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PREFACE

Tropical rain comprises more than two thirds of the global rain. The
evaporation and condensation processes involved in the form of clouds cause this rain
is the primary distributor of heat through the circulation of the atmosphere.
Characterizing tropical rain and its variability is very useful for understanding the
global climate. Satellite-borne rainfall measurements are fast becoming important to
get a complete global coverage. The models and the algorithms developed so far for
measurements and the retrieval of rain parameters from satellite need to be fine-tuned
using measurements from in-situ and remote sensing techniques. The knowledge of
rain Drop Size Distribution (DSD) is very essential for calibrating the
instruments/sensors, especially the Z-R (radar reflectivity-rain rate) relations, used for
radars onboard satellites. This study will have potential application in rain retrieval by
using the parameterization techniques and to study the variability of the DSD
parameters with respect to different seasons. The study will be useful for the Megha-
Tropiques programme. Results from this study find application for those who are
investigating radio propagation in India. The understanding about the drop size from
which the contribution to the total rainfall is maximum at each location, would give an
idea about the impact of rain on soil erosion at different locations. Therefore, the study
of rain DSD and integral rain parameters on the tropics and its spatial, vertical and
temporal variations are very important. The study presented in the thesis will help in
this.

The number of rain drops per unit volume per mm interval of the diameter is
called the rain DSD. The rain parameters viz. Rain Rate (R), Radar Reflectivity Factor
(Z dB) and Liquid Water Content (LWC) are rain DSD integrals and thus these could
be derived from rain DSD. In general understanding of rain DSD finds applications in
fields like satellite meteorology, cloud microphysics, soil erosion, micro wave
communication etc.

The main focus of this investigation is to study the different aspects of the
tropical rain with special reference to rain DSD, rain rate and radar reflectivity factor.

Rain DSD and other rain parameters data from 4 stations viz. Thiruvananthapuram
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(Lat: 8.29 N, Long: 76.59 E; 4 m amsl), Kochi (9.58 N, 76.17 E; 5 m amsl), Munnar
(10.08 N, 77.07 E; 1500 m amsl) and Sriharikota-SHAR (13.58 N, 80.29 E) during
various monsoon periods from the year 2001, was measured using a Joss-Waldvogel
impact type Disdrometer and the data from these measurements are used for this study.
Rain DSD data at different heights has been collected using a Micro Rain Radar
(MRR) that was installed during September 2005 at Thiruvananthapuram. The Tropical
Rainfall Measuring Mission (TRMM) and other satellite rain rate data (3B42-V6) for
the period 2001 to 2008 has also been used in the present study.

The thesis is arranged in eight chapters. At the end of the thesis, the
publications referred in the thesis are listed out. The list of publications [published (4
in number) and under review (3 in number)] including presentations/proceedings in
symposia/conferences (21 in number) have been listed in the beginning.

Section 1 of the Chapter I gives an introduction to the present study. A brief
review of literature on rain DSD, rain rate and Z-R relation studies are presented in the
second section of this chapter to bring out the current status of the subject. The
objectives of this study in relation to the current knowledge in this field are detailed in
this chapter.

Experimental techniques used for the measurements are covered in Chapter
II. The details of the hardware and software of the instruments/sensors Disdrometer
and Micro Rain Radar (MRR) used for the present study are explained. A brief outline
of TRMM satellite sensors is given. The data availability, data analysis and the
corrections to be applied for the data retrieval are also discussed in this chapter. The
complete details about the stations are given at the end of this chapter.

Chapters III to VII present the analysis and the results from this study.

The rain rate characteristics at all the four stations are explained in detail in
the Chapter III. It is seen that the rain rate temporal cumulative distribution could be
fitted with a Weibull distribution function. Thiruvananthapuram showed a different
behavior compared to other stations. Rain rate below Smm/h was seen only around 65
% of the time while at other stations it was around 90 % of the time. This indicates

about the relative prevalence of cumuliform and stratiform clouds in these stations.



The rain DSD characteristics have been brought out in the first section of
Chapter IV. The rain DSD data for all the stations were fitted with Marshall-Palmer
distribution, Gamma distribution and log-normal distribution those have been used by
different earlier workers to describe the DSD variation. It has been found that the log-
normal distribution fits our stations better than the other two distributions. From this
log-normal distribution, three physical parameters viz. total number of drops (Ny),
Geometric mean diameter (D,) and Standard geometric deviation (c) were derived. The
behaviour of these physical parameters at these four sites has been compared to
evaluate the rain characteristics at these stations. Comparison between coastal sites on
the west coast (Kochi and Thiruvananthapuram) and east coast (SHAR) has been done.
Behaviour at Munnar (a station on the western ghat at 1500m altitude) has brought the
possible effects of orography on the rain DSD.

In the second section of this chapter, an empirical model to represent the DSD
variation has been derived to describe the DSD variation with rain rate at all the
stations. Using this empirical model, the average DSD variation with rain rate at these
stations could be obtained. The empirical model has been verified and the statistical
significance of this relation was also evaluated.

As rains occur in spells, the characteristics of spells in terms of DSD
variations are studied. These results are discussed in Chapter V.

Chapter VI discusses the measurements done using the Micro Rain Radar.
The variations of the DSD with altitude at the station Thiruvananthapuram are
explained in this chapter.

The radar reflectivity (Z) and its relation with rain rate (R) play an important
role in satellite measurements. Using the DSD data this relation (Z-R) has been
derived and its variation with altitude has been studied. This relation is compared with
similar results from other parts of the world. These results are also presented and
discussed in this Chapter.

TRMM and other satellite derived rain rate data (3B42-V6) is compared with
the ground based rain rate measurements using Disdrometer, MRR and rain gauges

with reference to the detection of occurrence of rain and the magnitude of rain or rain
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rate. The study reveals that the magnitudes show a correlation of about 0.5 while the
simultaneous detection is around 0.78. The details of the study are explained in
Chapter VII.

Chapter VIII summarises the results and the conclusions derived from the
study. The major results pertain to the development and testing of an empirical model
to represent the variation of DSD with rain rate in the tropics. The evaluation of the
vertical profiles of Z-R relations for our region is another important result of this study.
The correlation between satellite measured rainfall and ground based measurements
has brought out the need to have a closer look at the satellite retrieval. The behaviour
of the intensity of rain fall or rain rate at the four stations and the possible effect of

orography on DSD has been also brought out.
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CHAPTER-I
INTRODUCTION
1.1. GENERAL INTRODUCTION

Two third of the globe is covered with water. Water is very essential for
the existence of life. In the tropics, rainfall is the major source of fresh water.
Excess of rainfall causes flood (figure 1.1) and deficiency causes drought (figure
1.2). Both cause a lot of suffering and strain the resources. Therefore, rainfall
measurement has been considered as one of the important parts of meteorological
studies.

