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ABSTRACT

In the present study, the Advanced Research WRF (ARW) v3.5.1 model has been used to simulate the heavy
rainfall event in the southeastern region of Bangladesh during 23-26 June 2015. The initial and boundary
conditions are drawn from the global operational analysis and forecast products of National Center for
Environmental Prediction (NCEP-FNL) available with 1° x1° resolution. The model was configured in single
domain, 6 km horizontal grid spacing with 161 %183 grids in the east-west and north-south directions and 30
vertical levels. For the sensitivity study of a heavy rainfall event, 12 different microphysics (MP) schemes
coupled with Kain-Fritsch (KF) cumulus parameterization scheme were used. The microphysics schemes are
Kessler, Lin et al., WSM3, Ferrier, WSM6, Thomson graupel, MYDM, MDM, CAM V5.12-Moment 5 class, SBU,
WDM6 and NSSL2 schemes. The amount of rainfall observed at Cox’s Bazar, Teknaf, Kutubdia, Barisal,
Chittagong and Sitakunda stations are 1039, 607, 602, 457, 424 and 400 mm respectively during 23-26 June
2015. Different features of heavy rainfall (HR) events have been simulated and analyzed in this study. The
amount of model simulated all station average rainfall of Bangladesh using TH, SBU, WSM6 and WDM6
schemes is almost similar as that of observed during 23-26 June 2015. The model has also simulated similar
amounts of rainfall in the heavy rainfall area of 5 stations in the SE region by SBU, WDM®6, Lin, TH and WSM6
schemes. The maximum updraft is found as high as 20 ms™ in the upper troposphere by using Lin et al., WSM3,
MYDM, MDM and WDMG6 schemes at around 600-200 hPa for the heavy rainfall event of 23-26 June 2015. It
may be concluded that model simulated most of the features of the heavy rainfall event.

1. INTRODUCTION

Prediction of heavy rainfall is one of the most important challenging problems in meteorology, but very
important for issuing timely warnings for the agencies engaged in disaster preparedness and mitigation.
Widespread floods associated with heavy precipitation are common in the northeastern, southern and
southeastern regions of Bangladesh during monsoon season (June-September). The strong moisture-laden winds
from the Bay of Bengal interact with the topography, causing heavy precipitation over this region. Therefore,
heavy precipitation, with its timing, location and intensity, is certainly a key parameter in weather prediction and
has significance in operational hydrology. Rainfall is highly variable in space and time and is strongly
influenced by orographic forcing. Land in South Asia possesses complex topographical features. The
interactions between the prevailing flow and the geographical features of South Asia give rise to a high rainfall
area near the coastal and inland mountains. Hasan and Islam (2018) studied on the evaluation of microphysics
and cumulus schemes of WRF for forecasting of heavy monsoon rainfall over the southeastern hilly region of
Bangladesh. In this study, two severe rainfall events during 11 June 2007 and 24-27 June 2012, over the eastern
hilly region of Bangladesh, were selected for performance evaluation using a number of indicators. A
combination of the Stony Brook University microphysics scheme with Tiedtke cumulus scheme is found most
suitable scheme for reproducing those events. The sensitivity analysis confirms that cumulus schemes play a
greater role than microphysics schemes for reproducing the heavy rainfall events using WRF.

Alam (2014) studied the effects of microphysics and cumulus parameterization for the prediction of heavy
rainfall in post monsoon season. The study showed large variations among the different microphysical schemes.
The microphysical schemes have a major impact on time and location of rainfall intensity. Routray et al. (2010)
studied simulation of heavy rainfall events over Indian monsoon region using WRF-3DVAR data assimilation
system. In this study the results from the control experiments highlighted that weather and regional climate
model simulations with coarse analysis have high uncertainty in simulating heavy rain events over the Indian
monsoon region and assimilation approaches, such as the 3DVAR analysis system can help reduce this
uncertainty. Bhowmik and Durai (2008) conducted research on multi-model ensemble forecasting of rainfall
over Indian monsoon region. Khaladkar er al. (2007) studied the performance of NCMRWF Models in
predicting high rainfall spells during SW-Monsoon Season. They showed that, in general, all the models
predicted good rainfall activity along the west coast of India, which is consistent with the observations. Bhanu
et al. (2012) conducted research on simulation of heavy rainfall events during retreat phase of summer monsoon
season over parts of Andhra Pradesh. In their study circulation features and rainfall quantities are validated with
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observed rainfall of IMD and satellite derived datasets of KALPANA-1. Sensitivity study with physical
parameterization schemes for simulation of mesoscale convective systems associated with squall events has
been conducted by Das et al. (2015). Their study suggested that the temporal and spatial distribution patterns of
precipitation simulated by Milbrandt, no CU, YSU schemes are in good agreement with the observation.

