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ABSTRACT

U Comprehensive sensitivity analysis on Cumulus parameterization schemes of Weather
Research and Forecasting model (WRF version 3.80) has been carried out for the
effects on structure of weak intensity Tropical Cyclones Rashmi, Viyaru, Nilam and
Khaimuk those formed in the Bay of Benga and crossed Bangladesh, Bangladesh, Sri
Lanka and Indian coast during 21 UTC of 26 October to 0300 UTC of 27 October
2008, around 0800 UTC of 16 May 2013, 0900 to 1200 UTC of 31October 2012 and
during 2200 to 2300 UTC of 15 November 2008 respectively. The initia and
boundary conditions of tropical cyclone (TC) are drawn from the global operational
analysis and forecast products of Nationa Center for Environmental Prediction
(NCEP-GFS) available for the public at 1°x1° resolution. The model was run by using
WSM6-class graupel microphysics (MP) schemes with different cumulus (Kain-
Fritsch, Betts-Miller-Janjic, Grell- Fritsch, Grell-3, Grell-Denenyi and Old Kain-
Fritsch) parameterization (CP). Different cumulus schemes have been used to study
the effects on system intensification and structure of TC. The model domain consists
of 3-27°N and 75-98°E and has 9 km horizontal resolution with 32 vertical sigma
levels. The model is run for 96 hours using initia conditions at 0000 UTC of 24
October 2008 for TC Rashmi, 0000 UTC of 13 May 2013 for TC Viyaru, 0000 UTC
of 28 October 2012 for TC Nilam and 0000 UTC of 13 November 2008 for TC
khaimuk. Single domain (3-27°N & 75-98°E) is considered to examine the effect on
structure of weak intensity TC. In this research the Minimum sea level pressure
(MSLP), Maximum wind speed (MWS), Vorticity, Temperature anomaly, Relative
humidity, Relative humidity at 2m and Water vapor mixing ratio have been analyzed
to observe the impact on these parameters of weak intensity TC. Using different CP
options, variation of MSLP is around -20 to 10 hPa compared to observed value for
all cyclones except Viyaru. Temperature anomaly from 3-12 °C is obtained. Around
100 km cyclone eye is aso observed. It may be concluded that the different CP
options have their own impact on the structure of weak intensity cyclonic Rashmi,
Viyaru, Nilam and Khaimuk with more or less value with the available observed

value.
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Chapter 1

| ntroduction

1.1 Introduction

Tropical cyclones are known to cause enormous damage and destruction in the coasta
regions. The cyclones form over the Bay of Bengal generally move in the northwest
direction, recurve and crossed Bangladesh, Myanmar and eastern coast of India. Cyclones
generally form over the Bay of Bengal in the pre-monsoon and post-monsoon seasons and
have the tendency to cross Bangladesh coast. Tropical cyclone (TC) is a system of rapidly
rotating storm with low pressure center, strong winds and spiral arrangement that produce
significant natural disaster. For this reason, coastal regions are particularly vulnerable to
damage from a tropical cyclone as compared to inland regions. Heavy rain, significant
flooding inland, and storm surges can produce extensive coastal flooding up to 40 km from
the coastline. The importance of the sea surface temperature (SST) in the genesis and
intensity of tropical cyclones has become well established. It is known that tropical cyclones
usually develop over watersin which the SST is 26°C or higher.

Tropica Cyclones are among the most devastating weather systems on the Earth. They
cause considerable damage and destruction of lives and property due to strong gale winds,
torrential rain and associated storm surge. The TC over the Bay of Bengal (BoB) form
primarily in pre-monsoon season (March - May) and post-monsoon season (October -

December) unlike in the other ocean basins which occur around late summer to early fall.

Understanding TC genesis, development and associated characteristic features has been a
challenging subject in meteorology over the last several decades. In recent years, attempts to
associate TC trends with climate change resulting from greenhouse warming has led to
additional attention being paid to TC prediction (Emanuel, 1987; Evans, 1992; Lighthill et
al., 1994).

The prediction of structure, movement and intensity of TC is very much essential in context
of landfall and intensity. To improve the prediction, there is need of basic understanding of
physics and dynamics involved in the genesis, intensity change, structure and track of TC.
The concept of Conditiona Instability of Second Kind (Charney and Eliassen, 1964)
indicated that cyclonic inflow in lower tropospheric boundary layer is essentia for

1



development of TCs. Gray (1968) indicated that developing and non-developing cyclones
are associated with different upper tropospheric circulation patterns e.g. non-developing
TCs have uni-directional upper tropospheric flow which causes vertica shear above the
cloud clusters relatively strong and the developing TCs normally have multidirectional
outflow that results in weak vertical shear above the cyclones. The study of Holland and
Merrill (1984) concluded that not only upper tropospheric interactions but also the inner
core convective heating may directly affect intensity change while lower tropospheric
interactions will produce a size change which may indirectly affect the intensity or strength
of TC. Craig and Gray (1996) showed that the intensification of numerically simulated TCs
is due to Wind Induced Surface Heat Exchange (WISHE). Holland (1983) demonstrated
that nonlinear combination of two processes. 1) an interaction between the cyclone and its
basic current (steering current) and 2) an interaction with the Earth’s vorticity field, is

responsible for movement of TCs.

TC is the generic term for a non-frontal warm core synoptic scale low-pressure system
originating over tropical or sub-tropical waters with organized convection and definite
cyclonic surface wind circulation - counterclockwise in the Northern Hemisphere and
clockwise in the Southern Hemisphere (Henderson-Sellers et al., 1998). The 1970 Bhola
Cyclone was the deadliest TC on record, killing over 200,000 people after striking the
densely populated Ganges Delta region of Bangladesh on 12 November, 1970. Thus study
of the TCs, their vertical structure including spatial anomalies, energetic and tracks will
contribute towards understanding of the physics and dynamics of these processes and help
predicting these systems in advance of time. Among many other advanced tools of
atmospheric research, WRF model is one of the most advanced tools of atmospheric
research. With the advancement in the computer technology, several simulation studies have
been conducted to study the TCs (different categories such as strong and weak) over the
North Indian Ocean (NIO) using high resolution mesoscale models (Pattanayak and
Mohanty, 2008; Deshpande et al., 2010, 2012; Trivedi et al., 2006; Osuri et al., 2012, 2013;
Srinivas et al., 2007, 2010; Raju et al., 2011; Mukhopadhyay et al., 2011, Akhter et. al.
2011, 2017). These studies are based on evaluating the model performance with respect to
physics sensitivity, resolution, initial conditions and impact of data assimilation on the track
and intensity forecast of very severe cyclones. In all the above studies, scientists have
attempted ssimulation of strong TCs with rapid intensification. However, there is another

class of TC which does not reach the stage of very severe cyclonic storm but attains lesser
2



intensity, named as weak cyclones. These weak cyclones, due to their slow motion and
guasi-stationary nature, cause very heavy rainfal and in turn large amount of damage to the
property. Very few studies have focused on simulating the weak intensity storms (Osuri et
al., 2012; Srinivas et al., 2010), but the detailed evolutions of structural changes in the
genesis parameters during development of the storm are hardly addressed. It is found that
Y SU as Planetary Boundary Layer (PBL) scheme and WSM6 as Microphysics scheme (Li
and Pu, 2008; Efstathiou et al., 2012; Tao et al., 2011; Mukhopadhyay et al., 2011) and
BMJ as Cumulus scheme (Kanase and Salvekar, 2011) give better track and intensity
simulation of TCs. Therefore, in this study, structure of low intensity cyclones, will be

simulated using different initial condition and different cumulus parameterization schemes.

In this research, 6 experiments have been conducted by using six different (Kain-Fritsch,
Betts-Miller-Jamjic, Grell-Freitas, Grell-Deveneyi, Grell-3 and Old Kain-Fritsch) cumulus
parameterization (CP) schemes for each TC. Finally, tota 24 experiments have been
conducted for 4 tropical cyclone Rashmi (2008), Viyaru (2013), Nilam (2008) and Khaimuk
(2012) that formed in the Bay of Bengal and crossed Bangladesh, Bangladesh, Sri Lanka
and India. Many meteorological parameters have been studied to see the effect of these
parameters on the structure of tropical cyclones. These parameters are Minimum sea level
pressure (MSLP), Maximum wind speed (MWS), Vorticity, Temperature anomaly, Relative
humidity, Relative humidity at 2m, Water vapor mixing ratio and Mixing ratio.
1.2 Objective and scope of the research work
To study the performance of different cumulus parameterization of WRF_ARW
model for the ssimulation of different Tropical Cyclones (i.e. Rashmi, Viyaru, Nilam
and Mala) in the BoB.
To investigate different meteorological parameters of low intensity Tropical
Cyclone.
To investigate the structure of the Tropical Cyclone of low intensity.
Then by identifying the structure, accurate forecasting of low intensity Tropical
Cyclone will be possible with sufficient lead time.
1.3 Social and economic benefit of the research work
The tropical cyclones, tornadoes and other meso-scale activities cause severe damage to
lives, properties, infrastructures and environment. Specially, low intensity or weak cyclone

has slow motion and quasi-stationary nature and it causes very heavy rainfal and in turn
3



large amount of damage to the property. The weather activities of the country of Bangladesh
are dominated by the southwest monsoon. In addition to this, Bangladesh is supposed to
become the worst victim of the impacts of globa warming and associated climate change.
The climate change induced enhancement of nature disasters will cause its people to suffer
innumerable loss to resources and livelihood. The model predicts the structure, intensity and
probable areas and time of landfall of the selected tropical cyclone with high accuracy.
Thus, the model may be used for operational prediction of cyclones of this area. And as a
result the lives and properties of the urban people of the Bay of Bengal region will be saved.
1.4 Structureof the Thesis

The thesis has been constructed with the following structure:

Chapter 1 contains genera introduction, objectives, scope of the research work, explains
how the research results will be of social and economic benefit and structure of the thesis.

Chapter 2 contains introduction of Tropical Cyclone, Classification of Tropical Cyclones,
Life Cycle of Tropical Cyclones, Different parameter of Tropical cyclone (MSLP, MWS,
Vorticity, Temperature anomaly, RH, RH at 2m, and Water vapour mixing ratio etc.) and
Weather Research & Forecasting Model.

Chapter 3 contains Model Description and Methodology, Model Description, Model
Domain and configuration, Data and methodology and table of Model and Domain

configuration.

Chapter 4 contains the results and discussions of the study of tropical cyclone events. It
deals the MSLP, MWS, Vorticity, and Temperature anomaly, RH, RH at 2m and Water

vapor mixing ratio of selected tropical cyclones using different cumulus of WRF model.

Chapter 5 contains the conclusion of the research and reference.



Chapter 2

Literature Review

This chapter is based on the review of the literatures for the TC, meteorological parameters
related to tropical cyclone and WRF model.

211 Tropical Cyclone

TC is defined as a non-frontal low pressure system of synoptic scale that is developing over
warm waters having organized convection and a maximum wind speed of 34 knots (gale
force) or greater extending more than half-way around near the centre and persisting for at
least six hours. The gale force winds can extend hundreds of kilometers from the cyclone
centre. If the sustained winds around the centre reach 90-117 km/h, then the system is called
a severe tropical cyclone. These are referred to as hurricanes in Atlantic Ocean and
typhoons in Pacific Ocean. The circular eye or centre of a TC is an area characterized by
light winds and often by clear skies. Eye diameters are typically 40 km but can range from
under 10 km to over 100 km. The eye is surrounded by a dense ring of cloud about 16 km
high known as the eye wall which marks the belt of strongest winds and heaviest rainfall. In
addition to strong winds and rain, TCs are capable of generating high waves, damaging
storm surge, and tornadoes. They typically weaken rapidly over land where they are cut off
from their primary energy source of water. For this reason, coasta regions are particularly
vulnerable to damage from a TC as compared to inland regions. Heavy rains, however, can
cause significant flooding inland, and storm surges can produce extensive coastal flooding
up to 40 kilometers from the coastline. Though their effects on human populations are often
devastating, TCs can relieve drought conditions. They also carry heat energy away from the
tropics and transport it toward temperate latitudes, which may play an important role in

modulating regional and global climate.
2.1.2 Classification of Tropical Cyclones

Cyclonic disturbances in the North Indian Ocean are classified according to their intensity.
The following nomenclatureisin use:

Low: Wind speed < 31 km/hr.

Well marked low: Wind speed equals to 31 km/hr.
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Depression: Wind speed ranges from 32 - 48 km/hr.

Deep Depression: Wind speed ranges from 49 - 62 km/hr.
Cyclonic Storm: Wind speed ranges from 63 - 88 km/hr.

Severe Cyclonic Storm: Wind speed ranges from 89 - 117 km/hr.
SCSwith acore of hurricane intensity: Winds speed 118-220 km/hr.
Super Cyclone Winds speed 3 221 km/hr.

2.1.3 LifeCycleof Tropical Cyclones

The life span of tropical cyclones with full cyclonic intensity averages at about 6 days from
the time they form until the time they enter land or recurve into the Temperate Zone. Some
storms last only a few hours; a few as long as two weeks. The evolution of the average

storm from birth to death has been divided into four stages.

Formative Stage: Tropical storms form only in near pre-existing weather systems.
Deepening can be a slow process, requiring days for the organization of alarge areawith
diffuse winds. It can aso produce a well-formed eye within 12 hours. Wind speed
usually remains below hurricane force in the formative stage. Unusual fall of pressure
over 24 hours by 2 - 3 hPa or more takes place in the center of the vorticity

concentration.

Immature Stage: A large number of formative cyclones die within 24 hours. Others
travel long distances as shallow depressions. Wind of cyclonic force forms a tight band
around the center. The cloud and rain pattern changes from disorganised squalls to
narrow organised bands, spiralling inward. Only asmall areais as yet involved, though
there may be alarge outer envelope. The eye is usually visible but ragged and irregular

in shape.

Mature Stage: The force of cyclonic winds may blow within a 30 - 50 km radius during
immature stage. This radius can increase to over 300 km in mature storms. On the
average, the mature stage occupies the longest part of the cycle and most often lasts
several days. The eyeis prominent and circular and the cloud pattern is aimost circular
and smooth. The surface pressure at the center is no longer falling and the maximum
wind speeds no longer increasing. At this stage, heating from convective clouds
furnishes the largest amount of energy for cyclone maintenance. Pressure gradient is
largest at the surface. Wind speed range is between 128 - 322 km/hr.
6



Terminal Stage: Nearly, all cyclones weaken substantially upon entering land, because
they lose the energy source furnished by the underlying ocean surface. The decay is
especialy rapid where the land is mountainous. Movement of a cyclone over land cuts
off the surface energy source and increases the surface friction, especially when the land
IS mountainous. Some cyclones die out over sea and this event can be related to their
moving over a cold ocean current or being invaded by a surface cold air mass behind a
cold front or by a cold center at high levels moving over their top.

2.2  Parameter of Tropical cyclone

The different meteorological parameters of related to TC structure are written in the
following sub-sections:

221 Minimum Sealevel pressure (MSLP)

The sea level pressure (SLP) is the atmospheric pressure at sea level at a given location.

When observed at a reporting station that is not at sea level (nearly al station), it is a
correction of the station pressure to sealevel. This correction takes into account the standard
variation of pressure with height on the pressure. The temperature used in the sea level
correction is a twelve hour mean, eliminating diurnal effect. The mean sea level pressure
(MSLP) is the atmospheric pressure at sea level. This is the atmospheric pressure normally
given in weather reports on radio, television, and newspapers or on the Internet. When
barometers in the home are set to match the local weather reports, they measure pressure
adjusted to sea level, not the actual local atmospheric pressure. The altimeter setting in
aviation is an amospheric pressure adjustment. Average SLP is 1013.25 mbar
(201.325 kPa; 29.921 inHg; 760.00 mmHg). In aviation weather reports (METAR), QNH is
transmitted around the world in millibars or hectopascals (1 hectopascal = 1 millibar),
except in the United States, Canada, and Colombia where it is reported in inches (to two
decima places) of mercury. The United States and Canada also report SLP, which is
adjusted to sea level by a different method, in the remarks section, not in the internationally
transmitted part of the code, in hectopascals or millibars. However, in Canadas public
weather reports, sealevel pressure isinstead reported in kilopascals. In the US weather code
remarks, three digits are al that are transmitted; decima points and the one or two most
significant digits are omitted: 1013.2 mbar (101.32 kPa) is transmitted as 132; 1000.0 mbar
(100.00 kPa) is transmitted as 000; 998.7 mbar is transmitted as 987; etc. The highest SLP
on Earth occurs in Siberia, where the Siberian High often attains a SLP above 1050 mbar
(105 kPa; 31inHg), with record highs close to 1085 mbar (108.5 kPa; 32.0inHg). The
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lowest measurable SLP is found at the centers of tropical cyclones and tornadoes, with a
record low of 870 mbar (87 kPa; 26 inHQ).

222 Wind speed

Wind speed, or wind flow velocity is a fundamental atmospheric quantity. Wind speed is
caused by air moving from high pressure to low pressure, usually due to changes in
temperature. Wind speed affects weather forecasting, aircraft and maritime operations,
construction projects, growth and metabolism rate of many plant species, and countless
other implications. Wind speed is now commonly measured with an anemometer but can
also be classified using the older Beaufort scale which is based on people's observation of
specifically defined wind effects.

In meteorology, winds are often referred to according to their strength, and the direction
from which the wind is blowing. Short bursts of high speed wind are termed gusts. Strong
winds of intermediate duration (around one minute) are termed squalls. Long-duration
winds have various names associated with their average strength, such as breeze, gae,
storm, and hurricane. Wind occurs on a range of scales, from thunderstorm flows lasting
tens of minutes, to local breezes generated by heating of land surfaces and lasting a few
hours, to global winds resulting from the difference in absorption of solar energy between
the climate zones on Earth. The two main causes of large-scale atmospheric circulation are
the differential heating between the equator and the poles, and the rotation of the planet
(Coriolis Effect). Within the tropics, thermal low circulations over terrain and high plateaus
can drive monsoon circulations. In coasta areas the sea breeze/land breeze cycle can define
local winds; in areas that have variable terrain, mountain and valley breezes can dominate
local winds.

2.2.3 Wind speed at 10m

In most of the world, the standard height above the surrounding vegetation for measuring
open wind speed is ten meters (33 feet); in the United States, it is measured 20 feet above
the surrounding vegetation (20-ft wind speed). Multiply 20-foot wind speed by 1.15 to
estimate 10 m wind speed, alternately, divide 10-meter wind speed by 1.15 to estimate 20-
foot wind speed (Turner and Lawson 1978).



224 \Vorticity

Vorticity the microscopic measure of rotation in a fluid is a vector field defined as the curl

of wind velocity. The definition can be expressed by the vector analysis formula:
W — =V X U .where Visthe del operator.

Mathematicaly, the vorticity of a three-dimensional flow is a pseudovector field, usually
denoted by w -, defined as the curl or rotational of the velocity field, v describing the

continuum motion. In Cartesian coordinates;

0 - =V x v =i+ oy j+ 0 k= - L+ & - 2,
- X v) Z_ay az dz ax
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The vorticity is the microscopic measurement of the rotation of asmall air parcel. Air parcel
has vorticity when the parcel spins as it moves aong its path. Although the axis of the
rotation can extend in any direction, meteorologists are primarily concerned with the
rotational motion about an axis that is perpendicular to the earth's surface. If it does not
spin, it is said to have zero vorticity. In the Northern Hemisphere, the vorticity is positive
when the parcel has a counterclockwise or cyclonic rotation. It is negative when the parcel
has clockwise or anticyclonic rotation. For turning of the atmosphere, vorticity may be
imbedded in the total flow and not readily identified by a flow pattern. The rotation of the
Earth imparts vorticity to the atmosphere; absolute vorticity is the combined vorticity due to
this rotation and vorticity due to circulation relative to the Earth (relative vorticity). The
negative vorticity is caused by anticyclonic turning; it is associated with downward motion
of the air. The positive vorticity is caused by cyclonic turning; it is associated with upward

motion of the air. Also the relative vorticity is the air relative to the Earth, disregarding the
component of vorticity resulting from Earth's rotation. The absolute vorticity W is given

by the curl of the absolute velocity, while the relative vorticity W is given by the curl of the
relative velocity:

~ o
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In meteorology, the general concerned only with the vertical components of absolute and

relative vorticity:



h=k(N"V,), z=k(N"V)
In particular, the vertica component of relative vorticity Z is highly correlated with

synoptic scale weather disturbances. Large positive Z tends to occur in association with
cyclonic storms in the Northern Hemisphere. Furthermore, h tends to be conserved
following the motion in the middle troposphere. Thus, analysis of the N field and its

evolution due to advection forms the basis for the simplest dynamical forecast scheme.

225 Temperatureanomaly

The term temperature anomaly means a departure from a reference value or long-term
average. A positive anomaly indicates that the observed temperature was warmer than the
reference value, while a negative anomaly indicates that the observed temperature was
cooler than the reference value.

When researching global climate changes and temperature data, temperature anomaly is
observed in this case. That is the difference between the long-term average temperature
(sometimes called areference value) and the temperature that is actually occurring. In other
words, the long-term average temperature is one that would be expected; the anomaly is the

difference between what you would expect and what is happening.
2.2.6 Relative Humidity

Relative Humidity is the most commonly used measurements of moisture content in the air.
The Relative Humidity is the amount of water vapor (moisture) in the air compared to the

maximum amount that the air could hold at a given temperature. The relative humidity is:

f=Y-100="w-100=9-100=C"100
W r a, e

S Ws S

Here q is specific humidity and gsis specific humidity at saturation point, w is mixing ratio
and wsis mixing ratio at saturation point.

If the relative humidity is 100%, the air is saturated. If the relative humidity is 50%, the air

contains half the water vapor required for it to be saturated. If the amount of water vapor in

the air increases, the relative humidity increases, and if the amount of water vapor in the air

decreases, the relative humidity decreases. However, relative humidity is dependent on air

temperature, too. If the water vapor content remains the same and the temperature drops,

the relative humidity increases. If the water vapor content remains the same and the
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temperature rises, the relative humidity decreases. This is because colder air doesn’t require
as much moisture to become saturated as warmer air. Warm air can hold more water vapor
than cool air, so a particular amount of water vapor will yield a lower relative humidity in
warm air than it does in cool air. In the summer, the relative humidity is actualy higher in
the morning than in the afternoon. This is because the cooler morning air is closer to
saturation than the hot afternoon air, even with the same amount of water vapor.
Surprisingly, there is no significant difference in daily average relative humidity between
summer and winter. Since warm air is less dense than cold air, there is more room for water
vapor in warm summer air as compared with cold winter air. At a given vapor pressure (or
mixing ratio), relative humidity with respect to ice is higher than that with respect to water.
Water is known by different names in different states. If the maximum amount of water
vapor has been reached and more water is introduced into the air, an equal amount of water
must transform back to liquid or solid form through condensation. At this point, the air is
said to be saturated with water, and the relative humidity is 100%. On the other end of the
scale, when there is no water vapor in the air, the relative humidity is 0% whatever the
temperature. In other words, relative humidity aways lies between 0 and 100%. As
mentioned, the ability of air to hold water vapor is strongly dependent on temperature. This
means that relative humidity is also strongly temperature dependent.