Rainfall measurements are being carried out almost from 1900 in a regular
way at many parts of our country by the India Meteorological Department (IMD).
Manual Rain Gauges were used to start with and later Self Recording Rain Gauges,
Rapid Response Rain Gauges and Digital Recording Rain Gauges have become
part of such measurements. Measurements are also carried out by other atmospheric
science/meteorological groups for their respective studies. In order to understand
the global precipitation, it becomes necessary to have satellite measurements
(figure 1.3). To validate the satellite data, other type of measurements apart from
rainfall are needed. Therefore, Disdrometers and Ground-based Rain Radars are
being used to validate the satellite data.

By using Disdrometers and Rain Radars, the characteristics of rain can be
studied, apart from being those used as ground truths. In this thesis, analysis of
rainfall from the point of Drop Size Distribution (DSD) has been done. A
Disdrometer and a Micro Rain Radar (MRR) have been used for the study.
Therefore in this chapter earlier studies pertaining to DSD are discussed to form the
back ground. Based on this the need for the present study is brought out in the
following sections.

The Earth system comprises of three closely coupled components, viz. the
atmosphere, oceans and biosphere. Water is the unifying element of this system. It
is the active component of the atmosphere, covers three-quarters of the Earth's

surface, and is the basis for all life on our planet. Water is essential to our continued
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Figure 1.1. Sever after effects of continuous heavy rainfall: Flooding. Courtesy: Kidd
and Muller, School of Geography, University of Birmingham.

igue 1.2. Severe after eect of lack of rainfall: Drought. Drought in Andhrapradesh,
India (top left panel); in Georgea in 2007 (top right panel); at Barcelona in 2008
(bottom left panel) and in Australia in 2003 (bottom right panel). Courtesy: Internet.
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existence. Because of the unifying role of the global water cycle, studies of rainfall
are essential for a deeper understanding of the Earth as a system. Variability in the
global distribution of precipitation is recognized as a key element in assessing the
impact of climate change for life on earth. The response of precipitation to climate
forcing is, however, poorly understood because of discrepancies in the magnitude
and sign of climatic trends in satellite-based rainfall estimates. Quantifying and
ultimately removing these biases is critical for studying the response of the

hydrologic cycle to climate change (Ecuyer et al., 2004).
~ - Ty w : - ’fb‘ S Y‘h‘s, :L

JUNE Average I?_O‘Tr:fdf‘rﬁm/‘dd (3B43) 1998 10 2008 ] - & -' ‘ o 5 g
Figure 1.3. Rainfall Climatology (averaged data for 1998 to 2008) for June from 3B43
merged Tropical Rainfall Measuring mission (TRMM), a collaborative satellite mission of
NASA (National Aeronautics and Space Administration), USA and JAXA (Japanese
Aerospace Exploration Agency), Japan and other sources estimates data (Courtesy:
www.trmm.gsfc.nasa.gov)

Rainfall is also the major source of energy that drives the circulation of
the atmosphere. As water changes from liquid to vapour and back to liquid, heat is
stored and then released. This latent heat can intensify some weather systems,
making tropical rainfall an important determinant of atmospheric circulation and
short-term climate changes. Along with temperature, rainfall is perhaps the most
important factor in defining climate. All these factors emphasise the need to
understand more about the global water cycle (Figure 1.4) with special reference to
characteristics of the tropical form of precipitation -“rain” in detail.

Evaporation and transpiration processes return a part of the rainfall to the
atmosphere. The environment recycles a large portion of this returned water.
During a rainstorm, clouds transport atmospheric trace constituents into the free

atmosphere while cleaner air flows down to the surface. This exchange reveals a
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direct link between tropical rainfall and the global cycles of carbon, nitrogen and
sulphur, which are important in biological processes.

Tropical rainfall comprises more than two thirds of global rainfall. It is the
primary distributor of heat through the circulation of the atmosphere.
Understanding rainfall and its variability is crucial to understanding and predicting
global climate change. In-situ measurements of the rainfall parameters are few and
have so many limitations, especially in the tropics. The main reason for this is that
about 3/4™ of the tropical region is covered by not merely forests, but rain forests.
Because of that, the deployment of instruments and data collection is virtually
impossible at these sites. Satellite-borne rainfall measurements are fast becoming
important to get a complete global coverage. The models and the algorithms
developed so far for measurements and the retrieval of rain parameters from
satellite need to be fine-tuned using measurements from in-situ and remote sensing
techniques. Therefore, study of rainfall and its variability is important.

Measurement of rainfall is being made for a long time using the
conventional manual rain gauges. These rain gauges give the daily rainfall at the
site of installation. To get the rainfall distribution during the course of a day, self-
recording rain gauges (SRRG) were installed and rainfall during every hour could
be obtained at select sites. As rainfall has impact on radio communication, rainfall
measurements were automated with closer interval data being made available. To
get the rainfall over larger areas, rain radars or precipitation radars (PR) were
installed. These give rainfall over a large area compared to the rain gauges with
good temporal resolution. Intensity rain gauges also called fast response rain
gauges were developed to make measurements with a higher time resolution.

With rainfall measurements making their importance felt, rain drop size
distribution (DSD) has become another important parameter. For calibrating the
radar and also for understanding the attenuation and other effects of rainfall on
communication (a need for GSAT—4), knowledge of DSD has become essential.
With satellite measurements of rainfall becoming a reality, measurements of rain
rate and DSD at the surface to serve as ground truth for satellite data have gained

importance (Doviak and Zrnic, 1993; Vivekanandan et al., 1999). The Tropical
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Rainfall Measuring Mission (TRMM) has shown the importance of such
measurements. With the proposed Megha-Tropiques satellite and the Global
Precipitation Mission (GPM) on the cards, it is essential that tropical rainfall
characterisation in terms of rain rate and DSD is taken up. This thesis is directed
also towards this objective.

