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ABSTRACT

Local Severe Storms, named as Nor’'westers or ‘Kal Baishakhis’ in Bangladesh and neighbouring eastern
region of India during pre-monsoon season (March to May) are one of the most dangerous weather phenomena
that affects this part of the globe. Advanced Research WRF (ARW) model is utilized to simulate Nor wester
squall line of 03 May 2009, which occurred over Bangladesh and neighborhood. NCEP FNL data is utilized as
initial and lateral boundary conditions (LBCs) at six hourly intervals. The event in this study is based on the
data of surface, satellite and radar observations. Doppler Weather Radar (DWR) at Kolkata has recorded the
vertical extent of the system, which was about 16 km and the radar reflectivity 55 dBZ. An echo was noticed in
the northwest of Bangladesh at 0529 UTC, which intensified into a north south (N-S) oriented squall line of 150
km length by 0655 UTC. Convection persisted over Bangladesh from 0000 UTC to 2000 UTC. Kalpana I
Satellite recorded the cloud top temperature (CTT) of -60’C. The WRF model products at 4 km resolution
showed a cyclonic circulation over Bangladesh and adjoining northeastern states of India at 850 hPa. Strong
upward motion was noticed over Bangladesh. Significant moisture incursion was observed over east India and
Bangladesh at surface and 850 hPa with southerly/southwesterly flow of 5 to 8 ms™. Result showed that the
model was able to simulate the squall line with the initial time about 12 hours before the event.
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1. INTRODUCTION

The Nor’westers or “Kalbaishakhi” produce heavy rain showers, lightning, thunder, hail-storms, dust-storms,
surface squally winds, down-bursts and tornadoes which affect the life of the people of Bangladesh,
northeastern parts of India and West Bengal, Nepal and Bhutan causing casualties and damages to properties
every year. Therefore, it is important to understand their dynamical and physical structure and develop
techniques to forewarn the people about the impending storms. Radars are important equipments for
nowecasting such storms. However, the lead time of forecasting can be increased only by the numerical weather
prediction models. Several studies have been made on the Nor’westers of Bangladesh by (Das et al., 1994 and
Karmakar, 2005). These studies showed that the frequency of Nor’westers in Bangladesh usually reaches its
maximum in May, having maximum value over the Sylhet-Mymensingh-Dhaka region and is relatively
minimum over the extreme northwestern and southwestern parts of Bangladesh.

Past studies of convective events over the Bangladesh (Mohanty et al, 2012; Karmakar and Alam, 2005, 2007)
and India (Prasad, 2006; Mandal, and Basundra, 1978; and Hussain and Karmakar, 1998) indicated that a
horizontal vortex sheet is created by the presence of horizontal and vertical wind shear in association with low/
middle level wind core. The vortex is fuelled by the advection of dry air by westerly current into a region of
warm and moist air. The vortex is tilted by the wind shear. The cyclonic vorticity thus created is helpful for the
formation of severe storms such as tornadoes. Understanding the hazard potential of the severe thunderstorms
systems, SAARC Meteorological Research Centre (SMRC), initiated a research program called the Severe
Thunderstorms Observations and Regional Modeling (STORM) under SAARC umbrella. The SAARC
STORM program focuses on a comprehensive observational and modeling study on the genesis, evolution, and
life cycle of severe thunderstorms through a regional network of observations, analyses, and prediction systems
(Das et al., 2014).

One of the questions asked usually about convective systems is that, what causes the strong rotation within a
few hundred meters of the surface. Since air parcels move away from the surface as they acquire vertical
vorticity from tilting and stretching in an updraft, (Davis-Jones and Brooks, 1993; Walko, 1993; Santos and
Yau, 2006) questioned whether an updraft-only process could produce strong rotation. Instead, they stressed the
importance of the vertical velocity gradient within a downdraft in tilting horizontal vorticity into the vertical.
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Some of the important features of a tornadic supercell storms, are the forward flank downdraft (FFD), the rear
flank downdraft (RFD), and a hook echo shaped reflectivity region surrounding a cyclonic rotating updraft. A
tornado like vortex develops in the hook echo region, within the vertical velocity gradient between the updraft
and RFD and a zone of strong horizontal shear. Idealized simulation studies (Santos and Yau, 2006) have
shown that multiple vortices develop in a strong baroclinic environment and a zone of strong horizontal shear.
These multiple vortices merge into an area of strong vertical velocity gradient, where the tornado-like vortex
forms. Computations made by (Wakimoto and Atkins, 1996) reveal that the horizontal vorticity in tornadoes is
largely a result of the vertical shear of the horizontal wind with only a small contribution from the horizontal
gradient of vertical velocity. Therefore the target of this study is to analyze the impact of initial time for
prediction of mesoscale convective systems (MCS) using high resolution WRF-ARW model vis-a-vis the
locations and time of occurrences.

