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ABSTRACT

The main aim of this paper is to simulate monsoon heavy rainfall episodes that caused floods across some parts of An-
dhra Pradesh (AP) state, India during 29™ September through 2™ October, 2009. A heavy rainfall quantity of 21 cm was
observed near Amaravathi station (16.15°N; 80.5°E) in Guntur district due to a meso-a low pressure system extended
from the Bay of Bengal and widespread rainfall episodes were also appeared to many adjoining places in other three
districts namely Mahaboob Nagar, Kurnool and Krishna in AP state simultaneously on 29" September. The rainy situa-
tion continued till 2" October and caused floods over above districts of AP state which lead to a death toll of 33 people
and heavy crop loss. To quantify the above catastrophic monsoon heavy precipitation events a high resolution (9 km)
Weather Research and Forecast (WRF-ARW) model is centered at Amaravathi station to simulate rainfall episodes over
the study region. In the present case study the simulated sensitive experiment highlights the dynamical characteristics of
the meso-a system interms of circulation changes at different levels. Secondly, the thermodynamical characteristics for
the generation of convective activity of this meso-a event in terms of Convective Available Potential Energy (CAPE)
and Convective Inhibition Energy (CINE) are also simulated. Dynamical and thermodynamical simulated results sup-
port heavy rainfall episodes due to a low pressure system around Amaravathi station. Thus circulation changes, high
CAPE and low CINE magnitudes have well defined not only the strength of meso-a system, but also quantum of rain-
fall to a tune of 19 cm near Amaravathi station on 29" September. The observed rainfall was 21 cm on 29" September
and thus this model underestimates rainfall about 9.5% not only at Amaravathi station, but also at other stations as well.
Similar results are noticed over the study region on other three days. In this numerical study heavy rainfall events are
better represented by Kain-Fritsch (KF) scheme than Betts-Miller-Janjic (BMJ) and Grell-Deveneyi (GD) schemes.
Finally simulated circulation features and rainfall quantities are validated with observed rainfall of the India Meteoro-
logical Department (IMD) and satellite derived datasets of KALPANA-1, while CAPE and CINE quantities are checked
against available Wyoming University observations. The results are promising.
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1. Introduction

Indian summer monsoon normally bursts over extreme
South India on Ist week of June in association with In-
traseasonal oscillations [1-4] and covers whole of India
in a northwesterly direction by 15™ July in five or six
pulses [5,6], but year-to-year anomalies are worth noting.
July and August are peak months of monsoon rainfall
period over India due to synoptic and sub-synoptic sys-
tems in different active phases. Later monsoon starts its
withdrawal process from extreme northwest India by 1st
September and slowly retreats in opposite direction of
advance of monsoon till October (Figure 1). [7,8] re-
ported that the periods of advance and withdrawal of
southwest monsoon are related with variations of winter
Eurasian/Himalayan snow cover extent. The southwest
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monsoon provides considerable portion of rainfall over
India in both onset and withdrawal phases through heavy
precipitation episodes along East and West coasts of In-
dia due to synoptic systems; these generally lead to flash
floods of great volume in a short duration due to heavy
rainfall. Year, 2009 is marked by early onset of south-
west monsoon over extreme South India (three days prior
to normal onset) and late withdrawal from West Rajast-
han in northwest India (three weeks).

In the past there were several diagnostic studies to
simulate frequent heavy rainfall episodes over West coast
of India during both onset and withdrawal phases of the
southwest monsoon season [9-15]. Though such heavy
rainfall incidents are very regular over East coast of India
as well, there are limited simulation studies of heavy
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Figure 1. Normal dates of withdrawal of southwest monsoon season over India (source: IMD).

precipitation episodes over AP state and are not well
documented using numerical models. Hence there is a
pressing need in this study to simulate the dynamical and
thermodynamical characteristics of heavy rainfall epi-
sodes over AP state during withdrawal phase of the
southwest monsoon season. So in this case study the
sudden enhanced environmental mesoscale disturbance
inspires the authors to simulate heavy rainfall events over
four districts of AP state namely Guntur, Mahaboob Na-
gar, Kurnool and Krishna during the withdrawal phase of
monsoon, 2009 in the present context.

