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Abstract

Flash flood and related hazards occurred over the Haor (wetland) areas of northeast Bangladesh during 17-18 April 2010.
Prediction of this sudden incident is challenging when it happened on the high terrain of Meghalaya Plateau and adjoining
Bangladesh. Flash flood event occurred when convective cells assembled into a mesoscale convective system (MCS) over
the steep edge of the Plateau. The MCS obtained its extreme point after getting moisture support from the southerly flow
of the Bay of Bengal (BoB). This study investigated the synoptic flow patterns and large-scale characteristics of the flash
flood-producing storm and its associated tropospheric conditions in northeast Bangladesh using the Weather Research and
Forecasting (WRF) model. The model used a 3-nested domain with the horizontal resolution of 27 km, 9 km, and 3 km,
respectively. The study revealed that the model underestimated the strength of the flash flood in general in respect of rainfall.
The 48-h simulated rainfall was about 152 mm for outer domain-1, about 195 mm for inner domain-2 and about 209 mm
for the innermost domain-3 whereas actual rainfall was 223 mm as recorded by Bangladesh Meteorological Department
(BMD). The southerly wind was strong at 950 hPa and the westerly wind prevailed at 500 hPa level. The model simulated
results show that cloud water mixing ratio was 1.8 mg m™ and extended vertically up to 17 km. Ice water mixing ratio was
200 mg m~ and found in between 12 and 20 km, indicating the formation of ice in the upper troposphere. The maximum
values of x, y, and z-wind components over Cherrapunji were — 11 ms~!, — 21 ms™! and — 2.8 ms™!, respectively which
indicated the strengthening of the convective system to produce flash flood.

1 Introduction

The wetland areas of the northeastern parts of Bangladesh,
locally known as “Haor”, experiences frequent flash floods
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short span of time in the hilly areas in the northeastern part
of Bangladesh. However, it becomes critical if flash floods
arrive before harvesting of the major crop (Boro rice) of
that area (CEGIS 2012). Accurate flash flood forecasting
with sufficient lead time can reduce the damage to crops.
A timely forecasting of flash flood might prevent loss of
properties and lives. Therefore, an accurate early warn-
ing of flash flood forecasting mechanism of those areas
is crucial.

However, flash flood forecasting is challenging as the
event is short in duration and cloud convection is formed
rapidly. The causes of formation of thunderstorms over
the northeast areas of Indo-Bangla region are presented in
many studies (Das 2010; Das et al. 2006, 2014, 2015a, b, c,
d, 2017; Dimri et al. 2015, 2016a, b; Karmakar and Alam
2005; Karmakar et al. 2017; IMD 1944). A southerly low
level moist and warm winds impending from the Bay of
Bengal (BoB) occurred during this season which often con-
jugate with the advection of cold and dry north-westerly
winds aloft. The thunderstorm events cause flash flood and
landslides which are associated with squalls, heavy rain
showers, lightning, thunder, hails and downbursts. On many
occasions, the outburst of clouds when a passing westerly
trough at 500 hPa is superimposed over the Low-Level Jet
(LLJ). Usually, the spatial extent of these thunderstorms
is a few kilometers and their lifespan is less than an hour
(Houze 1975, 1997, 2004, 2014). The development of multi-
cell thunderstorms due to established strong convection
may have a life duration of several hours and move a few
hundred kilometers (Dimri 2013; Islam et al. 2005; Islam
and Uyeda 2008). These MCSs grow rigorously when con-
tinental air mass meets moist warm air mass from the ocean
(Houze et al. 2017). The understanding and forecasting
of the extreme weather events challenging to atmospheric
researchers. The influx of moisture from the Bay of Bengal
(BoB) energizes the MCS (Medina et al. 2010; Murata et al.
2011; Rajeevan et al. 2010; Rasmussen and Houze 2012;
Tyagi et al. 2011, 2013; Virts and Houze 2016) as it passes
over Meghalaya and northern parts of Bangladesh and thus
produces heavy convective and stratiform rain over Megha-
laya and the surroundings areas.

The extreme rainfall and runoff are the root causes of the
flash flood (Basher et al. 2017; Khan et al. 2019; Moham-
med et al. 2017; Nowreen et al. 2014; Roy et al. 2019) in the
stretches of valley and highland. The valley and plateaus of
the Indo-Bangla region is the wettest place on planet earth.
The topography of the north-eastern region of Bangladesh
is flat plain, which is situated in the south of the Meghalaya
high land. Whenever there is severe thunderstorm during the
pre-monsoon season, copious rainfall occurs over Megha-
laya and runoff of the rain over the flat terrain causes flash
floods in this area. Recent flash floods occurred in 2004,
2010, 2016 and 2017. All four rainstorm events devastated

@ Springer

huge amount of crops and had great impacts on the liveli-
hoods of the people.

In the past, many studies showed that the non-hydrostatic
mesoscale models are capable for simulation of high impact
weather systems which lead to heavy rainfall episodes over
South Asia (Deb et al. 2008; Kumar et al. 2008, 2014,
Mohanty et al. 2012; Routray et al. 2005, 2010; Vaid 2013).
Conversely, there are also some limitations of forecast skills
of rainfall of Numerical Weather Prediction (NWP) models
(Das et al. 2008; Rama Rao et al. 2007; Roy and Prasad
2001; Sikka and Rao 2008). Considering these limitations,
there is a requirement for efforts to develop NWP model
ability in a short-range prediction of convective storms
which are responsible for heavy rainfall events causing flash
floods and related hazards. A few numerical studies have
examined the simulation characteristics of heavy rainfall
over Bangladesh using mesoscale models with a horizontal
grid size of 9 km or higher resolution (Abhilash et al. 2007,
Das and Debsarma 2012; Hasan and Islam 2018; Dimri et al.
2017; Dube et al. 2014; Houze et al. 2011; Webster et al.
2010). Those studies have revealed that numerical models
simulate the quantity of rainfall and rain band quite well. It
is also mentioned in these studies that the favorable synoptic
situation associated with heavy rainfall over Bangladesh,
such as the incursion of warm humid air to the storm area
by southerly flows, is necessary for the formation of severe
thunderstorms. The presence of upper-level jets in the north
and low-level jets in the south are typically strengthen the
south-north baroclinicity in the mid-troposphere. To investi-
gate such processes, it is important to simulate NWP model
at a higher resolution (~3 km) suitable for the convective
system to resolve cloud. In the past, such kinds of experi-
ments using NWP model have not been accomplished for
high impact weather events over the northeast regions of
Bangladesh. Moreover, understanding the large-scale pro-
cesses for torrential rain over the northeast (NE) area of
Bangladesh is an important for flash flood forecasting.
Hence, it has become essential to improve the accuracy of
rainfall forecasting during the pre-monsoon season using
any mesoscale models such as the widely-used community
model Weather Research and Forecasting (WRF). WREF is
a mesoscale model, which is capable of solving the com-
pressible, non-hydrostatic Euler equations in 3-dimen-
sions (Skamarock et al. 2008, 2019) and designed for both
operational applications and atmospheric research. WRF is
selectively used in research and operational institutions in
Bangladesh for academic research and weather forecasting
including high-impact weather simulations.