Rain rate estimation from radar measurements is based on empirical
models such as the Z-R relation, R(Z,Zpr) and R(Kpp) — where Zpr is the
differential reflectivity and Kppis the specific differential phase shift measured by a
polarimetric radar (Bringi and Chandrasekar, 2001; Ulbrich, 1983). Accurate rain
rate estimation requires detailed knowledge of rain DSD (Doviak and Zrnic, 1993;
Tokay and Short, 1996). In the past, rain DSD was commonly assumed to be
exponential. Some observations, however, indicate that natural rain DSD contains
fewer of both very large and very small drops than exponential distribution (Tokay
and Short, 1996; Ulbrich, 1983). Thus there exists a need to estimate the rain DSD
(particularly for monsoonal and non-monsoonal rainfall) to deduce the rain rate

from satellite data.
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Figure 1.4. The Hydrological Cycle.
The Intergovernmental Panel for Climate Change (IPCC), in its third report

(Houghton et al., 2001), made it clear that the study of clouds, especially the kind
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and number of condensation nuclei, liquid water content and drop size distribution,
is a very important aspect of climate and climate change studies today. Clouds do
largely influence weather and climate but the knowledge with respect to ‘how and
why’ is still lacking. Since rain is the end product of the hydrological cycle and it
originates from clouds, deep understanding about the rain microphysics is
mandatory to understand the physics and dynamics of the clouds. In tropics, this
problem is crucial because the tropics is the region which receives the maximum
energy from the sun, and thus plays a vital role in the energetics of the atmosphere
and also studies have traditionally been relatively less in this region. Clouds also
strongly influence heat transfer in the atmosphere through the transport of moisture
and hence the latent heat and through influencing the albedo. This heat then
influences the atmospheric circulation. Clouds thus play a vital role in determining
the consequences of global warming. Thus the study of clouds and precipitation is
important from the point of view of climate and climate change.

India depends on the monsoon for much of its water needs. Water scarcity
and droughts are becoming threatening problems. Under such conditions, people
are increasingly looking towards technologies like artificial rain making to mitigate
their problems. Some of the states in our country have tried this a few times and
efforts to make it perfectly fruitful are being carried-out by many organisations like
the Indian Institute of Tropical Meteoroloty (IITM) in India. However, it may not
be long before such trials increase for whatever they are worth. Understanding the
structure and properties of the clouds and rain as well is becoming a necessity from
this point of view.

Indian peninsula is a unique land mass with varying orography that
experiences seasonal reversing monsoon resulting in intense air-sea interactions on
several spatio-temporal scales. So, the rain study over those stations in this
peninsula has good impact with special reference to climate change.

1.1.1. Precipitation

When cloud particles become too heavy to remain suspended in the air,

they fall to the earth as precipitation. Precipitation occurs in a variety of forms —

hail, rain, freezing rain, sleet or snow.
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When clouds develop, something is making the air rise. When air rises it
expands and gets colder and since colder air cannot hold as much moisture as warm
air, the water condenses to form clouds and sometimes rain or ice or Snow.

Forms of Precipitation

There are different forms of precipitation. In this section we discuss only
those which are commonly observed. The kind of precipitation received depends on
the variation of temperature above the surface. Rain is precipitation in liquid form.
Snow is precipitation in solid form as (typically) a hexagonal crystal shape. Size
and shape of the crystal are dependent on moisture content and temperature of the
air. In the middle and high latitudes rain begins as snow. If the air temperature near
the surface is above zero, the snow will melt into rain and fall in liquid form. If the
air temperatures are below freezing on its journey toward the surface, precipitation
will be in the form of snow. Sleet is caused by rain falling into a cold layer of air
aloft which has to be below freezing. As the raindrops fall through the cold layer of
air, they freeze and become small ice pellets. Freezing rain is basically rain that
falls onto the ground and then freezes after it hits the ground. It causes a glaze of
ice on any surface that is below freezing. A temperature inversion causes the
conditions that result in freezing rain. This means that it is warmer aloft than it is at
the surface.

1.1.2. Rain

The term rain refers to precipitation in liquid state. It consists of drops of
water falling from clouds; if the drops are very small, they are collectively termed
as drizzle. Rain plays a key role in the hydrologic or watercycle in which moisture
from the oceans evaporates, condenses into clouds, precipitates back to earth, and
eventually returns to the ocean via runoff into streams and rivers to begin the cycle
again.

Clouds contain huge numbers of tiny droplets of moisture. Raindrops are
formed when these tiny droplets grow, first by moisture from the surrounding air
condensing on them and then by coalescing with other droplets during their
descent. The size of raindrops can vary considerably from diameters of .1 mm to 5

mm. They vary in size from about 0.5 mm to as much as 8§ mm in thunderstorms.
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There is a natural limit for the size of raindrops; large drops falling through air
break up into smaller drops when they attain a velocity of about 30 km/hr.
Raindrops are often large enough to have a size dependent shape that cannot be
characterized by a single length, so there is some difficulty to describe the size
spectra of rain drops. The conventional solution is to describe rain spectra in terms
of the equivalent diameter Dy defined as the diameter of a sphere of the same
volume as the deformed drop. When falling at terminal velocity, drops are nearly
perfect spheres if Dy < 280 um. Larger drops are slightly deformed and resemble
oblate spheroids if 280 < Dy < 1000 um. For Dy > 1000 um, the deformation
becomes larger and drops resemble oblate spheroids with flat bases. Drops larger
than about 10 mm in diameter are hydrodynamically unstable and break up during
fall.

In addition to equivalent diameter Dy, there are three other quantities
commonly used to characterize rain. (1) the size distribution n(Dy) expressed here
in terms of the number of drops per unit size interval per cubic metre of air, (2)
liquid water content (wy) and (3) the Rain rate (R)

Raindrop spectra may extend to drop diameters as large as 6 mm. Such
drops are rather rare since they are found in very heavy rain with R > 100 mm/hr.
At smaller rainfall intensities raindrop spectra usually extend only to drop
diameters of 2 to 3mm. Larger drops tend to break up as a result of collision with
other drops.