2. DATA AND METHODOLOGY

In this study, we have carried out detailed study on the observed characteristics of the convective system using
different stability indices based on Skew-t, reflectivity obtained from DWR Kolkata and Cloud Top
Temperature observed by Kalpana 1 satellite. Table 1 shows the recorded weather conditions over Bangladesh
associated with the squall line on 3 May 2009 has been collected from Bangladesh Meteorological Department.

Table 1: Recorded weather conditions over Bangladesh on 3 May 2009.

Stations Lat.  Long. Occurrence Wind Speed Wind Dir. Type of Squall
Time (UTC) (km/hr)

Ishurdi 24.13 89.05 0730 46 N'ly Gust followed by squall

Dhaka  23.77 90.38 0836 74 NW'ly Squall

The WRF Model is a new-generation mesocale Numerical Weather Prediction (NWP) system designed to serve
both operational forecasting and atmospheric research needs. The WRF-ARW modeling system version 3.5 has
been implemented in this study (Table 2). In the present study, the model was integrated with three initial
conditions (Table 3). The domain covers 84.12 “E-95.88 °E and 19.45 “N-28.39 °N. The grids were centred at
90° E, 24° N with 301x251 grid points. The main features of the model employed for this study is summarized
in Table 2.

Table 2: WRF-ARW model configuration

Dynamics

Physics

Time Integration Semi Implicit

Time Steps 20 sec

Vertical Differencing Arakawa’s Energy Conserving

Scheme

Time Filtering Robert’s Method

Horizontal Diffusion 2nd order over Quasi-pressure,

surface, scale selective

No cumulus
PBL YSU Scheme
Monin-Obukhov

Convection

Surface Layer

WSM 6-class scheme

RRTM (LW), Dudhia
(SW)

Cloud Microphysics

Radiation

The model features multiple dynamical cores, a 3-dimensional variational (3DVAR) data assimilation system,
and a software architecture allowing for computational parallelism and system extensibility. WRF is suitable for
a broad spectrum of applications across scales ranging from meters to thousands of kilometers. Applications of
WRF include research and operational NWP, data assimilation and parameterized-physics research,
downscaling climate simulations, driving air quality models, atmosphere-ocean coupling, and idealized
simulations (i.e., boundary-layer eddies, convection, baroclinic waves). There are two dynamics solvers in the
WREF system: the Advanced Research WRF (ARW) solver (originally referred to as the Eulerian mass or “em”)
developed primarily at NCAR, and the NMM (Nonhydrostatic Mesoscale Model) solver developed at NCEP.
The ARW system consists of the ARW dynamics solver with other components of the WRF system needed to
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produce a simulation. The model physics options and parameterization details are presented in Skamarock et al.
(2008) (Das et al., 2006). The model is run at 4 km resolution with 28 vertical levels by using 6 hourly NCEP
FNL data as initial and boundary conditions.

3. SYNOPTIC AND OBSERVED FEATURES

3.1 Synoptic Features (Based on 0000/0300 UTC weather charts of 3rd May 09)

A low was found to lie over Gangetic West Bengal and adjoining area. One of its associated troughs extended
to Northeast Bay. Moisture incursion was over the entire region.

Table 3: Experimental design

Experiment  Initial Time Run time-window Run hours
Exp-1 1200 UTC 2 May 2009 1200Z 02May 2009 to 0000Z 04 may 2009 36
Exp-2 1800 UTC 2 May 2009 1800Z 02May 2009 to 0000Z 04 may 2009 30
Exp-3 0000 UTC 3 May 2009 0000Z 03May 2009 to 0000Z 04 may 2009 24
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Figure 1: Reflectivity observed from Kolkata DWR (a) 0655 UTC and (b) 0925 UTC of 03 May 2009.
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Figure 2: Kalpana satellite derived cloud top temperature (° C) imageries at (a) 0730 UTC, (b) 0830 UTC and
(c) 0930 UTC of 03 May 2009.