In this context, this study has investigated the skill of
the WRF model to reproduce the flash flood producing
heavy rainfall that occurred over the NE region of Bangla-
desh using cloud-resolving scales (~3 km). WRF has been
simulated for heavy rainfall occurred on 17th and 18th April
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2010. A double nested WRF model with the highest reso-
lution of 3 km horizontal grid spacing is integrated with
conventional analysis data. This study made an attempt to
identify and apprehend the various small to large scale wind
circulation that resulted in the localized flash-flood-produc-
ing heavy rainfall over the NE region of Bangladesh.

2 Materials and methods
2.1 Heavy rainfall events

Two consecutive rainfall events causing flash flood were
selected for investigation based on surface synoptic observa-
tions. On 17th April 2010, the 24-h accumulated rainfall was
found at Cherapunji and Sylhet were 97 mm and 160 mm
respectively. However, the next day, the 24-h accumulated
rainfall was found at Cherapunji and Sylhet were 103 mm
and 61 mm respectively. This heavy (44-88 mm day~!) to
very heavy (> 89 mm day™") rainfall was responsible for
the occurrence of flash flood over the region. This type of
flash flood occurs most of the years during pre-monsoon and
early monsoon over northeastern Bangladesh (Dimri et al.
2017). On 17 April 2010, northerly wind prevailed with a
wind speed of 12.7 ms~! at 0927 UTC and southerly wind
at 2338 UTC with a wind speed of 15.6 ms™'. The next day
on 18 April 2010, the westerly wind with speed of 20.5 ms™!
was observed at 2248 UTC. An upper air trough at 0.9 km
above mean sea level and run from central Uttar Pradesh
to Gangetic West Bengal across Jharkhand with embedded
cyclonic circulations over east Uttar Pradesh. Wind Maxima
exist over the region.

(a) Reflectivity (dBZ) Moulvibazar DWR
26.5N 17 April 2010 15:01:42 UTC
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2.2 Radar-derived reflectivity and radial wind

The Weather Radar is being used worldwide for observation
of various extreme weather events like MCSs, rainstorms,
squalls, thunderstorms, tornados, hail storms, the direction
of movement of thunderstorms and cyclones. To estimate the
rainfall on the real-time basis, Radar has a great potential to
enhance the proficiencies of researchers and scientists (Chat-
terjee et al. 2008; Das et al. 2015¢; Pradhan and Sinha 2005).
Radar can also measure how fast rain or hail is moving away
from or toward the Radar. From a Radar volume scan (series
of 360° sweeps, each tilting a little higher than the last);
Radar meteorologists can get a complete look at organiza-
tions and movements of storms close to the Radar. BMD
operates a Radar system consisting of three Doppler Weather
Radars (DWRs) and two conventional Radars at different
places of the country. The nearest DWR is Moulvibazar
(MLV) DWR which is located at 24° 29’ 8" N, 91° 46’ 30"
E. DWR of Moulvibazar is not operated continuously and
there is no other DWR nearby Sylhet and Meghalaya. There-
fore, the DWR Moulvibazar data are collected through the
SAARC STORM project (Das et al. 2014) and we have pro-
cessed (Das et al. 2015c¢) before using them in the analysis.
DWR derived reflectivity and radial wind field of the event
is analyzed. DWR provides radial wind and reflectivity
observations temporally every minute and spatially 10 m
resolution. Figure 1a, b represents the reflectivity and radial
wind of the event. Rain-gauge data cannot recognize the
fact that strong rainfall cores are surrounded by light rainfall
regions (Islam et al. 2005). To understand the dimension,
forms, extent, propagation, the life cycle of the rainfall the
Radar analysis provide useful insights. In this study, DWR

(b) Radial Velocity (m/s) Moulvibazar DWR
26.5N 17 April 2010 15:01:42 UTC
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Fig. 1 Moulvibazar DWR derived a reflectivity and b radial wind on 17 April 2010 at 1501 UTC
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reflectivity is correlated with rainfall. MLV DWR recorded
reflectivity of 52 dBZ. Bow-type echoes of reflectivity are
seen at 1501 UTC on April 17, 2010 (Fig. 1a). This reflectiv-
ity indicates heavy rainfall over northeastern Bangladesh and
adjoining Meghalaya. The radial wind is correlated with the
horizontal wind. Radial velocity between — 40 and 50 ms™"
is seen during the life cycle of the rainstorm (Fig. 1b). Sun
and Crook (1997) study shows that the signal received by
DWR is a distribution of velocity which known as Doppler
spectrum. The spectrum width is a function of Radar sys-
tem parameters- pulse width, meteorological parameters and
Radar frequency. It defines velocity and hydrometeor density
distributions within the scattering volume. Study of Radar
data showed that the squalls propagate in the form of parallel
bow-shaped squall lines having a horizontal length of more
than 50-350 km at the time of the occurrence.

