Journal of Engineering Science 04(1), 2013, 95-109 JES

an International Journal

IMPACT OF CLOUD MICRO PHYSICS AND CUMULUS PARAMETERIZATION
ON SIMULATION OF HEAVY RAINFALL EVENT DURING 15-16 OCTOBER 2007
OVER BANGLADESH

Md. Mahbub Alam

SAARC Meteorological Research Centre (SMRC) and Department of Physics, Khulna University of Engineering
& Technology (KUET)

Received: 05 January 2013 Accepted: 5 May 2013

ABSTRACT

In the present study the Advanced Research WRF (WRF-ARW, V3.2.1) modeling system with six different
microphysics (MP) schemes and two different cumulus parameterization (CP) schemes in a nested configuration
have been chosen for simulating the heavy rainfall event during 15 — 16 October 2007. The six different MP
schemes are Kessler, Lin et al., WSM 3-class simple ice, Ferrier, WSM 6-class graupel and Thomson graupel.
The CP schemes used to simulate the heavy precipitation event are Kain-Fritsch (KF) and Betts-Miller-Janjic
(BMJ). The impacts of cloud microphysical processes by means of precipitation, wind, and reflectivity, kinematic
and thermodynamic characteristics of the event have been studied. Sensitivity experiments have been conducted
with the WRF model to test the impact of microphysical and CP schemes in capturing the extreme weather event.

The simulated heavy rainfall position is noticed a bit southwest from observed for all MP schemes coupled with
KF scheme on 16 October. The simulated rainfall shows that Lin-KF combination gives the better results out of
all MP combination with CP schemes. WSM6-KF combination gives the better results after Lin-KF combination.
Kessler-KF simulates less area averaged rainfall out of all MP schemes coupled with KF scheme. The sharp peak
of relative humidity up to 300 hPa level is simulated along the vertical line where maximum updraft found for all
MPs coupled with KF and BMJ schemes. The significant positive vorticity simulated during 15 — 16 October from
950 — 200 hPa levels is found over the regions where reflectivity and vertical velocity were maximum and positive
vorticity almost surrounded by the negative vorticity in the region of maximum reflectivity and vertical velocity.
The production of rain water mixing ratio depends on MP schemes as well as CP schemes. Rainfall depends on
rain water mixing ratio between 950 — 500 hPa. Rain water mixing ratio above 500 hPa level has no effect on
surface rain.
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1. INTRODUCTION

Prediction of heavy rainfall is one of the many challenging problems in meteorology, but very important for
issuing timely warnings for the agencies engaged in disaster preparedness and mitigation. CP schemes must
estimate the rate of subgrid-scale convective precipitation, release of latent heat, and the distribution of heat,
moisture, and momentum in the vertical due to convection (Kain and Fritsch, 1990). Cumulus convection
modifies the large-scale temperature and moisture fields through detrainment and cumulus-induced subsidence in
the environment. The detrainment causes large-scale cooling and moistening, and the cumulus-induced
subsidence causes large-scale warming and drying (Arakawa and Schubert, 1974). The Advanced Research
Weather Research and Forecasting model (ARW-WRF) is the new-generation model for both weather research
and forecasting (Skamarock et al, 2008), and is also widely used for regional climate research (Leung et al.,
2006; Bukovsky and Karoly, 2009; Awan et al., 2011).

The WRF model has been used for simulation of the extreme rainfall event of 26 July 2005 over Mumbai (Vaidya
and Kulkarni, 2007; Deb et al, 2008). In United States (US) this model is used for the prediction of warm
seasonal rainfall forecasts over the central US (Gallus and Bresch, 2006). Sixteen numerical experiments were
designed in the central US to compare the sensitivity of the warm seasonal rainfall forecasts with changes in the
model physics, dynamics and initial conditions using two mesoscale models: the MMS5 and the WRF, with three
nested domains (30, 10, and 3.33 km grid spacing), for various convective parameterizations, land surface
schemes and land use/land cover conditions. Their studies reveal that the WRF model has better performance than
the MMS5 model in simulation of rainfall location and intensity.