3.2 Doppler Weather Radar Analysis (3 May 09)

Kolkata Doppler Weather Radar (DWR) located at Kolkata (22.5 °N, 88.5 “E) covers the range of 400 km
including entire Gangetic West Bengal, some parts of bangladesh and parts of other states of India such as
Jharkhand, Bihar and Orissa and also covers a part of North Bay of Bengal. DWR at Kolkata has recorded the
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vertical extent of the system was about 16 km and the radar reflectivity 55 dBZ. An echo was noticed in the
northwest of Bangladesh at 0529 UTC, which intensified into a N-S oriented squall line of 150 km length by
0655 UTC. Analysis of Kolkata DWR radar pictures are shown in Figure 1.

33 KALPANA-1 Satellite picture analysis (3 May 09)

Data acquired from geostationary satellites are helpful in predicting the evolution of convective systems
through synoptic view with high temporal resolution. Several techniques have been employed to track and
nowcast meteorological parameters from satellite image sequences. Prediction of intensity values of satellite
image sequence is another promising method, although a less explored method for nowcasting. Monitoring of
the squall line was done by using half-hourly KALPANA-1 imageries. Moderate convection was seen over
central Nepal (CTT =-50°C) at 0000 UTC moving eastwards; it expanded into Bangladesh at 0430 UTC and
merged with convection over Jharkhand, Orissa and West Bengal (CTT = -70° C) at 1030 UTC. Moving
southward it dissipated over sea after 2000 UTC. Convection persisted over south Orissa and adjoining Andhra
Pradesh from 1100 UTC to 1700 UTC (CTT =-50° C). Kalpana satellite IR imageries at the time of squalls are
shown in Fig 2. The satellite imageries of this squall line case show that two convective cells developed over
Bangladesh (northeast of Kolkata) and Jharkhand (northwest of Kolkata) at 0930 UTC. These cells expanded
and merged over West Bengal by 1200 UTC and reached a maximum CTT of —60°C. This cell is more
intensified at 1300 UTC and reached up to —70°C.

34 Simulated Characteristics

3.4.1  Skew-t Analysis

An attempt is made to diagnose the different stability indices, which acts as indicators of severe convective
activity. The observed and model simulated skew-t plot of Kolkata (22.65 ° N, 88.45 © E) at 0300 UTC on 03
May 2009 are illustrated in Figure 3 and 4.
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Figure 3: Observed Skew-t plot at 0300 UTC of 03 May 2009 over Kolkata.

The convective characteristics of the air parcel such as the lifted index (LI), K index, Totals Totals index (TT),
CAPE and Precipitable water etc. are given in the right corner of the diagrams. It also shows the wind
hodograph and wind profiles in the upper-right and right side of the diagrams. Model simulated and observed
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Skew-t diagram indicated CAPE 3650 J/kg and 3446 J/kg at 0300 UTC (Table-4). The total precipitable water
content stayed at 39.6 mm and 39.76 mm respectively, which is an indication of moderate atmospheric
conditions for convective activity (Figures 3 and 4) and well matched. Observed coded and decoded data are
provided in annexure A and B.

The Lifted Index (LI) measures the difference between a parcel’s temperature compared with the environmental
temperature at 500 hPa, after the parcel has been lifted from the Lifting Condensation Level. LI has proved
useful for indicating the likelihood of severe thunderstorms. The chances of a severe thunderstorm are best
when the LI is less than or equal to —6. This is because air rising in these situations is much warmer than its
surroundings and can accelerate rapidly and create tall and violent thunderstorms. Values less than —9 reflect
intense instability. The Exp-2 is able to capture a low value which is —9 at the time of squall line (Table 4). The
Skew-t diagram showed instability in the atmosphere.