Heavy rainfall is often produced by long-lived mesoscale convective systems (MCSs) or intense mesoscale
systems embedded in the mei-yu frontal cloud band (Zhang et al, 2003). The presence of a southerly or
southwesterly low level jet (Chen and Yu, 1988) to the south side of the mei-yu front significantly helps the
development of heavy rain bearing systems (Chen et al., 2005), by providing warm and moist tropical air and
strong uplifting mechanisms (Chen and Li, 1995). The Tropical Rainfall Measuring Mission (TRMM)-
Precipitation Radar (PR), reveals that the mean distribution of the summer monsoon rainfall is strongly
influenced by the terrain distribution (Romatschke and Houze, 2011; Biasutti et al., 2012). Narrow mountain
ranges are important in anchoring high rainfall on the windward side. The monsoon rainfall plays an important
role in forming and maintaining strong monsoon circulation through the release of latent heating due to
condensation (Xie et al., 2006). Only few researches have been carried out so far to study the rainfall related
extreme weather events in Bangladesh.

In the present study, the WRF-ARW model has been used to simulate the heavy rainfall event of 23-26 June
2015 in the monsoon (June — September) season over Bangladesh. The objectives of this study are to examine
whether the high resolution WRF model is capable of simulating the observed features of heavy rainfall events.
12 MPs in combination with KF cumulus parameterization scheme are considered to study the rainfall event and
identify the performance of these schemes. The results have been compared with the observed station rainfall of
Bangladesh Meteorological Department (BMD) and TRMM derived rainfall.

2. DATA AND METHODOLOGY

2.1 Model Domain and Configuration

In the present study, the Weather Research and Forecast (WRF-ARWv3.5.1) model have been used to simulate
the monsoon rainfall over Bangladesh. Advance Research WRF (ARW) is a dynamic solver (Skamarock et al.,
2005), which is compatible with WRF system to simulate broad spectrum of meteorological phenomena. ARW
model consists of fully compressible non-hydrostatic equations and different prognostic variables. The vertical
coordinate of the model is terrain following hydrostatic pressure and the horizontal grid is Arakawa C-grid
staggering. The model has different microphysics options but in this research, 12 MPs have been used for the
simulation of heavy rainfall event in the monsoon season. The model has been integrated using initial and lateral
boundary conditions (LBCs) from NCEP-FNL analysis at six hourly intervals. Surface layer is treated using
Monin-Obukhov and planetary boundary layer (PBL) is treated with Yonsei University scheme (YSU). Dudhia
(1989) scheme has been used for short wave radiation and Rapid Radiative Transfer Model (RRTM) for long
wave (Mlawer et al., 1997) radiation. Kain-Fritsch (1993) cumulus parameterization (CP) scheme has been used
for simulating the monsoon rainfall. The model has been configured in single domain, 6 km horizontal grid
spacing with 161x183 grids in the east-west and north-south directions and 30 vertical levels. Time step of
integration is set to 30 seconds for maintaining computational stability as the model uses third-order Runge-
Kutta time integration scheme.

Table 1: WRF Model and Domain Configurations

Dynamics Non-hydrostatic
Microphysics (1) Kessler (2) Lin et al.
(3) WSM3-class simple ice (4) Ferrier
(5) WSM6-class graupel (6) Thomson graupel
(7) Milbrandt-Yau Double-Moment 7-class
(8) Morrison Double-Moment (9) CAM V5.12-Moment 5 class
(10) Stony Brook University (11) WDM6-class &
(12) NSSL 2-moment schemes
Radiation scheme Dudhia (1989) for short wave radiation/ RRTM long wave Mlawer et al.
(1997)
Cumulus parameterization Kain-Fritsch (KF) scheme, (Kain and Fritsch, 1990, 1993; Kain, 2004)
schemes

PBL parameterization YSU (Hong et al., 2006)
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2.2 Data

Final Reanalysis (FNL) data (1°x1°) collected from National Center for Environment Prediction (NCEP) is used
as initial and lateral boundary Conditions (LBCs) which is updated at six hours interval i.e. the model is
initialized with 0000, 0600, 1200 and 1800 UTC initial field of corresponding date. The NCEP FNL data has
been interpolated to the model horizontal and vertical grids. Tropical Rainfall Measuring Mission (TRMM)-
3B42RT 3-hourly rainfall data sets were downloaded from their website (http://lake.nascom. nasa.gov) while 3-
hourly rain gauge data of 33 meteorological stations have been collected from Bangladesh Meteorological
Department (BMD) all over Bangladesh. There is limited number of meteorological observation stations in the
northeastern and southwestern regions of Bangladesh. At the time of extraction of rainfall data from model
output 6 additional points have been added in the northeastern regions and 2 additional points in the
southeastern regions of Bangladesh to see the exact model simulated rainfall pattern of Bangladesh. 3 hourly
outputs were obtained from the model simulation during the study period. This 3 hourly rainfall data converted
into daily rainfall data of 23-26 June 2015. For collecting 24, 48 and 72 hour model rainfall data, the WRF
model has been run with initial condition starting from 0000 UTC of 23 June to 0000 UTC of 26 June 2015. In
this research, vertical velocity, area averaged rainfall and space and time dependent rainfall have been also
analyzed. Along the line of maximum vertical velocity, reflectivity, relative humidity and vorticity have also
been studied.