2. Study Area

AP state is situated on the East coast of India near the
Bay of Bengal, which consists of three meteorological
subdivisions namely Coastal AP, Telengana and Raya-
laseema. Though the mean annual precipitation over AP
state is 938 mm, the major portion of the rain (624 mm)
is obtained during withdrawal period of southwest mon-
soon season. Frequent heavy precipitation episodes are
very common over the study region during September
and October due to monsoon lows/depressions, which are

Copyright © 2012 SciRes.

emanated from the monsoon trough located across AP
state (Figure 2). A great proportion of the variability of
rainfall in AP state is related to the occurrence and inten-
sity of extreme heavy rainfall events due to mesoscale
systems from the Bay of Bengal. Recent numerical stud-
ies [16-20] highlighted that heavy precipitation events in
monsoon and post-monsoon seasons are plenty that
caused floods over West coast. In the present study four
districts of AP state in the East coast mentioned earlier
had experienced flash floods caused by heavy precipita-
tion episodes due to a mesoscale system during 29" Sep-
tember to 2™ October, 2009 (Figure 3). For example
Amaravathi station in Guntur district has received an
accumulated rainfall of 50.5 cm due to a meso-scale sys-
tem in this study.

3. Data, Synoptic Features and Model
Description
3.1. Input Data

The datasets used in the present study of heavy rainfall
episodes mainly focused at Amaravathi station using
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Figure 2. NASA Satelliteimagery of the heavy rainfall event at Amaravathi on 29" September to 2™ October, 2009.
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Figure 3. Study region with flash flood districts (darken) of AP on 29" September to 2" October, 2009.
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high resolution NCEP/NCAR FNL (1° x 1°%) for the
model initial and boundary conditions at 6 hour interval
and TRMM satellite derived real time daily rain products
for validation during the period 29" September through
2" October, 2009. Data relating to climatological heavy
precipitation episodes over AP state were downloaded
from Climatological Atlas of the India Meteorological
Department (IMD). For the WRF model boundary condi-
tions of topography are downloaded from the USGS
website, while Wyoming University sounding profiles
were obtained and used for intercomparison of model
simulated thermodynamic variables over the study region.
KALPANA-1 and METEOSAT products (CMV and
CTT) and images were also downloaded for the study
period to describe the lifecycle of sub-synoptic system
and structure of meso-a low pressure system, which
caused heavy precipitation episodes over AP state and
the synoptic data is obtained from the Indian Daily
Weather Reports for the synoptic overview of low pres-
sure system in the Bay of Bengal during 29" September
through 2™ October, 2009.

3.2. Synoptic Overview

Generally two or three monsoon depressions/low pres-
sure systems are form over the Bay of Bengal on an av-
erage in September/October and cross AP coast. During

O.S.R.U.B.KUMAR ET AL.