2.3 Satellite-derived cloud top temperature (CTT)

In the study made by Lazri et al. (2013), it is mentioned
that there is a relationship between CTT and rainfall prob-
ability and intensity, which can be applied for the detec-
tion and classification of rainfall areas. In the present study
hourly, satellite imageries are analyzed to understand the
initiation, maturity and rainfall intensity of the rainstorms.
It is found that initiation of the convection, as indicated by
CTT, started in the afternoon and became intense during
the night up to 2200 UTC on both the days. Only diagrams
of the mature stage are presented here (Fig. 2a, b). Moder-
ate (CTT < — 30 °C) to strong convection (CTT < — 50 °C)
was found over the region where rainstorms associated
with squalls were reported. It is found that all the systems
are aggregate of numerous cloud convections which have
strengthened persistently and propagated on the way to

(a)
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Meghalaya of India and Sylhet of Bangladesh area. The CTT
amplified thereafter and the convection became significant
at 2100 UTC of 18th April 2010 (Fig. 2b). Otkin and Green-
wald (2008) showed that the CTT from the satellite is used
to exhibit the advanced capabilities for prediction of con-
vective weather. CTT was found to be — 30 °C to — 60 °C
(Litta et al. 2012) for all the times which indicate the vertical
extension of cumulonimbus (Cb) cloud in between 6 and
15 km or more. The cloud extended vertically upward and
was more intense. This higher convection was responsible
for heavy to very heavy rainfall causing the flash flood.

2.4 NCEP reanalysis data for analysis of large scale
synoptic processes

The large scale synoptic process and forcing with sea level
pressure and wind flow at 10 m is shown in Fig. 3a. The geo-
potential height in meter and wind flow pattern at 200, 500,
700, 850 and 950 hPa are presented in Fig. 3b—f. The analy-
ses are based on the National Centers for Environmental Pre-
diction (NCEP) reanalysis (NCEP 2000) on 0000 UTC 17
April 2010. A trough of low pressure is extended towards the
northeastern part of Bangladesh as shown in Fig. 3a. There
is a southwest moist flow at the 10 m level over the country
and converging over sub-Himalayan West Bengal with an
extended Trough towards the northeast (Fig. 3a). The wind
speed is about 20 ms~! over the north BoB. In Fig. 3a, b
ridge of the westerly jet is present over the north Arabian
Sea, Pakistan, and north India at 200 hPa level. There is a
strong trough of both geopotential height and wind circula-
tion over northern Bangladesh and north of it, extending
over the Meghalaya region. The geopotential height over
the northeast region is 12,250 m, which is lower relative to
the surrounding areas and is responsible for the formation

Fig.2 Cloud top temperature (°C) retrieved from Kalpana-1 satellite a 17 April 2010 at 1500 UTC and b 18 April 2010 at 2100 UTC
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Fig.3 Large scale process based on NCEP reanalysis on 0000 UTC 17 April 2010 a Sea Level Pressure (shaded; hPa) and wind vector (ms™}) at
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of the thunderstorm. The sub-tropical westerly jet (SWIJ) is
embedded in the upper level at 200 hPa; this SW1J also favors
the formation of thunderstorms.

The northwesterly wind flow, advecting cold and dry air
over Bangladesh and adjoining area at 500 hPa level are
presented in Fig. 3c. This cold air advection at 500 hPa
from the northwest is important for producing instability
after mixing with the warm and moist air at a low level.
An anticyclonic circulation is present over central India and
the Arabian Sea region. The geopotential height varies at
the northeast area from 5825 to 5850 m, having a trough
in the northeast region. At 700 hPa level, the strong trough
of circulation is found to persist over northern Bangladesh
and further north of the country (Fig. 3d). Simultaneously, a
strong anticyclonic circulation is found to prevail, covering
the area of central India, the Arabian Sea, and the western
BoB. A COL area is found near southeast of Bangladesh and
adjoining BoB. The relatively lower geopotential height in
the northeast region is 3150 m. The strong trough is favora-
ble for MCS formation.

Low geopotential height is found at 850 hPa over West
Bengal and adjoining Bangladesh with a value of 1400 m
and a trough of low geopotential is extended to northeast
Bangladesh (Fig. 3e). At the same time, there exists a strong
circulation, converging over the low geopotential height and
having an extended trough over the northeast region. The
circulation is associated with a strong south-southwesterly
moist flow over Bangladesh and adjoining area from the
BoB, and there is a northwesterly dry flow in West Bengal
and sub-Himalayan West Bengal region. These two types of
wind flow are very much conducive to the formation of Cb
cloud systems (Fig. 2). Geopotential height varies from 1480
to 1500 m over the northeast region. The presence of strong
southwesterly flow from the BoB to the Meghalaya Plateau
through Bangladesh was found at 950 hPa level on 17 April

(a) 17 April 2010, TRMM
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2010 (Fig. 3f). An elongated strong trough exists over the
northeastern region, making the environment favorable for
generating convection over the region. Analysis of geopoten-
tial height showed a strong low height region over West Ben-
gal and adjoining Bangladesh with a trough extending to the
northeast with lower geopotential height between 530 and
540 m over the northeastern region.

It can be summarized from the above analysis that there
are signs for the growth of convection within the forcing of
large scale. The event is localized, having the direct impact
of large scale forcing. This direct impact is often hard to
find as the trigger of the event; it is absent in the observa-
tion as well as initial and boundary conditions (Chaudhuri
et al. 2015; Dimri et al. 2017). Interestingly, moist flow from
the Arabian Sea and the BoB is found to reach up to the
Himalaya region with an extended trough of circulation over
northeast Bangladesh and the Meghalaya Plateau. Yatagai
et al. (2012a, b) suggested that the convection is the result
of wave energy transport of the jet stream in the Himalayan
region. A jet stream with a wave like a pattern has been
found in Fig. 3b.