Heavy rainfall is often produced by long-lived mesoscale convective systems (Kuo and Chen, 1990; Zhang et al.,
2003; Li et al., 1997). The presence of a southerly or southwesterly low level jet 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
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and moist tropical air and strong uplifting mechanisms (Chen and Li, 1995; Chen et al., 2000). The Indian
mesosphere—stratosphere—troposphere (MST) radar measurements during the passage of 60 convective systems
the strongest updrafts have seen in deep convection category in the middle-upper troposphere with value as high
as 15-20 m s™'(Uma and Rao, 2009). The downdrafts are relatively weaker (on the order of 58 m s™) and do not
vary much with altitude. Robert (2009) has found that the updraft of the cell was 10 km wide, 17 km deep, had
updrafts of 10-20 m s™' throughout its mid to upper levels, and contained a cyclonic vorticity maximum. The
massive convective updraft was maintained by strong positive buoyancy, which was maximum at about the 10-km
level, probably aided by latent heat of freezing.

Convective structures shift significantly between the active monsoon and break or westerly regime and easterly
regime in the tropics (Williams et al., 1992; Petersen et al., 2002; Cifelli and Rutledge, 1998). In Asia, pre-
monsoon precipitation systems showed more intense convection in terms of higher echo tops and higher lightning
possibility (Kodama et al., 2005). The sensitivity of different types of microphysical schemes and processes on
cumulus parameterization were investigated (McCumber et al., 1991; Ferrier et al., 1995; Wu et al., 1999; Tao et
al., 2003a; and others) by many others. Tao et al. (1990) showed that the dominant microphysical processes were
quite different between the convective and stratiform regions and between the mature and decaying stages.

In this paper 12 experiments have been conducted by using different microphysics (e.g. Kessler, Lin et al., WSM
3-class simple ice scheme, Ferrier (New Eta), WSM 6-class graupel scheme and Thompson graupel) in
combination of Kain-Fritsch (KF) and Betts-Miller-Janjic (BMJ) schemes with 0000 UTC of 15 October 2007
initial condition to study which MP and CP schemes are better for the simulation of heavy rainfall event during
15-16 October 2007.

2. SYNOPTIC SITUATION

A low formed over North West Bay of Bengal on 15 October 2007 and rapidly intensified into a well marked low.
It is intensified further and moved in a north-northwesterly direction. Southwest monsoon was withdrawn from
the northwestern parts of Bangladesh on 15 October 2007. Monsoon was fairly active over Bangladesh except
northwestern part and moderate to strong elsewhere over North Bay. The well marked low over Dhaka and
Comilla region remained stationary and weakened in to a low pressure area on 16 October 2007. Steep pressure
gradient persists over North Bay. Another low formed over west central Bay and adjoining area on 16 October
2007. Monsoon was fairly active over southeastern part of Bangladesh and moderate over North Bay on 16
October 2007.

3. MODEL DESCRIPTION AND NUMERICAL EXPERIMENTS

The present study utilized the Weather Research and Forecasting (WRF-ARW V3.2.1) model consists of fully
compressible non-hydrostatic equations and different prognostic variables. The model vertical coordinate is
terrain following hydrostatic pressure and the horizontal grid is Arakawa C-grid staggering. A third-order Runge-
Kutta time integration scheme with a smaller time step for acoustic and gravity modes is used in the model. The
model is configured in nested domain, horizontal grid spacing for inner domain is 3km and for outer domain is 9
km with 157x205 and 120x107 grids respectively in the east-west and north-south directions and 28 vertical
levels. The six different microphysics used for sensitivity study are Kessler, Lin et al. scheme (Lin et al., 1983),
WRF Single-Moment (WSM) 3-class scheme (Hong et al., 2004), Eta (Ferrier) scheme, WSM 6-class graupel
scheme (Hong and Lim, 2006) and Thompson graupel scheme. Dudhia simple five-layer soil thermal diffusion
scheme for soil processes, Rapid Radiative Transfer Model scheme (RRTM) (Mlawer et al., 1997) for long wave
radiation and the fifth-generation Pennsylvania State University—National Center for Atmospheric Research
Mesoscale Model (Dudhia, 1989) for shortwave radiation. For surface layer physics, the Monin— Obukhov
similarity theory scheme taken from the Hong and Pan (1996) PBL scheme is used. The Noah land surface
scheme (Ek et al., 2003) is used, as was the Yonsei University (YSU) PBL scheme (Hong et al., 2006). The two
different cumulus parameterization schemes used in WRF model is Kain-Fritsch (KF) (Kain and Fritsch, 1990,
1993; Kain, 2004) and Betts-Miller-Janjic (BMJ) (Janjic, 1994, 2000).