2.2.7 Water Vapor mixingratio

Mixing ratio (w) is the amount of water vapor that isin the air. w is the grams of vapor per
kg of dry air. w is an absolute measure of the amount of water vapor in the air.

The mixing ratio is defined as the weight of water vapor contained in mixture with a unit
weight of dry air, expressed in grams per gram or gram per kilogram. It differs from specific
humidity only in that it isrelated to dry air instead of to the total of dry air plus water vapor.

Designating it as w, we have
r m
W=_-W - _"W
N« My
Mixing ratio mass of water vapor in a fixed mass of remaining dry air. Since there are so
few molecules of water vapor in avolume of air, as compared to N2 and Oo, the value of the

mixing ratio is similar to the specific humidity. Changing the temperature of the air parcel
does not affect the parcels mixing ratio.
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2.3 Weather Research & Forecasting Model

The Weather Research and Forecasting (WRF) Model is a next-generation mesoscale
numerical weather prediction system designed to serve both atmospheric research and
operational forecasting needs. It features two dynamical cores, a data assimilation system,
and a software architecture facilitating parallel computation and system extensibility. The
model serves a wide range of meteorological applications across scales from tens of meters
to thousands of kilometers. The effort to develop WRF began in the latter part of the 1990's
and was a collaborative partnership principaly among the National Center for Atmospheric
Research (NCAR), the National Oceanic and Atmospheric Administration (NOAA)
represented by the National Centers for Environmental Prediction (NCEP) and the Forecast
Systems Laboratory (FSL) the Air Force Weather Agency (AFWA), the Naval Research
Laboratory, the University of Oklahoma, and the Federal Aviation Administration (FAA).

WRF offers two dynamical solvers for its computation of the atmospheric governing
equations, and the variants of the model are known as WRF-ARW and WRF-NMM. The
Advanced Research WRF (ARW) is supported to the community by the NCAR Mesoscale
and Microscale Meteorology Division. The WRF-NMM solver variant was based on the Eta
Model, and later Non hydrostatic Mesoscale Model, developed at NCEP. The WRF-NMM
is supported to the community by the Developmenta Test bed Center.

There are many options in the model such as physics option, map projection and
computation methods. Descriptions of all of items used for the present study are written in
the following sub-section. Again, there are many Physics option in the model such as
microphysics, cumulus physics, radiation Physics and planetary boundary Layer Physics.
Each physics option has many parameterization schemes. Descriptions of the
parameterization schemes used for the present study are written as follows:

2.3.1 Microphysics schemesin WRF-ARW M odel

Microphysics includes explicitly resolved water vapor, cloud and precipitation processes.
The model is general enough to accommodate any number of mass mixing-ratio variables,
and other quantities such as number concentrations. Four-dimensional arrays with three
gpatia indices and one species index are used to carry such scalars. Memory, i.e., the size of

the fourth dimension in these arrays, is allocated depending on the needs of the scheme
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chosen, and advection of the species also applies to all those required by the microphysics
option. In the current version of the ARW, microphysics is carried out at the end of the

time-step as an adjustment process, and so does not provide tendencies.

The rationale for this is that condensation adjustment should be at the end of the time-step
to guarantee that the final saturation balance is accurate for the updated temperature and
moisture. However, it is also important to have the latent heating forcing for potential
temperature during the dynamica sub-steps and this is done by saving the microphysical
heating as an approximation for the next time-step as described.

2311 WSM 6-classscheme

The WRF-single-moment-6-class (WSM6) microphysics scheme has been one of the
options of microphysical process in the WRF model. This scheme predicts the mixing ratios
for water vapor, cloud water, cloud ice, snow, rain, and graupel. We attempt to improve
such existing deficiencies in the WSM6 scheme by incorporating the prediction of number
concentrations for warm rain species. A new method for representing mixed-phase particle
fall speeds for the snow and graupel by assigning asingle fall speed to both that is weighted
by the mixing ratios, and applying that fall speed to both sedimentation and accumulation
processes is introduced of the three WSM schemes, the WSM6 scheme is the most suitable
for cloud-resolving grids, considering the efficiency and theoretical backgrounds (Hong et
al., 2006). The WSM6 scheme has been developed by adding additional process related to
graupel to the WSM5 scheme (Hong and Lim, 2006).

2.3.2 Cumulus Parameterization

These schemes are responsible for the sub-grid-scale effects of convective and/or shallow
clouds. The schemes are intended to represent vertical fluxes due to unresolved updrafts and
downdrafts and compensating motion outside the clouds. They operate only on individual
columns where the scheme is triggered and provide vertical heating and moistening profiles.
Some schemes provide cloud and precipitation field tendencies in the column, and future
schemes may provide momentum tendencies due to convective transport of momentum. The
schemes al provide the convective component of surface rainfall. Cumulus
parameterizations are theoretically only valid for coarser grid sizes, (e.g., greater than 10
km), where they necessary to properly release latent heat on a redistic time scale in the

convective columns. Where the assumptions about the convective eddies being entirely sub-
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grid-scale break down for finer grid sizes, sometimes these schemes have been found to be
helpful in triggering convection in 5-10 km grid applications. Generally they should not be
used when the model can resolve the convective eddies itself. These schemes are
responsible for the sub-grid-scale effects of convective and shallow clouds. The schemes are
intended to represent vertica fluxes due to unresolved updrafts and downdrafts and

compensating motion outside the clouds.

2.3.2.1 Kain-Fritsch scheme

In the KF scheme the condensates in the updraft are converted into precipitation when their
amount exceeds threshold value. In this scheme the convection consumes the convective
available potential energy in a certain time scale. The KF scheme aso includes the shallow
convection other than deep convection. The shalow convection creates non-perceptible
condensates and the shallowness of the convection is determined by a vertical extent of the
cloud layer that is known by a function of temperature at LCL of rising air parcel. The KF
scheme was derived from the Fritsch—Chappell, and its fundamental framework and closure
assumptions are described by Fritsch and Chappell (1980). KF (1990, 1993) modified the
updraft model in the scheme and later introduced numerous other changes, so that it
eventually became distinctly different from the Fritsch—-Chappell scheme. It was
distinguished from its parent algorithm by referring to the more elaborate code as the KF
scheme, beginning in the early 1990s. This is also deep and shallow convection sub-grid
scheme using a mass flux approach with downdrafts and CAPE removal time scale. Updraft
generates condensate and dump condensate into environment downdraft evaporates
condensate at a rate that depends on RH and depth of downdraft leftover condensate

accumulates at surface as precipitation.

2.3.2.2 Betts-Miller-Janjic scheme

The BMJ cumulus parameterization scheme is a nudging type adjustment of temperature
and humidity in grid scale. The scheme adjusts the sounding towards a pre-determined, post
convective profile derived from climatology. This post convective profile has been defined
by points at the cloud base, cloud top and freezing level. In this scheme there is no explicit
updraft or downdraft and no cloud detrainment occur. Convection is initiated when
soundings are moist through a deep layer and when CAPE and convective cloud depth
thresholds are exceeded. Betts and Miller proposed a convective adjustment scheme that
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includes both deep and shallow convection. The deep convection in the Betts-Miller scheme
is similar to the other adjustment schemes except that it uses empirically based quasi-
equilibrium thermodynamic profiles as a reference state rather than a moist adiabatic. The
basic shape of these quasi-equilibrium reference profiles is based on the numerous
observations. The construction of the reference profiles and the specification of the

relaxation timescale are two major components of the Betts-Miller scheme (Janjic, 1994).

These points and thresholds can vary by season and between the tropics and extra tropics.
Compared with the original sounding, the sounding modified to the post convective profile
will note a net change in perceptible water as well as changes in net heating and cooling.
Convection isinitiated when soundings are moist through a deep layer and when CAPE and
convective cloud depth thresholds are exceeded. Important vertical structures may be
eliminated since the reference profiles are based on climatology. Convection only initiated
for soundings with deep moisture profile. When convection is initiated the scheme often
rains out to much water. This is because the reference profile is too dry for the forecast
scenario or the transition to the reference profile was too rapid. Scheme does not account for
the strength of CAPE inhibiting convective development. Scheme does not account for any
changes below the cloud base.

2323 Grédl-Fretas (GF)

Arakawa et al. (2011) build a unified convective parameterization for use at all horizonta
scales, Grell and Freitas (GF, 2011) introduced a scale-aware approach into a pre-existing
scheme based on a stochastic approach. Development and testing of the GF
parameterization are partially supported by the National Weather Service Research to
operations initiative. Interest in this scheme by Environmental Modeling Center (EMC) and
the Next Generation Global Prediction System (NGGPS) Program Office has led to the
implementation and testing for potential use in the NCEP operational global model. We
implemented the GF parameterization in a developmental version of the NOAA
Environmenta Modeling System (NEMS)-based Globa Spectra Model (GSM), and ran
experimental retrospective forecasts using the NEMS-GSM over a warm (June, July, and
August 2015) and cool (December 2015, January, February 2016) season.

2.3.24 Grél-Devenyi ensemble schemes

Grell and Devenyi (2002) introduced an ensemble cumulus scheme in which effectively
multiple cumulus schemes and variants are run within each grid box and then the results are

averaged to give the feedback to the model. In principle, the averaging can be weighted to
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optimize the scheme, but the default is an equal weight. The schemes are al mass-flux type
schemes, but with differing updraft and downdraft entrainment and detrainment parameters,
and precipitation efficiencies. These differences in static control are combined with
differences in dynamic control, which is the method of determining cloud mass flux. The
dynamic control closures are based on convective available potential energy (CAPE or
cloud work function), low-level vertical velocity, or moisture convergence. Those based on
CAPE either balance the rate of change of CAPE or relax the CAPE to a climatological
value, or remove the CAPE in a convective time scale. The moisture convergence closure
balances the cloud rainfall to the integrated vertical advection 71 of moisture. Another
control is the trigger, where the maxi mum cap strength that permits convection can be
varied. These controlstypically provide ensembles of 144 members.
2325 Grell-3 scheme
The Grell-3 scheme was first introduced in Version 3.0, and so is new, and not yet well
tested in many situations. It shares a lot in common with the Grell-Devenyi in scheme,
being based on an ensemble mean approach, but the quasi-equilibrium approach is no
longer included among the ensemble members. The scheme is distinguished from other
cumulus schemes by allowing subsidence effects to be spread to neighboring grid columns,
making the method more suitable to grid sizes less than 10 km, while it can also be used at
larger grid sizes where subsidence occurs within the same grid column as the updraft.
2.3.2.6 0Old Kain-Fritsch (OKF)
The KF scheme was derived from the Fritsch—-Chappell CPS, and its fundamental
framework and closure assumptions are described by Fritsch and Chappell (1980). KF90
modified the updraft model in the scheme and later introduced numerous other changes, so
that it eventually became distinctly different from the Fritsch—-Chappell scheme. It was
distinguished from its parent algorithm by referring to the more elaborate code as the KF
scheme, beginning in the early 1990s (KF93). These early papers documented many details
of the code. Additional details can be found in Bechtold et al. (2001); although this paper
describes a significantly modified version of the KF scheme, it documents some sections of
the KF code that are not available in print elsawhere; it thus provides a valuable additional
reference. Furthermore, a less quantitative description of the code was recently presented in
a paper that describes one of its unique applications (Kain et a. 2004). Here, a brief
overview of the “*old’” versions of the code is presented to provide the context for the
description of the recent modifications. The KF scheme is a mass flux parameterization. It
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uses the Lagrangian parcel method (e.g., Simpson and Wiggert 1969; Kreitzberg and Perkey
1976), including verticak momentum dynamics (Donner 1993), to estimate whether
instability exists, whether any existing instability will become available for cloud growth,
and what the properties of any convective clouds might be. For the sake of this discussion, it
is convenient to compartmentalize the KF scheme into three parts: 1) the convective trigger
function, 2) the mass flux formulation, and 3) the closure assumptions. Each of these is
discussed briefly below.

2.3.3 Planetary boundary layer (PBL)

The PBL isthe layer in the lower part of the troposphere with thickness ranging from a few
hundred meters to a few kilometers within which the effects of the Earth’s surface are felt
by the atmosphere. The PBL processes represent a consequence of interaction between the
lowest layer of air and the underlying surface. The interactions can significant impact on the
dynamics of the upper air flows. The influences of the small-scale eddy on large scale
atmospheric circulations may be included in the model equations. Accurate depiction of
meteorological conditions, especially within the PBL, is important for ar pollution
modeling, and PBL parameterization schemes play a critical role in simulating the boundary
layer. It isavery important portion of the atmosphere to correctly model to provide accurate
forecasts, e.g., air pollution forecasts (Deardorff 1972; Pleim 2007). As important as the
PBL is, it has one basic property whose accurate and realistic prediction is paramount to its
correct modeling: its height. After all, the height of the top of the PBL defines its upper
boundary. Thisiscritical since PBL parameterizations schemes in WRF-ARW models need
to know the extent through which to mix properties such as heavy rainfal, relative

humidity, outgoing long wave flux, downward long wave flux.

PBL schemes were developed to help resolve the turbulent fluxes of heat, moisture, and
momentum in the boundary layer. Another important issue is the interaction between the
atmosphere and the surface. The PBL schemes handle the latent and sensible heat fluxes
into the atmosphere, the frictiona effects with the surface and the strong sub-grid-scale
mixing which takes place in the lower levels due to these processes.

2.3.3.1 Yonsa University (YSU) scheme
The Yonsei University (YSU) PBL is the next generation of the Medium Range Forecast

(MRF), Non loca-K scheme with explicit entrainment layer and parabolic K profile in
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unstable mixed layer. The Y SU scheme is a bulk scheme that expresses non-local mixing by
convective large eddies. Non-local mixing is achieved by adding a non-local gradient
adjustment term to the local gradient. At the top of the PBL, the Y SU scheme uses explicit
treatment of the entrainment layer, which is proportiona to the surface layer flux (Shin and
Hong 2011; Hong et al. 2006).

2.3.4 Radiation schemes

There are two types of radiation schemes: Long wave and short wave. The used schemes for
these are describe as follows:

2.34.1 Longwaveradiation

Rapid Radiative Transfer Model (RRTM) scheme: This RRTM, which is taken from
MMS5, is based on Mlawer et a., and is a spectra-band scheme using the correlated-k
method. An accurate scheme using looking tables for efficiency. Accounts for multiple

bands, trace gases and microphysics species.
2.34.2 Shortwaveradiation

MM 5 (Dudhia) scheme: This scheme is base on Dudhai and istaken from MM5. Simple downward
integration allowing efficiently for clouds and clear-sky absorption and scattering. When used in

high-resolution simulations, sloping and shadowing effects may be considered.
235 Map Projection

Commonly, a map projection is a systematic transformation of the latitudes and longitudes
of locations on the surface of a sphere or an dlipsoid into locations on a plane. Map
projections are necessary for creating maps. All map projections distort the surface in some
fashion. Depending on the purpose of the map, some distortions are acceptable and others
are not; therefore, different map projections exist in order to preserve some properties of the
sphere-like body at the expense of other properties. There is no limit to the number of
possible map projections. More generally, the surfaces of planetary bodies can be mapped
even if they are too irregular to be modeled well with a sphere or elipsoid. Even more
generdly, projections are the subject of several pure mathematical fields, including
differential geometry and projective geometry. However, map projection refers specifically

to a cartographic projection (Snyder et al. 1989).
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2351 Mer cator Projection

The Mercator projection is a cylindrical map projection presented by the Flemish
geographer and cartographer Gerardus Mercator in 1569. It became the standard map
projection for nautical purposes because of its ability to represent lines of constant course,
known as rhumb lines loxodromes, as straight segments which conserve the angles with the
meridians. While the linear scale is equal in all directions around any point, thus preserving
the angles and the shapes of small objects, the Mercator projection distorts the size and
shape of large objects, as the scale increases from the Equator to the poles, where it
becomes infinite. Although the Mercator projection is still used commonly for navigation,
due to its unique properties, cartographers agree that it is not suited to genera reference
world maps due to its distortion of land area. Mercator himself used the equa-area
sinusoidal projection to show relative areas. As aresult of these criticisms, modern atlases
no longer use the Mercator projection for world maps or for areas distant from the equator,
preferring other cylindrical projection or forms of equal-area projection. The Mercator
projection is still commonly used for areas near the equator, however, where distortion is

minimal.
2.3.6 Computation method
2.3.6.1 Arakawa Staggered C-grids

The Arakawa grid system depicts different ways to represent and compute orthogonal
physical quantities on rectangular grids used for Earth system models for meteorology and
oceanography. For example, the Weather Research and Forecasting Model use the Arakawa
Staggered C-Grid in its atmospheric calculations when using the ARW core. The staggered
Arakawa C-grid further separates evaluation of vector quantities compared to the Arakawa
B-grid. E.g., instead of evaluating both east-west (u) and north-south (v) velocity
components at the grid center, one might evaluate the u components at the centers of the | eft
and right grid faces, and the v components at the centers of the upper and lower grid faces
(Arakawaand Lamb et al 1977)
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Chapter 3

M odel Description and M ethodology

In the present study the Weather Research and Forecasting (WRF-ARW Version 3.80)
model consists of fully compressible non-hydrostatic equations and different prognostic
variables is utilized. The model vertical coordinate is terrain following hydrostatic pressure
and the horizontal grid is Arakawa C-grid staggering. Third-order Runge-Kutta time
integration is used in the model. The model description and methodology are given below:

3.1 Mode Description

In the present study, the Weather Research and Forecasting (WRF-ARW Version 3.80)
model consists of fully compressible non-hydrostatic equations and different prognostic
variables is utilized. 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 is used in the model. The model is configured in single domain, 9 km horizontal
grid spacing with 290x316 grids in the west-east and north-south directions and 32 vertical
levels. The six different cumulus parameterization (CP) schemes have been used in WRF
mode are Kain-Fritsch (KF), Betts-Miller-Janjic (BMJ), Grell-Freitas (GF), Grell-Devenyi
(GD), Grell-3 and Old Kain-Fritsch (OKF) scheme. The CP schemes contain prognostic
equations for cloud water, rainwater, cloud ice, snow, and graupel mixing ratio. The Ferrier
scheme aso contains prognostic equations for cloud water, rainwater and snow mixing
ratio. Dudhia simple five-layer soil therma diffusion scheme for soil processes, Rapid
Radiative Transfer Model (RRTM) for long wave scheme and Dudhia for short wave
radiation schems and Yonsa University scheme planetary boundary layer (PBL) have been
used for the simulation of TC Rashmi, Viyaru, Nilam and Khaimuk. The model domain is

givenin Fig.1. The detail of the model and domain configuration isgiven in Table 1.

3.2 Model Domain and Configuration

In this study, the WRF-ARW model has been configured with single domain. For the
analysis of structure and intensity, the model domain covers the region 3-27°N & 75-98°E

and isshown in Figure 1.
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Fig. 1. The WRF-ARW domain set up for the study.

3.3 Data and Methodology

Wesather Research and Forecasting (WRF) model with high resolution can be used for
diagnosis weak intensity tropical cyclone which formed on the Bay of Benga. This
numerical model which is currently available in free of cost has been developed by the
collaborative efforts of NCAR (National Center for Atmospheric Research) and NCEP
(National Centers for Environmental Prediction). At first, few cyclone with low intensity
have been selected which formed on the Bay of Benga. The WRF model has been run using
different cumulus (KF, BMJ, GF, G3, GD and OKF) of 96 hrs before the landfall time to
simulate structure of low intensity tropical cyclones formed in the Bay of Bengal. The
coverage area of the model domain is 3-27°N latitude and 75-98°E longitude and the level
is 1000 to 100. Different cumulus parameterization schemes have been used to observe the
sensitivity on the structure of cyclone. NCEP final reanalysis (FNL) data (1°x1° resolution)
have been used as initial and lateral boundary conditions (LBCs) which are updated at six
hourly intervals. The model results are presented in the graphica and tabular forms and
compared with the IMD (Indian Meteorological Department) best track data to demonstrate
the performance of the modeling exercise. For these purpose, Grid Analysis and Display
System (GrADS) and Microsoft Excel soft ware will be used. The procedure will be mainly
studied on the structure, track and landfall of selected low intensity cyclones in terms of
different parameters viz. Minimum Sea Level Pressure (MSLP), Maximum Wind Speed
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(MWS), Vorticity, Temperature anomaly, Relative humidity, Relative humidity at 2m and

Water vapor mixing ratio. These parameters are directly related to the structure of TCs.

Table 1: WRF Model and Domain Configurations

Dynamics Non-hydrostatic

Number of domain 1

Centra points of thedomain | Central Lat.: 15.4°N, Central Lon.: 86.5°E
Horizontal grid distance 9km

Integration time step 30s

Number of grid points

X-direction 290 points, Y -direction 316 points

Map projection M ercator
Horizontal grid distribution | Arakawa C-grid
Nesting One way

Vertical co-ordinate

Terrain-following hydrostatic-pressure co-ordinate
(32 sigmalevels up to 100 hPa)

Time integration

3" order Runge-K utta

Spatia differencing scheme

6" order centered differencing

Initial conditions

Three-dimensional real-data (FNL: 1° x 1°)

Lateral boundary condition

Specified options for rea -data

Top boundary condition

Gravity wave absorbing

Bottom boundary condition

Physical or free-dlip

Diffusion and Damping

Simple Diffusion

Microphysics

WSM 6-class graupel scheme

Radiation scheme

Dudhia for short wave radiation/ RRTM long wave
(Mlawer et a., 1997)

schemes

Surface layer Monin— Obukhov similarity theory scheme

Land surface | 5 Layer Thermal diffusion scheme

parameterization

Cumulus parameterization | 1) Kain-Fritsch (KF), (2)Betts-Miller-Janjic (BMJ), (3)

Gréell-Freitas (GF), (4) Grell-Devenyi (GD), (5) Grdl-3
and (6) Old Kain-Fritsch (OKF) scheme.