Totals Totals Index (TTI) for identifying areas of potential thunderstorm development. It accounts for both
static stability and the presence of 850 hPa moisture. A TTI of greater than 48 indicates favourable conditions
for development of severe thunderstorms; a value of 50 indicates favourable conditions for tornadoes. The
Exp-2 simulated TTI value is 52, which is greater than critical level (Table 4). The CAPE and TTI show a high
value and LI presented a low value during squall line time, which is a favourable condition for severe
thunderstorm occurrence.
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Figure 4: The model simulated skew-t plot of Exp-2 at 0300 UTC of 03 May 2009 over Kolkata.
Table 4: Comparison of observed and WRF-ARW Model simulated stability indices over Kolkata at 0300

UTC.
Stability Indices Observed Exp-1 Exp-2 Exp-3
Lifted index (LI) -8.23 -8 -9 -7
K index (KI) 26.9 33 32 21
Totals Totals Index (TTI) 51.4 49 52 48
Convective Available Potential Energy (CAPE) 3446 3650 3684 2598
Precipitable water [mm] for entire sounding (PW)  39.76 36.3 39.6 30.7

3.4.2 Rainfall

Rainfall is recognized as one of the most difficult parameters to forecast in numerical weather prediction
despite the fact that the accuracy of numerical models has increased during the past several decades. Most of
the thunderstorms produce heavy rainfall during their life cycle of 1-3 hour (Vaidya and Kulkarni, 2007).
Figure 5 illustrates the 24 hours accumulated precipitation simulated by the model for the observed case. The
model did simulate the precipitation on the day of the squall line.
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Figure 5: 24 hrs accumulated precipitation simulated by the WRF model on the day of the squall line.
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Figure 6: Wind speed at 10m, wind circulations and geopotential fields at 850 hPa simulated by the WRF
model on the day of the squall line.
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Table 5: 24 hours (0000 UTC 02 May 2009 — 0000 UTC 03 May 2009) rainfall (mm) comparison (observed
and model simulated).

Stations WRF-ARW model simulated rain (mm)

Obs. rain (mm) Exp-1 Exp-2 Exp-3
Ishurdi 05 0.049 5.178 0
Dhaka 10 0.346 6.615 0

The simulated precipitation also differs in intensity compared to the observations (Table 5). The Exp-1 and
Exp-3 underestimated the intensity of precipitation on an average. The Exp-2 results in terms of intensity and
location are very close to those of the observation (Table 5).

3.4.3 Large scale synoptic conditions

The wind speed at 10 metre (shaded), wind vector and geopotential fields (contours) at 850 hPa are shown in
Figure 6. The diagram shows that the low level wind flow is strong south-westerly / westerly and north-easterly
(8-12 ms™) from the Bay of Bengal. The highest wind speed simulated by the Exp-2 at 1000 UTC is 30 ms™
The contours of geopotential cut across the isotherms forming cross isothermal flow over the region. This
results in solenoidal field and warm advection over Bangladesh. Such solenoidal field is conducive for the
formation of thunderstorms and was also noted in the study of (Prasad, 2006). Strong southerly flow and cross
solenoidal field better simulated in Exp-2 (Figure 6).

4.4 Cloud water mixing ratio

The vertical distributions of cloud (qu,u) obtained by the WRF model on the day of squall lines are shown in
Figure 7. The vertical cross section is done in the area where the highest 10 metre wind speed is simulated. The
cloud hydrometeors present below the freezing level (about 3 km) may be interpreted as liquid; while above the
freezing level may be ice or super-cooled liquid (Probha ef al., 2011). Ice is present even up to 10 km altitude
in all experiments but Exp-3 is given highest value.
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Figure 7: Vertical distribution of cloud hydrometeors diagnosed by the WRF model.

4.5 Vertical Velocity

The vertical distributions of the vertical velocity simulated by the model are presented in Figure 8 for the case.
The diagram shows cores of upward motion reaching up to the altitude of 18-20 km in all experiments. The
magnitudes of the maximum updraft are about 43.2476 ms™ in Exp-2 at 0620 UTC (Lat. 25.41 ° N) , which
appear to be higher than the values obtained by [16] for the west Bengal region. The updraft cores are
surrounded by mesoscale downdrafts with values ranging from 10 — 43 ms™. These values are comparable to
those obtained by (Das, 2006).