2.5 Rainfall retrieved from TRMM

The spatial distributions of rain intensities retrieved from
TRMM 3B42RT (Huffman 2016) for the flash flood event
over Bangladesh that occurred on 17 April and 18 April
2010 are shown in Fig. 4. Three hourly rainfall starting from
0000 UTC and ending at 0000 UTC of next day are shown
in Fig. 4a, b respectively. The rainfall area covers almost
the north, northeast and east of Bangladesh. In the morn-
ing, there are two rainfall areas over the north and northeast
Bangladesh (Fig. 4a). But from 1200 UTC on 17 April 2010,
the small areas are aggregated into one intense and large
rainfall area which continued up to 2100 UTC, the maximum

(b) 18 April 2010, TRMM
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Fig.4 Accumulated 3 hourly rainfall retrieved from TRMM on a 17 April 2010 and b 18 April 2010
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intensity being found during 1500-1800 UTC. Rainfall
amount of 32 mm day~! and 64 mm day~! from 1500 UTC
of 17 April to 0000 UTC of 18 April 2010. The rainfall
amount is found decreased from 0300 to 0900 UTC with its
position shifted slightly northeastward. Later, rainfall areas
are found over the northeastern region of Bangladesh and the
Meghalaya region with an amount greater than 64 mm. On
18 April 2010, the whole country becomes rainfall free dur-
ing 0900-1200 UTC as can be shown in Fig. 4b. From 1200
UTC, some systems are found to develop over Assam and
adjoining areas and the system has intensified and moved
to the south/southeastward when heavy rainfall might have
occurred over the Meghalaya Plateau and adjoining north-
eastern Bangladesh over the Haor areas. The rainfall area of
the 1st day is more expanded compared to 2nd day which
also indicates more rainfall had occurred on 17 April 2010.

2.6 Weather Research and Forecasting (WRF) model

Numerical weather prediction (NWP) is the state-of-art
for seamless weather forecasting at all spatial and tempo-
ral scales. The NWP model has the ability to predict micro
as well as mesoscale weather phenomena. The numerical
model provides information over a study domain from which
we can assess an approximation and probability of various
weather phenomena and extremes. Mountainous highlands
have scanty data where it is difficult to forecast rainfall. In
this aspect, the WRF model is an excellent technique to
predict weather phenomena where the data is scanty. The
forecast products are very useful to the end user as well as
different communities. WRF model is capable to simulate
short range (hourly basis) to medium range (5-10 days) and

e AR
4BE S1E 54E S7E BOE 63E 66E G9E 72€ 75€ 78E 81E 84E 87E 90E 93E 96E 99E 102E 105E 10BE 111E 114E

long range (more than 10 days) forecast products for vari-
ous use. These kind of simulated outputs are very essential
for decisions making in weather forecasting. The limitation
of the model is the location and time specific error of the
forecast for which various parameterization experiments are
needed to validate the model simulated event and season
wise forecast. A lot of developmental work is required in
this area including assimilation of a wide variety of obser-
vations from different sources such as surface and upper
air observations, Radar, aircraft and satellite observations,
ocean observations from floating buoys, and various other
remote sensing platforms. Development of physical param-
eterization schemes, ensemble, and probabilistic forecasting
is another important aspect that is continuously evolving.
Therefore, it is very important that the research activity is
continued for finalizing the appropriate WRF modelling
system. Flash flood producing rainstorm in a high terrain
region is a sudden convective event and often very localized
event. The high-resolution domain setup with the combina-
tion of sophisticated physical scheme helps to predict the
event and rainfall amount. The rainfall amounts are used
in the hydrologic model for water level and discharge fore-
casting. Hence, the WRF model simulated precise rainfall
amount is very important for agriculture and hydrological
planners. The Advanced Research Weather Research and
Forecasting model (ARW), version 3.7.1 (Skamarock et al.
2008) is used in this study. WRF is a three-dimensional,
fully compressible, non-hydrostatic model. In the study, the
domain is considered with a nested domain with 27, 9 and
3 km horizontal spatial resolution as shown in Fig. 5. The
1.0°x 1.0° gridded NCEP FNL (Final) Operational Global
Analysis and Global Forecast System (GFS) data are used as

25N

92E

91E

Fig.5 Geographic map of the study area along with the terrain heights a Triple nested domain and b Northeastern Bangladesh and the Meghna

Basin
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initial and Lateral Boundary Conditions (LBC) of the model.
The main features of the model employed for this study are
summarized in Table 1.

3 Results and discussion

The WRF model was simulated for a period of 96 h, start-
ing at 0000 UTC on 15 April 2010, as initial values. The
structure of the flash flood-producing storm is obtained by
the model and compared with observations available from
synoptic observations, ground-based Radar, and TRMM. We
will discuss the results obtained from the model simulations
in the following sub-sections.

3.1 Maximum reflectivity (dBZ) and rainfall

The model simulated reflectivity of hydrometeor in the
atmosphere at different synoptic hours on 17 and 18 April
2010 are presented in Fig. 6a. It has found that the reflec-
tivity becomes maximum and distinct from 0600 to 1800
UTC on 17 April 2010 and from 0600 to 1200 UTC on
18 April 2010 over the place of occurrence as shown in
Fig. 6a. The model simulated reflectivity value is more
than 50 dBZ, indicating severe thunderstorm and intensive
rainfall which is comparable (Fig. 1a) to BMD MLV DWR
derived reflectivity.

The model simulated three hourly rainfalls, which is
comparable with the spatial distribution of rainfall derived
from TRMM (Fig. 4a, b) is shown in Fig. 6b. While the
model results show the shifting of the areas of rainfall both
in time and locations, the intensities of rainfall rates are
simulated very well. From the spatial pattern of rainfall, it
can be clearly found that rainfall amount and spread are well

Table 1 Features of numerical model configurations

Model
Map projection

WREF version 3.7.1
Mercator

Horizontal resolution Nest: 27,9 and 3 km
Vertical levels 40

USGS

Semi implicit

Land cover
Time integration
Vertical differencing Arakawa’s Energy Conserving Scheme

Kain-Fritsch (new Eta) scheme (Kain
2004)

Yonsei University Scheme (YSU)

WREF single-moment 6-class (WSM6)
(Hong and Lim 2006)

Monin—-Obukhov

RRTM (LW), SW (Dudhia 1989)
Unified NOAH Land Surface Model
Arakawa C-grid

Convection

Planetary boundary layer

Cloud microphysics

Surface layer

Radiation

Land surface processes
Horizontal grid scheme

@ Springer

captured for the event (Fig. 4a, b). The model has simulated
the maximum rainfall of 128 mm day~', which is very near
to the observed rainfall of BMD.