PBL parameterization

Yonse University Scheme

22




Chapter 4

Results and Discussion

The model simulated MSLP, maximum wind at 10 m level, Vorticity, Temperature
anomaly, Relative humidity, Relative humidity at 2m and Water vapor mixing ratio with six
CP schemes along with synoptic situation are discussed for the TC Rashmi, Viyaru, Nilam
and Khaimuk in the following sub-sections:

4.1 Tropical Cyclone Rashmi

The model simulated MSLP, maximum wind at 10 m level, Vorticity, Temperature
anomaly, Relative humidity, Relative humidity at 2m and Water vapor mixing ratio with six
CP schemes along with synoptic situation are discussed for the TC Rashmi in the following

sub-sections:

4.1.1 Description of Tropical Cyclone Rashmi

To analyze the low intensity of TC Rashmi, the WRF model has been run for 96 hrs with
the initial field at 0000 UTC of 24 October 2008 using different cumulus. A low formed
over west central Bay and adjoining area on 24 October 2008 and intensified into a well-
marked low over the same area at 0000 UTC of 25 October 2008. At 0600 UTC of the same
day the system concentrated into a depression over the same area (16.5°N, 86.5°E) and
started to move in a northerly direction. At 0300 UTC of 26 October the system intensified
into a DD over northwest Bay and adjoining west central Bay. After that the system
changed its direction of movement and moved north-northeastwards and concentrated into a
cyclonic storm ‘Rashmi’ at 1200 UTC of the same day over northwest Bay and adjoining
area (20.2°N, 88.2°E). By moving rapidly towards the same direction the system started to
cross Khulna-Barisal coast of Bangladesh near Patharghata at 2100 UTC of the same day
and completed crossing the coast by 0300 UTC of 27 October and lay over south-central
part of the country as a land depression. Using WRF models the different meteorol ogical
parameters are discussed for the intensity of the TC Rashmi in the following sub-section.
The WRF model simulated data are compared with those obtained from Joint Typhoon
Warning Centre (JTWC).
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4.1.2 Minimum sealevel pressure (MSLP)

The storm intensity forecasts for the TC Rashmi in terms of MSLP using six different
cumulus schemes KF, BMJ, GF, G3, GD and OKF for 96 hours (every 3 hourly) along with
observed MSLP are presented in Figure 2. The WRF model simulated and observed MSLP
gradually drops with time and attains peak intensity just before the landfall and thereafter
MSLP increases. The Model simulated MSLP of 980, 986, 964, 983, 994 and 984 hPa are
obtained using KF, BMJ, GF, G3, GD and OKF schemes respectively and these simulated
MSLP are obtained at 0600 UTC of 26, 1500 UTC of 26, 1500 UTC of 26, 0000 UTC of
27,0000 UTC of 27 and 1500 UTC of 26 October 2008 respectively. The observed MSLP
984 hPa is obtained at 2100 UTC of 26 October 2008 according to IMD. So, simulated
minimum MSLP (mature stage) are obtained later/earlier than that of observed. The
observed MSLP is much higher than the simulated MSLP for al cumulus schemes with
little exception. The pressure departure is found minimum for G3 scheme and maximum for
GD schemes compared with IMD observed value. The simulated pressure fall for al
cumulus schemes indicate that the system has attained the intensity of cyclonic storm and
the observation also indicates that the system attained the intensity of cyclonic storm (984
hPa). Cumulus G3, OKF and BMJ match better than the others cumulus with the observed
intensity. But Cumulus G3 simulates later than the observed and OKF and BMJ simulate
earlier than the observed pressure. At first, Cumulus KF does not match with the observed
value but with the progress of simulation time it matches finally with the observed value of
pressure. Cumulus GF simulates more intensity than the observed. Intensity simulated by
Cumulus GD is absolutely not matched with the observed value.
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Figure 2: Evolution of WRF model simulated (a) MSLP and (b) MWS at 10m level using
six different cumulus schemes and that of observed of the TC Rashmi.

Figure 3 shows the mature stage of spatial distribution of sea level pressure using six
different cumulus schemes and it is obtained with different time and position with different

intensity. The spatia distribution of sea level pressure at its mature stage for the TC Rashmi
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using different cumulus schemes KF, BMJ, GF, G3, GD and OKF in WRF modd is
obtained at 0006 UTC of 26, 15 UTC of 26, 1500 UTC of 26, 0000 UTC of 27, 0000 UTC
of 27 and 1500 UTC of 26 October respectively.

The lowest simulated MSLP (i.e. mature stage) for the TC Rashmi using different cumulus
scheme KF, BMJ, GF, G3, GD and OKF in WRF models are obtained 980, 986, 964, 983,
994 and 984 hPa respectively. The observation also indicates that the system attained the
intensity of cyclonic storm (984 hPa,). The OKF cumulus scheme has the same intensity of
the observation. It is seen that GF cumulus scheme has very high intensity, and then the GD
cumulus scheme has aso very high intensity. The G3 cumulus scheme has amost the same
intensity as that of the observation. The KF cumulus scheme has lower intensity than the

observation and BMJ cumulus scheme has higher intensity than the observation.
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Figure 3: WRF model simulated SLP of TC Rashmi for different cumulus schemes.

In figure 3, it is observed that mature stage of spatial distribution of sealevel pressure using
different cumulus is obtained with different time and different positions. Position of mature
stages using KF, BMJ, GF, G3, GD and OKF are located at 88°E and 20.9°N at 06 UTC of
26 October, 86.1°E and 17.8°N at 1500 UTC of 26, 89.1°E and 21.4°N at 1500 UTC of 26,
88.5°E and 21.8°N at 0000 UTC of 27, 89.13°E and 21.15°N at 0000 UTC of 27 and 88.6°E
and 21.35°N at 1500 UTC of 26 October respectively. Intensity, position and time of mature
stages are different for different cumulus schemes used in WRF model. The isobar has
circular arrangement around the TC centre with some asymmetric features in the outer
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periphery. The contour interval is different for different positions because of different
intensity of the system. From Figure 3, the radius of the TC eye is found to be around 100

km for al cumulus according to all smulation.

The distribution of the sea level pressure of the TC Rashmi along east-west cross section
and north-south cross section passing through its centre using different cumulus is shown in
Figure 4. The position of the centre at mature stage using different cumulus schemes KF,
BMJ, GF, G3, GD and OKF are located at 88°E and 20.9°N, 86.1°E and 17.8°N, 89.1°E and
21.4°N, 88.5°E and 21.8°N, 89.13°E and 21.15°N and 88.6°E and 21.35°N respectively. The
Model simulated MSLP of 980, 986, 964, 983, 994 and 984 hPa are obtained at 0006 UTC
of 26, 1500 UTC of 26, 1500 UTC of 26, 0000 UTC of 27, 0000 UTC of 27 and 1500 UTC
of 26 October respectively and are shown in Figure 4. In Figure 4, the black, green, yellow,
orange, magenta and the dark purple color represent KF, BMJ, GF, G3, GD and OKF
scheme respectively. The figures demonstrate the moderate pressure gradient around the
centre with maximum gradient at around 222 km below or above for al cumulus schemes
from the centre. Variation of east-west and north-south elongated SLP at the center are
clearly observed.
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Figure 4: WRF model simulated (a) East West and (b) North South cross sectiona view of
SLP of TC Rashmi at different cumulus schemes with fixed latitude and longitude
respectively.

4.1.3 Maximum Wind speed

The storm intensity forecasts for the TC Rashmi in terms of MWS using six different
cumulus schemes KF, BMJ, GF, G3, GD and OKF for 96 hours (every 3 hourly) along with
observed MWS are presented in Figure 2. The model ssimulated MWSs are obtained at the
standard meteorological height at 10 m. The WRF Model ssmulated MWSs are higher than
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the observed values through almost full forecast hours with few exceptions. Model
simulated highest value of MWS using six different cumulus schemes are obtained at same
the time and earlier. But for convenience, times of maximum intensity (mature stage) are
considered as the time of obtained MSLP (this times are written in previous section).

The observed and ssimulated MWS by WRF decrease with time gradually after obtaining
highest value of MWSs. The highest value of MWS for the TC Rashmi using different
cumulus scheme KF, BMJ, GF, G3, GD and OKF in WRF models are 33, 33, 37, 26, 21 and
26 m/s respectively. Whereas the observed MWS is 23.15 m/s. the simulated and
observation values indicate that the system attained the intensity of cyclonic storm (17.5 -
24.44 m/s). WRF model using different cumulus schemes simulate higher value of MWS
than that of observed value. It is seen GF cumulus scheme has very high intensity, than the
KF and BMJ cumulus scheme have aso high intensity. The G3 and OKF cumulus schemes
have dlightly more intensity than the observation. Finally, GD cumulus scheme has lower

intensity than the observation.

Figure 5 shows the spatia distribution of surface (10 m) wind speed using six different
cumulus schemes and it is obtained with different time and position with different times and
positions with different intensities. The spatial distribution of wind speed at its mature stage
for the TC Rashmi using different cumulus schemes such as KF, BMJ, GF, G3, GD and
OKF in WRF model is obtained at 0600 UTC of 26, 1500 UTC of 26, 1500 UTC of 26,
0000 UTC of 27, 0000 UTC of 27 and 1500 UTC of 26 October 2008 respectively and are
shown in Figure 5. Figure 5 obtained from WRF model shows that the wind field of the TC
is highly asymmetric in the horizontal distribution. At 0000 UTC of 24 October 2008 (i.e. at
the initial time of simulation) the TC is in the sea with different cumulus schemes (not
shown in figure). Gradually, TC is organized with strong wind bands around and the wind
flow in the core region shows asymmetric feature with minimum wind speed at the centre.
The spatia distribution of surface (10 m) wind speed is found maximum for GF scheme and
minimum for G3 and GD scheme. The figure shows that the pattern has an asymmetric
wind distribution with strong wind bands in the front right side, rear left and rear right sides
close to the centre of north directed moving storm. In Figure 5, it is observed that mature
stage of spatial distribution of wind speed using different cumulus is obtained with different
times and different positions. Positions of mature stages using KF, BMJ, GF, G3, GD and
OKF are located at 88°E and 20.9°N at 0006 UTC of 26 October, 86.1°E and 17.8°N at 1500
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UTC of 26, 89.1°E and 21.4°N at 1500 UTC of 26, 88.5°E and 21.8°N at 0000 UTC of 27,
89.13°E and 21.15°N at 0000 UTC of 27 and 88.6°E and 21.35°N at 15 UTC of 26 October
respectively. At this mature stage, the wind flow in the core region shows a near circular
feature with minimum wind speed at the centre.

Prae=s gl

Figure 5: WRF model ssimulated MWS of TC Rashmi at different cumulus schemes.

The distribution of the surface wind of the TC Rashmi aong east-west cross section and
north-south cross section passing through its centre at mature stage using different cumulus
schemes is shown in Figures 6 and 7 respectively. The positions of the centre at mature
stage using different cumulus schemes KF, BMJ, GF, G3, GD and OKF are located at 88°E
and 20.9°N, 86.1°E and 17.8°N, 89.1°E and 21.4°N, 88.5°E and 21.8°N, 89.13°E and
21.15°N and 88.6°E and 21.35°N respectively. The model simulated wind speeds of 33, 33,
37, 26, 21 and 26 m/s are obtained at 0000 UTC of 26, 1200 UTC of 26, 1500 UTC of 26,
1800 UTC of 26, 0000 UTC of 27 and 1500 UTC of 26 October 2008 respectively. But the
model simulated wind speeds of 30, 31, 37, 24, 20 and 26 m/s are obtained at 0600 UTC of
26, 1500 UTC of 26, 1500 UTC of 26, 0000 UTC of 27, 0000 UTC of 27 and 1500 UTC of
26 October 2008 respectively at mature stage (that is at the minimum SLP position). The
figures demonstrate that a calm region is found inside the eye of the system and maximum
wind was is found in the eye wall. The simulated value of wind at the centre using different
cumulus schemes has awide variety. In Figure 6 the valueis less than 8 m/sand in Figure 7

the value is less than 9 m/s. In Figure 6, the KF, BMJ and GF cumulus scheme show better
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result than the other cumulus scheme. And in Figure 7, the KF, BMJ, GF and G3 cumulus
scheme show better results than the other cumulus schemes. In both figures, the
performance of GD cumulus scheme is the worst. The radius of maximum wind of the TC
Rashmi is found to be just lower than 80 km according to the simulation. Variation of east-

west and north-south elongated wind at the center is clearly observed.
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Figure 6: WRF model smulated East West cross sectional view of wind speed of TC
Rashmi at different cumulus schemes with fixed latitude.
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Figure 7. WRF model simulated North-south cross sectional view of wind speed of TC

Rashmi at different cumulus schemes with fixed longitude.
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The horizontal distribution of vector wind field at its mature stage for the levels 850, 500,
300 and 200 hPa of the TC Rashmi using different cumulus is tabulated in Table 2 and
figure of this only for the levels 850 and 200 hPa are shown in Figures 8 and 9 respectively.

From the Figure 8, a well organized TC circulation with strong winds encircling the centre
isfound at the 850 hPa levels. It is noted that the strong wind is confined to the right of the
direction of the movement of the system. From the Figure 9, at 200 hPalevel strong outflow
is evident from the central part of the TC. So, using smulated results obtained from WRF
models, Figure 8 and Figure 9 demonstrate inflow in the lower level and outflow in the
upper level respectively. WRF model simulated maximum winds at the mature stage (0600
UTC of 26, 1500 UTC of 26, 1500 UTC of 26, 0000 UTC of 27, 0000 UTC of 27 and 1500
UTC of 26 October 2008) are about 50, 40, 60, 50, 30, 50 m/s and 30, 40, 40, 40, 30, 30 m/s
for different cumulus (KF, BMJ, GF, G3, GD and OKF) schemes at 850 and 200 hPalevels
respectively. The wind speed at 850 hPa level is found minimum for GD scheme and
maximum for GF schemes. And the wind speed at 200 hPa levelsis found minimum for KF,
GD and OKF scheme and maximum for BMJ, GF and G3 schemes. The mature stages are
obtained at different time and position. The values of wind speed for mature stage at the

levels 500 and 300 hPa are obtained different with different cumulus schemes.

Table 2: WRF model simulated maximum wind speed (m/s) at different cumulus scheme of
850, 500, 300 and 200 hPa pressure levels of TC Rashmi

Pressure Maximum Wind Speed (m/s) at different time
level (hPa) 06 UTCon | 15UTCon | 15UTCon | 00OUTCon | 0OUTCon | 1I5UTC on
26 October ;6BOI\;tJober ;6 é)Fctober 27 October | 27 October ;6 (g)Kclt:ober
a KF at Gred a GD
850 50 40 60 50 30 50
500 40 30 50 30 30 40
300 50 30 50 40 30 40
200 30 40 40 40 30 30
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Figure 8: WRF model simulated Wind vector and magnitude at 850 hPa levels at different
cumulus schemes.

iy 2o X
= Sd4E EBSE ZBEET SO CIE CaE
—_—
i
fmlad a L oD b ST Sol2T: Sl

=10

] e e e o]
bX- JYE HLE ALW- oUE HIE LU=

e " T

Figure 9: WRF model simulated Wind vector and magnitude at 200 hPa levels at different

cumulus schemes.

The Vertical profile of Radial, Tangential, Vertical and Horizontal wind fields at its mature
stage for the TC Rashmi using different cumulus schemes KF, BMJ, GF, G3, GD and OKF
in WRF model are obtained at 0600 UTC of 26, 1500 UTC of 26, 1500 UTC of 26, 0000
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UTC of 27, 0000 UTC of 27 and 1500 UTC of 26 October 2008 respectively and shown in
Figures 10, 11, 12and 13 respectively. Model simulated results are also tabulated in Table 3,
for different cumulus mentioned in the Table. From the table it is clear that the value of the
vertical profiles of radial, tangential, vertical and horizontal winds of TC Rashmi obtained
using different cumulus (KF, BMJ, GF, G3, GD and OKF) scheme are different for
different cumulus schemes. The strong wind with different speeds (Table 3) is confined to
the different levelsin lower troposphere and extended up to 100 hPa level in the left side of
the system.

From the Figure 10, it is found that vertical profile of radia wind is much more organized
and it is also clearly seen that the system has strong inflow in the lower levels which bring
the air to the system through the boundary level and lower level and outflow in the upper
level. The radia wind is found minimum for KF and OKF schemes and maximum for GF

schemes.

The vertical profile of tangential wind flows in a northerly direction at the eastern side of
the system and in a southerly direction at the western side. For this reason, tangential wind
shows positive value at the right side (east side) of the centre and negative value at the left
side (west side) of the centre. The tangential wind is found minimum for GD scheme and
maximum for GF schemes.

The values of the vertical profile of vertical wind are different in magnitude for different
cumulus and thevaluessuch as 2.1, 1.3, 0.8, 0.5, 1.2 and 0.6 m/s are simulated by KF, BMJ,
GF, G3, GD and OKF cumulus respectively. It indicates that the vertical wind is found
minimum for OKF scheme and maximum for BMJ schemes. These values are along the eye
wall and other parts of the system which feed moisture into the system. It is noted that
Rashmi has very weak updraft motion at the eye wall throughout mid and upper
troposphere. The downward motion is visible in the central parts of the TC and other areas
in between rain bands.

The vertical profile of horizontal wind of the system at its mature stage shows the
distribution of strong winds up to 100 hPa for KF, GF and GD cumulus scheme and up to
200 hPa for BMJ, G3 and OKF cumulus scheme around the centre of TC. It further
confirms that the maximum winds are confined to the right of the direction of the movement
of the system. This value decreases with the radial distance from both sides of the eye. Calm
wind zone is sharp and narrow and little bit tilted to the westward and get expanded towards

upper levels. Thisis in agreement with the previous studies of Rao and Prasad (2006) and
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Goswami et al. (2006) on Orissa TC. Cyclonic circulation is generally seen up to about 300
hPa level and anticyclone circulation with divergence fields aoft. In case of TC Rashmi,

cyclonic circulation is aso seen up to about 300 hPalevel for cumulus KF and G3 scheme,
400 hPa levels for cumulus BMJ, GF and OKF scheme, 600 hPa levels for GD cumulus

scheme and anticyclone circulation with divergence fields aoft. And the horizontal wind is

found minimum for GD scheme and maximum for GF scheme.

Table 3: WRF model simulated maximum radial wind, tangential wind, vertical velocity and
horizontal wind (m/s) of TC Rashmi at different cumulus schemes.

Component of Simulated maximum wind speed (m/s) at different time

wind 06 UTCof | 15UTCof | 15UTCof | 00UTCof | 00UTCof | 15UTC of

26 October | 29 atoé’f\jl’gef 26 a?céf:ber 27 October 273?%%“ thoglgger
a KF a Grel 3

Radial wind 12 15 35 18 15 12
Tangentia 32 30 52 32 27 38
wind
Vertica 2.1 13 0.8 0.5 1.2 0.6
velocity
Horizontal 40 40 60 40 30 40
wind

Figure 10: WRF model simulated Radial wind (m/s) of TC Rashmi at different cumulus

schemes.
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Figure 11: WRF model simulated tangential wind (m/s) of TC Rashmi at different cumulus

schemes.
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Figure 12: WRF model simulated Vertical wind (m/s) of TC Rashmi at different cumulus

schemes.
34



ws actar aine DA IR e [T Bt ol I s e N B o Pl ] A4t

g ﬁ iﬁa;«m,k- DTl SRR el PR
g ‘f“?"* Jm* e PR e e \'I\uf
A PR JJ;“”,,.,”«-vl $

" .z.‘::-‘\-"'”rl
R LA e < e,

.'_r'"’ﬂ-:'-'n '.1".

EHES -z dEE B Jut E E1l o E-z dEE

100
Ew wvoctor mlne: 5SS 22T 12K

10 1

] 1

s !

i i

sl 1

e i

LU i

i bl i

Bpid i

— [ e e R

TE e TE =32 EFE arE

S au
& _E"'.' sl M | GoEulzT I3 __:IE'.-\." S, bur i

S AR DY ""'-""'."’_.r-"'i-" S ‘:"""-"'5‘,}'"'”‘._-:,.-'.-
A
4L
H=
LICN
RO
Hir
e, B
L e
P}

Figure 13: WRF model simulated Horizontal wind (m/s) of TC Rashmi at different

cumulus schemes.
414 Vorticity

To know the WRF model simulated relative vorticity at 1000,950,850,500 and 300 hPa at
six cumulus KF, BMJ, GF, G3, GD and OKF scheme for 96 hours (every 3 hourly) are
presented in Figure 14. The values of relative vorticity are increased with the increase of
time (i.e. in the development of the TC) at all levels for al cumulus schemes and increased
to a maximum value. Thereafter the value shows afall. From the figureit is observed that at
1000, 500 and 300 hPa, the vorticity is found maximum for cumulus BMJ scheme. And 950
hPa level the vorticity is found maximum for cumulus KF and GF schemes. And 850 hPa
level the vorticity is found maximum for cumulus GF scheme. The vorticity is found more
than zero for al levels using al schemes. So, from the simulated value of vorticity it is seen
that system intensification is satisfied more or less by all cumulus schemes.

Simulated the horizontal distribution of the relative vorticity obtained for TC Rashmi at 850
and 200 hPa levels are shown in the Figures 15 and 16 respectively. It is seen from the
figures that the vorticity is distributed with maximum value at the centre and these values
for the levels 850, 500, 300 and 200 hPa are tabulated in Tables 4 for different cumulus

(KF, BMJ, GF, G3, GD and OKF) schemes respectively. At 850 hPa, the distribution
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maintains circular pattern with some asymmetric features in the outer periphery. Negative
vorticity field is situated far from the centre. This distance of the negative vorticity from the
centre is increased due to development of TC (not shown). Low level relative vorticity
fields confirm the strong cyclonic circulation at low levels with different time and distance
in feeding the moisture into the system to sustain its intensity. The values of relative
vorticity are increased with the development of TC. At 200 hPa level, the weak positive
vorticity embedded with negative vorticity field is visible at 200 hPa level. Negative
vorticity is found at the centre of the TC. It is clear from the figure that relative vorticity is
more organized in the mature stage. The vorticity is found maximum or minimum for 850,

500, 300 and 200 hPalevels at different times using different cumulus schemes.
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Figure 14: Evolution of model simulated vorticity with time at different cumulus schemes
for 1000,950,850,500 and 300 hPalevel of TC Rashmi.