The strongest updraft region extended from 650 to 200 hPa in Exp-2. The diagram shows the presence of
severals strong updraft regions within a distance of 5-10 km. The strong updraft towers were separated by
strong downdraft regions. As discussed earlier the gradient of the vertical velocity plays an important role in the
creation of rotating updrafts. The maximum downdraft starts at 200 hPa and extends to the lower atmosphere in
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Exp-1 and Exp-2, which triggers the convective activity (Das, 2006). However, the strength of the updraft and
downdraft is represented well in the all simulations.

a) Exp—1, 1240 Z 03 May 2009, Lat 2Z.68 b) Exp—2. OBZ0 Z 03 May 2009, Lat 25.41 ¢l Exp—3. 1420 Z 03 May 2009, Lat Z3.15
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Figure 8: Vertical profiles of Vertical Velocity diagnosed by the WRF model.

6. CONCLUSION

Bangladesh is prone to severe thunderstorms of tornadic intensity due to its geophysical location. The squall
line event of 3 May 2009 over Ishurdi and Dhaka was simulated using WRF-ARW with different initial times
to resolve mesoscale signature of the atmosphere and establish the robustness of the results. Simulations of
thunderstorms are generally carried out at much higher resolution (few hundred meters), and in such cases the
data is generally updated at hourly intervals. However, due to lack of computational resources and high
temporal data, the simulations were carried out at 4 km resolution.

i Several convective parameters such as, CAPE, K index, Lifted Index, Showalter index, Totals Totals
index, etc. were studied based on observations. Studies showed that none of these parameters can be
taken as a standalone predictor for the occurrence of thunderstorms with 100% accuracy. It indicates
that NWP models are very important for obtaining guidelines for forecasting local severe storms.

il. Study of Radar data showed that the events propagate in the form of parallel bow shaped squall lines
having horizontal length of more than 150 km at 0655 to 0800 UTC. The model well estimated the
strength of the squall lines in general in its present configuration. Exp-2 is given significant improve
results compare to other two simulations (Exp-1 and Exp-3).

iii.  The simulated results showed the presence of strong vertical wind shear and an advection of warm air
forming a solenoidal field during the squall line. Low level positive vorticity in combination with
moist southerly wind from the Bay of Bengal and strong surface heating resulted in the formations of
the squall line in the case.

iv.  WRF-ARW model is able to broadly reproduce several features of the convective event, such as
spatial pattern and temporal variability. It reveals that the event was better simulated with Exp-2, in; of
radar, satellite and dense network of surface observations in the model may improve the accuracy of
the forecasts.
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Annexure A: Coded Data of 3 May 2009 0300 UTC Kolkata RS data

TTAA 53022 42809 99008 30032 00000 00073 27638 31001 92754 23456 10509 85485 21258 01007 70135
11666 32022 50583 08574 28517 40752 19375 29011 30959 36573 24529 25084 46161 23035 20229 56361
24050 88999 77999 51515 10164 00053 10194 ///// 33015

TTBB 53022 42809 00008 30032 11997 27437 22961 25620 33954 24025 44940 22836 55865 21257 66815
20262 77751 16073 88739 15670 99660 06259 11/// ///// 22576 01766 33530 05575 44511 07175 55466 13374
66436 14776 77364 22774 88358 25374 99332 28370 11329 30370 22326 31964 33320 31761 44313 33960
55305 35560 66292 37767 77290 37960 88270 41167 99264 41761 11251 46361 22217 51764 33154 58761
31313 02002 80227 41414 00901

Annexure B: Decoded Data of 3 May 2009 at 0300 UTC Kolkata RS data

42809 VECC Kolkata Observations at 03Z 03 May 2009
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PRES HGHT TEMP DWPT RELH MIXR DRCT SKNT THTA THTE THTV
hPa m C C % g/kg deg  knot K K K

1008.0 6 30.0 268 83 2264 0 0 302.5 370.0 306.5

1000.0 73 27.6 23.8 80 1898 310 1 300.8 356.8 304.1
997.0 99 27.4 237 80 1892 316 1 300.8 356.7 304.2