The model underestimated rainfall over the region during
the flash flood event. Recorded 48-hour rainfall accumulated
during 17-19 April 2010 at the synoptic observatory of Syl-
het was 222.6 mm. For the domain 1-3, 48-hours rainfall
amount differs with observations and are 152 mm, 195 mm
and 209 mm respectively over the Sylhet region. TRMM
retrieved 48-h rain amount is 139 mm, which also underes-
timates the rain gauge recordings. There is also 7 mm dif-
ference in rainfall between BMD rain gauge at Sylhet and
special observation taken by Kyoto University of Japan team
by using Automatic Weather station (AWS) at Sylhet Inter-
national Airport which is about 5 km north of BMD rain
gauge. The statistical analysis shows that the root means
square error (RMSE) compared to BMD rain gauge station
with TRMM is 17 mm and with the model simulated rain-
fall is about 22, 29 and 31 mm respectively for domain 1,
2 and 3. Although the root-mean-squared error for domain
3 is higher it simulates heavy rainfall event quite well. The
model domain 3 has underestimated 5.9% whereas domain 2
has underestimated 12.2% and domain 3 has underestimated
31.7%. Three hourly rainfalls from the surface observatory,
TRMM 3B42RT derived, model-simulated and their statisti-
cal analysis is shown in Table 2. It is also noted that from
0000 to 0600 UTC of 17 April 2010, the recorded rainfall
is 124 mm in Sylhet station. Such a heavy rainfall plays a
significant role in producing a flash flood event.

Rainfall evaluated from the model at an observatory loca-
tion can give a partial picture. Hence, we have plotted a time
series of areal average rainfall calculated over a 1° lat-lon
box around Sylhet station in Fig. 6¢. The spatial distribution
of the rainfall is also presented in Supp. Figure 1a, b. From
the time series and spatial distribution, it is evident that the
higher resolution of the computation domain leads to rain-
fall that is higher in amount and spatial resolution. Since
for flash flood, information of basin-wide rainfall is more
important than rain recorded in a single point, we argue that
higher domain resolution can provide a better estimation of
basin rainfall.

3.2 Wind, SLP, vorticity, and RH

The model simulated vector wind at 950 hPa and wind
speed at 10 m level are shown in Fig. 7a. The wind speed
of 6-10 ms™" at 10 m level in the northeast region of Bang-
ladesh at 0600 UTC and 1800 UTC on 17 April 2010 and
0600 UTC on 18 April 2010. There is a strong cyclonic
circulation at 950 hPa level over West Bengal and adjoin-
ing Bangladesh with a prominent trough extending towards
the northeast. The 950 hPa horizontal wind shows strong
southerly flow through southern Bangladesh with a trough



Synoptic flow patterns and large-scale characteristics of flash flood-producing rainstorms...

621

(a) WRF Model Max Reflectivity
i) 17-04-2010; 0000Z i) 17-04-2010; 0600Z iii) 17-04-2010; 12002 iv) 17-04-2010; 1800%

(b) WRF Model Simulated Precipitation on 17 April 2010
ii) 0600-1200 UTC iii) 12001800 UTC iv) 1800-0000 UTC

ot T Dy
)

L/

3, .
QQ

P aud
‘e ~. %L

v) 18-04-2010; 00002

ol A N
e Q. L
| &

vii) 18-04-2010; 12002 viii) 18-04-2010; 18002

Model Simulated Precipitation on 18 April 2010
vi) 0600-1200 UTC vi) 1200-1800 UTC viii) 1800-0000 UTC

Average Rainfall (mm)

Q Q
Q N

D
»

© D01 H D02 HDO3

Date and Time (UTC)

Fig.6 WRF model simulated a reflectivity, b accumulated 6 hourly rainfall and ¢ areal average rainfall calculated over a 1° lat-lon box around

Sylhet station

extending over the north and north-eastern part of Bang-
ladesh (Fig. 7a). There exists a micro-circulation during
0000-1200 UTC on both 17 and 18 April 2010 over the
north-northeast area of Bangladesh as can be found from
Fig. 7a. Such a micro-circulation has been responsible for
the generation of a severe thunderstorm with higher rainfall.
The model simulated feature is consistent with surrounding
radiosonde observations. The strong southerly flow incurs
the moisture in the lower levels. For triggering a convec-
tive activity, the stronger south-southwesterly wind flow is
important which has helped deliver moisture convergence
over the convective zone.

The time evolution of SLP at the flash flood reporting
stations is shown in Fig. 7b. Solar insolation causes strong
surface heating and forms heat low at the surface. SLP seems
to be less than 1002 hPa over the western part of Bangladesh
and adjoining West Bengal, which is due to the existence of
heat low during the pre-monsoon season (Dalal et al. 2012).
Figure 7b shows that the mean sea level pressure is relatively
lower over the northeastern part of the country at 1200 UTC

on 17 April 2010, having a micro low of 1004 hPa over Syl-
het region. This micro low over northeast region of Bangla-
desh has been conducive and responsible for the occurrence
of the severe convection.

The model simulated the vorticity field at 850 hPa is
shown in Fig. 7c. In the lower level, the vorticity is posi-
tive during the event over Bangladesh and adjacent region.
Severe activity is observed during 0000 and 1800 UTC of
17th April having vorticity as high as 400 x 107> s~!. The
high value of vorticity is favorable for the thunderstorm to
occur and supports condensation of the available moisture,
and the resultant latent heat helped (Holton 1994) to further
increase instability leading to convection. Strong conver-
gence and divergence are found in the simulation at a lower
atmosphere during the thunderstorm period (Fig. 7¢).