Vertical distribution of the relative vorticity with fixed latitude (along east-west direction)
and fixed longitude (along north-south direction) are obtained from WRF model and are
shown in Figures 17 and 18 respectively and the values are tabulated in Table 4. Simulated
results at 0600 UTC of 26, 1500 UTC of 26, 1500 UTC of 26, 0000 UTC of 27, 0000 UTC
of 27 and 1500 UTC of 26 October 2008 for different cumulus scheme KF, BMJ, GF, G3,
GD and OKF are located at 88°E and 20.9°N, 86.1°E and 17.8°N, 89.1°E and 21.4°N, 88.5°E
and 21.8°N, 89.13°E and 21.15°N and 88.6°E and 21.35°N respectively.
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In figure 17 the system has the positive vorticity along the centre up to 200 hPa level with
higher value for all cumulus. For KF, BMJ, GF, G3, GD and OKF the higher value up to
200, 300, 300, 400, 400 and 400 levels respectively. So the strong cumulus scheme is Kain-

Fritsch scheme. In figure 18 the system has the positive vorticity along the centre up to 100
hPalevel with higher value for all cumulus. For KF, BMJ, GF, G3, GD and OKF the higher
value up to 100, 350, 250, 200, 350 and 300 hPa levels respectively. So the strong cumulus

scheme is KF scheme. Both Figures the greatest vorticity is GF cumulus scheme.

Table 4: WRF Model simulated maximum vorticity (x10° s?) at different pressure levels

associated with TC Rashmi at different cumulus schemes.

Pressure Maximum Vorticity (x10° s?) at different times
level (hPa) 06 UTC 15UTC 15UTC OOUTC |00UTCon | 15UTCon
on on 26 on 26 on 27 October | 26 October
26 October | October at | October at | 27 October a GD a OKF
at KF BMJ GF at Gred
850 180 100 250 120 50 160
500 60 30 30 40 20 40
300 60 30 90 20 40 40
200 40 40 30 40 10 20
Position of | 20.9°N 17.8°N 21.4°N 21.8°N 21.15°N 21.35°N
TC centre and 88°E and 86.1°E | and 89.1°E | and 88.5°E | and 89.1°E | and 88.6°E
Vertical 15 12 15 12 9 10
distribution
with fixed
|atitude
Vertical 16 10 18 9 5 8
distribution
with fixed
longitude
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Figure 15: WRF Model ssimulated vorticity field of 850 hPa levels at different cumulus
schemes.
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Figure 16: WRF Moded simulated vorticity field of 200 hPa levels at different cumulus
schemes.
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Figure 17: WRF model simulated north south vertical distribution of relative vorticity
with fixed longitude of TC Rashmi through the centre at different cumulus

schemes.
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Figure 18: WRF model simulated east west vertical distribution of relative vorticity with
fixed latitude of TC Rashmi through the centre at different cumulus schemes.
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4.15 Temperatureanomaly

The WRF model simulated temperature anomaly at 0600 UTC of 26, 1500 UTC of 26, 1500
UTC of 26, 0000 UTC of 27, 0000 UTC of 27 and 1500 UTC of 26 October 2008 (i.e. its
mature stage) for different cumulus (KF, BMJ, GF, G3, GD and OKF) schemesis shownin
Figure 19 and the values are tabulated in Table 5. Here, temperature anomaly is the
difference of temperature from its mean value at a certain time in a vertical cross section. It
is noted that the warm core region is slightly expanded up to 200 hPa level al most for all
cumulus schemes.

For KF cumulus scheme, at 0600 UTC of 26 October 2008, a warm core with 6°C is
observed in 300-200 hPa layer. It is noted that the warm core region is expanded outward at
600-200 hPa level. The greatest anomaly is observed around 250 hPa level. The simulated
temperature anomay demonstrates that the warm core is visible mainly at upper
troposphere.

For BMJ cumulus scheme at 1500 UTC of 26 October 2008, a warm core with 5°C is
observed in 800-380 hPalayer. It is noted that the warm core region is expanded outward at
800-200 hPa level. The greatest anomaly is observed around 600 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visble mainly a middle
troposphere.

For GF cumulus scheme at 1500 UTC of 26 October 2008, a warm core with 10°C is
observed in 510-380 hPa layer. It is noted that the warm core region is expanded outward at
700-200 hPa level. The greatest anomaly is observed around 450 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly above middie
troposphere.

For G3 cumulus scheme at 0000 UTC of 27 October 2008, a warm core with 6°C is
observed in 400-300 hPa layer. It is noted that the warm core region is expanded outward at
500-200 hPa level. The greatest anomaly is observed around 400 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly at above middle
troposphere.

For GD cumulus scheme at 0000 UTC of 27 October 2008, a warm core with 4°C is
observed in 600-200 hPa layer. It is noted that the warm core region is expanded outward at
500-300 hPa level. The greatest anomaly is observed around 400 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly above middle
troposphere.

For OKF cumulus scheme at 0600 UTC of 26 October 2008, a warm core with 5°C is
observed in 580-200 hPa layer. It is noted that the warm core region is expanded outward at
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500-200 hPa level. The greatest anomaly is observed around 400 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly at upper
troposphere.

Finally, the greatest anomaly is occurred at cumulus GF scheme around 450 hPalevels. The
simulated temperature anomaly demonstrates that the warm core is visible mainly at middle
troposphere for all cumulus schemes with little exception. Negative temperature anomalies
are also seen at the upper levels and lower levels.

[ ST

Ho

Figure 19: WRF model simulated vertical distribution of temperature anomaly in the east-
west direction of TC Rashmi at different cumulus schemes,

Table 5. WRF Model simulated maximum temperature anomaly (°C), Relative Humidity

(%) and Water vapor mixing ratio (g/kg) associated with TC Rashmi at different
cumulus schemes.

Parameter 06 UTCof | 1I5UTCof | 1I5UTCof | OOUTCof | OOUTCof | 15UTC of
26 October | 26 October | 26 October | 27 October | 27 October | 26 October
a KF a BMJ a GF a G3 a GD a OKF
Maximum 6 5 10 6 4 5
Temperature
Relative 95 100 95 95 95 95
Humidity
Water vapor 2 2 2.2 2 2 2
mixing ratio
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4.1.6 Reative humidity

The horizontal distribution of relative humidity of TC Rashmi obtained from WRF model at
0600 UTC of 26, 1500 UTC of 26, 1500 UTC of 26, 0000 UTC of 27, 0000 UTC of 27 and
1500 UTC of 26 October 2008 (i.e. its mature stage) for different cumulus (KF, BMJ, GF,
G3, GD and OKF) schemes is shown in Figure 20. Time variation of relative humidity at
surface is obtained around 100% with few exceptions. But the relative humidity at 850
levels for al cumulus is 100% of the cyclones (not shown in figure). These values satisfy
the condition for the intensification of cyclone through convection.
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Figure 20: Evolution of model simulated (a) RH and (b) RH at 2m with time at different
cumulus schemes of TC Rashmi.
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Figure 21: WRF model ssmulated vertical distribution of relative humidity (%) in the east-
west direction of TC Rashmi at different cumulus schemes.
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The vertical cross section of relative humidity of TC Rashmi obtained from WRF model at
0600 UTC of 26, 1500 UTC of 26, 1500 UTC of 26, 0000 UTC of 27, 0000 UTC of 27 and
1500 UTC of 26 October 2008 (i.e. its mature stage) for different cumulus (KF, BMJ, GF,
G3, GD and OKF) schemes from surface to 100 hPa levels is shown in Figure 21 and its
values are tabulated in Table 5. It is noted that high relative humidity (more than 90%)
spreads in outer range of eye wall up to 350, 550, 400, 500, 600 and 450 hPa levels for the
cumulus (KF, BMJ, GF, G3, GD and OKF) schemes respectively. High relative humidity
bands are also found in the rain band of the system situated at both sides of the system in the
wider range throughout 980-700 hPa level. From the Table 5 and the figure, it is observed
that highest relative humidity of 100% is observed using BMJ cumulus scheme.

417 Relative humidity at 2m

The time evolution of relative humidity at 2m of TC Rashmi obtained from WRF model at
0600 UTC of 26, 1500 UTC of 26, 1500 UTC of 26, 0000 UTC of 27, 0000 UTC of 27 and
1500 UTC of 26 October 2008 (i.e. its mature stage) for different cumulus (KF, BMJ, GF,
G3, GD and OKF) schemes is shown in Figure 20. It is noted that high relative humidity at
2m (around 100%) spreads in outer range of eye wall up for al cumulus schemes without

any exception. It isthe good indication for the intensification of cyclone.
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Figure 22: WRF model smulated spatial distribution of relative humidity at 2m (%) in the
east-west direction of TC Rashmi at different cumulus schemes.
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The spatial distribution of relative humidity at 2m of TC Rashmi obtained from WRF at
0600 UTC of 26, 1500 UTC of 26, 1500 UTC of 26, 0000 UTC of 27, 0000 UTC of 27 and
1500 UTC of 26 October 2008 (i.e. its mature stage) for different cumulus (KF, BMJ, GF,
G3, GD and OKF) schemesis shown in Figure 22. The values of the relative humidity at
2m of TC Rashmi around the centre are about 100% or less for all cumulus schemes. This
status of the relative humidity is satisfied the convection for the cyclone intensification.

4.1.8 Water vapor mixing ratio

The vertical distribution of water vapor mixing ratio obtained from WRF model along the
east-west cross section of the centre at 0600 UTC of 26, 1500 UTC of 26, 1500 UTC of 26,
0000 UTC of 27, 0000 UTC of 27 and 1500 UTC of 26 October 2008 (i.e. its mature stage)
for different cumulus (KF, BMJ, GF, G3, GD and OKF) schemes respectively of TC
Rashmi from surface to 100 hPa level is shown in Figure 23 and its values are tabulated in
Table 5. It shows that the highest moisture content more than around 2.2 g/kg or more is
found at the centre of the system at 950 hPa level and it decreases upwards to 400 hPa
levels or more. For the development of the system this upward level goes up to 350 hPa
level (i.e. its mature stage). Performance of all cumulus schemes for the simulation of

vertical distribution of water vapor mixing ratio are comparable.

i e ale ST lECl Ok

Figure 23: WRF model simulated vertical distribution of water vapor mixing ratio along the
east-west cross section of the centre of TC Rashmi at different cumulus.
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The horizontal distribution of water vapor mixing ratio of TC Rashmi at 950 hPa level at
0600 UTC of 26, 1500 UTC of 26, 1500 UTC of 26, 0000 UTC of 27, 0000 UTC of 27 and
1500 UTC of 26 October 2008 (i.e. its mature stage) for different cumulus (KF, BMJ, GF,
G3, GD and OKF) schemes are obtained from WRF model is shown in the Figure 24. The
maxing ratio shows a highly asymmetric character in the horizontal distribution. In Figure
24, maximum water vapor mixing ratio of 2 g/kg is obtained. It is noted that the highest
mixing ratio is obtained at 950 hPalevel close to the near of Bangladesh.

It is noted that the high moisture flux comes from the southern side covering a large area of
the Bay of Bengal which feeds the system aong its southeastern side through the boundary
layer. The value of high moisture flux increases sightly with development of the system.

Maximum value of water vapor mixing ratio is 2.2 gm/Kg and it is situated mainly at and
around the centre of the cyclone. These maximum values cover large area of sea and small
area of Bangladesh for al cumulus schemes except GD scheme. The south and western
parts of Bangladesh is are covered with more value of water vapor mixing ratio (but less
than 2.2 gm/Kg) finally, it may be concluded that al the schemes satisfy the intensification
of the cyclone.
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Figure 24: WRF model simulated horizontal distribution of water vapor mixing ratio at 950

hPa of TC Rashmi at different cumulus.
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4.2 Tropical CycloneViyaru

The model simulated MSLP, maximum wind at 10 m level, Vorticity, Temperature
anomaly, Relative humidity, Relative humidity at 2m and Water vapor mixing ratio with six
CP schemes aong with synoptic situation have been discussed for the TC Viyaru in the

following sub-sections:

4.2.1 Description of Tropical Cyclone Viyaru

To analyze the low intensity of TC Viyaru, the WRF model has been run for 96 hrs with the
initial field at 0000 UTC of 13 May 2013 using different cumulus. A depression formed
over southeast Bay of Benga at 0900 UTC of 10th May 2013 near latitude 5.0°N and
longitude 92.0°E. It moved northwestwards and intensified into a deep depression in the
evening of the same day. Continuing its northwestward movement, it further intensified into
a cyclonic storm, Mahasen in the morning of 11th May 2013. Under the influence of the
anticyclonic circulation lying to the east, the cyclonic storm changed its direction of
movement initially from northwesterly to northerly and then to north northeasterly on 13th
and 14th May respectively. On 15th May, it further came under the influence of the
midlatitude westerly trough running roughly along 77°E, which further helped in enhancing
the north-northeastward speed of the cyclonic storm. The cyclonic storm crossed
Bangladesh coast near lat.22.8°N and long. 91.4°E, about 30 km south of Feni around 0800
UTC of 16th May 2013 with a sustained maximum surface wind speed of about 85-95
kmph. After the landfall, it continued to move north-northeastwards and weakened
gradually due to interaction with land surface. It weakened into a deep depression over
Mizoram in the evening and into a depression over Manipur around mid-night of 16th. It
further weakened into a well marked low pressure area over Nagaland in the early morning
and moved away towards Myanmar as a low pressure area in the morning of 17th May.
Using WRF models the different meteorological parameters are discussed for the intensity
of the TC Viyaru in the following sub-section. The WRF model simulated data are
compared with those obtained from Joint Typhoon Warning Centre (JTWC).

4.2.2 Minimum sealevel pressure (MSLP)

The storm intensity forecasts for the TC Viyaru in terms of MSLP using six different
cumulus schemes KF, BMJ, GF, G3, GD and OKF for 96 hours (every 3 hourly) are
presented in Figure 25. The WRF model simulated and observed MSLP gradually drops
with time and attains peak intensity just before the landfall and thereafter MSLP increases.
The model simulated MSLP values of 947, 963, 952, 949, 967 and 942 hPa are obtained
using KF, BMJ, GF, G3, GD and OKF schemes respectively and these simulated MSLP are

obtained at 0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300 UTC of 15, 0000
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UTC of 16 and 2100 UTC of 15 May 2013 respectively. The observed MSLP of 990 hPa
isobtained at 0600 UTC of 15 May 2013 according to IMD. So, simulated MSLP values are
obtained later than that of observed. The observed MSLP is higher than the simulated
MSLP for al cumulus schemes. The pressure departure is found minimum for OKF scheme
and maximum for G3 schemes as compared with IMD observed. The smulated pressure fall
for all cumulus schemes indicate that the system has attained the intensity of cyclonic storm
and the observation aso indicates that the system attained the intensity of cyclonic storm
(990 hPa). All Cumulus schemes simulates later than the observed. The intensity using
different cumulus scheme is extremely high to the observed intensity throughout the
simulation time.. Cumulus BMJ and GD intensity is found to match much well than other

cumulus.
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Figure 25: Evolution of WRF model ssimulated (a) MSLP and (b) MWS a 10m level using
six different cumulus schemes and that of observed of the TC Viyaru.

Figure 26 shows the mature stage of spatia distribution of sea level pressure using six
different cumulus schemes and it is obtained with different times and positions with
different intensities. The spatial distribution of sea level pressure at its mature stage for the
TC Viyaru using different cumulus schemes KF, BMJ, GF, G3, GD and OKF in WRF
model isobtained at 0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300 UTC of 15,
0000 UTC of 16 and 2100 UTC of 15 May 2013 respectively.

The lowest simulated MSLP values (i.e. mature stage) for the TC Viyaru using different
cumulus schemes KF, BMJ, GF, G3, GD and OKF in WRF models are 947, 963, 952, 949,
967 and 942 hPa respectively. The observation also indicates that the system attained the
intensity of cyclonic storm (990 hPa,). The intensity using different cumulus schemes is not
close to the observed intensity. It is seen that OKF, KF and G3 cumulus schemes have very
high intensity, and then the GF, BMJ and GD cumulus schemes have also very high
intensity. In Figure 26, it is observed that mature stage of spatial distribution of sea level

pressure using different cumulus is obtained with different time and different positions.
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Positions of mature stages using KF, BMJ, GF, G3, GD and OKF are located at 87.42°E
and 17.61°N at 0000 UTC of 15, 89.9°E and 22°N at 0900 UTC of 16, 88.45°E and
18.40°N at 1200 UTC of 15, 87.6°E and 17.5°N at 0300 UTC of 15, 87.36°E and 18.5°N at
0000 UTC of 16 May and 88.3°E and 19.75°N with time and 2100 UTC of 15 May 2013
respectively. Intensity, position and time of mature stages are different for different cumulus
schemes used in WRF model. The isobar has circular arrangement around the TC centre
with some asymmetric features in the outer periphery. The contour interval is different for
different positions because of different intensity of the system. From the Figure 26, the
radius of the TC eye is found to be around 100 km for all cumulus according to al
simulation.

Lt owa Lo N 5 DA T

Figure 26: WRF model smulated SLP of TC Viyaru at different cumulus schemes.

The distribution of the sea level pressure of the TC Viyaru along east-west cross section and
north-south cross section passing through its centre using different cumulus is shown in
Figure 27. The positions of the centre at mature stage using different cumulus schemes KF,
BMJ, GF, G3, GD and OKF are located at 87.42°E and 17.61°N, 89.9°E and 22°N, 88.45°E
and 18.40°N, 87.6°E and 17.5°N, 87.36°E and 18.5°N and 88.3°E and 19.75°N respectively.
The model smulated MSLP values of 947, 963, 952, 949, 967 and 942 hPa are obtained
0000 UTC of 15,0900 UTC of 16, 1200 UTC of 15, 0300 UTC of 15, 0000 UTC of 16
and 2100 UTC of 15 May 2013 respectively and shown in Figure 27. In Figure 27, the
black, green, yellow, orange, magenta and the dark purple color represent KF, BMJ, GF,
G3, GD and OKF scheme respectively. The figures demonstrate the moderate pressure
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gradient around the centre with maximum gradient at around 120 km below or above for all
cumulus schemes from the centre. Variations of east-west and north-south elongated SLP at
the center are clearly observed.
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Figure 27: WRF model simulated (@) East West and (b) North South cross sectional view of
SLP of TC Viyaru a different cumulus schemes with fixed latitude and
longitude respectively.

4.2.3 Maximum Wind speed

The storm intensity forecasts for the TC Viyaru in terms of MWS using six different
cumulus schemes KF, BMJ, GF, G3, GD and OKF for 96 hours (every 3 hourly) along with
observed MWS are presented in Figure 25. The model ssimulated MWS are obtained at the
standard meteorological height of 10 m. The WRF model simulated MWSs are higher than
the observed values. Model simulated highest value of MWSs using six different cumulus
schemes are obtained earlier. The observed and simulated MWSs by WRF decrease with
time gradually after obtained highest value of MWS. The highest value of MWS for the TC
Viyaru using different cumulus schemes of KF, BMJ, GF, G3, GD and OKF in WRF
models are 47, 40, 43, 46, 38 and 41 m/s respectively. Whereas the observed MWS is 23.15
m/s. The observation value indicates that the system attained the intensity of cyclonic storm
(17.5-24.44 m/s) and simulated values indicate that the system attained the intensity of SCS
with a core of hurricane (3 33.5 m/s). WRF modd using different cumulus schemes

simulate value of MWS than that of observed value. It is seen that KF cumulus scheme has
very high intensity, then the GF and G3 cumulus scheme has also high intensity, then the
BMJ, GD and OKF cumulus schemes has intensity.

Figure 28 shows spatial distribution of surface (10 m) wind speed at mature stage using six

different cumulus schemes and it is obtained with different times and positions with

different intensities. The spatia distribution of wind speed at its mature stage for the TC
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Viyaru using different cumulus schemes KF, BMJ, GF, G3, GD and OKF in WRF model is
obtained at 0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300 UTC of 15, 0000
UTC of 16 and 2100 UTC of 15 May 2013 respectively and shown in Figure 28. The
Figure 28 obtained from WRF model shows that the wind field of the TC is highly
asymmetric in the horizontal distribution. At 0000 UTC of 13 May 2013 (i.e. a the initia
time of simulation) the TC is in the sea with different cumulus schemes (not shown in
figure). Gradually, TC is organized with strong wind bands around and the wind flow in the
core region shows asymmetric feature with minimum wind speed at the centre. The spatia
distribution of surface (10 m) wind speed is found maximum for KF scheme and minimum
for BMJ and GD scheme. The figure shows that the pattern has an asymmetric wind
distribution with strong wind bands in the front right side, rear left and rear right sides close
to the centre of north directed moving storm. In Figure 28, it is observed that mature stage
of spatial distribution of wind speed using different cumulus is obtained with different times
and different positions. Positions of mature stages using KF, BMJ, GF, G3, GD and OKF
are located at 87.42°E and 17.61°N at 0000 UTC of 15, 89.9°E and 22°N at 0900 UTC of
16, 88.45°E and 18.40°N at 1200 UTC of 15, 87.6°E and 17.5°N at 0300 UTC of 15,
87.36°E and 18.5°N at 0000 UTC of 16 and 88.3°E and 19.75°N at and 2100 UTC of 15
May 2013 respectively. At this mature stage, the wind flow in the core region shows a near
circular feature with minimum wind speed at the centre.
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Figure 28: WRF model smulated MWS of TC Viyaru at different cumulus schemes.
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The distributions of the surface wind of the TC Viyaru along east-west cross section and
north-south cross section passing through its centre at mature stage using different cumulus
are shown in Figures 29 and 30 respectively. The positions of the centre at mature stage
using different cumulus schemes KF, BMJ, GF, G3, GD and OKF are located 87.42°E and
17.61°N, 89.9°E and 22°N, 88.45°E and 18.40°N, 87.6°E and 17.5°N, 87.36°E and 18.5°N
respectively. The model simulated wind 47, 40, 43 , 46, 38 and 41 m/s are obtained at
0900 UTC of 14, 1500 UTC of 14, 1200 UTC of 15, 2100 UTC of 15, 1800 UTC of 14
and 0900 UTC of 14 May 2013 respectively. But the model simulated wind 44, 35, 43, 44,
35 and 40 m/s are obtained at 0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300
UTC of 15, 0000 UTC of 16 and 2100 UTC of 15 May 2013 respectively at mature stage
(that is at the minimum SLP position). The figures demonstrate that a calm region is found
inside the eye of the system and maximum wind was found in the eye wall. The ssmulated
value of wind at the centre using different cumulus schemes has awide variety. In Figure 29
the valueislessthan 11 m/sand in Figure 30 the value is lessthan 7 m/s. Variation of east—
west and North South elongated wind at the center are clearly observed. Figures 29 and 30
all cumulus scheme show eye and eye wall clearly. The radius of maximum wind of the TC
Viyaru is found to be just lower than 80 km according to the simulation. Variation of east-

west and north-south elongated wind at the center is clearly observed.
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Figure 29: East west cross sectional view of WRF model simulated wind speed (m/s) of TC

Viyaru at different cumulus schemes with fixed latitude.
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Figure 30: North south cross sectional view of WRF model simulated wind speed (m/s) of
TC Viyaru at different cumulus schemes with fixed longitude.