3. RESULTS AND DISCUSSION

In this research, observed rainfall at 33 meteorological stations of BMD, model simulated rainfall for 12
different microphysics schemes and TRMM derived rainfall for all over Bangladesh and 5 southeastern stations
where heavy rainfall observed have been analyzed during 23-26 June 2015. The vorticity, vertical velocity,
reflectivity and relative humidity have been presented and analyzed along the line of maximum convection
during the study period.

31 Observed and TRMM Rainfall during 23-26 June

The observed and TRMM rainfall over Bangladesh during 23-26 June 2015 are presented in Figure 1(a-h). The
heavy rainfall is observed on 23 June (Figure 1a) in the south-southeast (S-SE) region and light rainfall is found
in the central to west-northwest (W-NW), northeast (NE) and southwest (SW) regions of Bangladesh. Maximum
observed rainfall at Sitakunda, Patuakhali, Rangamati, Chittagong, Hatiya and Sandwip stations are 182, 150,
149, 142, 112 and 104 mm respectively. Light rainfall is derived from TRMM all over the country on this day
(Figure le). Maximum rainfall is seen at Rangamati, Sitakunda, Cox’s Bazar, Teknaf and Kutubdia and the
rainfall amounts are 46, 46, 33, 31 and 31 mm respectively. The heavy rainfall is observed on 24 June in the SE
region (Figure 1b) and light rainfall is found in all other regions of Bangladesh. Significant amount of rainfall is
observed at Cox’s Bazar, Kutubdia, Teknaf and Chittagong stations and the amounts of rainfall are 367, 241, 177
and 128 mm respectively on 24 June 2015. Maximum TRMM derived rainfall (Figure 1f) is seen at Cox’s
Bazar, Kutubdia and Teknaf with the values of 109, 82 and 82 mm respectively.

The heavy rainfall is observed on 25 June in the central to south and southeast (SE) region (Figure 1c) and light
rainfall in all other regions of the country. The amounts of rainfall observed are 188, 210, 197, 177, 163 and 135
mm at Chandpur, Cox’s Bazar, Kutubdia, Hatiya, Bhola and Barisal respectively. On that day, light rainfall is
derived from TRMM (Figure 1g) all over the country. Maximum TRMM rainfall amounts seen at Cox’s Bazar,
Teknaf and Kutubdia stations are 71, 82 and 37 mm respectively. The BMD heavy rainfall has been observed in
the south-southeastern region (Figure 1d) and light rainfall is seen all other regions of the country on 26 June.
The amounts of rainfall observed are 263, 232, 126 and 121 mm at Cox’s Bazar, Teknaf, Barisal and Khepupara
respectively. On that day, TRMM (Figure 1h) derived light rainfall all over the country with little higher values
in the SE region. The TRMM rainfall amount has found at Cox’s Bazar, Teknaf and Bhola are 35, 32 and 19 mm
respectively. It is seen that the distributions pattern of TRMM and observed rainfall are almost similar but
TRMM derived rainfalls are 29%, 34%, 23% and 11% of observed rainfall during 23-26 June 2015 respectively,
which is much lower than that of observed rainfall.

3.2 Model Simulated Rainfall of 23 June 2015

The model simulated rainfall using different MP schemes on 23 June 2015 are presented in Figures 2(a-1). The
KS has simulated heavy rainfall (HR) (Figure 2a) in the south-southeastern regions and light rainfall (LR) in
other regions of Bangladesh. Maximum rainfall is simulated at Sitakunda, Chittagong, Teknaf, Cox Bazar,
Kutubdia and Sandwip having 146, 143, 140, 132, 131 and 114 mm respectively. The Lin et al. scheme has
simulated HR (Figure 2b) in the south-southeastern and northern regions of the country on that day and LR are
simulated in other regions. Maximum rainfall is simulated at Sitakunda, Teknaf, Chittagong, Sandwip and
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Kutubdia are 149, 140, 139, 132 and 130 mm respectively and observed maximum is seen at Hatiya, which
indicates that the simulated maximum rainfall is shifted from Hatiya towards east by KS and Lin et al. schemes.