above months the relative position of monsoon trough is
normally near by study region in AP state. The normal
rainfall amounts for the month of September over
Coastal AP, Rayalaseema and Telengana are 15.78 cm,
14.96 cm and 17.55 cm respectively due to synoptic or
sub-synoptic systems. Maximum rainfall generated by
the monsoon depression in the Bay of Bengal is usually
concentrated in the southwestern sector of the system.
AP state receives frequent heavy precipitation episodes
during withdrawal phase and a time series of heavy pre-
cipitation episodes occurred (up to 50.5 cm) are plotted
for the period, 1908-2007 in summer monsoon and
post-monsoon seasons (Figure 4) and narrated. In all
these cases of heavy rainfall quantities varied from 100 -
520 mm and the frequency is increased considerable
from 1960 onwards, which may coincide with global
warming era. Highest frequency of heavy precipitation
episodes were noticed in 2005. In the climatological
studies often heavy precipitation episodes were recorded
over AP out of 34 episodes in September and October. In
the present synoptic study a well marked low pressure
system with a center (lat 17.53°N/lon 84.56°E) had per-
sisted off the coast of West central Bay of Bengal and
adjoining central Coastal AP from 29" September through
2" October 2009. The condensation heating maintains
over the Bay in a strong way and cyclonic circulation
with the associated sub-synoptic scale cells of low level
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Figure 4. Record of extreme heavy rainfall eventsover AP.
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caused moisture convergence; it has extended vertically
up to 500 hPa level and high level divergence is main-
tained at 200 hPa level. A deep convection associated
with east-west trough from Southwest Bay to Amaravathi
might have propagated the westward generation spells of
heavy precipitation over study region. On this day, the
wide spread heavy rainfall amounts recorded at several
stations (Nuzividu, Tiruvur, Achampeta, Nagarkurnool)
in four districts of study region are presented in Table 1.
On 29" September, Amaravathi station received the
highest amount of rainfall (21 cm) in 24-hour period and
similar incidents were took place in other stations of four
districts also. Above synoptic system has further per-
sisted and stagnated on 30th September and slowly
weakened from 1% October, 2009, which caused severe
flooding activity over the study region. In this case study
the accumulated rainfall was 50.5 cm at Amaravathi in
four days. The life-cycle of the meso-a low pressure sys-
tem, which caused floods through heavy precipitation
events, is clearly seen in Meteosat imageries from 29"
September to 2™ October, 2009 (Figure 5). One of the
most striking aspects of the large-scale flow in the sensi-
tive experiment at this time was the formation of a
meso-a scale low pressure system over northwest Bay of
Bengal (Lat 17.5°N/Lon 81.5°E) and strong low-level
pressure gradients over the coastal Bay. The movement
of the meso-low towards the coast was approximately in
phase with the propagation of the heaviest precipitation
over central Coastal AP and South Telengana. An ex-
amination of the vertical temperature evaluation in the
mid levels of the atmosphere during this time supports
the hypothesis that latent heat release influenced the
movement of the meso-low as warm core air-mass
moved approximately in phase with the system. All these
heavy rainfall episodes are well captured by a numerical
model in this case study.

3.3. Model Description

The state-of-art-of methodology used for simulating
heavy precipitation episodes for the present case study is

WRF Model version 3.0.1; it uses the Eulerian mass co-
ordinate and is referred to as the Advance Research WRF
(ARW) [21; www. wrf-model.org]. The model configu-
ration includes a domain with 9-km horizontal grid spac-
ing consisting of 148 x 148 grid points covering the study
region. The model integrates 27 vertical levels where the
top of the model is set at 50 hPa. One valuable feature of
the WRF model is its framework for allowing the testing
of numerous different physical process schemes, includ-
ing cumulus parameterization, microphysics, radiation,
planetary boundary layer (PBL), surface layer and land
surface processes. Cumulus parameterization schemes
are responsible for the sub-grid scale effects of convec-
tive and/or shallow clouds in the tropics. These schemes
are mainly intended to represent vertical fluxes due to
unresolved updrafts and downdrafts and compensating
motion outside the clouds. They operate only on indi-
vidual columns where the scheme is triggered and pro-
vided vertical heating and moistening profiles. The cu-
mulus schemes provide the convective component of
surface rainfall and are theoretically only valid for
coarsed grid sizes (>10 km), where they are necessary to
properly release latent heat on a realistic time scale in the
convective columns [21]. But sometimes these schemes
have been found to be helpful in triggering convection in
5 - 10 km grid applications. The control (SENSITIVE)
experiment indicates clearly the behavior of meso-a low
pressure system in association with the heavy rainfall
episodes in the withdrawal period. In this study we have
tested three cumulus parameterization schemes options
available in the ARW. These are the Kain-Fritsch (KF:
[22]), Betts-Miller-Janjic [23,24] and Grell-Devenyi [25]
schemes, which has been modified based on the testing
within the NCEP Eta models [26]; the schemes are all
mass flux type schemes, but with differing updraft and
downdraft entrainment and detrainment parameters, and
precipitation efficiencies. The differences are in dynamic
control, which is the method of determining cloud mass
flux. Another control is the trigger, where the maximum
capacity strength that permits convection can be varied.

Table 1. Observed daily rain-guage data on 29" September, 2009.