The distribution of relative humidity at 2 m simulated
by the WRF model over Bangladesh is shown in Fig. 7d at
every six hours on 17 and 18 April 2010. The dry and moist
lines are found to intersect at the place of occurrence of the
storm as shown in Fig. 7d. This point of intersection shows

@ Springer
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Table 2 Statistical analysis of Date Time (UTC) Rainfall (mm)
three hourly observed, TRMM
derived, model simulated BMD AWS TRMM 3B42RT WRF model
rainfall
Dom-1 Dom-2 Dom-3
17 April 2010 0000-0300 654 93.1 483 45.8 15.9 8.3
0300-0600 58.8 38.0 O 6.5 9.9 8.6
0600-0900 0 0 0 0 0 0
0900-1200 0O 0 0 0 0 0
1200-1500 0O 0.4 0 0 0 0
1500-1800 344 17.2 345 28.4 38.5 51.8
1800-2100 2.2 194 37 39.1 68.6 68.5
2100-0000 1 1.7 13.9 18.9 44.5 50.1
18 April 2010 0000-0300 0O 0 0 0.2 0 0
0300-0600 0 0 0 2.0 1.0 0.8
0600-0900 4.2 9.5 34 0.3 0.4 1.0
0900-1200 O 0 0 0 0 0
1200-1500 0O 0 0 2.7 5.5 6.7
1500-1800 0O 0.5 0 1.9 4.7 4.7
1800-2100 0O 0.9 14 4.9 3.9 6.8
2100-0000 56.6 352 337 1.5 2.2 2.0
Total 222.6 2159 13838 152.1 1953 2094
% of underestimation (%) 3.0 37.6 31.7 12.3 5.9
RMSE 119 167 22.3 29.8 31.6

the place of occurrence of the severe storm which caused
the flash flood.

3.3 Time-pressure cross section of RH, cloud water
mixing ratio and Ice water mixing ratio

Time-pressure cross section of relative humidity (%) on
the days of the flash flood at different locations is shown in
Fig. 8a. All the figures of the panel of Fig. 8a show 90-95%
relative humidity up to about 200 hPa (approx.12 km) and
this humidity is found to extend up to the top of the tropo-
sphere at all stations during 1800 UTC on 17 April and 0600
UTC on 18 April 2010, when the maximum heavy rain is
assumed to occur over the northeastern part of the country.
This indicates the relative humidity increases throughout
the troposphere extending to upper troposphere prior to the
occurrence of the thunderstorm.

The vertical cross-section of the cloud water mixing ratio
is given for places such as Mymensingh, Netrokona, Nikli,
Sunamganj, Cherrapunji, Srimangal, Moulvibazar, and Syl-
het is shown in Fig. 8b. It has found that the advection of
the cloud/convection with a variation of height moved from
the west to east. Prominent cloud water mixing ratio was
found over the northern part of Bangladesh and extend up
to 300 hPa (Fig. 8b). Mixing of cloud water is found to start
from the lower troposphere. The value of cloud water mix-
ing ratio is 500-700 mg m~>. The cloud water mixing ratio
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is found to be prominent between 0000 and 1800 UTC and
it has extended up to 350 hPa or more (Fig. 8b). It may be
noted that the cloud water mixing ratio does not have the
continuous vertical extension; rather it has broken patches
at all times. The reason is not known but it may be due to the
orographic effects where eddy flow of winds occurs.

The ice water mixing ratio is simulated by the numerical
model, WRF is shown in Fig. 8c. The ice water mixing ratio
persists from 0000 to 1800 UTC between 600 and 150 hPa
on 17 April 2010. On the 2nd day, it was existing from 0000
to 0600 UTC. Mixing of ice and water is found to start from
about 600 hPa in most of the places. The maximum value of
ice water mixing ratio for the 1st day is 180 mg m™ and the
2nd day it is 140 mg m™>. The ice water mixing ratio over
Sunamganj, Sylhet, and Cherrapunji is more prominent last-
ing for a longer time in the upper troposphere and indicates
more hails associated with the thunderstorms under study.
Ice water mixing ratio plays a significant role in the forma-
tion of large hail storms in the extreme thunderstorms.

3.4 Wind structure simulated over Cherrapunji
and Sylhet

The zonal, meridional and vertical wind components are
computed from the model simulated results for the Cher-
rapunji and Sylhet stations on 17-19 April 2010. The
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(a) WRF model wind at 950 hPa and wind speed at 10m (shaded)
ii) 17-04-2010

iii) 17-04-20. 00Z 1v) 17-04-201

(c) WRF Model Vorticity at 850 hPa
i) 17-04-2010; 0000Z  ii) 17-04-2010; 0600Z iii) 17-04-2010; 1200Z iv) 17-04-2010; 1800Z

(b) WRF Model Sea Level Pressure
i) 17-04-2010; 0000Z ii) 17-04-2010; 0600Z iii) 17-04-2010; 1200Z iv) 17-04-2010; 1800Z
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(d) WRF Model Relative Humidity at 2m (%)
i) 17-04-2010; 0000Z ii) 17-04-2010; 0600Z iii) 17-04-2010; 1200Z iv) 17-04-2010; 1800Z

Fig.7 WRF model simulated a wind at 950 hPa and wind speed at 10 m (shaded), b Sea Level Pressure (SLP), ¢ Vorticity (X 107 s71) at

850 hPa and d spatial distribution of relative humidity at 2 m (%)

vertical structures of the simulated wind components (i,
v and z) in terms of vertical-time cross-sections are shown
in Fig. 9a—f.

The westerly wind dominates (positive u-component)
the whole troposphere from 0300 UTC of 17 April 2010 to
0000 UTC of next day roughly from 850 hPa to top of the
troposphere (Fig. 9a). The wind speed of about 5-12 ms™" is
found in the level 800-350 hPa. The westerly wind is found
to increase in the upper troposphere between 300 to 100 hPa.
Maximum wind speed of about 25-35 ms™"! is found at about
150 hPa from 0000 to 0900 UTC indicating the presence
of westerly jet in that level. On 18 April 2010, the westerly
wind has become weak at 0000 UTC and the weak easterly
wind has appeared between 800 and 500 hPa from 0300 to
0600 UTC. Then the westerly wind has again reappeared
from 800 hPa to the top of the troposphere having wind
speeds of about 10 ms~! in 800-300 hPa and 15-30 ms™!
aloft. The westerly jet stream of about 25-30 ms™' is at
150 hPa between 0000 to 0600 UTC of 18 April 2010. The
presence of easterly wind indicates a change (break) in the

rainfall pattern, which is also evident in Fig. 4a, b when
there was no rainfall.