L L L L L L L L

26 N t 26 N4

25N My t 25N t
N Chyfadan; u\—-/&e @ [ 24N Dhaka F
O 22 Faridpdr/s C.u | ¥ Y rl.ﬂpllr S |
2 sevare Mad riphandpuss) % [ spfe  Madar{plindRd [
RS 20 .
23N 2 2 23 N <,/s r
S¥khi ,&’r Shykhira— itfota
* JKhiuf AN & Ha L
22N ¢ NgreR-ae /b a s AL 22 N ’ : Roug o\ |
Cox's Bl | N 's o
'™ (@) 23June, Observed " [ M (e) 23 June, TRMM
SSE WE WE oE 9E S8E 8O E WE ol E 9E

26 N+ r 26 N+

25 N L 25N

24 N+ r 24N

23NA E 23 N+

M 1giaka
) PG .
Maday ﬁ"_""“r .
»
5 'ﬁr‘ﬁ B?l .
Tihana}, F\* By Lo
atu:
. o

22N v..)f 4 \b 22 N4
- hnat | 21N+
M (b) 24 June, Observed
S8 E SOE WE o E 2E S8 E $9E WE 9E 2 E
. . . . . . . .
26 N 8 26N L
25N % gogra ‘a”mf" 3 S b 25N r
"n ail g Yrima r L
24N ® \ t 24 N L
B [ Mpdarfpline [
23N K 3 o o L 23N L
22N r AN b 22 N e itehor L
Cox's R [
3 dpat | 218 L
2N (¢) 25 June, Observed (g) 25 June, TRMM
S8 E 8 WE ol E 9E 88E ®E WE 91E 92E
. . . . . . . .
26 N 8 26N L

25N Sylhet 8 25N- Bogra

Mymensingh
Srimangal Tangail

24N+ r 24 N1 aka r

23N t 23N+ s g r

22 N t 22N4 (N Chi L

21N (d) 26 June, Observed ™ N

\

(h) 26 June, TRMM

T T T T T T T T
88 E 89E 9E 91E NE 88E 89E 9E 91E 92E

Figure 1: Distribution of (a-d) Observed and (e-h) TRMM rainfall during 23-26 June 2015 all over Bangladesh
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Figure 2: Distributions of 24 hourly model simulated station rainfall using different MPs on 23 June 2015 all
over Bangladesh
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WSM3 has simulated HR in the east-southeast and northern regions and LR is simulated from centre towards
W-SW regions (Figure 2¢). Maximum rainfall is simulated at Chittagong, Sitakunda, Teknaf, Kutubdia and
Cox’s Bazar and the amounts are 145, 141, 134, 133 and 126 mm respectively. The model simulated maximum
rainfall pattern is similar to the observed rainfall pattern. Ferrier, WSM6 and Thompson schemes have simulated
HR in the south-southeastern and northeastern regions and LR in other regions of the country as shown in
Figures 2(d-f)). Maximum rainfall of 158, 157, 144, 135 and 133 mm are simulated by FE scheme and 135, 131,
134, 141 and 108 mm by Thompson scheme at Chittagong, Sitakunda, Feni, Teknaf and Cox’s Bazar
respectively, which is matched with the observed maximum rainfall position but the position is shifted from
Hatiya towards east-northeastern region i.e. Feni region. Maximum rainfall of 169, 155, 140, 112 and 109 mm
are simulated by WSM6 at Chittagong, Sitakunda, Teknaf, Sandwip and Kutubdia. The model simulated
maximum rainfall in the southeastern region is matched with the observed rainfall and minimum rainfall is also
matched all through the country. MYDM and MDM schemes have simulated HR in the south-southeastern and
northern regions and LR in other regions of the country [Figures 2(g-h)]. Maximum rainfall amounts of 143,
143, 140, 117, 112 and 110 mm are simulated by MYDM and the amounts of 142, 153, 149, 146, 151 and 138
mm are simulated by MDM scheme at Teknaf, Chittagong, Sitakunda, Kutubdia, Feni and Cox’s Bazar
respectively, which are matched with the observed maximum rainfall position.

CAM, SBU and WDM6 schemes have simulated HR in the S-SE and NE regions and LR in other regions of the
country as shown in Figures 2(i-k). Maximum rainfall amounts of 146, 137, 136, 129 and 111 mm are simulated
by CAM scheme and the amounts 159, 140, 125, 112 and 118 mm are simulated by SBU and 155, 140, 102, 133
and 105 mm are simulated by WDM6 at Chittagong, Teknaf, Cox’s Bazar, Kutubdia and Sandwip respectively,
which are matched with the position of observed maximum rainfall. The model simulated maximum rainfall
position is matched with the observed rainfall position in the southeastern region. NSSL-2 scheme has simulated
HR in the south-southeastern and northern regions and LR in the centre towards northwestern and southwestern
regions as shown in Figure 2(1). Maximum rainfall amounts simulated at Mymensingh, Chittagong, Sitakunda,
Teknaf and Cox’s Bazar are 159, 149, 135, 129 and 108 mm respectively. The model simulated maximum
rainfall for different microphysics schemes is matched with the observed rainfall in the SE region and observed
heavy rainfall position is shifted from Hatiya towards Feni region.