KrishnaDistrict Stations Rainfall (cm) Mahaboob Nagar District Stations  Rainfall (cm) Kurnool District Stations Rainfall (cm)
Tiruvuru 13 (10) Achampet 27 (25.2) Kurnool 19 (14.3)
Nuzividu 11 (12) Kollapur 24 (26) Alur 18 (15.6)
Wanaparthy 22 (20.3) Mantralayam 17 (14)
Alampur 17 (19.4) Atmakur 17 (18.2)
Nagarkurnool 15 (15.4) Yemmiganur 17 (13.4)
Kalwakurthy 12 (13.2) Srisilam 11(9)
Within brackets simulated and IMD rainfall.
Copyright © 2012 SciRes. 1JG
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Figure5. Life cycle of of meso-a low pressure system (M eteosat Satelliteimages) during 28" September to 3™ October, 2009.

Microphysics includes explicitly resolved water vapor,
cloud and precipitation processes for heavy precipitation
episodes. In the present study with convective conditions
and grid size of 9-km, where updrafts may be resolved,
and the mixed phase processes that result from the inter-
action of ice and water particles, such as riming that
produces graupel may be dominant. Hence a relative so-
phisticated microphysics scheme with six classes of hy-
drometeors: water vapour, cloud water, rain, cloud ice,

Copyright © 2012 SciRes.
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snow and graupel is included. The scheme is taken from
the Purdue cloud model, and the details can be found
[27]. In order to consider the atmospheric heating due to
radiative flux divergence and surface downward long
wave and shortwave radiation for the ground heat budget,
we chose the Rapid Radiative Transfer Model (RRTM;
[28]) for long wave radiation. Next, the shortwave sche-
me is based on Dudhia. The non-local Yonsei university
PBL scheme (YSU: [29]) is used to determine the pro-

1JG



O.S.R.U.B.KUMAR ET AL. 743

files of the vertical sub-grid scales fluxes due to eddy
transports within well-mixed boundary layer and the sta-
ble layer above, and thus provide atmospheric tendencies
of temperature, moisture(including clouds), and horizon-
tal momentum of the entire atmospheric column. A sur-
face layer scheme with four stability regimes following
Zhang and Anthes scheme is used to calculate friction
velocities and exchange coefficients that enable the cal-
culation of surface heat and moisture fluxes by a land-
surface model (LSM) and surface stress in the PBL
scheme. Over water surfaces, the surface fluxes and sur-
face diagnostics fields are computed in the surface layer
scheme itself, a simple soil slab LSM [30,31] is used.
Following [32] the ground temperature is calculated us-
ing a five-layer soil thermal diffusion option (with
layer’s thicknesses of 1, 2, 4, 8 and 16 cm) and there is
no explicit representation of vegetation effects. The soil
moisture remains constant during a simulation and is
defined in terms of a moisture availability that depends
on land use type with only seasonal dependence. More
details of the physical parameterization schemes are pre-
sented in WRF model for heavy precipitation events [29].
In this study, simulations are carried out on a Dell Pre-
cession T5400 with Linux operating system in the De-
partment of Meteorology and Oceanography, Andhra
University, Visakhapatnam.

4. Resaults and Discussion

4.1. The Sensitive Experiment for Circulation
Changes

The southwest monsoon provides major portion of rain-
fall in its onset and retreat phases over East/west Coasts
of India through heavy rainfall episodes (Figure 4). AP
state in the East coast receives frequent heavy precipita-
tion episodes during withdrawal phase of monsoon. A
time series of heavy precipitation episodes that occurred
(up to 50.5 cm) over AP are plotted for the period,
1908-2007 in both summer monsoon and post-monsoon
seasons (Figure 4) and narrated. In this climatological
study 34 heavy precipitation episodes were recorded in
September and October. In all these cases of heavy rain-
fall quantities varied from 100 - 520 mm and the fre-
quency is increased considerable from 1960 onwards,
which may coincide with global warming era. Highest
frequency of heavy precipitation episodes were noticed
in 2005. In the present case study the strength and inten-
sity of meso-a system is examined using WRF model at
21 levels to examine the low-level convergence (850,700
and 500 hPa) and high level divergence (200 hPa level)
from 29" September to 02" October over AP using three
parameterization scheme namely KF, BMJ and GD and
compared with the observed circulation changes of IMD
(not shown). Out of these schemes, KF scheme shows