The horizontal distribution of vector wind field at its mature stage for the levels 850, 500,
300 and 200 hPa of the TC Viyaru using different cumulus is tabulated in Table 6 and figure
of this only for the levels 850 and 200 hPa are shown in Figure 31 and 32 respectively.

The horizontal distribution of vector wind field at its mature stage for the levels 850, 500,
300 and 200 hPa of the TC Viyaru using different cumulus is tabulated in Table 6 and the
only results for the levels 850 and 200 hPa are shown in Figures 31 and 32 respectively.

From the Figure 31, awell organized TC circulation with strong winds encircling the centre
isfound at the 850 hPa levels. It is noted that the strong wind is confined to the right of the
direction of the movement of the system. From the Figure 32, strong outflow is evident at
200 hPa level from the central part of the TC. So, using simulated results obtained from
WRF models, Figure 31 and Figure 32 demonstrate inflow in the lower level and outflow in

the upper level respectively.

WRF model simulated maximum winds at the mature stage (0000 UTC of 15, 0900 UTC of
16, 1200 UTC of 15, 0300 UTC of 15, 0000 UTC of 16 and 2100 UTC of 15 May 2013) are
about 70, 60, 70, 80, 60, 80 m/s and 50, 40, 30, 40, 20, 40 m/s for different cumulus (KF,
BMJ, GF, G3, GD and OKF) schemes at 850 and 200 hPa levels respectively. The wind
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speed at 850 hPa levels is found minimum for BMJ and GD scheme, and maximum for

OKF schemes. And the wind speed at 200 hPa levelsis found minimum for GD scheme and

maximum for KF schemes. The mature stages are obtained at different time and position.
The values of wind speed for mature stage at the levels 500 and 300 hPa are obtained

different with different cumulus schemes.

Table 6: WRF model simulated wind speed (m/s) at different cumulus schemes of 850, 500,
300 and 200 hPa pressure levels of TC Viyaru

Pressure Simulated maximum Wind Speed (m/s) at different time

level (hPa) OOUTC | 09UTCof | 12UTCof | 03UTCof | 0OUTCof | 21 UTC of
of 15May | 16 Mayat | 15Mayat | 1I5Maya | 16 May | 15 May at

a KF BMJ GF Gredl at GD OKF

850 70 60 70 80 60 80

500 60 60 60 70 50 60

300 60 40 50 60 30 60

200 50 40 30 40 20 40
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Figure 31: WRF model simulated Wind vector and magnitude at 850 hPa levels at different

cumulus schemes.
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Figure 32: WRF model simulated Wind vector and magnitude at 200 hPa levels at different

cumulus schemes.

The Vertical profile of Radial, Tangential, Vertical and Horizontal wind fields at its mature
stage for the TC Viyaru using different cumulus schemes KF, BMJ, GF, G3, GD and OKF
in WRF model are obtained at 0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300
UTC of 15, 0000 UTC of 16 and 2100 UTC of 15 May 2013 respectively and shown in
Figures 33, 34, 35 and 36 respectively. Model simulated results are also tabulated in Table
7, for different cumulus schemes mentioned in the Table. From the table it is clear that the
value of the vertical profiles of radial, tangential, vertical and horizontal wind of TC Viyaru
obtained using different cumulus (KF, BMJ, GF, G3, GD and OKF) schemes are different
for different cumulus schemes. The strong wind with different speeds (Table 7) is confined
to different levels in lower troposphere and extended up to 100 hPa level in the left side of
the system.

From the Figure 33, it is found that vertical profile of radial wind is much more organized
and it is also clearly seen that the system has strong inflow in the lower levels which bring
the air to the system through the boundary level and lower level and outflow in the upper
level. The Radial wind is found minimum for Kain-Fritsch and Old Kain-Fritsch scheme
and maximum for Grell-Fritsch schemes.

The vertical profile of tangential wind flows in a northerly direction at the eastern side of

the system and in a southerly direction at the western side. For this reason, tangential wind
54



shows positive value at the right side (east side) of the centre and negative value at the |eft
side (west side) of the centre. The Tangentia wind is found minimum for Grell-Denenyi
scheme and maximum for Grell-Fritsch schemes.

The values of vertical wind are different in magnitude for different cumulus schemes and
are 0.4, 1.0, 1.5, 0.8, 1.0 and 0.6 m/s are simulated by KF, BMJ, GF, G3, GD and OKF
cumulus schemes respectively. It indicates that the vertical wind is found minimum for KF
scheme and maximum for GF scheme. These values are along the eye wall and other parts
of the system which feed moisture into the system. It is noted that Virayu has very weak
updraft motion at the eye wall throughout middle and upper troposphere. The downward
motion isvisible in the central parts of the TC and other areas in between rain bands.

The vertical profile of horizonta wind of the system at its mature stage shows the
distribution of strong winds up to 100 hPa for KF, GF, G3 and OKF cumulus schemes and
up to 200 hPa for BMJ and GD cumulus schemes around the centre of TC. It further
confirms that the maximum winds are confined to the right of the direction of the movement
of the system. This value decreases with the radial distance from both side of the eye. Calm
wind zone is sharp and narrow and little bit tilted to the westward and get expanded towards
upper levels. Thisis in agreement with the previous studies of Rao and Prasad (2006) and
Goswami et al. (2006) on Orissa TC. Cyclonic circulation is generally seen up to about 300
hPa level and anticyclonic circulation with divergence fields aoft. In case of TC Viyaru,
cyclonic circulation is also seen up to about 200 hPa level for al cumulus scheme and
anticyclonic circulation with divergence fields aloft. And the horizontal wind is found
minimum for GD scheme and maximum for GF scheme.

Table 7. WRF model simulated radial wind, tangential wind, vertica velocity and

horizontal wind (m/s) of TC Viyaru at different cumulus schemes.

Component of Simulated maximum wind speed (m/s) at different time

wind OOUTC of | 09UTCof | 12UTCof | 03UTCof | 00UTC of 21 UTC of

15Mayat | 16 Maya | 15Mayat | 15Mayat | 16 May at 15 May at
KF BMJ GF G3 GD OKF

Radia wind 15 5 15 5 10 10
Tangential 45 45 50 50 40 50
wind
Vertical 04 1 15 0.8 1 0.6
velocity
Horizontal 70 50 60 70 50 60
wind
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Figure 33: WRF model simulated Radia wind (m/s) of TC Viyaru at different cumulus
schemes.
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Figure 34: WRF model ssimulated Tangential wind (m/s) of TC Viyaru at different cumulus

schemes.
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Figure 35: WRF model simulated Vertica wind (m/s) of TC Viyaru at different cumulus
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Figure 36: WRF model simulated Horizontal wind (m/s) of TC Viyaru at different cumulus
schemes.

4.2.4 Vorticity

To know the evolution WRF model simulated relative vorticity at 1000, 950, 850, 500 and

300 hPa with six cumulus KF, BMJ, GF, G3, GD and OKF schemes for 96 hours (every 3

hourly) are presented in Figure 37. The vaue of relative vorticity is increased with the

increase of time (i.e. in the development of the TC) at all levelsfor al cumulus schemes and
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has increased to a maximum value. Thereafter, the value shows a fall. From the figure it is
observed that at 850, 500 and 300 hPa, the vorticity is found maximum for cumulus KF
scheme. And at 1000 hPa level, the vorticity is found maximum for cumulus BMJ scheme.
At 950 hPa level, the vorticity is found maximum for cumulus G3 scheme. The vorticity is
found more than zero for all levels using al schemes. So, from the simulated value of
vorticity it is seen that system intensification is satisfied more or less by all cumulus
schemes.

P =
z 3
) PR il
£ L .
g = —_
- F | .

= HE | ] A
T E— Vs ).gp";;-'ixi‘,z ey
= g .. | o A o . Wl
o = by = 3 \K’ AA
E = ] peg G A it LS

0 n ill

o N = A J
o et NP R e
o
AL ‘Warlmtion of Wordchs w i dmes

= T T, =
S E
R N Tara =
= 1A iR i (b) S
. an E—
= ™ . g -1 N N "h.-” [
: \. e | =
g B Sy LT '\;/_::"' =
= e =
= . 4

1u

"
LA S L R L' #" "“" ‘-l" l-u-' 'ﬂ‘ k‘ .l" I-\.lf ﬁ Q A ?**?:\‘.'1*l:1“-_?"

:--e-?-e-a:-r-ﬁ-'j'ry-e-u:--e‘-a--ﬂz-:--wq.- e el
i s n....a—hmu;u

an

BT
1]}
1
1w
.
n
o o e o

-ar-p--h-q.qp-w-ae-a-q:--e-r-r.ae.a-x

Vordoby & 300 hPa lavel ve)

Figure 37: Evolution of model simulated vorticity with time at different cumulus schemes
for 1000, 950, 850, 500 and 300 hPalevel of TC Viyaru.
The horizontal distribution of the simulated relative vorticity obtained for TC Viyaru at 850
and 200 hPa levels are shown in the Figures 38 and 39 respectively. It is seen from the
figures that the vorticity is distributed with maximum value at the centre and these values
for the levels 850, 500, 300 and 200 hPa are tabulated in Table 8 for different cumulus (KF,
BMJ, GF, G3, GD and OKF) schemes respectively. At 850 hPa, the distribution maintains
circular pattern with some asymmetric features in the outer periphery. Negative vorticity
fields are situated far from the centre. This distance of the negative vorticity from the centre
is increased due to development of TC (not shown). Low level relative vorticity fields
confirm the strong cyclonic circulation at low levels with different time and distance in
feeding the moisture into the system to sustain its intensity. The values of relative vorticity
are increased with the development of TC. At 200 hPa level, the weak positive vorticity
embedded with negative vorticity field is visible at 200 hPa level. Negative vorticity is
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found at the centre of the TC. It is clear from the figure that relative vorticity is more
organized in the mature stage. The vorticity is found maximum or minimum for 850, 500,
300 and 200 levels at different time using different cumulus schemes.

Vertica distribution of the relative vorticity with fixed latitude (along east-west direction)
and fixed longitude (along north-south direction) are obtained from WRF mode is shown in
Figures 40 and 41 respectively and the values are tabulated in Table 8.

Simulated results at 0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300 UTC of 15,
0000 UTC of 16 and 2100 UTC of 15 May 2013 for different cumulus schemes KF, BMJ,
GF, G3, GD and OKF are located at 87.42°E and 17.61°N, 89.9°E and 22°N, 88.45°E and
18.4°N, 87.6°E and 17.5°N, 87.36°E and 18.5°N and 88.3°E and 19.75°N respectively. In
Figure 40 the system has the positive vorticity along the centre up to 100 hPa level with
higher value for all cumulus. For KF, BMJ, GF, G3, GD and OKF the higher values are
found up to 180, 180, 200, 100, 100 and 150 levels respectively. So the strong cumulus
scheme are G3 and GD schemes. In Figure 41, the system has the positive vorticity along
the centre up to 100 hPa level with higher value for all cumulus schemes. For KF, BMJ, GF,
G3, GD and OKF the higher value is up to 100 levels.

Table 8: WRF Model simulated maximum vorticity (x10° s?) at different pressure levels
associated with TC Viyaru at different cumulus schemes.

Pressure Vorticity (x10° s?) at different times
level (hPa) OOUTC | 09UTCof | 12UTCof | 03UTCof | 00UTC of | 21 UTC of
of 15May | 16 Mayat | 15Mayat | 15Maya | 16 May | 15 May a
a KF BMJ GF Gred a GD OKF
850 300 250 250 300 250 300
500 180 160 110 150 110 160
300 180 160 190 110 70 145
200 120 150 90 110 90 120
Position of 17.61°N 22°N and 18.40°N 17.5°N 185°N and | 19.75°N
TC centre and 89.9°E and and 87 36°E and 88.3°E
0 (¢] *
87.62°E 88.45°E 87 6°F
Vertical 22 20 12 22 22 22
distribution
with fixed
latitude
Vertical 20 18 12 18 12 19
distribution
with fixed
longitude
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Figure 38: WRF Model ssimulated vorticity field of 850 hPa levels at different cumulus
schemes.
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Figure 39: WRF Moded simulated vorticity field of 200 hPa levels at different cumulus
schemes.
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Figure 40: WRF model simulated east west vertical distribution of relative vorticity with

fixed longitude of TC Viyaru through the centre at different cumulus schemes.
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Figure 41: WRF model simulated east west vertical distribution of relative vorticity with

fixed latitude of TC Viyaru through the centre at different cumulus schemes.

4.25 Temperatureanomaly

The WRF model simulated temperature anomaly at 0000 UTC of 15, 0900 UTC of 16, 1200

UTC of 15, 0300 UTC of 15, 0000 UTC of 16 and 2100 UTC of 15 May 2013 (i.e. its
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mature stage) for different cumulus (KF, BMJ, GF, G3, GD and OKF) schemes is shown in
Figure 42 and the values are tabulated in Table 9. It is noted that the warm core region is
slightly expanded up to 200 hPalevel amost for all cumulus schemes.

For Kain-Fritsch cumulus scheme, at 0900 UTC of 14 May 2013, awarm core with 12°C is
observed in 480-220 hPa layer. It is noted that the warm core region is expanded outward at
500-200 hPa level. The greatest anomaly is observed around 350 hPa level. The simulated
temperature anomay demonstrates that the warm core is visible mainly at upper

troposphere.

For Betts-Miller-Janjic cumulus scheme at 1500 UTC of 14 May 2013, a warm core with
9°C is observed in 320-200 hPa layer. It is noted that the warm core region is expanded
outward at 400-200 hPa level. The greatest anomaly is observed around 250 hPa level. The
simulated temperature anomaly demonstrates that the warm core is visible mainly at upper

troposphere.

For Grell-Fritsch cumulus scheme at 1200 UTC of 15 May 2013, awarm core with 10°C is
observed in 420-290 hPa layer. It is noted that the warm core region is expanded outward at
450-200 hPalevel. The greatest anomaly is observed around 350 hPa level. The simulated

temperature anomaly demonstrates that the warm core is visible mainly upper troposphere.

For Grell-3 cumulus scheme at 2100 UTC of 15 May 2013, a warm core with 11°C is
observed in 400-280 hPa layer. It is noted that the warm core region is expanded outward at
500-200 hPa level. The greatest anomaly is observed around 350 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly at upper

troposphere.

For Grell-Denenyi cumulus scheme at 1800 UTC of 14 May 2013, awarm core with 7°C is
observed in 670-200 hPa layer. It is noted that the warm core region is expanded outward at
400-200 hPa level. The greatest anomaly is observed around 550 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly above middle

troposphere.

For Old Kain-Fritsch cumulus scheme at 0900 UTC of 14 May 2013, a warm core with
11°C is observed in 400-150 hPa layer. It is noted that the warm core region is expanded
outward at 500-200 hPa level. The greatest anomaly is observed around 300 hPalevel. The
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simulated temperature anomaly demonstrates that the warm core is visible mainly at upper

troposphere.

Finally, the greatest anomaly is occurred at cumulus KF scheme around 350 hPa levels. The

simulated temperature anomaly demonstrates that the warm core is visible mainly at upper

troposphere except GD cumulus scheme. Negative temperature anomalies are also seen at

the lower levels.

Table 9: WRF Model simulated temperature anomay (°C), Relative Humidity (%), water
vapor mixing ratio (g/kg) associated with TC Viyaru at different cumulus schemes.

Parameter OOUTC | 0QUTCof | 12UTCof | O3UTCof | OOUTCof | 21 UTC of
of 15May | 16 Mayat | 15Mayat | 15Maya | 16 May at | 15 May at
a KF BMJ GF Gredl GD OKF
Maximum 12 9 10 11 7 11
Temperature
Relative 100 100 100 100 100 100
Humidity
Water vapor 2.2 2 2.2 2.2 2.2 2.2
mixing ratio

Figure 42: WRF model simulated vertical distribution of temperature anomaly in the east-

west direction of TC Viyaru at different cumulus schemes.
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4.2.6 Reative humidity

The Horizontal distribution of relative humidity of TC Viyaru obtained from WRF model at
0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300 UTC of 15, 0000 UTC of 16 and
2100 UTC of 15 May 2013 for different cumulus (KF, BMJ, GF, G3, GD and OKF)
schemes is shown in Figure 43. Time variation of relative humidity at surface is obtained
around 86-100%. But the relative humidity at 850 levels with all cumulus is 100% for all
the cyclones (not shown in figure). These values satisfy the condition for the intensification

of cyclone through convection.

i

i

g

Sehlies Fumicip al 3m ity

Relalbw hunid by 5]
i

=

v
e B D e e T e i P e et e
o

1_e._-.-...-.;a« R ol R e [CETIRE AT TR

Figure 43: Evolution of model simulated (a) RH and (b) RH at 2m with time at different

cumulus schemes of TC Viyaru.
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Figure 44: WRF model simulated vertical distribution of Relative humidity (%) in the east-
west direction of TC Viyaru at different cumulus schemes.

The vertical cross section of relative humidity for TC Viyaru obtained from WRF model at
0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300 UTC of 15, 0000 UTC of 16 and
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2100 UTC of 15 May 2013 (i.e. its mature stage) for different cumulus (KF, BMJ, GF, G3,
GD and OKF) schemes from surface to 100 hPa levels is shown in Figure 44 and its values
are tabulated in Table 9. It is noted that high relative humidity (more than 95%) spreads in
outer range of eye wall up to 350, 500,700, 700, 720 and 400 hPa levels for the cumulus
(KF, BMJ, GF, G3, GD and OKF) schemes respectively. High relative humidity bands are
also found in the rain band of the system situated at both sides of the system in the wider
range throughout 980-700 hPalevel. From the Table 9 and the Figure 44, it is observed that
highest relative humidity 100% is observed using all cumulus schemes.

4.2.7 Reéative humidity at 2m

The time evolution of relative humidity at 2m of TC Viyaru obtained from WRF model at
0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300 UTC of 15, 0000 UTC of 16 and
2100 UTC of 15 May 2013 (i.e. its mature stage) for different cumulus (KF, BMJ, GF, G3,
GD and OKF) scheme is shown in Figure 43. It is noted that high relative humidity at 2m
(around 100%) spreads in outer range of eye wall up for al cumulus schemes without any

exception. It isthe good indication for the intensification of cyclone.

' Ly al Shoa WL st oo i Palulin e buomdiby sl Zon UWLL et O U

Figure 45: WRF model ssimulated spatial distribution of relative humidity at 2m (%) in the
east-west direction of TC Viyaru at different cumulus schemes.

The spatial distribution of relative humidity at 2m of TC Viyaru obtained from WRF at

0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300 UTC of 15, 0000 UTC of 16 and
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2100 UTC of 15 May 2013 (i.e. its mature stage) for different cumulus (KF, BMJ, GF, G3,
GD and OKF) scheme is shown in Figure 45. The values of the relative humidity at 2m of
TC Viyaru around the centre are about 100% or less for all cumulus schemes. This status of
the relative humidity is satisfied the convection for the cyclone intensification.

4.2.8 Water vapor mixing ratio

The vertical distribution of water vapor mixing ratio obtained from WRF model along the
east-west cross section of the centre at 0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15,
0300 UTC of 15, 0000 UTC of 16 and 2100 UTC of 15 May 2013 (i.e. its mature stage) for
different cumulus (KF, BMJ, GF, G3, GD and OKF) schemes respectively for TC Viyaru
from surface to 100 hPalevel is shown in Figure 46 and its values are tabulated in Table 9.
It shows that the highest moisture content more than around 2.2* 102 kg/kg or more is found
at the centre of the system at 900 hPa level and it decreases upwards to 400 hPa levels or
more. For the development of the system this upward level goes up to 300 hPalevd (i.e. its
mature stage). Performance of all cumulus schemes for the simulation of vertica

distribution of water vapor mixing ratio are comparable.
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Figure 46: WRF model simulated vertical distribution of water vapor mixing ratio along the

east-west cross section of the centre of TC Viyaru at different cumulus schemes.

The horizontal distribution of water vapor mixing ratio for TC Viyaru at 950 hPa level at

0000 UTC of 15, 0900 UTC of 16, 1200 UTC of 15, 0300 UTC of 15, 0000 UTC of 16 and
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2100 UTC of 15 May 2013 (i.e. its mature stage) for different cumulus (KF, BMJ, GF, G3,
GD and OKF) schemes respectively are obtained from WRF model is shown in the Figure
47. The maxing ratio shows a highly asymmetric character in the horizontal distribution. In
Figure 47, maximum water vapor mixing ratio of 2.2 g/kg is obtained. It is noted that the
highest mixing ratio is obtained at 950 hPalevel close to Bangladesh.

It is noted that the high moisture flux comes from the southern side covering a large area of
the Bay of Benga which feeds the system aong its southeastern side through the boundary
layer. The value of high moisture flux increases dightly with development of the system.

Maximum value of water vapor mixing ratio is 2.2 gm/Kg and it is situated mainly at and
around the centre of the cyclone. These maximum values cover large area of sea and small
area of Bangladesh with lower value for al cumulus schemes. The south and western parts
of Bangladesh cover with more value of water vapor mixing ratio (but less than 2.2 gm/Kg)
finaly, it may be concluded that all the schemes satisfy the intensification of the cyclone.
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Figure 47: WRF model simulated horizontal distribution of water vapor mixing ratio at 950
hPa of TC Viyaru at different cumulus.
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4.3 Tropical Cyclone Nilam

The model simulated MSLP, maximum wind at 10 m level, Vorticity, Temperature
anomaly, Relative humidity, Relative humidity at 2m and Water vapor mixing ratio with six
CP schemes along with synoptic situation have been discussed for the TC Nilam in the

following sub-sections:

4.3.1 Description of Tropical Cyclone Nilam

To anayze the low intensity of TC Nilam, the WRF model has been run for 96 hrs with the
initial field at 0000 UTC of 28 October 2012 using different cumulus. The cyclone Nilam
originated over the BOB in the period from October 27, 2012 to November 01, 2012. The
IMD has designated it as BOB 02 and JTWC as 02B. It was first identified as a low
pressure on October 27, 2012, in south central BOB. Then, it developed into depression on
October 28, 2012, at 1130 IST near 9.5°N and 86°E (550 km to the northeast of
Trincomalee, Sri Lanka). It moved near 9°N and 83°E and developed into deep depression
on October 29, 2012. Then, it became cyclonic storm on October 30, 2012 and lay at 110
km to the northeast of Trincomalee. Initialy, the system moved westward and remained
stationary near Sri Lanka coast. Then, under the influence of alow- to mid-level subtropical
ridge, the system continued to move in the north-northwestward direction toward
Mahabalipuram. The system made landfall on the Indian coast near Mahabalipuram on 31
October between 1600 IST and 1700 IST. During landfall, the system was very fast with
maximum wind speed of 70-80 knots. Thereupon, it continued to move in the west-
northwest direction up to south interior Karnataka and got weakened into a depression over
land surface on November 01, 2012. Maximum rainfall occurred over southwest sector of
the system center, and heavy to very heavy rainfall extended up to 300 km (IMD report,
Oct. 2012). Using WRF models the different meteorological parameters are simulated and
discussed for the intensity of the TC Nilam in the following sub-sections. The WRF model
simulated data are compared with those obtained from Joint Typhoon Warning Centre
(JTWC).