Several factors affect the spectral shape of rain at the small size end. Since
rain must fall through the cloud draft, the strength of the latter tends by itself to
truncate the spectrum at minimum size. This effect is largely masked by further
modification of rain after it leaves the cloud. In particular, small drops continue to
be produced by break up and evaporation. Also, at the beginning of a shower, the
drop spectrum at the ground may be expected to be biased towards larger size
owing to the greater fall speed of larger drops, and possibly small size owing to an
initially high evaporation rate. Observations show that most precipitating drops

which reach the ground have Dy > 200 pm.
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Formation of rain

Cloud droplets are tiny, averaging less than 20 micrometers in diameter.
Because of their small size, the rate at which cloud droplets fall is extremely slow.
Even falling through humid air, a cloud droplet would evaporate before it fell a few
meters below the cloud base. Clouds consist of many millions of these droplets, all
competing for the available water; thus, their continued growth via condensation is
slow. In order to form precipitation, these cloud droplets must somehow coalesce to
form large drops to sustain themselves during descend. It is not easy for a cloud
droplet to continue to grow into a raindrop. Several conditions must exist within
the cloud in order for the droplet to grow large enough to fall to the ground as
precipitation. There are two major mechanisms that explain how cloud droplets
become large enough to fall to the ground without evaporating. They are

1) The Bergeron or "Ice Crystal" Process and
2) Collision and Coalescence

Bergeron Process

The Bergeron Process, named after its discoverer, Tor Bergeron, involves
supercooled water droplets. For Bergeron process to occur, the cloud should
comprise of both supercooled water and ice crystals. This process explains how ice
crystals grow at the expense of liquid cloud droplets within a mixed cloud. There
are more water molecules surrounding the water droplets than the surrounding ice
crystals. This occurs because the saturation vapour pressure over a water surface is
greater than that over an ice surface at the same (subfreezing) temperature. The
supercooled liquid droplets are more readily able to evaporate and contribute to the
vapor pressure in the surrounding air than the ice crystals are able to sublimate and
contribute to the vapor pressure. Therefore, when ice and liquid coexist within a
cloud, water vapor must evaporate from the drop and flow toward the ice crystal in
order to maintain equilibrium. As this water vapor diffuses toward the ice crystal,
the droplet must evaporate more in order to keep the vapor pressure in equilibrium
with its surroundings. Therefore, what happens is a vicious cycle of water vapor
evaporating from the drop, collecting on the ice crystal, and freezing so that the

crystal continuously grows at the water droplet's expense.
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The Collision - Coalescence Theory

The process of formation of bigger liquid drops through collision of small
liquid drops is known as coalescence. All collisions can’t lead to coalescence but
lead to break up also. The collision—coalescence process is the major source for the
formations of raindrops in the warm rain. The coalescence efficiency increases
when the drops are electrically charged or an electric field is present in the
surroundings.

1.1.3. Coalescence and Break up
Coalescence is the process by which two or more droplets or particles

merge during contact to form a single daughter droplet (or bubble). It can take place
in many processes, ranging from meteorology to astrophysics. For example, it is
both involved in the formation of raindrops as well as planetary and star formation.

The dynamics of bubble coalescence plays an important role in many
engineering processes. For example, in mixing, bubbles or drops can generate large
changes in interfacial areas through the action of vorticity via stretching, tearing
and folding which facilitates the mixing processes. A good understanding of the
fundamental mechanism of multiple bubble coalescence can be crucial in
maintaining the dispersion process.

Discontinuous fluid properties in a flow system can produce a complex
flow structure with rich physical length scales, which presents both computational
and experimental challenges. Numerically, a robust algorithm for solving multi-
phase flows with an accurate representation of interfaces is required to
accommodate the complex topological changes in bubble coalescence.

It is found that the interaction between the leading and following bubbles
depends mainly on the liquid viscosity. The higher the liquid viscosity, the easier
the bubbles interact. Therefore, bubble coalescence is more likely for high
viscosity. On the other hand, for low viscosity, the liquid jet behind the leading
bubble becomes stronger which prevents the bubble interaction. A postponed or
non-coalescence is obtained. It confirms that the leading bubble travels with a
constant velocity until it merges with the following bubble but the following bubble

slightly accelerates due to the wake of the leading bubble. Regarding the surface
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tension effect, high surface tension results in a weak liquid jet, and high surface
tension force prevents the surface from stretching. Therefore a late coalescence
occurs.

Experiments supported that in quiet air,drops may be as large as 4.5mm in
equilent radius before breaking up. The mechanism of breakup of such drops is
closely tied to the development of the previously mentioned concave depression
almost explosively deepens and develops rapidly into an expanding bag supported
by an annular ring which contains the bulk of the water. As this bag like drop bursts
the bag portion bursts into a large no of drops,while the annular ring breaks into a
smaller no of larger drops.

Small raindrops (radius < 1 mm) are spherical; larger ones assume a shape
more like that of a hamburger bun. When they get larger than a radius of about 4.5
mm they rapidly become distorted into a shape rather like a parachute with a tube
of water around the base — and then they break up into smaller drops.

This remarkable evolution results from a tug-of-war between two forces:
the surface tension of the water and the pressure of the air pushing up against the
bottom of the drop as it falls. When the drop is small, surface tension wins and
pulls the drop into a spherical shape. With increasing size, the fall velocity
increases and the pressure on the bottom increases causing the raindrop to flatten
and even develop a depression. Finally, when the radius exceeds about 4 mm or so,
the depression grows almost explosively to form a bag with an annular ring of
water and then it breaks up into smaller drops.

Raindrop sizes

In order to have rain we must have a cloud — a cloud is made up of water
in the air (water vapor.) Along with this water are tiny particles called condensation
nuclei — for instance, the little pieces of salt leftover after sea water evaporates, or a
particle of dust or smoke. Condensation occurs when the water vapor wraps itself
around the tiny particles. Each particle (surrounded by water) becomes a tiny
droplet between 0.0001 and 0.005 centimetre in diameter. (The particles range in
size, therefore, the droplets range in size.) However, we can call the growing

droplet a raindrop as soon as it reaches the size of 0.5 mm in diameter or bigger. If
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it gets any larger than 4 millimeters, however, it will usually split into two separate
drops.

In meteorology, its role is crucial in the formation of rain. As droplets are
carried by the updrafts and downdrafts in a cloud, they collide and coalesce to form
larger droplets. When the droplets become too large to be sustained on the air
currents, they begin to fall as rain. Adding to this process, the cloud may be seeded
with ice from higher altitudes either by the cloud tops reaching 40 degrees Celsius
or the cloud being seeded by ice from cirrus clouds. The smaller drops are the ones
that didn't run into as many droplets. Raindrops are different sizes for two primary
reasons, (1) initial differences in particle (condensation nuclei) size and (2)
different rates of coalescence.