A total of 12 experiments are conducted by using six different microphysics schemes coupled with two different
cumulus parameterization schemes. Final Reanalysis (FNL) data (1° x1°) from National Centre for Environment
Prediction (NCEP) is used as initial and lateral boundary conditions (LBCs) which are updated at six hourly
intervals. The NCEP FNL data is interpolated to the model horizontal and vertical grids and the model is integrated
for 48-h starting from the initial conditions at 0000 UTC of 15 October 2007 and the model is run up to 0000 UTC
of 17 October 2007. Daily rain gauge rainfall data during 15 — 16 October 2007 of 34 stations all over Bangladesh
collected from Bangladesh Meteorological Department (BMD) termed as observed and TRMM surface rainfall
measured by TRMM's Precipitation Radar are used for comparison.
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4. RESULTS AND DISCUSSIONS

In the following sub-sections simulated rainfall, winds at 10m and 850 hPa level, vertical velocity, relative
humidity, along with reflectivity at 850 hPa level, vorticity, rain water, water vapor, cloud graupel, cloud snow
and cloud ice mixing ratios simulated by six MPs coupled with two CPs are presented and discussed. Relative
humidity, cloud water mixing ratio, rain water mixing ratio, reflectivity and vorticity are plotted along the line of
maximum vertical velocity. In order to examine the differences in the simulated cloud structure, space-averaged
and time averaged vertical profiles of water vapour, cloud water, rain water, graupel, snow and ice mixing ratio
(g/kg) and vorticity has been calculated once in every three hour during 15 — 16 October 2007.

4.1 Rainfall

The rainfall obtained from Bangladesh Meteorological Department (BMD) and TRMM precipitation radar during
15-16 October are presented in Fig. 1(a-d). The rainfall occurred on 15 October (Fig. 1a) in the eastern, southern
and southeastern parts of Bangladesh but TRMM indicates that the rainfall occurred (Fig. 1c) all over Bangladesh
except northwestern part. Kessler scheme in combination with KF scheme simulates heavy rainfall (Fig. 2) in the
central to southern and southwestern region but fails to simulate rainfall in the eastern and southeastern region.
All other MP coupled with KF scheme simulates very heavy rainfall in the southern region and heavy rainfall in
the eastern and northern region also (Fig. 2) but fails to simulate rain in the southeastern parts. Kessler scheme in
combination with BMJ scheme fails to simulate heavy rainfall all over the country. Lin ef al. and WSM6 schemes
simulate heavy rainfall in the southern and eastern region and all others simulate that in the southern region on 15
October 2007. On 16 October, TRMM rainfall (Fig. 1d) fairly matched with the observational rainfall that
occurred in Sitakundu-Sandwip-Chittagong region (Fig. 1b).
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Figure 1: Daily rainfall (a-b) Observed and (c-d) TRMM during 15-16 October 2007 respectively

All MP schemes coupled with KF scheme simulates heavy rainfall in Sitakundu-Sandwip-Chittagong region (Fig.
3) but they also simulates heavy rain in the northeastern parts of the country on 16 October, which does not match
with the observation. WSM3-KF simulates heavy rainfall with less intensity but that is noticed towards west as
compared to the observed heavy rainfall position. All MPs coupled with BMJ schemes fails to simulate (Fig. 3)
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heavy rainfall in Sitakundu-Sandwip-Chittagong region but they simulate heavy rainfall in the north-northeastern
parts of the country, which does not match with the observation.
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Figure 2: WRF Model simulated rainfall (mm) using Kessler, Lin et al., WSM3, Ferrier, WSM6 and Thomson
MP schemes coupled with (a-f) KF and (g-1) BMJ schemes of heavy rainfall event of 15 October 2007.
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The observed, TRMM and WRF model simulated 3 hourly area average rainfalls starting from 0000 UTC of 15 to
0000 UTC of 17 October 2007 is presented as in Figs. 4(a-b). The area of rainfall was shifted towards southeast
due to the movement of the mesoscale convective system (MCS). For that reason the area considered for
averaging the model simulated, observed and TRMM rainfall for 15 and 16 October are 21.5-24°N & 89-92.5°E
and 21-25°N & 90-92.3°E respectively. 3-hourly area averaged rainfall patterns signify that at the time (2100
UTC) of observed maximum rainfall on 15 October all MPs coupled with KF scheme also simulates maximum
amount of rain (Fig. 4a). On 15 and 16 October, the pattern of 3-hourly simulated area averaged rainfall for all
MP schemes coupled with KF scheme is similar to the observed rainfall but the simulated rainfall is much more
than that of observed on 16 October. The simulated maximum rainfall using Lin-KF combination has matched
with the observed rainfall and WSM6-KF combination simulated nearly equal amount of rain. In case of BMJ
scheme (Fig. 4b) the maximum rainfall is simulated 3-hour later than that of observed rainfall, but the simulated
maximum is much lower than that of the observed maxima.