The vertical structure of the zonal wind over Sylhet is
shown in Fig. 9b. It can be found that westerly wind is pre-
sent throughout the troposphere with a little exception at the
surface when there is a feeble easterly wind at 1500-2100
UTC on 17 April 2010. The westerly wind of 5-15 ms™" is
found to dominate from 800 hPa to about 250 hPa between
0300 and 1500 UTC on 17 April 2010. The same is found
on 18 April 2010 with the exception that there is an easterly
wind in the layer 650 hPa to 400 hPa during 0300 UTC
to about 1200 UTC. The westerly wind is found to inten-
sify again afterward with dominant speeds of 10—15 ms™!
between 800 hPa to the top of the troposphere. Maximum
westerly wind of 25-35 ms~! or more is found at around
150 hPa in the morning of 17 and 18 April 2010 which may
be due to the higher temperature gradient in the morning as
compared to that of the afternoon. It is evident from Figs. 4a,
b and 9b that rainfall is found to cease with the weakening
of the westerly wind.

@ Springer



624 M.K. Das et al.
(a) Relative Humid'ty (%) (b) Cloud water mixing ratio
i ii) Netrokona i) Mymensin i) Netrokona if) Nikli iv) Sunamganj
Lot 24.80; lon 00.73 Dot53 55 80 s0.43 ot 24.89; lon 00.73 Lot 24.33: lon 90.04 Lot 25.03; lon 01.40
v -

0
w

o o o

o o

= < wo ‘
o . ‘
" ‘
0

g WL 52 1oz gop o6 TR 18 Wr o OB TEC 192 GF OV TR 2 op ONF OGT 1L 2 ol OB VRL WL Q07 o0F 0% VEL 82 Qof OGC VR 162 001 7 0% VR AL ot GRC R 18T g7, 07 ORC VR ISE 7 OGE VL Q0L 0 ORE VEL VWL g0f 0% VEL Vo1 07 OB TR e GO R VEE WE 2
\Zm o3 16 i 188 e e e e 1 & i 7 188 e W
V) C ) ) viii) Sylhet
Lul BE5E R 5170 T 0173 (o L83, 1on o1.88 Vo B oh 170 {0 TS0 0173 Lo B4 T 0178 (ot 24.30; lon 91.88

20
0
w

o O 50

a o

= < w
0
” .
w 0 0

"
°°%oz VT TE Ve 7 0 TR e g aor 0% 1R 2 g AT S g R G 2 2, mx Oz TE e 07 0% VR 162 02

o I —

(c)

30 40 50 60 70 80 90 95

i Mym

en:
Vot 5475 B a0.43 Lat i lan 00,73

Ice m1><mg ratio

Lat Ry '33; lon 90.04

b0z 0z 132 12 007 0B 13Z 162 0GZ OOZ ORZ 1Z 182 OOZ OBZ 132 1GZ 002 OGZ ORZ \Z 18Z 007 OGZ 13Z 182 Q0 OOZ OGZ 13Z 1BZ QOZ 082 122 18Z W2
e 184PR TR 184FR 1987 70 18aPR 184PR 194FR

mg/m3

o 5 10 25 50 100 200 300 400 500 600 700

Lgt 25,05 jon 01.40

“

hPa

2nm

Lat b 150; Ion 91.70 Lut S 0173

hPa

18R AR

"u 10 20 40 60

| M

Q0L R\ AL Q07 OFZ VT 182 D07 007 OB7 122 197 OUZ OGZ VZZ A Q0p OVI OB W2 VaZ guZ OGZ IZZ VWL goz. 07 URZ V22 I6Z Q07 oRZ 12 1GZ I

th Y 49 Ten 91.78

20
300
40,
500,
50
700
800
900,
1000,

ooz oFr 1Rz ez g7 0% vz 1ol gz OO7 0% V%2 162 WGz OF2 VR 2 oor 07 OFZ VEL W2 oot oEz 122 162 mz“mz C3

15z 162 007 oRz 1%z 182 a2
18R 194FR

T I B ——y~

80 100 120 140 160 180 200

Fig.8 Vertical profile of a relative humidity (%), b cloud water mixing ratio and ¢ ice water mixing ratio for different locations during flash

flood

The vertical structure of the v-component of Cherra-
punji is shown in Fig. 9c. It has been found from Fig. 9c
that there is southerly wind (positive v-component) at
840 hPa to about 540 hPa level during 0000 UTC of 17
April 2010 to about 0000 UTC on 18 April 2010. The
maximum wind speed is 9 ms~! at around 0300 UTC near
800 hPa to 760 hPa on 17 April 2010. Above 500 hPa level
to about 100 hPa level there is dominance of northerly
wind (negative v component) during 0000 to 1800 UTC
of 17 April 2010 except the level 320 hPa to 180 hPa at
about 0300 UTC and the level 250 to 220 hPa level at
around 2100 UTC when there are southerly winds on 17
April 2010. It is also found that northerly wind exists from
about 680 hPa to about 250 hPa at 2100 UTC on 17 April
2010. Then northerly wind speed of 3 to 12 ms™! is found
to be dominant from 800 to 580 hPa level and a cell of
southerly wind in the layer 500 hPa to about 300 hPa in
between 0300 to 0500 UTC on 18 April 2010. Afterward,
the southerly wind has appeared in the lower troposphere
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with the maximum speed of 9 ms~! at 0600 UTC. Simul-
taneously northerly wind is found to be dominant in the
upper troposphere with the maximum wind speeds of 9 to
15 ms™! in the layer 500 to 100 hPa. The appearance of
northerly wind with the interruption of the southerly wind
2100 UTC of 17 April to 0600 UTC of 18 April 2010 may
be thought of being responsible for the cessation of rainfall
at Cherrapunji.