1.1.4. Monsoon

A monsoon is a periodic wind, especially in the Indian Ocean and
southern Asia. The word is also used to label the season in which this wind blows
southwest in India and adjacent areas that is characterized by very heavy rainfall,
and specifically the rainfall that is associated with this wind. The southwest
monsoon onset on the Kerala coast of India usually begins within two weeks of
June 1st. The north-east monsoon in Tamilnadu begins typically in October. All the
stations in the present study is in tropical peninsular India which experiences an
intense precipitation during the Indian summer monsoon (Xie et al., 2006)

Monsoons are caused by the fact that land heats up and cools down
quicker than water. Thus, in summer, land reaches a higher temperature than the
ocean. Air thus rises over the land. This causes an area of low pressure. Since wind
blows from areas of high pressure to areas of low pressure, an extremely constant
wind blows from the ocean. The rainfall is caused by the moist air rising up
mountains and cooling.

In winter, since the land cooles down quickly, the ocean is warmer. Air
then rises, causing a low over the ocean. The wind then blows back out over the
ocean. Since the temperature difference between the ocean and land is less than in

summer, this wind is not a constant. Monsoons are therefore similar to sea breezes,
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but they are much larger in scale, stronger, affect a wider area, and are more
constant.

The word monsoon owes its origin to the Arabic word “mawsim”
meaning “season” to describe a system of alternating winds over the Arabian sea.
These winds appear to blow from the northeast for about six months and from the
southwest for another six months. The monsoon is a seasonal wind, which blows
with consistency and regularity during a part of a year, and which is absent or
blows from another direction for the rest of the year. Such seasonal changes of the
wind are primarily the result of differences in the quantity of heat received from the
sun by different parts of earth. There is a striking difference in the response of the
continents and the ocean to seasonal changes in solar energy. Most of the solar
energy received by the land is used up in heating the air rather than the earth's
surface. On the other hand solar energy is able to penetrate to much greater depths
in the oceans because of the stirring which goes on under the action of the wind and
also because light can penetrate below the surface. The overall result is that the rise
in temperature in summer is much less over the ocean than over the continents. In
winter the situation is reversed.

Generally, monsoon is a system of winds which possesses the following
characteristic features: (1) Marked seasonal wind shifts, caused by the differential
heating of land and sea, that is, by the different response of land and ocean to
incoming radiation from the sun and (2) Highly confined to the tropics, by which
we mean the region between 20°N and 20° S on both sides of the equator.

Summer monsoons over the northern hemisphere may be thought of as the
south east trades or the trade winds of the southern hemisphere which, on crossing
the equator, are deflected to the right by the earth's rotation and, as a consequence,
approach land areas from the south westerly direction.

Southwest (Summer) Monsoon

The South-western summer monsoons occur from June to September,

after the winds shift during the months of March to May. An area of intense low

pressure develops over central Asia, and the jet stream blows over this area.
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The south-eastern winds blow towards the area of low pressure over Asia,
passing over south-east Asia, which experiences large amounts of rainfall in this
period. Meanwhile, the south-west monsoon is drawn towards the Himalayas,
creating winds blowing rain clouds towards India, which receive up to 10,000 mm
of rain in some areas.

Northeast (Winter) Monsoon

The north-eastern winter monsoons take place from October to December.
The temperature over central Asia is lower, creating a zone of high pressure there.
Meanwhile, a low pressure system develops over northern Australia and winds are
directed towards Australia. During the NE winter monsoon, Australia and south-
east Asia receive large amounts of rainfall.

1.2. BACK GROUND
1.2.1. Rain Drop Size Distribution (DSD)

Variability in the global distribution of precipitation is recognized as a key
element in assessing the impact of climate change for life on earth. The response of
precipitation to climate forcing is, however, poorly understood because of
discrepancies in the magnitude and sign of climatic trends in satellite-based rainfall
estimates. Quantifying and ultimately removing these biases is critical for studying
the response of the hydrologic cycle to climate change (Ecuyer et al., 2004).

The Tropical Rainfall Measuring experience has confirmed that one of the
main difficulties surrounding the retrieval of rain profiles from space-borne radar
reflectivity measurements is the unknown Drop Size Distribution. (Haddad and Li,
2003). Their natural conclusion is that in spite of the dual-frequency radar that
GPM will carry, the careful a-priori modeling of the DSD, at scales commensurate
with the GPM radars’ resolution, will be crucial to the success of the GPM core
retrieval algorithm. And they offered a new, robust method to quantify the
characteristics of the DSD at these scales using dual-frequency wind profiler data.

All the rain parameters are integral parameters of rain DSD. So the
understanding about DSD is very crucial. The transformation of remote sensing
measurements of clouds and precipitation into quantities of interest requires the

knowledge of DSD (Lee et al., 2006). Study of rain drop size distribution (DSD) is
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very useful in different areas like microwave communication, satellite meteorology,
soil erosion and cloud physics. There is big interest in these areas for several
reasons, including climatic change and increasing soil erosion due to expanding
human activities. Accurate measurements of drop size distributions are important
for many meteorological applications, including estimation of rainfall, cloud
radiative transfer studies, and cloud model initialization and verification. For
example, McGaughey et al. (1996), Viltard et al. (1998) and McKague et al. (1998)
all demonstrated the large sensitivity of passive microwave algorithms to the
prescribed drop size distribution of the precipitation originated from both
convective and stratiform clouds. By tracking the rain DSD along their falling path
is a direct way of even measuring rain evaporation (Li and Srivastava, 2001)

To overcome the time height ambiguity in radar measured reflectivity and
surface rain rate, knowledge of hydrometeor size distribution within the
precipitation layer is essential. The rain DSD is a critical factor in estimating rain
rate using advanced dual-polarized weather radars (Vulpiani et al., 2006). A new
neural-network algorithm to estimate the DSD from S-band dual-polarised radar
measurement is presented in their paper. The corresponding rain rates are then
computed assuming a commonly used raindrop diameter-speed relationship.
Satellite measured rain parameters would be reliable and dependable if and only if
the retrieval from the satellite primary data using the algorithm is accurate.
Unfortunately, errors due to the seasonal dependence, back ground dependence etc.
is very clear from the retrievals carried out so far. Retrieval of the precipitation
parameters from the active satellite measurements is found to be less accurate. The
errors associated with the retrieval of rain rate from radar reflectivity factor can be
eliminated, by knowing the target, which is the rain drop size distribution, from
which the scattering of the electro magnetic radiation takes place. The same
reflectivity may be obtained from different targets having different drop size
distributions. Hence, there is a need to know the rain DSD in detail. The spatial,
altitudinal and temporal variability of the Z-R relation is evident from the past
measurements. Since the radar reflectivity factor is the 6™ moment of rain DSD, the