It is seen in Fig. 4(c-d) that the area averaged daily observed rainfall by BMD and TRMM rainfall on 15 and 16
October are almost equal. The simulated area averaged daily rainfall for all MPs coupled with KF scheme is much
higher than that of BMJ scheme on 15 and 16 October.
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Figure 3: Same as Fig. 2, but for 16 October 2007.
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Figure 4: WRF Model simulated, TRMM and Observed (a-b) 3-hourly area average rainfall and (c-d) area
average daily rainfall on 15 and 16 October 2007 using six different MPs coupled with KF and BMJ

schemes.



100 Md. Mahbub Alam Impact of Cloud Micro Physics and Cumulus Parameterization ..........

The area averaged rainfall simulated by Lin-KF and WSM6-KF combination are comparable with observed rain
on 15 October. It is also observed that WSM6-KF gives the better rainfall after Lin-KF combination.

4.2 Winds

Model simulated 850 hPa level winds at 0000 UTC and 1200 UTC of 16 October 2007 using different MP
schemes coupled with KF and BMJ schemes are shown in Figs. 5(a-1) and 6(a-1) respectively. All combination of
MP schemes coupled with KF and BMJ schemes have produced the cyclonic circulation at 850 hPa level. The
figures reveals that the simulated maximum wind is over southeastern to eastern parts of Bangladesh and
simulated minimum wind over northwestern to western region of the cyclonic circulation. KF scheme coupled
with different MPs has simulated greater wind speed than that of BMJ scheme. The simulated cyclonic circulation
are found in the northwest of the original. Due to the dislocation of cyclonic circulation, the rainfall pattern has
not been found in place. The simulated rainfall pattern has matched with the BMD observation (if location error is
not considired).
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Figure 5: WRF Model simulated 850 hPa wind (barb) and reflectivity (shaded) at 0000 UTC 16 October 2007

using Kessler, Lin et al., WSM3, Ferrier, WSM6 and Thomson schemes coupled with (a-f) KF and (g-
1) BMJ schemes of heavy rainfall event.
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Figure 6: Same as Fig. 5, but for 1200 UTC 16 October 2007.

4.3 Vertical Velocity

The maximum updraft using different MPs coupled with KF and BMJ schemes at inner domain D2 during 15-16
October 2007 is presented in Fig. 7(a-1). The maximum updraft at outer domain D1 (not shown) is always less
than that at domain D2 in all combination of MPs and CP schemes. The time and positions of simulated maximum
updrafts are different in different combination of MPs and CP schemes (Fig. 7). The maximum updraft is
simulated at 0000 UTC (Fig. 7) on 16 October by using Kessler, WSM 3-class simple ice, Ferrier, WSM 6-class
graupel and Thomson graupel MPs coupled with KF scheme and 2100 UTC on 15 October by using Lin et al. MP
scheme. The times of simulated maximum updraft are 1200, 0600, 1800, 1500, 0900 and 1800 UTC respectively
for six different MPs coupled with BMJ scheme. The magnitude of the simulated updraft is more than 20 m s at
around 300 — 150 hPa as obtained by Lin-KF and WSM6-KF combination. The magnitude of simulated updraft is
as high as 15 m s at around 500 — 200 hPa obtained by Kessler-KF, WSM3-KF, Ferrier-KF, Thompson-KF and
Lin-BMIJ. The updraft is much less in Kessler-BMJ, WSM3-BMJ and Thompson-BMJ combination. The
downdraft is generally weaker but is seen throughout the depth of the troposphere and updraft in the middle and
upper troposphere. The low-level descent and high-level ascent is expected from a mature convective system. The
descent in the lower troposphere could be due to rain evaporation and precipitation loading (Srivastava, 1985).
The updraft in the upper troposphere could be due to the latent heat release during glaciations and vapor
deposition.
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Figure 7: WRF Model simulated maximum vertical velocity (shaded) and relative humidity (contour) at inner
Domain D2 using Kessler, Lin et al., WSM3, Ferrier, WSM6 and Thomson MP schemes coupled with
(a-f) KF and (g-1) BMJ CP schemes of heavy rainfall event.