The vertical structure of v-component of wind (meridi-
onal wind component) over Sylhet is shown in Fig. 9d. There
is southerly wind (positive v-component) from the surface
to 700 hPa during 0000 UTC of 17 April to 0000 UTC of
19 April 2010 and the maximum value is 9 ms~!. There
is dominant northerly wind (negative v-component) above
420 hPa from 0000 to 0600 UTC of 17 April 2010. The
dominance is more prominent at 0900 UTC, and 2100 UTC
of 17 April and during 0600-2100 UTC of 18 April 2010
above 500 hPa extending to the top of the troposphere. The
maximum value of the northerly wind is 18 ms™!
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The time-pressure cross section of z-component of wind
(vertical velocity) over Cherrapunji is shown in Fig. 9e and
Sylhet are shown in Fig. 9f. The time-pressure cross section
of z-component of wind over Cherrapunji indicates updraft
(positive vertical velocity) from 0000 UTC of 17 April to
1900 UTC of 18 April 2010. The updraft is more prominent
at during 1200-1800 UTC of 17 April and 0000-0600 UTC
of 18 April 2010. The maximum updraft is 1-2 ms~! above
about 500 hPa to 350 hPa at 1500 UTC of 17 April and 0300
UTC of 18 April 2010, which indicate the strengthening
of the convective storm. The downdraft (negative vertical
velocity) is prominent at 2100 UTC of 17 April, 0300 UTC
and 2100 UTC of 18 April 2010. The maximum downdraft
varies from 0.5 to 1 ms~! and indicates weakening of the
convective system for a while in the layer of 830 hPa to
500 hPa from 1900 UTC of 17 April to 0500 UTC of 18
April 2010 and in the layer 320-220 hPa during 1500 UTC
of 17 April and 2100 UTC of 18 April 2010.

The time-pressure cross section of z-component of wind
over Sylhet indicates updraft (positive vertical velocity)
from 0000 UTC of 17 April to 0000 UTC of 19 April 2010
throughout the troposphere. The maximum updraft over Syl-
het at 0300 and 2100 UTC of 17 April is 1 to 2 ms™" indicat-
ing more significant convection at that time. The downdraft
is only at 1700 to 2300 UTC of 17 April 2010 near the level
700 hPa to 270 hPa which shows a weakening of the convec-
tive phenomena.

4 Conclusions
Based on the study, the following conclusions can be drawn-

e The model simulated results provide a basis to study
the microphysical and dynamical characteristics of the
flash flood producing rainstorms, which are not generally
available from data of meteorological stations.

e The large-scale processes are found to be the significantly
favorable conditions for producing rain-bearing convec-
tive storm over the steep topography of the Meghalaya
region. This study reveals that the WRF model is able to
simulate precipitation and associated parameters well.
However, there is a spatial shift of model-simulated
cloud and precipitation compared to the actual observa-
tions and TRMM derived precipitation.

e DWR derived reflectivity and radial wind provide an
indication of the meso-convective event. The parallel
bow-shaped convective lines had an elongated length of
approximately 350 km. CTT analysis indicates the meso-
convective systems with huge convection exaggerated
horizontally and vertically over the mountainous high-
land.
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The WRF model with a 3-km resolution has simulated
the formation of the convective storm, and the initiation
of the storm, squall line and cloud cluster nearly at the
time of occurrence. The model has captured the rainfall
distribution reasonably although the total rainfall amount
is underestimated compared to the observations.

The WSM6 scheme as microphysics schemes, the Kain—
Fritsch with the Noah land surface model as cumulus
parameterization scheme, and the planetary boundary
layer scheme as the YSU PBL scheme have produced the
best results for heavy rainfall prediction over this region.
The model has well captured the rain and reflectivity
of hydrometeor close to the place of occurrence of the
event.

The value of reflectivity is found to be more than 52 dBZ
both in the model result and observation at Moulvibazar
DWR, indicating severe convection and heavy precipita-
tion.

The low-level wind field shows that there is a southwest-
erly flow from the Bay of Bengal towards the northeast
Bangladesh, which later converges over the north-north-
east region of Bangladesh. The strong southwesterly flow
helps to transport a high amount of moisture from the
Bay of Bengal across the south, the southeast region of
Bangladesh and neighboring areas.

The strong low-level convergence has carried the mois-
ture up to 200 hPa level and accordingly high relative
humidity is extended up to this level. The north and
northeast regions of Bangladesh are characterized by
strong vertical wind shear, high relative vorticity, low-
level convergence, and upper-level divergence during the
thunderstorms under study.

The model has underestimated in capturing the strength
of the flash flood in general due to the weakness in pro-
ducing heavy precipitation. The 48-hour simulated rain-
fall is about 152 mm for outer domain-1, 195 mm for
inner domain-2 and 209 mm for the innermost domain-3
but actual rainfall is 222.6 mm as observed by BMD rain
gauge at Sylhet in Bangladesh. Model domain-3 under-
estimated precipitation by only 5.9%.

The vertical cross-section of humidity, cloud water and
cloud ice mixing ratios, reflectivity and the vertical cross
section of u-, v- and z-components of wind have been
significant for producing storm events. Time-pressure
cross section of humidity shows the peak of the highest
RH reaching up to 300 hPa level.

The maximum cloud water mixing ratio is 700 mg m™ at
900 hPa level over Srimangal and ice water mixing ratio
is 200 mgm™ at 300 hPa to 200 hPa level over Sunam-
ganj and Cherrapunji.

The maximum values of x-wind component are found -11
and 39 ms~!, y-wind component — 21 and 12.5 ms~! and
z-wind component — 2.8 and 6.8 ms~! at Cherrapunji and
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Sylhet respectively indicate strengthening and weakening
of flash flood producing the convective system. For the
future study, the inclusion of Data Assimilation would
be helpful to improve the heavy rainfall forecast over this
region.
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