33 Model Simulated Rainfall for 24 June 2015

The rainfall is simulated using different MPs on 24 June 2015 and the distributions of simulated rainfall are
presented in Figures 3(a-1). The Kessler and WSM3 schemes have simulated HR in the S-SE regions and LR in
other regions of the country [Figures 3(a, ¢)]. Maximum simulated rainfall amounts are 204, 178, 130 and 111
mm by KS and 175, 170, 142 and 83 mm by WSM3 scheme at Teknaf, Chittagong, Cox’s Bazar and Sitakunda
respectively, which match with the observed maximum rainfall position. Lin et al. scheme has simulated HR
(Figure 4b) in the central and SE region and LR in the SW, NW and NE regions of Bangladesh. Maximum
rainfall is simulated at Cox’s Bazar, Teknaf, Chandpur, Chittagong and Sitakunda regions having 200, 168, 160,
137 and 120 mm respectively. The simulated position of maximum HR in the SE region is found to match with
the observed rainfall. The FE, WSM6 and TH schemes have simulated HR in the central and S-SE regions and
LR in other regions of the country [Figures 3(d-f)]. Maximum rainfall amounts simulated by FE are 189, 137,
122, 108 and 104 mm, and the amounts 195, 213, 135, 122 and 157 mm are simulated by TH scheme at Cox’s
Bazar, Teknaf, Chittagong, Sitakunda and Feni respectively and the positions of the heavy rainfall are matched
with the observed maximum rainfall position.

Maximum rainfall is simulated by WSM6 scheme at Madaripur, Cox’s Bazar, Teknaf, Chittagong and Sandwip
and the amounts are 186, 185, 151, 140 and 125 mm respectively and the position of maximum rainfall in the
SE region is matched with the observed rainfall. The MYDM scheme has simulated HR (Figure 3g) in the SE
and SW regions of the country on that day. Maximum rainfall simulated at Cox’s Bazar, Teknaf, Khulna,
Chittagong, Kutubdia and Sitakunda are 245, 167, 154, 141, 134 and 124 mm respectively and the simulated HR
is similar to the observed maximum rainfall in the SE region. MDM and WDMS6 schemes [Figures 3(h & k)]
have simulated HR in the central and SE regions and LR in other regions. Maximum rainfall amounts of 217,
210, 162, 146, 139 and 119 mm are simulated by MDM, and the amounts 234, 182, 145, 112, 109 and 162 mm
are simulated by WDM6 scheme at Teknaf, Cox’s Bazar, Kutubdia, Chittagong, Sitakunda and Rangamati
respectively, the simulated rainfall position has been matched with the observed maximum rainfall position.
CAM, SBU and NSSL-2 schemes have simulated HR in the SE regions and LR in other regions of the country
[Figures 3(i-j & 1)]. Maximum rainfall amounts of 211, 131, 106 and 76 mm are simulated by CAM; 128, 204,
220 and 100 mm by SBU scheme and 109, 179, 173 and 134 mm by NSSL-2 at Chittagong, Teknaf, Cox’s
Bazar, and Kutubdia respectively and the position of HR is similar to the observed maximum rainfall position.
The model simulated amount of maximum rainfall and its position for different MP schemes is found to match
with the observed rainfall in the SE region.
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34 Model Simulated Rainfall on 25 June 2015

The simulated rainfall using different MP schemes on 25 June 2015 are presented in Figures 4(a-1). The KS has
simulated HR (Figure 4a) in the S-SE, east and SW regions and LR in the central to W-NW regions of
Bangladesh. Model simulated significant amounts of rainfall at Teknaf, Bhola, Satkhira, Chittagong and Cox’s
Bazar regions are 165, 164, 157, 125 and 116 mm respectively. The model simulated maximum rainfall is
similar to the observed rainfall at Bhola but maximum rainfall at Chandpur is shifted towards Comilla. Lin et al.
and WSM3 schemes have simulated HR in the central and SE regions and LR in other regions [Figures 4(b-c)].
Maximum rainfall amounts of 281, 182, 133, 131 and 126 mm are simulated by Lin et al. and 256, 169, 112,
134 and 76 mm by WSM3 scheme at Teknaf, Cox’s Bazar, Chittagong, Dhaka and Bhola respectively. The
model simulated maximum rainfall is found to match with the observed rainfall at Bhola but maximum rainfall
at Chandpur is shifted towards Comilla region. The FE scheme has simulated HR (Figure 4d) in the central to S-
SE regions and LR in the other regions of Bangladesh. Maximum rainfall is simulated at Teknaf, Bhola, Cox’s
Bazar, Khepupara and Dhaka regions and the amounts are 234, 161, 148, 123 and 103 mm respectively. WSM6,
MYDM, WDM6 and NSSL-2 schemes have simulated HR in the NW, central and S-SE regions and LR in other
regions of the country [Figures 4(e, g, k & 1)]. Maximum rainfall amounts of 270, 223, 176, 135 and 123 mm
have been simulated by WSM6, and the amounts 210, 111, 105, 174 and 160 mm by MYDM scheme at Teknaf,
Dhaka, Cox’s Bazar, Bogura and Bhola respectively and the simulated maximum rainfall is matched with the
observed rainfall at Bhola. Maximum amounts of rainfall 224, 151, 109, 109, 83 and 74 mm, and 265, 165, 174,
128, 117 and 133mm are simulated by WDM6 and NSSL-2 schemes at Teknaf, Chittagong, Dhaka, Cox’s Bazar,
Khulna and Rangamati respectively. The model simulated maximum rainfall does not match with the observed
rainfall except Cox’s Bazar.