radar back scattered power is not only merely dependant on the rain rate, but also it
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depends purely on the number and size distribution of the rain drops. So the radar
reflectivity factor should necessarily be derived from the rain DSD, for the
derivation of an empirical relation for the altitudinal and spatial variation of Z-R
equation and here lies the importance of the need of more rain DSD data and
analyses. Since there is no one to one relation between this Z and R, a wide range
of Z-R relations are mentioned in the literature (Battan, 1973). A common
technique for radar estimation of rainfall is to develop relationships between the
backscattered energy return to the radar (i.e., reflectivity, Z) and rainfall rate (R).
Both Z and R are dependent on the drop size distribution. The Z-R technique has
the advantage of producing rainfall estimates over large areas (50000 km?) in
relatively short time (several minutes). Unfortunately, the existence of various
range-dependent errors can produce significant biases in the scanning radar
estimate of rainfall (e.g., Wilson and Brandes 1979; Zawadzki 1984; Austin 1987).
Moreover, many previous observational studies have shown that natural variations
of the drop size distribution in time and space can lead to different Z—R
parameterizations, ultimately producing different estimates of rain rates (e.g.,
Battan 1973; Ulbrich 1983; Austin 1987; Huggel et al. 1996). Different Z-R
relations should be used for each rain rate range, for better rain DSD derivation
(Mali et al., 2003).

In the context of microwave communication, the performance of the
microwave links at frequencies above 10 GHz is constrained by the excess
attenuation due to precipitation, especially, rainfall. The lower atmosphere is
absorptive, dispersive and inhomogeneous and therefore plays an important role in
radio communication in the frequency range UHF to mm waves. The important
parameters affecting the propagating wave are the shape of each rain drop and rain
DSD. Rain attenuation increases with rain drop size and attains a maximum value at
a particular drop size. Beyond this value of drop size, rain attenuation either
remains constant or decreases (Verma and Jha, 1996b). Since the wavelengths of
mm waves are of the same order as the rain drop sizes, the rate of attenuation is
highly dependant on rain DSD (Verma and Jha, 1996a). In tropical climates, rain

attenuation is severe due to higher rain rates (Jassel et al., 1994). “Sufficient data on
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propagation attenuation, rain rate and DSD are not available for tropical region and,
in particular, for India where rainy season is characterised by the heavy monsoon
rains. Due to the lack of rain DSD data in the tropics, the usage of available DSD
data that are collected from the low rain rate regime like temperate regions, causes
the attenuation prediction models are found to be very inadequate for tropics” they
continued. These authors have developed a rain attenuation model based on the
DSD data and compared with CCIR (International Radio Consultative Committee)
and other models. The usage of regional DSD data with its lognormal fit is very
clear from their studies (and also Verma and Jha, 1996b) and the specific
attenuation calculated using DSD with lognormal representation was more realistic
compared to DSD with MP and gamma representations. So, these DSD
measurements, its lognormal modelling and deep quantitative understanding have
much relevance in the special scenario of attenuation of electromagnetic radiation
with rain, especially with tropical heavy rainfall. Rain attenuation can be obtained
directly through experiments or predicted from a knowledge of rain rate and DSD
(Medhurst, 1965; Maciel and Assis, 1990; Ajai and Olsen, 1985); i.e., a model for
the variation of DSD with rain rate is very essential. The difference in the
experimental and theoretical attenuation results are due to the non-uniformity of
DSD, which varies with the geographical locations (Medhurst, R.G., 1965). So, it
will be helpful to understand more about the rain DSD for tropical climates, for
improving the efficiency of communication. Selection of frequency bands can be
made on the basis of the DSD model derived for each location.

A number of recent studies have examined the applicability of separate Z—
R relations for rain originated from convective and stratiform clouds. Short et al.
(1990) and Tokay and Short (1996) have shown, using disdrometer data from
Darwin, Australia, and the tropical western Pacific, that the DSD undergoes abrupt
shifts between convective and stratiform precipitation and that rainfall rates derived
are improved when two Z-R relations are used instead of one. However, Steiner
and Houze (1997) showed that the use of two Z-R relations instead of one did not
significantly improve monthly rain totals using radar data at Darwin, Australia.

Also, Yuter and Houze (1997) have argued that convective and stratiform DSDs in
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the tropical western Pacific are not statistically distinct. Clearly, more research on
the variability of the DSD in different precipitation regimes is required. The profiler
retrievals for the MCS were partitioned into a three-tier classification scheme (i.e.,
convective, mixed convective—stratiform and stratiform) following a modified
version of Williams et al. (1995) in order to isolate the microphysical
characteristics in different precipitation types.

Kenji et al. (1999) has made measurements of rain DSD and kinetic
energy of the rainfall at T-sukuba for 2 years and Ishigaki for 1 year, and compared
the energy-rain rate equations. Their main finding on regional characteristics of
Ishigaki was that, there were large sized raindrops below 30 mm/h rain rate and the
distribution of raindrop size was from 1 mm to 5 mm in diameter. But in Tsukuba
the distribution of raindrop size concentrated between 1 mm to 2 mm. The impact
of rain on soil that causes soil erosion at these different locations will be different
because of the difference in DSD. So, the understanding about rain DSD will help
us to take precautions in determining the agriculture field structure.

The gamma parameters have been derived on the ground with the
disdrometer and aloft with VHF and UHF radar measurements made at Gadanki in
the southwest monsoon season by Narayana Rao et al. (2006). This is to study the
u-A (shape parameter-slope parameter) relation (parameter derived from the gamma
fit to the rain DSD) with respect to this climatic regime and also as a function of
height. This relation is different at Gadanki compared to other places like Florida
and Oklahoma and also this relation is found to be varying with height. An
experimental study of small scale variability of DSD has been carried out at
Wallops Island, Virginia by Tokey and P.G. Bashor (2007). They also recognised
the sampling issues of the disdrometer and thus itself presented the findings for 1-,
3-, 6-, 10- and 15-minute averaged disdrometric measurements. Using the
disdrometer measurements at different climatic regions, constraints on the gamma
distribution has been developed to retrieve DSD from the dual-frequency radars by
Munchak and Tokey (2008). DSD data obtained from Disdrometer could be used
for the simulation of algorithms to derive back the DSD (Tokey and Dickens, 2000).
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The natural conclusion by Haddad et al. (2003) is that, in spite of the dual-
frequency radar that GPM will carry, the careful a-priori modeling of the DSD, at
scales commensurate with the GPM radars’ resolution, will be crucial to the success
of the GPM core retrieval algorithm. This enforces the fact that DSD should be
modeled for its variation with rain rate very region specific.