Copyright © 2012 SciRes.

better organization of circulation changes on all the four
days. Figure 6(a) depicts a typical example of simulated
cyclonic circulation using (KF scheme) centered over
West Bay of Bengal (17.5°N/84.5°E) at 850,700,500 and
200 hPa levels. It is interesting to note that Amaravathi
station is situated very close to the Maximum amount of
convergence and high amount of divergence are observed
from the Figure 6(a). The magnitude of simulated (nor-
theasterly) winds is about 17 m/s at 850 hPa level. The
anticlockwise direction is extended with the center of
low pressure systems from 850 to 500 hPa level with
decreasing intensity. The easterly wind at 200 hPa level
is about 13 m/s and the circulation change is clockwise.
Above circulation changes results in enhancement of
convective activity and rainfall and caused heavy rainfall
episodes over different parts of AP. There are about
eleven episodes at different stations in four districts of
heavy rainfall episodes have presented in Table 2. The
east-west trough from Bay of Bengal to Amaravathi sta-
tion with a southward tilt with height extended up to 500
hPa level on 29" September, 2009 and caused heavy pre-
cipitation episodes. The Bay of Bengal branch is very
active than the Arabian Sea branch of the Indian summer
monsoon. Simulated cyclonic circulation at 500 hPa level
is validated with the available Cloud Motion wind Vec-
tors of KALPANA-1 at about 600 hPa level (Figure
6(b)). In both the cases the anti-clockwise direction is
predominant. Simulated circulation changes are extended
for other days also. The METEOSAT images confirm the
life cycle of this meso-a system on all days. It is inter-
esting to note that Amaravathi station and other stations
in Guntur district, Mahaboob Nagar, Kurnool, Krishna
districts are situated in the southwest quadrant of meso-a
low pressure system which received heavy rainfall events
to cause floods. On 30™ September, the system has fur-
ther intensified and moved westward across the Andhra
coast at 0600 UTC. Later, it maintained stationary till 1*
October, 2009 (2100 UTC). Finally, the system weakened
and moved further northwestward and caused floods to
continue over the study region on 2™ October, 2009 and
thus the meso-a system provided 50.5 cm of accumulated
rainfall over Amaravathi station alone. Thus, the present

Table 2. Comparison of KF simulated and observed rainfall
at Amaravathi station.

Date Rainfall (cm)

29" September, 2009 21 (19.1)

30™ September, 2009 19 (17.1)
1* October, 2009 14 (10.3)

2" October, 2009 11 (4)

Within brackets simulated rainfall.
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case study coincides with the climatological study of
frequent heavy precipitation events during the process of
withdrawal period of monsoon over AP state in Septem-
ber and October months. Present dynamical characteris-
tics of the meso-scale system suggests to examine de-
tailed thermodymaical features over the study region for
better understanding of heavy precipitation episodes.

4.2. Simulation of Thermodynamical
Characteristics of Meso-a System

As CAPE and CINE are the two prime quantities for un-
derstanding of conditional instability of the tropical at-
mosphere, the thermodynamic characteristics of envi-
ronment around meso-a system are simulated with KF,
BMIJ and GD schemes from 29" September through 2™
October, 2009. Of them, the KF scheme simulates CAPE
to a tune of 1001 J/kg around Amaravthi station whereas
the observed CAPE (nearby station; lat 17°22'N/lon
78°29'E) from Wyoming University was 1003.2 J/kg on
29™ September at 1800 UTC (Figure 7(a)) when the
heavy precipitation episodes occurred over some parts of
AP. Next day the simulated CAPE is reduced to a tune of
996 J/kg when the observed CAPE was 1001 J/kg at
1200 UTC (Figure 7(c)) over the study region. Similar
study is extended for other two days where low CAPE
values are noticed because of stationarity of meso-a sys-
tem. The simulated highest amount of CAPE is observed
with KF scheme (1001 J/kg) where a strong updraft and
downdraft interactions prevailed when compared with
the BMJ and GD schemes. Using the same schemes,
similarly the simulated CINE is also well represents the
thermodynamical characteristics with low values relating
to low pressure system for four days which are close to
the observations of Wyoming University. For example
on 29" September the simulated CINE value is 40 J/kg
around Amaravtahi station (Figures 7(b) and (d)) when
the observed value from the Wyoming University is
around 60 J/kg. Thus high magnitude of CAPE and low
value of CINE are keynote characteristics of meso-a sys-
tem that caused heavy rainfall episodes over some parts
of AP state. It will be of great interest to simulate rainfall
episodes near Amaravathi station in the light of above
noteworthy dynamic and thermodynamic characteristics
of present rain-bearing system of the Bay of Bengal.