TH and MDM schemes have simulated HR in the central, S-SE and SW regions and LR in other regions of the
country [Figures 4(f & h)]. Maximum rainfall amounts of 212, 182, 153, 126 and 116 mm have been simulated
by Thompson and the amounts of 257, 180, 229, 157 and 117 mm by MDM scheme at Teknaf, Chittagong,
Cox’s Bazar, Dhaka and Khepupara regions respectively. The model simulated maximum rainfall does not
match with the observed rainfall except Cox’s Bazar. The CAM scheme has simulated HR (Figure 4i) in the SE
region of Bangladesh. Maximum rainfall amounts simulated at Teknaf, Bhola and Cox’s Bazar are 170, 138 and
112 and 122 mm respectively and the distribution pattern of HR is matched with the observed maximum
rainfall. SBU scheme (Figure 4j) has simulated maximum rainfall in the central, SE and SW regions and
amounts are 219, 196, 172, 142, 130 and 106 mm respectively at Teknaf, Chittagong, Dhaka, Cox’s Bazar,
Khulna and Rangamati respectively. The model simulated maximum rainfall position and amounts have been
matched with the observed rainfall position and amount on 25 June. All MPs have simulated maximum rainfall
in the central to SE regions but observed maximum rainfall is found in the SE region. The model simulated
maximum rainfall is matched with the observed rainfall at Bhola but maximum rainfall at Chandpur has been
shifted towards SE region i.e. Chittagong.

35 Model Simulated Rainfall on 26 June 2015

The rainfall simulated using different MPs on 26 June 2015 are presented in Figures 5(a-1). The Kessler, Lin et
al. and WSM3 schemes have simulated HR [Figures 5(a-c)] in the SE and NW regions and LR in other regions
of Bangladesh. The maximum rainfall amounts of 192, 187, 175, 139, 88 and 57 mm are simulated by using
Kessler scheme, and 231, 200, 135, 145, 183 and 116 mm are simulated by using Lin et al. scheme respectively
and the amounts 193, 205, 164, 141, 147 and 106 mm are simulated by WSM3 scheme at Cox’s Bazar, Teknaf,
Chittagong, Sitakunda, Feni and Sandwip respectively. The FE, WSM6 and TH schemes have simulated HR in
the SE regions and LR in other regions of Bangladesh [Figures 5(d-f)]. Maximum rainfall amounts of 214, 212,
169, 154 and 131 mm are simulated by FE and 203, 187, 147, 150 and 157 mm are simulated by WSM6 scheme
and 217, 230, 202, 126 and 164 mm by Thompson scheme at Teknaf, Cox’s Bazar, Feni Chittagong and
Sitakunda respectively. The MYDM scheme has simulated HR (Figure 5g) in the centre to NW and SE regions.
Maximum rainfall is simulated at Teknaf, Cox’s Bazar, Chittagong, Feni and Kutubdia regions and the amounts
are 200, 195, 177, 174 and 156 mm respectively. MDM, CAM, SUB, WDM6 and NSSL-2 scheme have
simulated HR [Figures 5(h-1)] in the SE regions of the country. Maximum rainfall amount 228, 223, 222, 130
and 126 mm are simulated by MDM scheme; 167, 204, 132, 127 and 80 mm are simulated by CAM Scheme;
173, 187, 204, 148 and 140 mm are simulated by SBU schemes; 110, 222, 215, 180 and 200 mm are simulated
by WDMG6 scheme and 127, 200, 204, 165 and 158 mm are simulated by NSSL-2 scheme at Kutubdia, Teknaf,
Cox’s Bazar, Chittagong and Feni respectively. The model simulated maximum rainfall in the SE region and
minimum rainfall all through the country is found to match with the observed rainfall on 26 June.
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Figure 4: Distribution of 24 hourly model simulated station rainfall using different MPs on 25 June 2015 all
over Bangladesh
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Figure 5: Distribution of 24 hourly model simulated station rainfall using different MPs on 26 June 2015 all
over Bangladesh
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Figure 6: All Bangladesh stations average rainfall (a-d) and 5 stations average rainfall in the SE region (heavy
rainfall stations) of the country (e-h) with model simulated rainfall using different MPs, TRMM
derived and observed during 23-26 June 2015