4.3.2 Minimum sealevel pressure (MSLP)

The storm intensity forecasts for the TC Nilam in terms of MSLP using six different
cumulus schemes KF, BMJ, GF, G3, GD and OKF for 96 hours (every 3 hourly) are
presented in Figure 48. The WRF model simulated and observed MSLP gradually drops
with time and attains peak intensity just before the landfall and thereafter MSLP increases.
The model simulated MSLP values of 978, 997, 965, 965, 986 and 983 hPa are obtained
using KF, BMJ, GF, G3, GD and OKF schemes respectively and these smulated MSLP

values are obtained at 1200 UTC of 30, 1500 UTC of 30, 18 UTC of 31, 1800 UTC of 31,
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2100 UTC of 31 and 1500 UTC of 31 October 2012 respectively. The observed MSLP of
987 hPa is obtained at 0300 UTC of 31 October 2012 according to IMD. So, simulated
MSLP values are obtained later/earlier than that of observed. The observed MSLP is much
higher than the smulated MSLP for al cumulus schemes with little exception. The pressure
departure is found minimum for Grell- Fritsch and Grell-3 schemes and maximum for Betts-
Miller-Janjic schemes compared with IMD observed. The ssimulated pressure fall for all
cumulus schemes indicate that the system has attained the intensity of cyclonic storm and
the observation also indicates that the system attained the intensity of cyclonic storm (987
hPa). Cumulus schemes BMJ, G3 and OKF match better than the others cumulus schemes
with the observed intensity. But Cumulus schemes G3 and OKF simulate minimum MSLP
(mature stage) later than that of observed and Cumulus BMJ simulates much earlier than the
observed. Cumulus BMJ simulates more intensity than the observed. Intensity simulated by
Cumulus schemes KF, G3 and GD has absolutely not matched with the observed value.
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Figure 48: Evolution of WRF model ssmulated (a) MSLP and (b) MWS at 10m level using
six different cumulus schemes and that of observed of the TC Nilam.

Figure 49 shows the mature stage of spatial distribution of sea level pressure using six
different cumulus schemes and it is obtained with different time and position with different
intensity. The spatial distribution of sea level pressure at its mature stage for the TC Nilam
using different cumulus schemes KF, BMJ, GF, G3, GD and OKF in WRF modd is
obtained at 1200 UTC of 30, 1500 UTC of 30, 18 UTC of 31, 1800 UTC of 31, 2100 UTC
of 31 and 1500 UTC of 31 October 2012 respectively.

The lowest simulated MSLP (i.e. mature stage) for the TC Nilam using different cumulus
schemes KF, BMJ, GF, G3, GD and OKF in WRF models are 978, 997, 965, 965, 986 and
983 hParespectively. The observation a so indicates that the system attained the intensity of
cyclonic storm (987 hPa). It is seen that BMJ cumulus scheme has very high intensity. The

GD cumulus scheme has amost the same intensity of the observation and then the OKF
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cumulus scheme has also nearly the same intensity of the observation. The KF, GF and G3

cumulus schemes have very lower intensity than the observation.

In Figure 49, it is observed that the spatial distribution of sealevel pressure at mature stage
using different cumulus is obtained with different times and different positions. Positions of
mature stages using KF, BMJ, GF, G3, GD and OKF schemes are located at 82.45°E and
9.72°N at 1200 UTC of 30, 82.45°E and 9.9°N 72°N at 1500 UTC of 26 October, 81.19°E
and 13.3°N 72°N at 1800 UTC of 31, 81.49°E and 12.89°N 72°N at 1800 UTC of 31,
81.35°E and 14°N 72°N at 2100 UTC of 31 and 80.93°E and 12.45°N 72°N at 1500 UTC of
31 October 2012 respectively. Intensity, position and time of mature stages are different for
different cumulus schemes used in WRF model. The isobar has circular arrangement around
the TC centre with some asymmetric features in the outer periphery. The contour interval is
different for different positions because of different intensity of the system. From the Figure
49, the radius of the TC eye is found to be around 90 km for all cumulus according to all
simulation.
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Figure 49: WRF model simulated SLP of TC Nilam at different cumulus schemes.

The distribution of the sealevel pressure for the TC Nilam along east-west cross section and
north-south cross section passing through its centre using different cumulus is shown in
Figure 50. The positions of the centre at mature stage using different cumulus schemes KF,
BMJ, GF, G3, GD and OKF are located at 82.45°E and 9.72°N, 82.45°E and 9.9°N, 81.19°E
and 13.3°N, 81.49°E and 12.89°N, 81.35°E and 14°N and 80.93°E and 12.45°N respectively.
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The model simulated MSLP values of 978, 997, 965, 965, 986 and 983 hPa are obtained at
1200 UTC of 30, 1500 UTC of 30, 1800 UTC of 31, 1800 UTC of 31, 2100 UTC of 31
and 1500 UTC of 31 October 2012 respectively and are shown in Figure 50. In Figure 50,
the black, green, yellow, orange, magenta and the dark purple color represent KF, BMJ,
GF, G3, GD and OKF schemes respectively. The figures demonstrate the moderate pressure
gradient around the centre with maximum gradient at around 100 km below or above for al
cumulus schemes from the centre. Variation of east-west and north-south elongated SLP at
the center are clearly observed.
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Figure 50: WRF model simulated (@) East West and (b) North South cross sectional view of
SLP of TC Nilam at different cumulus schemes with fixed latitude and longitude
respectively.

4.3.3 Maximum Wind speed

The storm intensity forecasts for the TC Nilam in terms of MWS using six different
cumulus schemes KF, BMJ, GF, G3, GD and OKF for 96 hours (every 3 hourly) along with
observed MWS are presented in Figure 48. The model simulated MWSs are obtained at the
standard meteorologica height of 10 m. The WRF model simulated MWSs are higher than
the observed vaues through almost full forecast hours with a few exceptions. Model
simulated highest values of MWS using six different cumulus schemes are obtained at same
the time and earlier. But for are-convenience, time of maximum intensity (mature stage) are

is considered as the time of obtained MSLP (times are written in previous section).

The observed and ssmulated MWS by WRF decrease with time gradually after obtaining
highest value of MWS. The highest value of MWS for the TC Nilam using different
cumulus schemes KF, BMJ, GF, G3, GD and OKF in WRF models are 36, 25, 40, 40, 29
and 29 m/s respectively. Whereas the observed MWS is 23.15 m/s. the simulated and
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observation value indicate that the system attained the intensity of cyclonic storm (17.5 -
24.44 m/s). WRF model using different cumulus schemes simulate higher value of MWS
than that of observed value. It is seen GF and G3 cumulus schemes have very high intensity
than the KF, GD and OKF cumulus schemes have aso high intensity. The BMJ cumulus

scheme has dlightly more intensity than the observation.

Figure 51 shows the spatial distribution of the surface (10 m) wind speed at the mature stage
of the TC using six different cumulus schemes and it is obtained with different times and
positions with different intensities. The spatial distribution of wind speed at its mature stage
for the TC Nilam using different cumulus schemes KF, BMJ, GF, G3, GD and OKF in
WRF model is obtained at 1200 UTC of 30, 1500 UTC of 30, 1800 UTC of 31, 1800 UTC
of 31, 2100 UTC of 31 and 1500 UTC of 31 October 2012 respectively and shown in Figure
51. The Figure 51 obtained from WRF model shows that the wind field of the TC is highly
asymmetric in the horizontal distribution. At 0000 UTC of 28 October 2012 (i.e. at the
initial time of simulation) the TC isin the seawith different cumulus schemes (not shown in
figure). Gradually, TC is organized with strong wind bands around and the wind flow in the
core region shows asymmetric feature with minimum wind speed at the centre. The spatial
distribution of surface (10 m) wind speed is found maximum for GF and G3 schemes and
minimum for BMJ cumulus scheme. The figure shows that the pattern has an asymmetric
wind distribution with strong wind bands in the front right side, rear left and rear right sides
close to the centre of north directed moving storm. In Figure 51, it is observed that the
gpatia distribution of wind speed at the mature stage of the TC using different cumulus
schemes is obtained with different times and different positions. Positions of mature stages
using KF, BMJ, GF, G3, GD and OKF schemes are located at 82.45°E and 9.72°N at 1200
UTC of 30, 82.45°E and 9.9°N at 1500 UTC of 26, 81.19°E and 13.3°N at 1800 UTC of 31,
81.49°E and 12.89°N at 1800 UTC of 31, 81.35°E and 14°N at 2100 UTC of 31 and 80.93°E
and 12.45°N at 1500 UTC of 31 October respectively. At this mature stage, the wind flow in
the core region shows a near circular feature with minimum wind speed at the centre.
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Figure 51: WRF model smulated MWS of TC Nilam at different cumulus schemes.

The distribution of the surface wind of the TC Nilam aong east-west cross section and
north-south cross section passing through its centre at mature stage using different cumulus
schemes is shown in Figures 52 and 53 respectively. The positions of the centre at mature
stage using different cumulus schemes KF, BMJ, GF, G3, GD and OKF are located at
82.45°E and 9.72°N, 82.45°E and 9.9°N, 81.19°E and 13.3°N, 81.49°E and 12.89°N, 81.35°E
and 14°N and 80.93°E and 12.45°N respectively. The model simulated wind speeds of 36,
25, 40, 40, 29 and 29 m/s are obtained at 0600 UTC of 30, 1200 UTC of 30, 1800 UTC of
31, 1200 UTC of 31, 1800 UTC of 31 and 1500 UTC of 31 October 2008 respectively. But
the model ssimulated wind of 35, 24, 40, 39, 27 and 29 m/s are obtained at 1200 UTC of 30,
1500 UTC of 30, 1800 UTC of 31, 1800 UTC of 31, 2100 UTC of 31 and 1500 UTC of 31
October 2012 respectively at mature stage (that is at the minimum SLP position). The
figures demonstrate that a calm region is found inside the eye of the system and maximum
wind was found in the eye wall. The simulated value of wind at centre using different
schemes has awide variation with time and place. In Figure 52, the value is less than 4 m/s
and in Figure 53 the value is less than 7 m/s. In Figure 52, the KF, GF, G3 and OKF
cumulus schemes show better result than the other cumulus schemes. And in Figure 53, the
KF, GF and OKF cumulus schemes show better result than the other cumulus schemes. In

both figures, the performance of BMJ cumulus scheme is the worst. The radius of maximum
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wind of the TC Nilam is found to be just lower than 60 km according to the simulation.

Variation of east-west and north-south elongated wind at the center is clearly observed.
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Figure 52: East West cross sectiona view of WRF model simulated wind speed (m/s) of TC
Nilam at different cumulus schemes with fixed longitude.
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Figure 53: North-south cross sectional view of WRF model simulated Wind speed (m/s) of

TC Nilam at different cumulus schemes with fixed latitude.
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The horizontal distribution of vector wind field at its mature stage for the levels 850, 500,
300 and 200 hPa of the TC Nilam using different cumulus is tabulated in Table 10 and
figure of this only for the levels 850 and 200 hPa are shown in Figures 54 and 55
respectively.

From the Figure 54, awell organized TC circulation with strong winds encircling the centre
isfound at the 850 hPa levels. It is noted that the strong wind is confined to the right of the
direction of the movement of the system. From the Figure 55, a 200 hPa level strong
outflow is evident from the central part of the TC. So, using simulated results obtained from
WRF models, Figure 54 and Figure 55 demonstrate inflow in the lower level and outflow in

the upper level respectively.

WRF model simulated maximum winds at the mature stage (1200 UTC of 30, 1500 UTC of
30, 1800 UTC of 31, 1800 UTC of 31, 2100 UTC of 31 and 1500 UTC of 31 October 2012)
are about 60, 40, 60, 70, 40, 40 m/s and 30, 30, 30, 40, 20, 30 m/s for different cumulus
(KF, BMJ, GF, G3, GD and OKF) schemes at 850 and 200 hPa levels respectively. The
wind speed at 850 hPa level is found minimum for BMJ, GD and OKF schemes and
maximum for G3 scheme. And the wind speed at 200 hPa levelsis found minimum for GD
scheme and maximum for G3 schemes. The mature stages are obtained at different time and
position. The values of wind speed for mature stage at the levels 500 and 300 hPa are

obtained different with different cumulus schemes.

Table 10: WRF model simulated maximum wind speed (m/s) at different cumulus schemes
of 850, 500, 300 and 200 hPa pressure levels of TC Nilam.

Pressure Maximum Wind Speed (m/s) at different time
level (hPa) | 15 UTC of | 15 UTC on | 18UTC on | 18UTCon | 21UTC on | 15 UTC on
;0 KOFctober ;OBOI\%ober ;1 GOFctober 31 October | 31 October ;1 oOKc;[:ober
at Greel at GD
850 60 40 60 70 40 40
500 40 30 40 40 30 30
300 40 30 40 40 20 30
200 30 30 30 40 20 30
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Figure 54: WRF model simulated Wind vector and magnitude at 850 hPa levels at different

cumulus schemes.
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Figure 55: WRF model simulated Wind vector and magnitude at 200 hPa levels at different
cumulus schemes.

The vertical profile of Radial, Tangential, Vertica and Horizontal wind field at its mature
stage for the TC Nilam using different cumulus schemes KF, BMJ, GF, G3, GD and OKF in
WRF model are obtained at 1200 UTC of 30, 1500 UTC of 30, 1800 UTC of 31, 1800 UTC
of 31, 2100 UTC of 31 and 1500 UTC of 31 October 2012 respectively and shown in
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Figures 56, 57, 58 and 59 respectively. Model simulated results are also tabulated in Table
11, for different cumulus mentioned in the Table. From the table it is clear that the value of
the vertical profile of radial, tangential, vertical and horizontal wind of TC Nilam obtained
using different cumulus (KF, BMJ, GF, G3, GD and OKF) schemes are different for
different cumulus schemes. The strong wind with different speeds (Table 11) is confined to
the different levelsin lower troposphere and extended up to 100 hPa level in the left side of
the system.

From the Figure 56, it is found that vertical profile of radia wind is much more organized
and it is also clearly seen that the system has strong inflow in the lower levels which bring
the air to the system through the boundary level and lower level and outflow in the upper
level. The radial wind is found minimum for OKF scheme and maximum for KF, BMJ and

GF schemes.

The vertical profile of tangential wind flows in a northerly direction at the eastern side of
the system and in a southerly direction at the western side. For this reason, tangential wind
shows positive value at the right side (east side) of the centre and negative value at the left
side (west side) of the centre. The tangential wind is found minimum for BMJ scheme and
maximum for G3 schemes.

The values of the vertical profile of vertica wind are different in magnitude for different
cumulus and 2.5, 0.8, 4.0, 0.8, 1.5 and 3.5 m/s are simulated by KF, BMJ, GF, G3, GD and
OKF cumulus schemes respectively. It indicates that the vertical wind is found minimum
for BMJ and G3 scheme and maximum for GF schemes. These values are aong the eye
wall and other parts of the system which feed moisture into the system. It is noted that
Nilam has very weak updraft motion at the eye wall throughout mid and upper troposphere.
The downward motion is visible in the centra parts of the TC and other areas in between
rain bands.

The vertical profile of horizontal wind of the system at its mature stage shows the
distribution of strong winds up to 100 hPa for BMJ, GF and G3 cumulus scheme, up to 150
hPa for GD cumulus scheme and up to 200 hPa for KF and OKF cumulus scheme around
the centre of TC. It further confirms that the maximum winds are confined to the right of the
direction of the movement of the system. This value decreases with the radial distance from
both side of the eye. Calm wind zone is sharp and narrow and little bit tilted to the westward
and get expanded towards upper levels. This is in agreement with the previous studies of
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Rao and Prasad (2006) and Goswami et al. (2006) on Orissa TC. Cyclonic circulation is
generally seen up to about 300 hPa level and anticyclone circulation with divergence fields

aloft. In case of TC Nilam cyclonic circulation is also seen up to about 400 hPa level for
cumulus KF, BMJ and GD schemes, 300 hPa levels for cumulus GF and G3 and OKF
schemes and anticyclonic circulation with divergence fields aoft. And the horizontal wind

is found minimum for BMJ scheme and maximum for G3 schemes.

Table 11: WRF model simulated maximum radial wind, tangential wind, vertical velocity
and horizontal wind (m/s) of TC Nilam at different cumulus schemes.

Component of Simulated maximum wind speed (m/s) at different time
wind 12UTCof | 15UTCof | 18 UTCof | 18UTCof | 21 UTCof | 15 UTC of 31
30 October | 30 October 31 31 October | 310ctober October at
at KF a BMJ October at at G3 at GD OKF
GF
Radia wind 25 25 25 20 20 15
Tangential 40 10 40 50 30 30
wind
Vertical 25 0.8 4.0 0.8 15 35
velocity
Horizontal 50 30 50 60 40 40
wind
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Figure 56: WRF model ssmulated Radial wind (cm/s) of TC Nilam at different cumulus

schemes.
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Figure 57: WRF model simulated Tangential wind (cm/s) of TC Nilam at different

cumulus schemes.
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Figure 58: WRF model simulated Vertical wind (cm/s) of TC Nilam at different cumulus
schemes.
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Figure 59: WRF model simulated Horizontal wind (cm/s) of TC Nilam at different cumulus
schemes.

4.3.4 Vorticity

To know the evolution WRF model simulated relative vorticity at 1000, 950, 850, 500 and
300 hPa at six cumulus KF, BMJ, GF, G3, GD and OKF scheme for 96 hours (every 3
hourly) are presented in Figure 60. The values of relative vorticity are increased with the
increase of time (i.e. in the development of the TC) at all levelsfor al cumulus schemes and
increased to a maximum value. Thereafter the value shows a fall. From the figure it is
observed that at 1000 hPa level the vorticity is found maximum for cumulus BMJ scheme.
And at 950, 850, 500 and 300 hPa levels the vorticity is found maximum for cumulus GF
scheme. The vorticity is found more than zero for all levels using al schemes. So, from the
simulated value of vorticity it is seen that system intensification is satisfied more or |ess by
all cumulus schemes.

Simulated the horizontal distribution of the relative vorticity obtained for TC Nilam at 850
and 200 hPa levels are shown in the Figures 61 and 62 respectively. It is seen from the
figures that the vorticity is distributed with maximum value at the centre and these values
for the levels 850, 500, 300 and 200 hPa are tabulated in Tables 12 for different cumulus
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(KF, BMJ, GF, G3, GD and OKF) scheme respectively. At 850 hPa, the distribution
maintains circular pattern with some asymmetric features in the outer periphery. Negative
vorticity field are situated far from the centre. This distance of the negative vorticity from
the centre is increased due to development of TC (not shown). Low level relative vorticity
fields confirm the strong cyclonic circulation at low levels with different time and distance
in feeding the moisture into the system to sustain its intensity. The values of relative
vorticity are increased with the development of TC. At 200 hPa level, the weak positive
vorticity embedded with negative vorticity field is visible at 200 hPa level. Negative
vorticity is found at the centre of the TC. It is clear from the figure that relative vorticity is
more organized in the mature stage. The vorticity is found maximum or minimum for 850,

500, 300 and 200 levels are different for different cumulus schemes.
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Figure 60: Evolution of model simulated vorticity with time at different cumulus scheme
for 1000, 950, 850, 500 and 300 hPalevel of TC Nilam.

Vertical distribution of the relative vorticity with fixed latitude (along east-west direction)

and fixed longitude (along north-south direction) are obtained from WRF model is shown in

Figure 63 and 64 respectively and the values are tabulated in Table 12. Simulated results at
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1200 UTC of 30, 1500 UTC of 30, 1800 UTC of 31, 1800 UTC of 31, 2100 UTC of 31 and
1500 UTC of 31 October 2012 for different cumulus scheme KF, BMJ, GF, G3, GD and
OKF schemes are located at 82.45°E and 9.72°N, 82.45°E and 9.9°N, 81.19°E and 13.3°N,
81.49°E and 12.89°N, 81.35°E and 14°N and 80.93°E and 12.45°N respectively.

In Figure 63 the system has the positive vorticity along the centre up to 150 hPa level with
higher values for al cumulus. For KF, BMJ, GF, G3, GD and OKF schemes, the higher
values are found up to 200, 200, 200, 200, 200 and 150 levels respectively. So the strong
cumulus scheme is OKF scheme. In Figure 64, the system has the positive vorticity aong
the centre up to 100 hPa level with higher value for all cumulus schemes. For KF, BMJ, GF,
G3, GD and OKF schemes, the higher values are found up to 200, 150, 150, 200, 300 and
150 levels respectively. So the strong cumulus schemes are BMJ, GF and OKF schemes.

Table 12: WRF Model simulated maximum vorticity (x10° s?) at different pressure levels

associated with TC Nilam at different cumulus schemes.

Pressure Maximum Vorticity (x10° s?) at different times
level (hPa) | 12UTCof | 1I5UTCof | 18UTCof | 18UTCof | 21 UTCof | 15 UTC of
30 October | 30 October | 31 October | 31 October | 31 October | 31 October
a KF at BMJ at GF at Gredl at GD at OKF
850 180 100 180 150 110 120
500 70 40 70 80 40 60
300 80 60 90 70 60 70
200 70 40 70 60 40 70
Position of 9.72°N 9.9°N and 13.3°N 12.89°N 14°N and 12.45°N
TC centre and 82.45°E and and 81.35°E and
82.45°E 81.19°E 81.49°E 80.93°E
Vertical 22 20 22 22 20 22
distribution
with fixed
|atitude
Vertical 20 18 15 18 12 18
distribution
with fixed
longitude
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Figure 61: WRF Model simulated vorticity field of 850 hPa levels at different cumulus

schemes.
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Figure 62: WRF Model simulated vorticity field of 200 hPa levels at different cumulus
schemes.
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Figure 63: WRF model simulated east west vertical distribution of relative vorticity with

fixed longitude of TC Nilam through the centre at different cumulus schemes.
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Figure 64: WRF model simulated north-south vertical distribution of relative vorticity with

fixed latitude of TC Nilam through the centre at different cumulus schemes.
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4.35 Temperatureanomaly

The WRF model simulated temperature anomaly at 1200 UTC of 30, 1500 UTC of 30, 1800
UTC of 31, 1800 UTC of 31, 2100 UTC of 31 and 1500 UTC of 31 October 2012 (i.e. its
mature stage) for different cumulus (KF, BMJ, GF, G3, GD and OKF) schemesis shownin
Figure 65 and the values are tabulated in Table 13. It is noted that the warm core region is
slightly expanded up to 200 hPalevel all most for all cumulus schemes.