4.4 Relative Humidity

The relative humidity (contour) along the line of maximum updraft at domain D2 using different MPs coupled
with KF and BMJ schemes on 15 and 16 October 2007 are presented in Figs. 7(a-1). The simulated relative
humidity, where vertical velocities and reflectivity (dBZ) are maximum, exceeds 90% for all MPs coupled with
KF and BMJ schemes. The sharp peak, up to 300 hPa level, of relative humidity are simulated for all MPs
coupled with KF and BMJ schemes along the vertical line where maximum updraft has occurred.

4.5 Reflectivity

The horizontal distribution of reflectivity (shaded) at 850 hPa level on 0000 and 1200 UTC of 16 October using
different MP schemes coupled with KF and BMJ schemes are presented in Figs. 5 and 6. Figs. 5 and 6 point out
that the simulated horizontal reflectivity at 0000 UTC and 1200 UTC of 16 October for all MPs coupled with KF
scheme are much more than that of BMJ scheme. The simulated reflectivity is maximum in the eastern and
northeastern side by all combination of MP coupled with CP schemes.

The reflectivity (shaded) has been plotted along the line of maximum convection i.e. maximum vertical velocities
using different MP schemes coupled with KF and BMJ schemes shown in Fig. 8. The plotting times are different
for different MP and CP schemes. In case of Lin et al., Ferrier, WSM6 and Thompson schemes coupled with KF
and BMJ schemes, the reflectivity simulated is 00 dBZ above 500 hPa but for the case of WSM3 and Kessler
schemes the reflectivity simulated is 00 dBZ above 300 hPa level. The reflectivity pattern indicates that the cloud
are simulated by WSM3 and Kessler schemes up to 300 hPa level and all other MP schemes has simulated cloud
up to 550 hPa level. The high values of reflectivity above the freezing level for Kessler and WSM3 schemes
indicate the existence of super cooled liquid raindrops or large ice particles. For all combination of MP schemes
and CP schemes it is found that reflectivity (Fig. 8) is maximum where the updraft is also maximum (Fig. 7).



Journal of Engineering Science 04(1), 2013, 95-109

103

(a) Kessler—F, COZ1600t07 (B) Lin &t al—KF, 2Z12150ct07 () WEMI—KF, O0Z160ct07
— 100 = 100

1ac

200 e Gt
300 :
400 4
500 B -
EOC 4
Fao \' d.
500
200 4 i /"\\,-'/ ;
1000 . . 1000
SCE S0C.2E 93.4E S0.BE S0.8E

(d) Ferrigr—HKF, QQOZ1&Cct07 (f) Thempsen—KF, QOZ1S0ct07
100 160 z -
200 Z0a
300 3C3
400 4004 -
500 560
G500 S500
FOoo 700
500 800 4
00 4 900 4

i ) 2 4 —

e T ai 81.2E . O1E a1.2E 51.4E°Y Too4E  soeE oo BE

(a) Kessler—BhJ, 12Z150<tE7 Ch) Lin =t al—BM.J, CEGZ150ct07T (il WSM3I—BMJ, 18BZ1502t07
100 100 - 160

b 2aC

300
400

SA0

a0.6E S0.8E g

(17 Ferrier— 8k,

dbz

90.2E @0.4E 90.6E S1.4E  91.6E 90.6E 90.5E
Figure 8: Same as Figure 7 but for reflectivity (shaded) and vorticity (contour, x107%/s) along the line of
maximum vertical velocity

4.6 Vorticity

The vertically integrated area and time averaged vorticity (x107/s) for six MP schemes coupled with KF and BMJ
schemes during 15 — 16 October 2007 are presented in Figs. 8 (a-b). The area averaged positive vorticity is
simulated from 950 to 300 hPa for all MP schemes coupled with KF and BMJ schemes. The maximum vorticity
simulated by all MP schemes coupled with KF scheme is within 900 - 800 hPa and the maximum vorticity
simulated by BMJ scheme is within 550 — 450 hPa level. Two maxima of vorticity almost of equal intensity are
simulated between 850-750 and 600-500 hPa for all MPs in combination of KF scheme. Two maxima of vorticity
with significant maximum intensity are simulated within 550-450 hPa for all MPs in combination of BMJ
schemes.