3.6 Area average rainfall during 23 -26 June 2016

Average observed rainfall of all BMD stations and 5 SE stations (i.e. HR stations), model simulated rainfall by
different MPs and TRMM rainfall during 23-26 June 2015 are presented in Figures 6(a-d) and Figures 6(e-h)
respectively. On 23 June, all MPs schemes have simulated (Figure 6a) almost similar average rainfall as
observed from 35 BMD stations over Bangladesh and in the SE regions (Figure 6¢). Lin et al. and MDM
schemes have simulated highest rainfall among all MP schemes over whole Bangladesh and SE regions. TRMM
derived rainfall is much lower than that of observed rainfall all over Bangladesh and also 5 heavy rainfall
stations in the SE region of the country during 23-26 June 2015. On 24 June, WSM6, MYDM and NSSL2
schemes have simulated (Figure 6b) almost similar average rainfall as observed all over Bangladesh and Lin et
al., MDM and SBU schemes simulated highest rainfall among the MPs, and all other MP schemes has simulated
less rainfall than that of observed. KS and CAM schemes have simulated lowest all Bangladesh averaged
rainfall among all the MPs on this day. All MP schemes (Figure 6f) have simulated less rainfall than that of
observed in the SE region (i.e. heavy rainfall stations) on this day. On 25 June (Figure 6¢), WSM6, Thompson
and MDM scheme have simulated almost equal amount of rainfall as that of observed from all Bangladesh
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averaged rainfall and the other MPs have simulated less rainfall. All MPs have simulated almost similar amount
of rainfall in the SE regions (Figure 6g) except KS, MDM and CAM schemes. MDM scheme has simulated
much higher rainfall, and KS and CAM have simulated less rainfall in the SE region (i.e. heavy rainfall stations)
of the country. Lin et al., Thompson, MDM, SBU and WDM6 schemes have simulated higher rainfall than that
of observed and other MPs have simulated almost equal amount of rainfall from all Bangladesh averaged

rainfall on 26 June (Figure 6d). All MPs have simulated almost similar average rainfall (Figure 6h) as observed
in the SE regions of the country on this day.

3.7 Station wise time dependent Rain

Model simulated rainfall using different MPs and 3-hourly observed rainfall at Chittagong, Cox’s Bazar,
Kutubdia, Sitakunda and Teknaf stations are presented in Figure 7(a-f)) during the heavy rainfall event of 23-26
June 2015. The time of 3-hourly simulated maximum rainfall at Chittagong station (Figure 7a) is almost
matched with the observed maximum rainfall except little anomalies. On 24 June, the observed peak is found at
0000 UTC but CAM scheme has simulated significantly higher amount of rainfall at 0000 UTC of 25 June. The
time of observed maximum rainfall is almost matched with the model simulated time with little anomalies at
Cox’s Bazar, Kutubdia, Sitakunda and Teknaf stations as presented in Figure 7(b-¢).
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3.8 Vertical velocity

The simulated position of maximum updraft has been identified for different MP schemes every day during 23-
26 June 2015 when heavy rainfall is observed in the SE region of Bangladesh. Along the line of maximum
updraft, vertical velocities (shaded) have been analyzed during 23-26 June but the figures have given only for 25
June for different MP schemes and are presented in Figures 8(a-1). Model simulated times and position of
maximum updrafts are different for different MP schemes. The maximum updrafts are 10, 15, 13, 10, 17, 18, 17,
5,14, 16, 14 and 16 m s and are simulated by KS, Lin et al., WSM3, FE, WSM6, TH, MYDM, MDM, CAM,
SBU, WDM6 and NSSL-2 schemes respectively and obtained at 1200, 1800, 1500, 1800, 2100, 1800, 1500,
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1500, 2100, 1500, 1500 and 2100 UTC respectively on 25 June. The updraft is maximum around 800-200 hPa
and is simulated by Lin et al., MYDM and MDM schemes on this day. WSM6 and WDM6 have simulated
maximum updraft around 600-200 hPa, Thompson and NSSL-2 around 400-100 hPa. The updraft simulated by
KS, CAM and FE is much less on this day.

Maximum convection has been found by MYDM, NSSL-2, Lin et al., MDM schemes on 23 June, MYDM,
WSM6, MDM schemes on 24 June, TH, WSM6, MYDM schemes on 25 June and Lin et al., MYDM, WSM6
and WDM6 schemes on 26 June respectively. The updraft in the upper troposphere could be due to the latent
heat release during glaciations and vapor deposition in all combination of MPs and KF scheme (Alam, 2014).
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Figure 8: WRF model simulated maximum vertical velocity (shaded) and vorticity (contour) along the line of
maximum updraft using different MP schemes for 25 June 2015

39 Vorticity

Along the line of maximum updraft, the vorticity (contour) has been studied for different MP schemes during
23-26 June and is presented in Figures 8(a-1) for 25 June. The positive vorticity has been simulated from 800 to
200 hPa levels by Lin et al. scheme, TH and SBU (Figure not shown) and negative vorticity below and above
these levels on 23 June. KS, WSM3, FE, WSM6, MYDM, CAM, WDM6 and NSSL-2 schemes have simulated
positive vorticity in the lower to middle troposphere from 900 to 400 hPa levels and negative vorticity in the
upper troposphere on this day. On 24 June, positive vorticity has also been simulated in the middle troposphere
(Figure not shown) and negative vorticity in the lower and upper troposphere for all MPs except Lin et al.
scheme, MDM, WDM6 and NSSL-2 schemes. On 25 June, the positive vorticity is found in the lower to upper
troposphere [Figures 8(a-1)] at 900-300 hPa for KS, Lin et al., WSM3, MDM, CAM and WDM6 schemes.
Ferrier, WSM6, MYDM and NSSL-2 schemes have simulated negative vorticity in the middle and upper
troposphere and positive vorticity in the lower and middle to upper troposphere on this day. TH scheme has
simulated positive vorticity in the lower to upper troposphere.