According to Weischet (1969), the tropical area characteristically has a
rainfall maximum between 1000 metres and 1500 metres. Still, there is possibility
of many local or regional complications to occur (Barry, 1981). The rainfall
characteristics over mountains are determined by several factors such as latitude,
altitude and orography. A convective pattern of vertical precipitation distribution is
widely found in the tropics. According to Rao (1958), the monsoon currents
become convectively unstable when it is lifted by the mountains during travel along
a short distance. The amounts of orographic precipitation depends on the air mass
characteristics and synoptic-scale pressure pattern, local vertical motion due to the
terrain, microphysical processes in the cloud and the evaporation of the falling rain
drops (Sawyer, 1956).

Orographic effect of the Western Ghats on the monsoon rainfall has been
studied for the southwest and northeast monsoon using normal rainfall data of 50
years (1901 to 1950). The precipitation is dependant on altitude over the western
slope which is on the windward side with respect to the southwest monsoon,
whereas it is independent of altitude over the eastern slope which is on the leeward
side. The situation exactly reverses during the northeast monsoon rainfall. The
study of Muralidharan et al. (1985) reveals that the amount of precipitation on the
western slope of the Western Ghats above an altitude of about 600 metres increases
with the altitude to a maximum at a height of about 1300 meters; and further up it
decreases. Almost in a similar manner on the eastern slope of the Ghats above an
altitude of about 370 metres the rainfall increases to a maximum about 1800 metres
above mean sea level, and thereafter decreases continuously. Their rainfall profiles
more or less agree with the results obtained from the global survey carried out by

Lauer (1975) and also by Lauscher (1976) for other tropical mountains.
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With the development of instruments that can give drop size data
continuously and at relatively low costs, DSD measurements are becoming more
common. However, there haven’t been many measurements in India. Some of them
are Jassal et al. (1994), Verma and Jha (1996a and 1996b), Reddy and Kozu (2003),
Sasi Kumar et al. (2003), Mali et al. (2003), Krishna Reddy et al. (2005), Soma
Sen Roy et al. (2005), Rao et al. (2006) and Harikumar et al. (2007; 2009). We
present here the characterization of rain DSD and derivation of a rain DSD model
for 4 different locations in southern India, viz. Thiruvananthapuram and Kochi,
which are west coast stations; Munnar, a high altitude station in the Western Ghats
and Sriharikota (SHAR), a station on the east coast, (Details of these stations are
explained in the Chapter II) using a Joss-Waldvogel Disdrometer (JWD; Joss and
Waldvogel, 1967). Some preliminary results from Thiruvananthapuram were
presented in an earlier paper by Sasi Kumar et al. (2003) and the comparison of rain
DSD between the stations in the eastern (SHAR) and western (Thiruvananthapuram
and Kochi) coasts of India has also been presented by Harikumar et al. (2007).

Three different distribution functions are commonly used by different
authors to describe rain drop size spectra, namely, the Marshall and Palmer (1948)
type of exponential distribution, the gamma distribution (Ulbrich,1983) and the
lognormal distribution (Feingold and Levin, 1986). It is generally agreed that the
exponential distribution is valid only for data averaged over long periods of time
(Joss and Gori, 1978), or over large volumes of space. However, the negative
exponential is not appropriate for use in tropical regions and gamma model
distribution must be too modified (Awang and Din, 2004). Thus, lognormal
raindrop size distribution models are suitable and thus used it to estimate rain
attenuation and compared to rain attenuation measurements from microwave links
installed at Wireless Communication Centre (WCC), Universiti Teknologi
Malaysia, UTM Skudai, Johor by these authors. Raindrop spectra often tend to have
a monomodal distribution, which can be modelled by the gamma distribution
function. This has the advantage that it tends to the exponential function as one of
the parameters tends to zero. In the cases of the exponential and gamma

distributions, however, the parameters have no physical significance.
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The Lognormal distribution was explored by Feingold and Levin (1986)
and was found to be as good as, if not better than, the gamma distribution in terms
of fitting with observations. While the former showed better fit with the observed
raindrop size distribution, the computed rain rate was marginally better when the
gamma function was used. However, the Lognormal distribution has the advantage
that the parameters have physical significance (Feingold and Levin, 1986). The
variations in these parameters with rain rate or with time would, therefore, have
implications on the physical processes that lead to the formation of rain drops and
the processes that take place as the drops fall from the cloud to the ground.

Testud et al., (2000) developed a concept of normalization of DSD as
normalizing raindrop spectra is an appropriate way to identify the shape of the
distribution. The concept of normalization of DSD is based upon two reference
variables, the liquid water content LWC and the mean volume diameter Dm. This
normalization procedure helps in clearly defining the stratiform and convective rain
types and hence a better insight into the cloud microphysics. The major point of this
approach is that this normalisation is totally free of any assumption about the shape
of the DSD. This new normalization has been successfully applied to the airborne
microphysical data of the Tropical Ocean and Global Atmosphere Coupled Ocean—
Atmosphere Response Experiment (TOGA COARE) collected by the National
Center for Atmospheric Research Electra aircraft. The classification of the TOGA
COARE raindrop spectra into stratiform and convective have been done to impress
on the usefulness of this approach.

Since rain produces a loud and unique sound underwater that can be used
to detect and quantify rainfall. Using the acoustical rainfall analysis (ARA)
algorithm, the rain parameters are derived from this naturally generated underwater
ambient sound field (Nystuen, 1996). Ulbrich and Atlas (2007) focus on continental
tropical convective storms and their comparison with their maritime counterparts.
They found out that in both maritime and continental storms the DSD in the
convective portion of the storm approaches equilibrium. The coefficient A in the
Z=AR" relation increases with median volume diameter while the exponent b

approaches unity.
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Since the DSD characteristics at 1 to 3 mm/h and 10 to 30 mm/h ranges
roughly represent characteristics of stratiform and convective DSDs, rainfall type
classification was not seriously examined by Koshu et al. (2006). But Roy et al.
(2005) separated the rainfall events into convective and stratiform type, based on
variation DSD parameters. At lower rain rates, the convective phase was marked by
DSD spectra that have greater population of small droplets as compared to
stratiform DSDs at the same rain rates. But at higher rain rates, the convective
regime is characterised by narrow spectra centred at higher diameters. Using the
gamma distribution to represents the DSD, then from the gamma parameters, from
the No jump in the No-R relation, they classified the rain with respect to origin.