There exist significant differences of simulated vorticity among all the MP schemes. The KF scheme coupled with
different MP schemes simulate vorticity in the following way: WSM6 > Lin et al. > Thompson > Ferrier > WSM3
> Kessler up to 600 hPa level and the simulated vorticity pattern up to 300 hPa level are like this: Lin et al. >
WSM6 > Thompson > Ferrier > WSM3 > Kessler. The BMJ scheme coupled with different MP schemes
simulates vorticity in the following way: WSM6 > Lin et al. > Ferrier > WSM3 > Thompson > Kessler up to 600
hPa level and above these levels the pattern is irregular. The maximum vorticity simulated by Lin-KF then
WSM6-KF combination is within 600 — 300 hPa level and the maximum rain is also simulated by these
combinations, which means vorticity at these levels are related to the rainfall.

The vorticity (contour, x10/s) along the line of maximum updraft is simulated by different MP schemes coupled
with KF and BMJ schemes during 15 — 16 October 2007 and presented in Fig. 9. The significant positive vorticity
is simulated from 950 — 150 hPa by all MP schemes except Kessler in combination of KF scheme over the regions
where reflectivity and vertical velocity are found to be maximum and positive vorticity is almost surrounded by
the negative vorticity in the region of maximum reflectivity and vertical velocity. The reason is that change of
sign of the radial vorticity gradient is dynamically essential for this instability (Itano and Ishikawa, 2002).
Kessler-KF combination simulates negative vorticity from 950 — 800 hPa towards west and 600 — 400 hPa
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towards east and tilted positive vorticity is found from 950 — 300 hPa in the regions where reflectivity and vertical
velocity are maximum.
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Figure 9: Vertical profiles of time and space averaged vorticity (x107/s) simulated by Kessler, Lin ef al., WSM3,

Ferrier, WSM6 and Thomson scheme coupled with (a) KF and (b) BMJ schemes respectively.

4.7 Rain water mixing ratio

The rain water mixing ratio (contour, g/kg) have been simulated along the line of maximum vertical velocity
using six different MPs coupled with KF and BMJ schemes during 15 — 16 October 2007 and are presented in Fig.
10. Kessler-KF, Kessler-BMJ and WSM3-BMJ simulate rain water mixing ratio up to 300 hPa and WSM3-KF
simulate up to 200 hPa level and maximum value is simulated within 800 — 400 hPa level. All other MPs coupled
with KF and BMJ schemes simulate rain water mixing ratio up to 500 hPa level during 15 — 16 October.

The simulated rain water mixing ratio is maximum (Fig. 10) at the vertical line where the vertical velocity and
reflectivity are also maximum. Area and time averaged vertical profiles of rain water mixing ratio during 15 — 16
October in combination of different MP and CP schemes are shown in Figs. 11(a-b). The patterns of rain water
profile are similar up to 600 hPa level with all MP coupled with KF and BMJ schemes. The KF scheme coupled
with different MP schemes generates rain water mixing ratio in the following way: Lin ef al. > WSM6 > Ferrier >
Thompson > WSM3 > Kessler up to 600 hPa level. Again BMJ scheme coupled with different MP schemes
generates rain water mixing ratio in the following way: WSM6 > Lin et al. > WSM3 > Ferrier > Thompson >
Kessler up to 650 hPa level. The WSM3 and Kessler schemes coupled with KF and BMJ schemes simulates
significant amount of rain water mixing ratio between 500 to 100 hPa, but WSM3 simulates much more mixing
ratio than that of Kessler scheme. The maximum rain water mixing ratio 0.32 and 0.28 g/kg are simulated at 450
hPa by WSM3 scheme in combination with KF and BMJ schemes respectively. The production of rain water
mixing ratio depends on MP schemes as well as CP schemes. Maximum rainfalls are simulated by different MP
schemes when the rain water mixing ratios are maximum up to 500 hPa level, which means that rainfall does not
depend on rain water mixing ratio above 500 hPa level.

4.8 Cloud water mixing ratio

The cloud water mixing ratio (shaded, g/kg) are simulated along the line of maximum vertical velocity using
different MPs coupled with KF and BMJ schemes during 15 — 16 October 2007 and are presented in Fig. 10.
Kessler and WSM3 schemes in combination with KF and BMJ schemes simulate cloud water mixing ratio up to
100 hPa. All other MPs coupled with KF and BMJ schemes simulates cloud water mixing ratio up to 200 hPa
level. The cloud water mixing ratio is maximum along the vertical axis where the vertical velocity and reflectivity
are also maximum.