4.3. Simulation of Rainfall Dueto M eso-a L ow
Pressure System

In this sensitive experiment authors made use of KF,
BMJ and GD schemes to simulate heavy precipitation
events over the study region during 29™ September
through 2™ October, 2009. Figure 8(a) shows model
simulated rainfall using different schemes and TRMM
rainfall over the study region on 29™ September, 2009,

Copyright © 2012 SciRes.

when the heavy rainfall events occurred over some parts
of AP. Of the above three cumulus parameterization
schemes KF scheme simulates heavy precipitation epi-
sodes like in the previous studies and they are very close
to the observed and satellite derived TRMM 3B42RT
rainfall near Amaravthi station. The Cloud Top Tem-
peratures (CTT) derived from KALPANA-1 (=70°C)
further supports heavy precipitation episodes (Figure
8(b)). For example, the simulated accumulated rainfall
amounts near Amaravathi station are 19.1 cm, 17.1 cm,
10.3 cm and 4 cm when the observed rainfall amounts
were 21 cm, 19 cm, 14 cm and 11 cm respectively from
29" September to 2™ October, 2009 (Table 1). Thus the
accumulated simulated rainfall is 50.5 cm whereas the
IMD recorded an amount of 65 cm on four days at
Amaravathi in Guntur district. Thus there is an underes-
timation of precipitation through this simulation study by
about 9.5% on 29" September, 2009. Study is extended
for the other stations nearby Amaravathi station which is
presented in Table 2; it shows the simulated and ob-
served environmental rainfall amounts at different sta-
tions in four districts namely Tiruvuru (11 cm), Nuzividu
(17 cm), Achampeta (18 cm), Kurnool (26 cm) and Na-
garkurnool (10.5 cm) and thus the simulated rainfall var-
ied from 10.5 to 26 cm, and the rainfall quantities are
underestimated by about 10% on 29™ September. On 29"
and 30" September the meso event stagnated and main-
tained same intensity which results in closeness of ob-
served and simulated rainfall quantities. Later, the dif-
ference between them is enhanced. This may be due to
the fact that there is a difference in the updraft and down-
draft cumulus congestus clouds associated with the low
pressure system. This study clearly demonstrates that
monsoon heavy precipitation episodes can be better si-
mulated using WRF-ARW model in the retreating phase
of the southwest monsoon season over Andhra Pradesh
state in this case study.

5. Summary and Conclusions

Heavy precipitation episodes are very frequent over AP
State during withdrawal phase of the southwest monsoon
season. In the present case study, strong low-level con-
vergence of moist air in the presence of convectively
unstable stratification is responsible for the environ-
mental heavy rainfall observed over the study region on
29™ September through 2™ October, 2009.

In this CNTRL simulation of WRF analysis of convec-
tive instability, latent heat flux and equivalent potential
temperature showed maximum quantities at the palaces
of heavy rainfall episodes.

The above results may be further improved by down-
scaling technique with a combination of statistical and
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Figure 7. Accumulated rainfall for 24 hours over the study region on by (a) KF; (b)BMJ; (c) GD; (d) TRMM 3B42RT rainfall

on 29th Septemebr 20009.

dynamical methods for obtaining the extreme heavy pre-
cipitation episodes. Further, the implementation of so-
phisticated assimilation technique like three dimensional
variational assimilation system would produce even more
realistic initial conditions for mesoscale model integra-
tions in future.

Copyright © 2012 SciRes.
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