
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OFFICIAL. The track of the storm is also better pre-

dicted by the model compared to other NWP models,

except in 36 h forecast. Reasonably accurate predic-

tion of track of the storm by the NWP models is due to

fact that the storm followed the steering current very

closely. The mean landfall (position and time) forecast

errors of different NWP models indicates that IMD-

MME and the customized WRF-ARW model (ini-

tialized at CS stage) could predict landfall (position

and time) with less error than other NWP models.
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