Area and time averaged vertical profiles of cloud water mixing ratio during 15 — 16 October in combination of
different MP schemes and different CP schemes are shown in Figs. 12(a-b). The patterns of cloud water mixing
ratio profile are similar up to 500 hPa level with all MP schemes coupled with KF and BMJ schemes during the
period. The Kessler and WSM3 schemes simulate cloud water mixing ratio up to 100 hPa and all other MP
schemes simulate up to 350 hPa level. All of the six MP schemes simulate two maxima at 900 and 600 hPa
coupled with KF and 750 and 600 hPa coupled with BMJ schemes during 15 — 16 October. The Kessler and
WSM3 schemes simulate third maxima at 200 and 250 hPa level coupled with KF and BMJ schemes. The upper
tropospheric cloud water maxima simulated by Kessler scheme is approximately five times greater than that of
WSM3 scheme. The KF scheme coupled with different MP schemes generates cloud water mixing ratio in the
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following way: Lin et al. > WSM6 > Kessler > Thompson > Ferrier > WSM3 up to 750 hPa level and WSM6 >
Lin et al. > Thompson > WSM3 > Ferrier > Kessler up to 500 hPa level during 15 — 16 October 2007.
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Figure 10: Same as Figure 7 but for cloud water mixing ratio (shaded) and rain water mixing ratio (contour)
along the line of maximum vertical velocity
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Figure 11(a-b): Same as Figure 9 but for rain water mixing ratio (g kg'l).

Again BMJ CP scheme coupled with different MP schemes generates cloud water mixing ratio in the following
way: Lin et al. > WSM6 > WSM3 > Ferrier > Kessler > Thompson up to 700 hPa level during the period.
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Figure 12(a-b): Same as Figure 9 but for cloud water mixing ratio (g kg’l).

4.9 Water vapor mixing ratio

Area and time averaged vertical profiles of water vapor mixing ratio (g/kg) during 15 — 16 October in
combination of different MP schemes and different CP schemes are shown in Figs. 13(a-b). The patterns of water
vapor profile are similar up to 250 hPa level with all MPs coupled with KF and BMJ schemes. The water vapor
mixing ratio simulates maximum at the surface and decreases with height for all MPs coupled with KF and BMJ
schemes. The simulated water vapor mixing ratio is approximately equal for all MPs schemes with little variation.
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Figure 13(a-b): Same as Figure 9 but for water vapor mixing ratio (g kg'l).

4.10 Cloud graupel mixing ratio

Area and time averaged vertical profiles of cloud graupel mixing ratio (g/kg) during 15 — 16 October using Lin et
al., WSM6 and Thompson schemes in combination with different CP schemes are shown in Fig. 14(a). The MP
schemes simulate maximum cloud graupel mixing ratio around 500 hPa level. KF scheme simulates greater
graupel mixing ratio than that of BMJ scheme coupled with all the MPs. The WSM6 scheme simulates larger
cloud graupel mixing ratio and Thompson scheme simulates less cloud graupel mixing ratio than that of other
schemes. Graupel starts to produce at 650 hPa and sharp spike are found (0.19 g/kg) at 500 hPa level in case of
WSM6 and then decreases to 0 at 100 hPa.

4.11  Cloud snow mixing ratio

The area and time averaged vertical profiles of cloud snow mixing ratio (g/kg) during 15 — 16 October using Lin
et al., Ferrier, WSM6 and Thompson MPs in combination of different CP schemes are shown in Fig. 14(b). It is
evident from the figure that the vertical structure and magnitude of these profiles vary greatly and KF simulates
larger snow than that of BMJ scheme in the upper atmosphere and BMJ simulates larger snow than that of KF
scheme in the middle atmosphere. Overall, the Thompson scheme generates the greatest amount of snow between
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650 to 100 hPa. The abundance of snow in the mid troposphere (below 400 hPa) may be due to the enhanced ice
content (Fig. 14(c)) in the upper troposphere. The Ferrier scheme simulates approximately half of the snow than
that of Thompson scheme, WSM6 scheme simulates approximately half of the snow than that of Ferrier scheme
and Lin scheme simulates approximately half of the snow than that of WSM6 scheme.
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Figure 14: Vertical profile of time and space averaged (a) graupel mixing ratio, (b) snow mixing ratio and (c) ice
mixing ratio simulated by different MPs coupled with KF and BMJ schemes.