961.0 423 25.6 23.6 &9 19.52 29 5 302.2 360.1 305.7

954.0 486 24.0 21.5 86 17.25 44 6 301.2 352.1 304.3

940.0 615 22.8 192 80 15.13 73 7 301.2 345.9 304.0

925.0 754 234 174 69 13.70 105 9 303.2 344.1 305.7
865.0 1334 212 142 64 1190 30 7 306.8 342.9 309.0
850.0 1485 21.2 132 60 1134 10 7 308.3 343.0 3104
815.0 1847 20.2 82 46 844 359 10 311.0 337.3 312.6
751.0 2545 16.0 -7.0 20 3.03 338 17 313.8 323.8 3144
739.0 2681 15.6 -44 25 3.75 334 18 314.8 327.1 315.5
700.0 3135 11.6 -44 32 396 320 22 315.3 328.3 316.1
660.0 3622 6.2 -2.8 53 474 314 21 314.6 329.9 3155

576.0 4720 -1.7 -17.7 28 1.66 300 19 317.8 323.5 318.1
530.0 5376 -5.5-30.5 12 0.57 291 18 320.9 323.0 321.0
511.0 5661 -7.1 -32.1 12 0.51 287 17 322.3 324.2 322.4
500.0 5830 -8.5 -32.5 12 050 285 17 322.6 324.5 322.7
466.0 6370 -13.3 -37.3 11 0.33 287 15 323.2 324.5 3233
436.0 6874 -14.7 -40.7 9 0.25 288 13 327.6 328.6 327.7
400.0 7520 -19.3 443 9 0.19 290 11 329.8 330.6 329.9
364.0 8215 -22.7 -46.7 9 0.16 275 17 334.3 334.9 3343
358.0 8336 -253 -493 9 0.12 273 18 332.4 3329 3324
332.0 8879 -28.3 -48.3 13 0.14 261 23 335.5 336.1 335.6
329.0 8944 -30.3 -50.3 12 0.12 259 23 333.6 334.1 333.7
326.0 9009 -31.9 -459 24 0.19 258 24 332.3 333.1 3324
320.0 9140 -31.7 -42.7 33 0.28 255 25 334.4 335.5 3344
313.0 9295 -33.9 -43.9 36 0.25 252 26 333.4 334.4 3335
305.0 9475 -35.5 -45.5 35 0.22 248 28 333.6 334.5 333.7
300.0 9590 -36.5 -59.5 7 0.04 245 29 333.8 334.0 333.8
292.0 9778 -37.7 -54.7 15 0.08 243 30 334.7 335.0 334.7
290.0 9826 -37.9 -47.9 34 0.17 242 30 335.1 335.8 335.1
270.0 10318 -41.1 -58.1 14 0.06 236 32 337.3 337.6 337.3
264.0 10472 -41.7 -52.7 29 0.11 234 33 338.6 339.1 338.6
251.0 10813 -46.3 -57.3 28 0.07 230 35 336.7 337.0 336.7
250.0 10840 -46.1 -57.1 28 0.07 230 35 337.4 337.7 3374
217.0 11768 -51.7 -65.7 17 0.03 236 45 342.7 342.8 342.7
200.0 12290 -56.3 -67.3 24 0.02 240 50 343.4 343.6 343.5

154.0 13940 -58.7 -69.7 23 0.02 366.0 366.1 366.0
Station information and sounding indices
Station identifier: VECC
Station number: 42809
Observation time: 090503/0300
Station latitude: 22.65
Station longitude: 88.45
Station elevation: 6.0
Showalter index: -2.82
Lifted index: -8.23
LIFT computed using virtual temperature: -9.40
SWEAT index: 237.38
K index: 26.90
Cross totals index: 21.70
Vertical totals index: 29.70
Totals totals index: 51.40
Convective Available Potential Energy: 3446.25

CAPE using virtual temperature: 3726.77
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Convective Inhibition:

CINS using virtual temperature:

Equilibrum Level:

Equilibrum Level using virtual temperature:
Level of Free Convection:

LFCT using virtual temperature:

Bulk Richardson Number:

Bulk Richardson Number using CAPV:
Temp [K] of the Lifted Condensation Level:
Pres [hPa] of the Lifted Condensation Level:
Mean mixed layer potential temperature:
Mean mixed layer mixing ratio:

1000 hPa to 500 hPa thickness:

Precipitable water [mm] for entire sounding:

-94.19
-15.65
168.88
168.66
719.39
789.24
269.25
291.17
296.11
939.23
301.48
19.24
5757.00
39.76
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