3.10 Relative Humidity (RH)

The RH (contour) has been simulated along the line of maximum vertical velocity using different MPs on 23-26
June 2015 and the contours are presented in Figures 9(a-1) for 25 June. All MPs have simulated RH up to 100
hPa on 23-26 June 2015. On 23 June, all MPs schemes have simulated (Figure not shown) maximum RH >95%
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up to 400 hPa level except Kessler, CAM and WDM6 schemes where the vertical velocity is found maximum.
Kessler scheme has simulated up to 200 hPa, and CAM and WDM6 schemes up to 300 hPa. On 24 June, RH
>95% is simulated for all MPs up to 300 hPa level (Figure not shown) where the vertical velocity and
reflectivity are found maximum. On 25 June, all MPs have simulated RH up to 100 hPa [Figures 9(a-1)] and
maximum RH >95% is simulated for all MPs up to 400 hPa level along the line where the vertical velocity and
reflectivity is found maximum. All MPs have simulated RH >95% (Figure not shown) up to 100 hPa on 26 June
except Lin e al., WSM6 and WDM6 schemes along the line of maximum vertical velocity.
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Figure 9: WRF Model simulated reflectivity (shaded) and relative humidity (contour) using different MPs along
the line of maximum vertical velocity on 25 June 2015

3.1 Reflectivity

The reflectivity (shaded) has been analyzed for the heavy rainfall events during 23-26 June but plotted for 25
June along the line of maximum vertical velocity using different MPs and is shown in Figures 9(a-l).
Reflectivity has been simulated up to 100 hPa by Lin et al., MDM and NSSL-2 on 23 June (Figure not shown),
Lin et al., FE, TH, MYDM and MDM on 24 June (Figure not shown), SBU and WDM®6 on 25 June [Figures
9(a-1)] and Lin et al., WSM6, MYDM, MDM, WDM6 and NSSL-2 on 26 June (Figure not shown). The other
MP schemes have simulated reflectivity up to 200 hPa during the period. Significant amount of reflectivity has
been simulated from 500-300 hPa and from 600-300 hPa by Lin ef al. and WDM6 scheme on 23 June and from
600-300 hPa by Lin et al., WSM6 and WDM6 scheme on 24 and 26 June. Significant amount of reflectivity
(60dBz) has also been simulated from 600-300 hPa by Lin ef al., WSM6 and WDM6 schemes on 25 June.

4. CONCLUSIONS
On the basis of the present study, following conclusions can be drawn:

e Model simulated rainfall using all MPs are found maximum in the central to SE regions but observed
rainfall is found in the SE region on 24 June 2015. The position of model simulated maximum rainfall
is matched with the observed rainfall at Bhola but the position of model simulated maximum rainfall at
Chandpur is shifted towards SE region i.e. Chittagong on 25 June.

e Model simulated average rainfall using all MPs for all over the country and SE region on 23, 25 and 26
June 2015 are almost similar. All Bangladesh station averaged rainfall suggests that among 12 MPs, the
schemes TH, SBU, WSM6 and WDM6 have simulated almost similar amount of rainfall as observed
during the study period during 23-26 June 2015. The model has also simulated similar amounts of
rainfall in the HR area of 5 stations i.e., in the SE region by SBU, WDM6, Lin, TH and WSM6
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schemes during 23-26 June 2015. TRMM derived rainfall is much lower than that of observed and
simulated rainfall all over Bangladesh and southeastern region during the period. The time of 3-hourly
simulated maximum rainfall during 23-26 June are almost found to match with the observed maximum
rainfall except some anomalies.

e Model simulated maximum updraft has been identified using different MP schemes on every day
during 23-26 June 2015 when HR is observed in the SE region of Bangladesh. Model simulated
maximum updraft is found as high as 20 ms” in the upper troposphere using Lin er al, WSM3,
MYDM, MDM and WDM6 schemes at around 600-200 hPa for the HR event of 23-26 June 2015. The
updraft in the upper troposphere could be due to the latent heat release during glaciations and vapor
deposition.

e Maximum RH has been simulated using all MPs in the upper troposphere along the line of maximum
vertical velocity during 23-26 June 2015. The reflectivity has been simulated maximum around 60dBz
along the line of maximum vertical velocity for the HR event using twelve different MPs.

e It may be concluded that ARW model with different MPs successfully has simulated different features
of the HR events.
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