4.12  Cloud ice mixing ratio

Area and time averaged vertical profiles of cloud ice mixing ratio (g/kg) during 15 — 16 October using Lin et al.,
WSM6 and Thompson MP schemes in combination of different CP schemes are shown in Fig. 14(c). Lin et al.,
WSM6 and Thompson MP scheme simulate cloud ice maximum around 250 hPa level. It is evident that
substantial difference exists between the various cloud ice profiles. For instance, the WSM6 profile exhibits a
prominent spike containing much larger cloud ice mixing ratio values from 500 to 100 hPa and Thompson scheme
simulates less cloud ice mixing ratio. BMJ scheme simulates cloud ice mixing ratio greater than that of KF
scheme coupled with all MPs. The Thompson scheme in combination of KF and BMJ schemes simulate much
smaller amount of graupel and ice. Lin ef al. scheme simulates cloud ice mixing ratio from 350 to 100 hPa levels.
While the Kessler and WSM3 schemes simulate practically no cloud snow, graupel and ice and Ferrier scheme
simulate no cloud graupel and ice. Unfortunately, we do not have any hydrometeor data for validating these
simulations of hydrometeor profiles.

S. SUMMARY

In the present study, WRF model with 9 km outer and 3 km inner nested domain is used to simulate the heavy
rainfall event occurred during 15-16 October 2007 over Bangladesh. To examine the sensitivity of the simulations
of six different microphysical schemes (Kessler, Lin et al., WSM3, Ferrier, WSM6 and Thompson) combined
with two different cumulus parameterization schemes Kain-Fritsch and Betts-Miller-Janjic have been considered
with 0000 UTC of 15 October 2007 initial condition. The model has shown its ability to simulate many features of
the heavy rainfall event. The study has shown large variations among the six microphysical schemes. The
microphysical schemes have a major impact on time and location of rainfall intensity.

Lin et al. and WSM6 schemes simulate heavy rainfall in the southern and eastern region and all others simulate in
the southern region on 15 October 2007. The simulated heavy rainfall position is found towards southeast of
observed for all MP schemes coupled with KF scheme on 16 October. The simulated area averaged rainfall on 15
(21.5-24°N and 89-92.5°E) October are comparable by using Lin-KF combination. From the simulated results, it
is also observed that WSM6-KF combination gives the better results after Lin-KF combination. Kessler-KF
simulates less area averaged rainfall out of all MP schemes. The simulated wind speed shows the circulation
pattern at 850 hPa for all MP schemes coupled with KF and BMJ schemes. The cyclonic circulation is found at
north-northeast with respect to observed and rainfall pattern also found in that direction, which suggests that
rainfall pattern moves along with the circulation during 15—16 October 2007.

The maximum updraft at domain D1 is always less than that of domain D2 in all combination of MPs and CP
schemes. The maximum updrafts simulated time and positions are different in different combination of MPs and
CP schemes. The updraft simulated is more than 20 m s at around 300 — 150 hPa by Lin-KF and WSM6-KF
combination. The updraft simulated by Kessler-KF, WSM3-KF, Ferrier-KF, Thompson-KF and Lin-BM]J are as
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high as 15 m s at around 500 — 200 hPa. The updraft simulated by Kessler-BMJ, WSM3-BMJ and Thompson-
BMJ combination are much less.

The maximum updraft in the upper troposphere could be due to the latent heat release during glaciations and
vapor depositions and downdraft in the lower troposphere could be due to rain evaporation and precipitation
loading (Srivastava, 1985). The sharp peak of relative humidity up to 300 hPa level is simulated along the vertical
line where maximum updraft is found for all MPs coupled with KF and BMJ schemes. The maximum reflectivity
is simulated in the eastern and southeastern parts by six different MPs coupled with CP schemes.

The significant positive vorticity is simulated during 15-16 October from 950 — 200 hPa levels over the regions
where reflectivity and vertical velocity are maximum and positive vorticity is almost surrounded by the negative
vorticity in the region of maximum reflectivity and vertical velocity. The simulated rain water and cloud water
mixing ratio are maximum at the position where the vertical velocity and reflectivity are also maximum. The
production of rain water mixing ratio depends on MP schemes as well as CP schemes. Rainfall depends on rain
water mixing ratio between 950 — 500 hPa levels. Rain water mixing ratio above 500 hPa level has no effect on
surface rain. The water vapor mixing ratio does not depend of MPs and CP schemes. KF scheme simulates larger
cloud graupel and cloud snow mixing ratio than that of BMJ scheme.
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