For KF cumulus scheme, at 1200 UTC of 30 October 2012, a warm core with 4°C is
observed in 950-700 hPalayer. It is noted that the warm core region is expanded outward at
980-400 hPa level. The greatest anomaly is observed around 750 and 950 hPa levels. The
simulated temperature anomaly demonstrates that the warm core is visible mainly at lower
troposphere.

For BMJ cumulus scheme at, 1500 UTC of 30 October 2012, a warm core with 3°C is
observed in 980-800 hPa layer. It is noted that the warm core region is expanded outward at
980-600 hPa level. The greatest anomaly is observed around 980 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly at lower
troposphere.

For GF cumulus scheme at 1800 UTC of 31 October 2012, a warm core with 10°C is
observed in 700-550 hPa layer. It is noted that the warm core region is expanded outward at
900-200 hPa level. The greatest anomaly is observed around 600 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly above middle
troposphere.

For G3 cumulus scheme at 1800 UTC of 31 October 2012, a warm core with 6°C is
observed in 400-300 hPa layer. It is noted that the warm core region is expanded outward at
710-300 hPa level. The greatest anomaly is observed around 500 hPa level. The simulated
temperature anomay demonstrates that the warm core is visible manly at middle
troposphere.

For GD cumulus scheme at 2100 UTC of 31 October 2012, a warm core with 6°C is
observed in 780-510 hPa layer. It is noted that the warm core region is expanded outward at
900-200 hPa level. The greatest anomaly is observed around 600 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly above middle
troposphere.

For OKF cumulus scheme at 1500 UTC of 31 October 2012, a warm core with 6°C is
observed in 720-480 hPa layer. It is noted that the warm core region is expanded outward at
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980-350 hPa level. The greatest anomaly is observed around 550 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly at above middie

troposphere.

Finally, the greatest anomaly is occurred at cumulus GF scheme around 600 hPa levels. The

simulated temperature anomaly demonstrates that the warm core is visible mainly at middle

troposphere for all cumulus schemes with little exception. Negative temperature anomalies

are also seen at the upper levels and lower levels.

Table 13: WRF Model simulated maximum temperature anomaly (°C), Relative humitity
(%) and Water vapor mixing (g/kg) ratio associated with TC Nilam at different

cumulus schemes.

Parameter 12UTCof | 1I5UTCof | 18UTCof | 18UTCof | 21 UTCof | 15 UTC of
30 October | 30 October | 310ctober | 31 October | 31 October | 31 October
a KF a BMJ a GF at Gred a GD a OKF

Maximum 4 3 10 6 6 6

Temperature
Relative 100 95 100 100 100 100

Humidity
Water vapor 2 18 2 2 2 2
mixing ratio

1 - + h m
H .

Figure 65: WRF model simulated vertical distribution of temperature anomaly in the east-

west direction of TC Nilam at different cumulus schemes.
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4.3.6 Relative humidity

The horizonta distribution of relative humidity for TC Nilam obtained from WRF model at
1200 UTC of 30, 1500 UTC of 30, 1800 UTC of 31, 1800 UTC of 31, 2100 UTC of 31 and
1500 UTC of 31 October 2012 (i.e. its mature stage) for different cumulus (KF, BMJ, GF,
G3, GD and OKF) scheme is shown in Figure 66. Time variation of relative humidity at
surface is obtained around 100% with few exceptions. But the relative humidity at 850
levelsfor al cumulus schemesis 100% for the cyclones (not shown in figure). These values
satisfy the condition for the intensification of cyclone through convection.
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Figure 66: Evolution of model simulated (a) RH and (b) RH at 2m with time at different
cumulus scheme of TC Nilam.
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Figure 67: WRF model ssmulated vertical distribution of Relative humidity (%) in the east-
west direction of TC Nilam at different cumulus schemes.

The vertical cross section of relative humidity for TC Nilam obtained from WRF model at
1200 UTC of 30, 1500 UTC of 30, 1800 UTC of 31, 1800 UTC of 31, 2100 UTC of 31 and
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1500 UTC of 31 October 2012 (i.e. its mature stage) for different cumulus (KF, BMJ, GF,
G3, GD and OKF) schemes from surface to 100 hPa levels is shown in Figure 67 and its
values are tabulated in Table 13. It is noted that high relative humidity (more than 90%)
spreads in outer range of eye wall up to 400, 380, 380, 400, 400 and 350 hPa levels for the
cumulus (KF, BMJ, GF, G3, GD and OKF) schemes respectively. High relative humidity
bands are also found in the rain band of the system situated at both sides of the system in the
wider range throughout 980-400 hPa level. From the Table 13 and the Figure 67, it is
observed that highest relative humidity 100% is observed using all cumulus schemes except

BMJ cumulus schemes.
4.3.7 Reative humidity at 2m

The time evolution of relative humidity at 2m for TC Nilam obtained from WRF model at
1200 UTC of 30, 1500 UTC of 30, 1800 UTC of 31, 1800 UTC of 31, 2100 UTC of 31 and
1500 UTC of 31 October 2012 (i.e. its mature stage) for different cumulus (KF, BMJ, GF,
G3, GD and OKF) schemes is shown in Figure 66. It is noted that high relative humidity at
2m (around 100%) spreads in outer range of eye wall up for al cumulus schemes without
any exception. It isthe good indication for the intensification of cyclone.

Figure 68: WRF model simulated spatial distribution of Relative humidity at 2m (%) in the

east-west direction of TC Nilam at different cumulus schemes.
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The spatial distribution of relative humidity at 2m for TC Nilam obtained from WRF at
1200 UTC of 30, 1500 UTC of 30, 1800 UTC of 31, 1800 UTC of 31, 2100 UTC of 31 and
1500 UTC of 31 October 2012 (i.e. its mature stage) for different cumulus (KF, BMJ, GF,
G3, GD and OKF) schemes is shown in Figure 68. The values of the relative humidity at
2m for TC Nilam around the centre are about 100% or less for al cumulus schemes. This
status of the relative humidity is satisfied the convection for the cyclone intensification.

4.4.8 Water vapor mixing ratio

The vertical distribution of water vapor mixing ratio obtained from WRF model along the
east-west cross section of the centre at 1200 UTC of 30, 1500 UTC of 30, 1800 UTC of 31,
1800 UTC of 31, 2100 UTC of 31 and 1500 UTC of 31 October 2012 (i.e. its mature stage)
for different cumulus (KF, BMJ, GF, G3, GD and OKF) schemes respectively for TC Nilam
from surface to 100 hPalevel is shown in Figure 69 and its values are tabulated in Table 13.
It shows that the highest moisture content more than around 2 g/kg or more is found at the
centre of the system at 950 hPa level and it decreases upwards to 400 hPa levels or more.
For the development of the system this upward level goes up to 350 hPa level (i.e. its
mature stage). Performance of all cumulus schemes for the simulation of vertica
distribution of water vapor mixing ratio are comparable.
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Figure 69: WRF model simulated vertical distribution of water vapor mixing ratio along the
east-west cross section of the centre of TC Nilam at different cumulus schemes.
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The horizonta distribution of water vapor mixing ratio for TC Nilam at 950 hPalevel 1200
UTC of 30, 1500 UTC of 30, 1800 UTC of 31, 1800 UTC of 31, 2100 UTC of 31 and 1500
UTC of 31 October 2012 (i.e. its mature stage) for different cumulus (KF, BMJ, GF, G3,
GD and OKF) schemes are obtained from WRF model and is shown in the Figure 70. The
maxing ration shows a highly asymmetric character in the horizontal distribution. In Figure
70, maximum water vapor mixing 2 g/kg is obtained. It is noted that the highest mixing
ratio are obtained at 950 hPalevel close to the near of Bangladesh.

It is noted that the high moisture flux comes from the southern side covering alarge area of
the Bay of Benga which feeds the system aong its southeastern side through the boundary
layer. The value of high moisture flux increases dightly with development of the system.

Maximum value of water vapor mixing ratio is 2.2 gm/Kg and it is situated mainly at and
around the centre of the cyclone. These maximum values cover large area of sea and small
area of Bangladesh for all cumulus schemes except BMJ scheme. The south and western
parts of Bangladesh are covered with more values of water vapor mixing ratio (but less than
2.2 gm/Kg). Findly, it may be concluded that all the schemes satisfy the intensification of
the cyclone.
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Figure 70: WRF model simulated horizontal distribution of water vapor mixing ratio at 950
hPa of TC Nilam at different cumulus schemes.
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4.4 Tropical Cyclone Khaimuk

The model simulated MSLP, maximum wind at 10 m level, Vorticity, Temperature
anomaly, Relative humidity, Relative humidity at 2m and Water vapor mixing ratio with six
CP schemes aong with synoptic situation have been discussed for the TC Khaimuk in the

following sub-sections:
4.4.1 Discription of Tropical Cyclone khaimuk

Cyclone Khaimuk originated as alow pressure on 12 November 2008 in the southeast BOB,
intensified into a strong cyclone on 14 November over the west-central BOB and crossed
the coast of south Andhra Pradesh on 15 November 2008. On November 13, alow pressure
area identified by the India Meteorological Department over southeast Bay of Bengal and
adjoining areas concentrated into a depression east-southeast of Chennai, India. The IMD
expected the system to intensify further and move towards north Tamil-Nadu/south Andhra
Pradesh coasts. The Joint Typhoon Warning Center issued atropical cyclone warning on the
tropical cyclone early on November 14 naming it as Tropical Cyclone 05B. A few hours
later the IMD upgraded the system to a deep depression issuing a Cyclone Watch for
Andhra Pradesh as intensification into a cyclonic storm was possible. By mid morning the
IMD advised the eastern coast of India that the system was expected to cross Andhra
Pradesh by noon the next day (local time). Later that morning the deep depression
intensified into a cyclonic storm and was named Khai Muk and the cyclone watch was
raised to a warning for Andhra Pradesh coast with Khai Muk forecast to intensify even
further before it made landfall on November 15 in south Andhra Pradesh coast close to the
north of Kavali. However, the system became sheared to the western periphery and the IMD
downgraded it back into a deep depression. Khai-Muk headed northwest and then
northwards after making landfall in Andhra Pradesh. The name Khai Muk was contributed

by Thailand, it means pearl in Thai.

By November 15, all ports in Andhra Pradesh were under cautionary signal number three.
All fishermen were advised to remain at port due to rough seas. Residents along the shore
were urged to evacuate as waves up to 2 m (6.5 ft) were forecast to impact the coast.

High winds knocked down trees and power lines causing traffic jams throughout the Andhra
Pradesh. Boats and fishing nets were washed away by high waves produced by Khai-muk,

costing Rs. 2 cores ($430,000 USD). An average of 53.5 mm (2.1 in) of rain fell throughout
vl



the state. The highest rainfal was recorded in Polavaram at 230 mm on 17 November. An
estimated 1.2 million hectares of crops were damaged or destroyed by the storm leading to
Rs. 10 cores ($1.9 million USD) in agricultural losses. A total of 148 homes were destroyed
and another 23 were damaged, amounting to Rs. 4 crores ($780,000 USD) in monetary
losses. A 5 km (3.1 mi) stretch of highway was washed out by the storm and damages to the
road amounted to Rs. 4 crores ($780,000 USD).

442 Minimum sealevel pressure (MSLP)
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Figure 71: Evolution of WRF model ssmulated (a) MSLP and (b) MWS at 10m level using

six different cumulus schemes and that of observed of the TC Khaimuk.
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The storm intensity forecasts for the TC Khaimuk in terms of MSLP using six different
cumulus schemes KF, BMJ, GF, G3, GD and OKF for 96 hours (every 3 hourly) are
presented in Figure 71. The WRF model simulated and observed MSLP gradually drops
with time and attains peak intensity just before the landfall and thereafter MSLP increases.
The model simulated MSLP values of 979, 988, 981, 989, 996 and 992 hPa are obtained
using KF, BMJ, GF, G3, GD and OKF schemes respectively and these simulated MSLP
values are obtained at 1800 UTC of 15, 0900 UTC of 15, 12 UTC of 15, 0300 UTC of 186,
0000 UTC of 16 and 0000 UTC of 16 November 2008 respectively. The observed MSLP
996 hPais obtained at 2100 UTC of 15 November 2008 according to IMD. So, simulated
MSLP values are obtained later/earlier than that of observed. The observed MSLP is much
higher than the simulated MSLP for all cumulus schemes with little exception. The pressure
departure is found minimum for Kain-Fritsch scheme and maximum for Betts-Miller-Janjic
schemes compared with IMD observed. The simulated pressure fall for all cumulus schemes
indicate that the system has attained the intensity of cyclonic storm and the observation aso
indicates that the system attained the intensity of cyclonic storm (996 hPa). Cumulus
schemes BMJ, GD and OKF match better than the others cumulus schemes with the

observed intensity. But Cumulus schemes BMJ and GD simulate later than the observed and
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KF, GF, G3 and OKF simulate earlier than the observed. Intensity simulated by Cumulus
BMJ and G3 is absolutely not matched with the observed value.
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Figure 72: WRF model smulated SLP of TC Khaimuk at different cumulus schemes.

Figure 72 shows the mature stage of spatial distribution of sea level pressure using six
different cumulus schemes and it is obtained with different time and position with different
intensity. The spatial distribution of sea level pressure at its mature stage for the TC
Khaimuk using different cumulus schemes KF, BMJ, GF, G3, GD and OKF in WRF model
is obtained at 1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15, 0300 UTC of 16, 0000
UTC of 16 and 0000 UTC of 16 November 2008 respectively. The observed MSLP of 996
hPais obtained at 2100 UTC of 15 November 2008 respectively.

The lowest simulated MSLP (i.e. mature stage) for the TC Khaimuk using different cumulus
schemes KF, BMJ, GF, G3, GD and OKF in WRF models are 979, 988, 981, 989, 996 and
992 hParespectively. The observation also indicates that the system attained the intensity of
cyclonic storm (996 hPa,). The GD cumulus scheme has the same intensity as the
observation. It is seen that KF cumulus scheme has very high intensity, and then the GF
cumulus scheme has also very high intensity. The OKF, BMJ and G3 cumulus schemes

have lower intensity than the observation.
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In Figure 72, it is observed that mature stage of spatial distribution of sea level pressure
using different cumulus is obtained with different times and different positions. Positions of
mature stages using KF, BMJ, GF, G3, GD and OKF schemes are located at 81.99°E and
15.20°N at 1800 UTC of 15, 82.55°E and 12.7°N at 0900 UTC of 15, 82.34°E and 13.88°N
at 1200 UTC of 15, 79.95°%E and 13.75°N at 0300 UTC of 16, 81.84°E and 13.30°N at 0000
UTC of 16 and 80.79°E and 15.02°N with time at 0000 UTC of 16 November respectively.
Intensity, position and time of mature stages are different for different cumulus schemes
used in WRF model. The isobar has circular arrangement around the TC centre with some
asymmetric features in the outer periphery. The contour interval is different for different
positions because of different intensity of the system. From the Figure 72, the radius of the

TC eyeisfound to be around 100 km for all cumulus according to al simulation
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Figure 73: WRF model simulated (@) East West and (b) North South cross sectional view of
SLP of TC Khaimuk at different cumulus schemes with fixed latitude and
longitude respectively.

The distribution of the sea level pressure of the TC Khaimuk along east-west cross section
and north-south cross section passing through its centre using different cumulusis shown in
Figure 73. The positions of the centre at mature stage using different cumulus schemes KF,
BMJ, GF, G3, GD and OKF are located at 81.99°E and 15.20°N, 82.55°E and 12.7°N,
82.34°E and 13.88°N, 79.95°E and 13.75°N, 81.84°E and 13.30°N and 80.79°E and 15.02°N
respectively. The model simulated MSLP 979, 988, 981, 989, 996 and 992 hPa are obtained
at 1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15, 0300 UTC of 16, 0000 UTC of 16
and 0000 UTC of 16 November 2008 respectively and shown in Figure 73. In Figure 73,
the black, green, yellow, orange, magenta and the dark purple color represent KF, BMJ,
GF, G3, GD and OKF schemes respectively.
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The figures demonstrate the moderate pressure gradient around the centre with maximum
gradient at around 120 km below or above for al cumulus schemes from the centre.

Variation of east-west and north-south elongated SLP at the center are clearly observed.

443 Maximum Wind speed

The storm intensity forecasts for the TC Khaimuk in terms of MWS using six different
cumulus schemes KF, BMJ, GF, G3, GD and OKF for 96 hours (every 3 hourly) along with
observed MWS are presented in Figure 71. The model simulated MWSs are obtained at the
standard meteorologica height of 10 m. The WRF model simulated MWSs are higher than
the observed vaues through almost full forecast hours with a few exceptions. Model
simulated highest values of MWS using six different cumulus schemes are obtained at same
the time and earlier. But for convenience, time of maximum intensity (mature stage) are
considered as the time of obtained MSLP (this time are written in previous section).

The observed and simulated MWS by WRF decrease with time gradually after obtained
highest value of MWS. The highest values of MWS for the TC Khaimuk using different
cumulus schemes KF, BMJ, GF, G3, GD and OKF in WRF models are 34, 19, 29, 20, 17
and 19 m/s respectively. Whereas the observed MWS is 20.56 m/s. The simulated and
observation values indicate that the system has attained the intensity of cyclonic storm (17.5
- 24.44 m/s). WRF model using different cumulus schemes simulate more or less the same
value of MWS than that of observed value. It is seen KF cumulus scheme has very high
intensity, the GF cumulus scheme has also high intensity. The GF, G3 and OKF cumulus
schemes has almost same intensity as the observation. Finally, GD cumulus scheme has

lower intensity than the observation.

Figure 74 shows that the mature stage of spatial distribution of surface (10 m) wind speed
using six different cumulus schemes and it is obtained with different times and positions
with different intensities. The spatial distribution of wind speed at its mature stage for the
TC Khaimuk using different cumulus schemes KF, BMJ, GF, G3, GD and OKF in WRF
model is obtained at 1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15, 0300 UTC of 16,
0000 UTC of 16 and 0000 UTC of 16 November 2008 respectively and shown in Figure 74.
The Figure 74 obtained from WRF model shows that the wind field of the TC is highly
asymmetric in the horizontal distribution. At 0000 UTC of 13 November 2008 (i.e. at the
initial time of simulation) the TC isin the sea with different cumulus schemes (not shown in
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figure). Gradually, TC is organized with strong wind bands around and the wind flow in the
core region shows asymmetric feature with minimum wind speed at the centre. The spatial
distribution of surface (10 m) wind speed is found maximum for KF scheme and minimum
for BMJ, GD and OKF scheme. The figure shows that the pattern has an asymmetric wind
distribution with strong wind bands in the front right side, rear left and rear right sides close
to the centre of north directed moving storm. In Figure 74, it is observed that mature stage
of spatial distribution of wind speed using different cumulus is obtained with different times
and different positions. Positions of mature stages using KF, BMJ, GF, G3, GD and OKF
arelocated at 81.99°E and 15.20°N at 1800 UTC of 15, 82.55°E and 12.7°N at 0900 UTC of
15, 82.34°E and 13.88°N at 1200 UTC of 15, 79.95°E and 13.75°N at 0300 UTC of 16,
81.84°E and 13.30°N at 0000 UTC of 16 and 80.79°E and 15.02°N at 0000 UTC of 16
November 2008 respectively. At this mature stage, the wind flow in the core region shows a
near circular feature with minimum wind speed at the centre.
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Figure 74: WRF model simulated MWS of TC Khaimuk at different cumulus schemes.

The distribution of the surface wind of the TC Khaimuk along east-west cross section and
north-south cross section passing through its centre at mature stage using different cumulus
is shown in Figures 75 and 76 respectively. The position of the centre at mature stage using
different cumulus schemes KF, BMJ, GF, G3, GD and OKF are located at 81.99°E and

96



15.20°N, 82.55°E and 12.7°N, 82.34°E and 13.88°N, 79.95°E and 13.75°N, 81.84°E and
13.30°N and 80.79°E and 15.02°N respectively. The model simulated wind speeds of 34,
22, 35, 21, 19 and 22 m/s are obtained at 1800 UTC of 15, 1800 UTC of 15, 0000 UTC of
17, 1200 UTC of 15, 1200 UTC of 16 and 0600 UTC of 26 November 2008 respectively.
But the model ssmulated wind speeds of 34, 19, 29, 20, 17 and 19 m/s are obtained at 1800
UTC of 15, 0900 UTC of 15 November, 1200 UTC of 15, 0300 UTC of 16, 0000 UTC of
16 and 0000 UTC of 16 November 2008 respectively at mature stage (that is at the
minimum SLP position). The figures demonstrate that a calm region is found inside the eye
of the system and maximum wind was found in the eye wall. The simulated value of wind at
the centre using different cumulus schemes has a wide variety. In Figure 75, the value is
less than 6 m/s and in Figure 76 the value is less than 11 m/s. In both Figures the KF, GF
and OKF cumulus scheme show better result than the other cumulus schemes. In Figure 75,
the performance of BMJ and G3 cumulus scheme is worst and Figure 76, the performance
of G3 cumulus scheme is worst. The radius of maximum wind of the TC Khaimuk is found
to be just lower than 100 km according to the ssmulation. Variation of east-west and north-
south elongated wind at the center is clearly observed.
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Figure 75: East West cross sectiona view of WRF model simulated wind speed (m/s) of TC
Khaimuk at different cumulus schemes with fixed longitude.
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Figure 76: North south cross sectional view of WRF model simulated Wind speed (m/s) of

TC Khaimuk at different cumulus schemes with fixed latitude.

The horizontal distribution of vector wind field at its mature stage for the levels 850, 500,
300 and 200 hPa of the TC Khaimuk using different cumulus is tabulated in Table 13 and
figure of this only for the levels 850 and 200 hPa are shown in Figure 77 and 78
respectively.

From the Figure 77, awell organized TC circulation with strong winds encircling the centre
isfound at the 850 hPa levels. It is noted that the strong wind is confined to the right of the
direction of the movement of the system. From the Figure 78, at 200 hPa level strong
outflow is evident from the central part of the TC. So, using simulated results obtained from
WRF models, Figure 77 and Figure 78 demonstrate inflow in the lower level and outflow in

the upper level respectively.

WRF model simulated maximum winds at the mature stage (1800 UTC of 15, 0900 UTC of
15, 1200 UTC of 15, 0300 UTC of 16, 0000 UTC of 16 and 0000 UTC of 16 November
2008) are about 60, 30, 50, 40, 30, 40 m/s and 30, 20, 30, 20, 20, 20 m/s for different
cumulus (KF, BMJ, GF, G3, GD and OKF) scheme at 850 and 200 hPa levels respectively.
The wind speed at 850 hPa levels is found minimum for BMJ and GD scheme and

maximum for KF schemes. And the wind speed at 200 hPa levels is found minimum for
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BMJ, G3, GD amd OKF scheme and maximum for KF and GF schemes. The mature stages

are obtained at different time and position. The values of wind speed for mature stage at the

levels 500 and 300 hPa are obtained different with different cumulus schemes.

Table 14: WRF model simulated wind speed (m/s) at different cumulus schemes at 850,

500, 300 and 200 hPa pressure levels of TC Khaimuk.

Pressure Maximum Wind Speed (m/s) at different time

'(%i) 18UTC of | 09UTC of | 12UTCof | 03UTC of | 00 UTC of | 00 UTC of
15 15 15 16 16 16

November | November | November | November | November | November

a KF a BMJ a GF at Gred a GD a OKF

850 60 30 50 40 30 40
500 40 20 40 30 20 30
300 30 20 30 20 20 20
200 30 20 30 20 20 20
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Figure 77: WRF model ssmulated Wind vector and magnitude at 850 hpalevels at different

cumulus schemes.
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Figure 78: WRF model simulated Wind vector and magnitude at 200 hpa levels at different

cumulus schemes.

The Vertical profile of Radial, Tangential, Vertical and Horizontal wind field at its mature
stage for the TC Khaimuk using different cumulus schemes KF, BMJ, GF, G3, GD and
OKF in WRF model are obtained at 1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15,
0300 UTC of 16, 0000 UTC of 16 and 0000 UTC of 16 November 2008 respectively and
shown in Figures 79, 80, 81 and 82 respectively. Model simulated results are also tabulated
in Table 15, for different cumulus mentioned in the Table. From the table, it is clear that the
value of the vertical profile of radial, tangential, vertica and horizontal wind of TC
Khaimuk obtained using different cumulus (KF, BMJ, GF, G3, GD and OKF) schemes are
different for different cumulus schemes. The strong wind with different speeds (Table 15) is
confined to the different levelsin lower troposphere and extended up to 100 hPalevel in the
left side of the system.

From the Figure 79, it is found that vertical profile of radial wind is much more organized
and it is also clearly seen that the system has strong inflow in the lower levels which bring
the air to the system through the boundary level and lower level and outflow in the upper
level. The Radia wind is found minimum for Old Kain-Fritsch scheme and maximum for
all cumulus except Old Kain-Fritsch schemes.

The vertical profile of tangential wind flows in a northerly direction at the eastern side of
the system and in a southerly direction at the western side. For this reason, tangential wind
shows positive value at the right side (east side) of the centre and negative value at the |eft
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side (west side) of the centre. The Tangential wind is found minimum for BMJ scheme and
maximum for KF schemes.

The values of the vertical profile of vertica wind are different in magnitude for different
cumulus and 3.5, 2.0, 4.0, 1.5, 2.5 and 0.3 m/s are simulated by KF, BMJ, GF, G3, GD and
OKF cumulus schemes respectively. It indicates that the vertical wind is found minimum
for OKF scheme and maximum for KF schemes. These values are along the eye wall and
other parts of the system which feed moisture into the system. It is noted that Khaimuk has
very weak updraft motion at the eye wall throughout mid and upper troposphere. The
downward motion is visible in the central parts of the TC and other areas in between rain
bands.

The vertical profile of horizontal wind of the system at its mature stage shows the
distribution of strong winds up to 100 hPafor GF, G3 and GD cumulus schemes, up to 150
hPa for OKF and up to KF and BMJ cumulus scheme around the centre of TC. It further
confirms that the maximum winds are confined to the right of the direction of the movement
of the system. This value decreases with the radial distance from both side of the eye. Calm
wind zone is sharp and narrow and little bit tilted to the westward and get expanded towards
upper levels. Thisis in agreement with the previous studies of Rao and Prasad (2006) and
Goswami et al. (2006) on Orissa TC. Cyclonic circulation is generally seen up to about 300
hPa level and anticyclone circulation with divergence fields aloft. In case of TC Khaimuk,
cyclonic circulation is also seen up to about 500 hPa level for cumulus BMJ and OKF
scheme, 400 hPa levels for cumulus KF and GD scheme, 300 hPa levels for GF and G3
cumulus schemes and anticyclone circulation with divergence fields aoft. And the
horizontal wind is found minimum for GD and BMJ scheme and maximum for KF
schemes.

Table 15: WRF model simulated maximum radial wind, tangential wind, vertical velocity
and horizontal wind (m/s) of TC Khaimuk at different cumulus schemes.

Component of Simulated maximum wind speed (m/s) at different times
wind 18UTCof | OQUTCof | 12UTCof | O3UTCof | 00 UTC of 00 UTC of
15 15 15 16 16 16
November | November | November | November November November at
at KF at BMJ at GF at Gredl at GD OKF

Radia wind 9 9 9 9 9 6

Tangential 25 12 20 15 15 20

wind

Vertical 35 2 4 15 25 0.3

velocity

Horizontd 50 20 40 30 20 30

wind

101




E* Foadial W o IEZ e 150 T Sy Fodial Wi d, 2O Z e 150 S

Tim S
FE B
bl S
13C i
Bl e
g L
T -
L]
s ErH
o R i
1od - LK —
iz iz elE  2E 2% &E CUraE TwE  #eE &E SE INE it o
e Eeelle Wty | D TR 1R G I N LT I 1 i BTV P P |
2 QRS - n
13
P i T
pebils Bl ¥
EWT e &
e L .
=0 el —_
T T |5
At B :
I b i o e ; ' -1
ey
BTy Ju a3 £ =
E] - L BN HA Hal e v e 0 E UE GE CAE b
Lo jeadie W mds OISR | fAL Flaf Fasal ofired 0907 wsws 52 1F
R HIH = 2 =
= LI

Figure 79: WRF model simulated Radial wind (cm/s) of TC Khaimuk at different cumulus
schemes.
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Figure 80: WRF model ssmulated Tangential wind (cm/s) of TC Khaimuk at different

cumulus schemes.
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Figure 81: WRF model simulated Vertica wind (cm/s) of TC Khaimuk at different

cumulus schemes.
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Figure 82: WRF model ssimulated Horizontal wind (cm/s) of TC Khaimuk at different

cumulus schemes.
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4.4.4 Vorticity

To know the evolution WRF model simulated relative vorticity at 1000, 950, 850, 500 and
300 hPa at six cumulus KF, BMJ, GF, G3, GD and OKF schemes for 96 hours (every 3
hourly) are presented in Figure 83. The values of relative vorticity are increased with the
increase of time (i.e. in the development of the TC) at all levels for al cumulus schemes and
increased to a maximum value. Thereafter the value shows a fall. From the figure it is
observed that at 950, 850 and 500 hPa the vorticity is found maximum for cumulus KF
scheme. And 1000 hPa level the vorticity is found maximum for cumulus BMJ scheme.
And 300 hPa level the vorticity is found maximum for cumulus GF scheme. The vorticity is
found more than zero for all levels using all schemes. So, from the simulated value of

vorticity it is seen that system intensification is satisfied more or less by all cumulus

schemes.
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Figure 83: Evolution of model ssmulated vorticity with time at different cumulus schemes
for 1000, 950, 850, 500 and 300 hPalevel of TC Khaimuk.
Vertica distribution of the relative vorticity with fixed latitude (along east-west direction)
and fixed longitude (along north-south direction) are obtained from WRF model is shownin
Figures 86 and 87 respectively and the values are tabulated in Table 16. Simulated results at
1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15, 0300 UTC of 16, 0000 UTC of 16 and
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0000 UTC of 16 November 2008 for different cumulus schemes KF, BMJ, GF, G3, GD and
OKF are located at 81.99°E and 15.20°N, 82.55°E and 12.7°N, 82.34°E and 13.88°N,
79.95°E and 13.75°N, 81.84°E and 13.30°N and 80.79°E and 15.02°N respectively.

In figure 86 the system has the positive vorticity along the centre up to 500 hPa level with
higher value for all cumulus. For KF, BMJ, GF, G3, GD and OKF the higher value up to
700, 750, 500, 600, 600 and 800 levels respectively. So the strong cumulus scheme is GF
scheme. The greatest vorticity is KF and GF cumulus scheme. In figure 87 the system has
the positive vorticity along the centre up to 200 hPa level with higher value for al cumulus.
For KF, BMJ, GF, G3, GD and OKF the higher value up to 700, 800, 800, 500, 550 and 900

levels respectively. So the strong cumulus scheme is Grell scheme.

Table 16: WRF Model simulated maximum vorticity (x10° s?) at different pressure levels
associated with TC Khaimuk at different cumulus schemes.

Pressure Maximum Vorticity (x10° s?) at different times
level (hPa) | 18 UTCof | 09UTCof | 12UTCof | 03UTCof | 00 UTC of | 00 UTC of
15 15 15 16 16 16
November | November | November | November | November | November
at KF at BMJ at GF at Gred at GD at OKF
850 150 90 150 150 50 70
500 100 40 40 70 50 70
300 110 40 30 70 40 30
200 100 30 20 30 30 30
Position of 15.20°N 12.7°N and 13.88°N 13.75°N 13.30°N 15.02°N
TC centre and 82.55°E and and and and
81.99°E 82.34°E 79.95°E 81.84°E 80.79°E
Vertical 15 12 15 12 9 10
distribution
with fixed
|atitude
Vertical 16 10 18 9 5 8
distribution
with fixed
longitude
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Figure 84: WRF Model simulated vorticity field of 850 hPalevels at different cumulus
schemes.

L P 8 (W R TR, [T PSP T
-

1B

Figure 85: WRF Moded simulated vorticity field of 200 hPa levels at different cumulus
schemes.
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Figure 86: WRF model simulated east west vertical distribution of relative vorticity with

fixed longitude of TC Khaimuk through the centre at different cumulus schemes.
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Figure 87: WRF model simulated north-south vertical distribution of relative vorticity with
fixed latitude of TC Khaimuk through the centre at different cumulus schemes.

445 Temperatureanomaly

The WRF model simulated temperature anomaly at 1800 UTC of 15, 0900 UTC of 15, 1200
UTC of 15, 0300 UTC of 16, 0000 UTC of 16 and 0000 UTC of 16 November 2008 (i.e. its
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mature stage) for different cumulus (KF, BMJ, GF, G3, GD and OKF) schemesis shown in
Figure 87 and the values are tabulated in Table 16. It is noted that the warm core region is
slightly expanded up to 200 hPalevel all most for all cumulus schemes.

For Kain-Fritsch cumulus scheme at1800 UTC of 15 November 2008, a warm core with
7°C is observed in 880-220 hPa layer. It is noted that the warm core region is expanded
outward at 880-200 hPa level. The greatest anomaly is observed around 800 hPalevel. The
simulated temperature anomaly demonstrates that the warm core is visible mainly at middle
troposphere.

For Betts-Miller-Janjic cumulus scheme at 0900 UTC of 15 November 2008, a warm core
with 4°C is observed in 920-750 hPa layer. It is noted that the warm core region is expanded
outward at 950-600 hPa level. The greatest anomaly is observed around 850 hPa level. The
simulated temperature anomaly demonstrates that the warm core is visible mainly at lower

troposphere.

For Grell-Fritsch cumulus scheme at 1200 UTC of 15 November 2008, a warm core with
6°C is observed in 740-590 hPa layer. It is noted that the warm core region is expanded
outward at 950-200 hPa level. The greatest anomaly is observed around 650 hPa level. The
simulated temperature anomaly demonstrates that the warm core is visible mainly below the

middle troposphere.

For Grell-3 cumulus scheme at 0300 UTC of 16 November 2008, a warm core with 5°C is
observed in 990-700 hPa layer. It is noted that the warm core region is expanded outward at
900-200 hPa level. The greatest anomaly is observed around 800 hPa level. The simulated
temperature anomaly demonstrates that the warm core is visible mainly at lower

troposphere.

For Grell-Denenyi cumulus scheme at 0000 UTC on 16 November 2008, a warm core with
3°C is observed in 730-590 hPa layer. It is noted that the warm core region is expanded
outward at 980-200 hPa level. The greatest anomaly is observed around 650 hPalevel. The
simulated temperature anomaly demonstrates that the warm core is visible mainly below the
middle troposphere.

For Old Kain-Fritsch cumulus scheme at 0000 UTC of 16 November 2008, a warm core
with 5°C is observed in 880-550 hPa layer. It is noted that the warm core region is expanded
outward at 880-200 hPa level. The greatest anomaly is observed around 800 hPa level. The
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simulated temperature anomaly demonstrates that the warm core is visible mainly at lower

troposphere.

Finally, the greatest anomaly is occurred at cumulus KF scheme around 800 hPa levels. The

simulated temperature anomaly demonstrates that the warm core is visible mainly at lower

and middle troposphere for all cumulus schemes. Negative temperature anomalies are also

seen at the upper levels and lower levels.

Table 17: WRF Model simulated maximum temperature anomaly (°C), Relative Humidity
(%) and water vapor mixing ratio (g/kg) associated with TC Khaimuk at
different cumulus schemes.

Parameter 18UTCof | 09UTCof | 12UTCof | O3UTCof | 00OUTCon | 00 UTC of
15 15 15 16 16 16
November | November | November | November | November | November
a KF at BMJ a GF at G3 at GD at OKF
Maximum 7 4 6 5 3 5
Temperature
Relative 95 100 100 100 100 95
Humidity
Water vapor 2 2 2 18 1.8 2
mixing ratio
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Figure 88: WRF model simulated vertical distribution of temperature anomaly in the east-

west direction of TC Khaimuk at different cumulus schemes.
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446 Reative humidity

The Horizontal distribution of relative humidity of TC Khaimuk obtained from WRF model
at 1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15, 0300 UTC of 16, 0000 UTC of 16
and 0000 UTC of 16 November 2008 (i.e. its mature stage) for different cumulus (KF, BMJ,
GF, G3, GD and OKF) schemes is shown in Figure 89. Time variation of relative humidity
at surface is obtained around 90-100%. But the relative humidity at 850 levels for all
cumulus is 100% of the cyclone (not shown). These values satisfy the condition for the
intensification of cyclone through convection.
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Figure 89: Evolution of model simulated (a) RH and (b) RH at 2m with time at different
cumulus schemes of TC Khaimuk.
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Figure 90: WRF model ssimulated vertical distribution of Relative humidity (%) in the east-
west direction of TC Khaimuk at different cumulus schemes.
The vertical cross section of relative humidity of TC Khaimuk obtained from WRF model at

1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15, 0300 UTC of 16, 0000 UTC of 16 and
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0000 UTC of 16 November 2008 (i.e. its mature stage) for different cumulus (KF, BMJ,
GF, G3, GD and OKF) scheme from surface to 100 hPalevelsis shown in Figure 90 and its
values are tabulated in Table 17. It is noted that high relative humidity (more than 90%)
spreads in outer range of eye wall up to 300, 500, 400, 500, 480 and 400 hPa levels for the
cumulus (KF, BMJ, GF, G3, GD and OKF) scheme respectively. High relative humidity
bands are also found in the rain band of the system situated at both sides of the system in the
wider range throughout 980-350 hPa level. From the Table 17 and the Figure 90, it is
observed that highest relative humidity 100% is observed using ailmost all cumulus schemes
except KF and OKF cumulus schemes.

4.4.7 Relative humidity at 2m

The time evolution of relative humidity at 2m of TC Khaimuk obtained from WRF model at
1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15, 0300 UTC of 16, 0000 UTC of 16 and
0000 UTC of 16 November 2008 (i.e. its mature stage) for different cumulus (KF, BMJ,
GF, G3, GD and OKF) schemes is shown in Figure 89. It is noted that high relative
humidity at 2m (around 100%) spreads in outer range of eye wall up for al cumulus
schemes without any exception. It is the good indication for the intensification of cyclone.

Figure 91: WRF model simulated spatial distribution of Relative humidity at 2m (%) in the
east-west direction of TC Khaimuk at different cumulus schemes.
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The spatial distribution of relative humidity at 2m of TC Khaimuk obtained from WRF at
1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15, 0300 UTC of 16, 0000 UTC of 16 and
0000 UTC of 16 November 2008 (i.e. its mature stage) for different cumulus (KF, BMJ,
GF, G3, GD and OKF) schemes is shown in Figure 91. The values of the relative humidity
at 2m of TC Khaimuk around the centre are about 100% or less for all cumulus schemes.
This status of the relative humidity is satisfied the convection for the cyclone
intensification.

448 Water vapor mixing ratio

The vertical distribution of water vapor mixing ratio obtained from WRF model aong the
east-west cross section of the centre at 1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15,
0300 UTC of 16, 0000 UTC of 16 and 0000 UTC of 16 November 2008 (i.e. its mature
stage) for different cumulus (KF, BMJ, GF, G3, GD and OKF) schemes respectively of TC
Khaimuk from surface to 100 hPalevel is shown in Figure 92 and its values are tabulated in
Table 17. It shows that the highest moisture content more than around 2 g/kg or more is
found at the centre of the system at 950 hPa level and it decreases upwards to 400 hPa
levels or more. For the development of the system this upward level goes up to 350 hPa
level (i.e. its mature stage). Performance of all cumulus schemes for the simulation of
vertical distribution of water vapor mixing ratio are comparable.
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Figure 92: WRF model simulated vertical distribution of water vapor mixing ratio along the
east-west cross section of the centre of TC Khaimuk at different cumulus
schemes.
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The horizontal distribution of water vapor mixing ratio of TC Khaimuk at 950 hPa level at
1800 UTC of 15, 0900 UTC of 15, 1200 UTC of 15, 0300 UTC of 16, 0000 UTC of 16 and
0000 UTC of 16 November 2008 (i.e. its mature stage) for different cumulus (KF, BMJ,
GF, G3, GD and OKF) schemes are obtained from WRF model is shown in the Figure 93.
The maxing ration shows a highly asymmetric character in the horizontal distribution. In
Figure 93, maximum water vapor mixing 2 g/kg is obtained. It is noted that the highest
mixing ratio are obtained at 950 hPalevel close to the near of Bangladesh.

It is noted that the high moisture flux comes from the southern side covering a large area of
the Bay of Bengal which feeds the system aong its southeastern side through the boundary
layer. The value of high moisture flux increases sightly with development of the system.

Maximum value of water vapor mixing ratio is 2 gm/Kg and it situated mainly at and
around the centre of the cyclone. These maximum values cover large area of sea and small
area of Bangladesh for all cumulus schemes. The south and western part of Bangladesh is
cover with more value of water vapor mixing ratio (but less than 2 gm/Kg) finally, it may be
concluded that all the schemes satisfy the intensification of the cyclone.
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Figure 93: WRF model simulated horizontal distribution of water vapor mixing ratio at 950
hPa of TC Khaimuk at different cumulus schemes.
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Chapter V

Conclusions

Four TC Rashmi, Viyaru, Nilam and Khaimuk have been simulated using six
cumulus (Kain-Fritsch (KF), Betts-Miller-Janjic (BMJ), Grell-Freitas (GF), Grell-
Devenyi (GD), Grell-3 and Old Kain-Fritsch (OKF) schemes option in ARW model
and the following conclusion are made:

Minimum sea level pressure (MSLP) for Rashmi using cumulus G3, OKF and BMJ
match better than the others cumulus with the observed intensity (MSLP). For
Viyaru, the observed MSLP is higher than the simulated MSLP for all cumulus
schemes but intensity (MSLP) using BMJ and GD cumulus schemes is a little bit
close to the observed value. For Nilam, intensity (MSLP) using cumulus BMJ, G3
and OKF match better than the others cumulus with the observed intensity. For
khaimuk the intensity (MSLP) using GD cumulus is amost match the observed

value.

Variation of east—west elongated SLP and wind at the center are clearly observed for
six cumulus scheme. For Rashmi and Nilam, the maximum intensity is obtained
using GF cumulus scheme, for Viyaru the maximum intensity is obtained using
OKF and for Khaimuk the maximum intensity is obtained using KF. For horizontal

distribution, the performance of cumulusis same as above.

The magnitude of maximum winds with different cumulus scheme is close to each
other but more or less than the observed maximum wind.

The simulated central pressure and maximum sustained wind a 10 m level are
closed to the observed pressure and 10 m wind speed and intensified earlier or later

time.

Simulated vorticity, temperature anomaly, mixing ratio, relative humidity at
different levels with change of time are satisfied the system intensification.
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0 The mode has successfully simulated the strong relative vorticity at lower level
spreading over the strong convective region of each cyclone. Simulated low level
vorticity fields at 850 hPa level demonstrate the size of the system with strong
convective regions of each cyclone, which are in agreements with the observations.
For the weak systems the lower positive vorticity is found to extend up to 100 hPa

level with exception.

U The warm core characteristics with maximum temperature anomaly simulated in the
middle and upper troposphere successfully by all the cumulus. This warm core has

the vertical extends from the lower level to tropopause.

U The high relative humidity is found in the eye wall of the TC and low relative
humidity at the center. For all cumulus, it is observed that highest relative humidity
more than 90% of the cyclones. But the relative humidity at 850 levels for all
cumulus is 100% of the cyclones. And the relative humidity at 2m it is 100% for all

cumulus of the cyclones.

U From the analysis of water vapor maxing ratio, it is found that moisture flux comes
from the southern side covering a large area of the Bay of Bengal which feeds the

system along its southeastern side through the boundary layer.

U Using different CP options, variation of MSLP is around -20 to 10 hPa compared to
observed value for al cyclones except Viyaru. Temperature anomaly from 3-12 °C
is obtained. Around 100 km cyclone eye is aso observed. It may be concluded that
the different CP options have their impact on the simulation of cyclonic Rashmi,

Viyaru, Nilam and Khaimuk with more or less value with the observed value.
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