Based on the information on the time variability of DSDs, a method to
generate the space time variability of the distributions of the size of the raindrops is
developed by Lee et al. (2006). The model developed can be used to calculate
DSDs and integral rain parameters, based on the fact that two moments of the
DSDs are sufficient to capture most of the DSD varibility. The model is validated
using concurrent radar and disdrometer data. Observation with disdrometer and
optical rain gauge were made at Gadanki and their application in rainfall estimation
are evaluated (Reddy et al., 2003). Ecuyer et al. (2004) explores the potential for
refining assumed drop size distributions (DSDs) in global radar rainfall algorithms
by establishing a link between satellite observables and information gleaned from
regional validation experiments where polarimetric radar (Doviak and Zrnic, 1993),
Doppler radar, and disdrometer measurements can be used to infer raindrop size
distributions. The measured shape of the rain DSD depends significantly on the
sample size, and that adding many “instant” distributions from different conditions
leads to an exponential distribution such as proposed by Marshal and Palmer.
“instant” distributions, i.e., distributions accumulated during 1 min or less, deviate
strongly from exponential distributions in the direction towards monodispersity
(Joss and Gorri, 1978). Toress et al. (1994) proposed a general phenomenological
formulation for DSD, written down as a scaling law, accounts for all previous fitted

DSDs.
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Rain DSD data has been used to derive the rain rate and radar reflectivity
factor and then the standard deviation of the rain intensity R and the radar
reflectivity factor Z are derived theoretically for R and Z values by Joss and
Waldvogel (1968)

One method for obtaining drop size distribution (DSD) functions requires
previous normalization of both measured drop diameters and concentrations. This
normalization, proposed by Sekhon and Srivastava (1971, 1978), and later by
Willis (1984), was meant to comprise the entire dataset, thus achieving a universal
distribution function independent of observation site or rain type. An alternative
method is based on previous grouping of rain registers in different rain-rate classes
to obtain mean size distributions. These distributions can then be fitted to
theoretical models whose parameters will depend on the rain rate, usually through a
power law. (Cerro et al., 1999).

In developing the upcoming Global Precipitation Measurement (GPM)
mission, a dual-frequency Ku-Ka-band radar system will be used to measure
rainfall in such a fashion that the reflectivity ratio intrinsic to the measurement will
be sensitive to underlying variations in the drop size distribution (DSD) of rain.
This will enable improved techniques for retrieving rain rates, which are dependent
upon several key properties of the DSD (Kuo et al., 2004). The results of their
study have bearing on how future dual-frequency precipitation retrieval algorithms
could be formulated to optimize the sensitivity to underlying DSD variability, a
problem that has greatly upheld past progress in radar rain retrieval.

The drop-size distributions associated with a range of high rainfall rates
are examined using data from tropical storms and hurricanes by Willis and
Tattelman (1998). Mean drop-size distributions are presented for a range of high
rainfall rates, as well as a Gamma distribution fit to the entire set of normalized
drop-size distributions. This fit forms the basis for a model drop-size distribution
for intense rain. Except at small diameters, the experimental (measured by died
filter and by radar echos) could be fitted by the negative exponential expression

(Marshal and Palmer, 1948).

R. Harikumar 24



Chapter I: Introduction

The dual-frequency radar which the GPM core satellite will carry should
prove a much more effective tool in sorting out at least part of this DSD-induced
ambiguity. Indeed, with two radar reflectivity profiles, one would expect to be able
to retrieve not just a single rain rate profile, but also at least one additional "first
order" DSD profile, such as a profile of the (mass-weighted) mean drop diameter
D* (Haddad and Li, 2003). Two proposed algorithms to retrieve the governing
parameters of the gamma DSD from polarimetric measurements have been
compared by Brandes at al. (2003). The beta method (Gorgucci et al., 2002; Bringi
et al. 2002) is found to be comparably erroneous than the constrained-gamma DSD
(Zhang et al. 2001; Brandes et al. 2003; Vivekanandan et al. 2004)method.

Awand and Din (2004) reports the comparison of the rain attenuation
measurements from 38 GHz microwave links conducted at Wireless
Communication Center, Universiti Teknologi Malaysia (UTM) with the DSD
model from Malaysia (KL-Lognormal), Singapore, Brazil and Nigeria using
lognormal distribution model. The rapid growth of telecommunication services,
both in satellite and terrestrial links using higher frequency bands is above 10 GHz
has highlighted need for estimating the effect of hydrometeors such as rain, clouds,
fog and gaseous. The presence of hydrometeors in radio wave propagation,
particularly rain, can produce major impairments to microwave propagation.
Raindrops can absorb and scatter radio wave energy results in signal attenuation,
which can degrade the reliability and performance of the communication links.
However, the negative exponential is not appropriate for use in tropical regions and
gamma model distribution must be too modified. Thus, lognormal raindrop size
distribution models are suitable, used to estimate rain attenuation and compared to
rain attenuation measurements from microwave links installed at Wireless
Communication Centre (WCC), Universiti Teknologi Malaysia, UTM Skudai,
Johor.

Roy et al. (2005) studied the Drop DSDs associated with tropical rainfall
at Cuddalore in the south-eastern part of India, measured by a Joss-Waldvogel
disdrometer (RD-80 model) during September to November 2002. They have

separated the rainfall events into convective and stratiform. Even using microwave
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brightness temperature, a new scheme has been developed to classify convective
and stratiform (C/S) precipitation areas over oceans by Hong et al. (1999).

Zhang et al. (2001) studied the error propagation from moment estimators
to rain DSD parameter estimators. Consequently, the derived p-A (shape parameter-
slope parameter) relation is believed to contain useful information in that it
describes the mean behavior of the DSD parameters and reflects a characteristic of
actual raindrop size distributions. The pu—A relation improves retrievals of rain
parameters from a pair of remote measurements such as reflectivity and differential
reflectivity or attenuation, and it reduces the bias and standard error in retrieved
rain parameters.

Here an effort has been made to understand the average rain DSD
spectrum. The characteristics of the rain DSD, whose variation with rain rate has
been explored in detail. An empirical lognormal model for this variation of DSD
with rain rate is also derived. The model would be very useful to communication
engineers to design their instruments considering this knowledge. This can be used
to derive the Z-R relation to apply for calibration of satellite sensors and weather
radars (Soto, 1989). Kinetic energy imparted by the rain could be derived using it,
that will eventually help agro meteorologists in the field of soil erosion. Cloud
microphysics modellers are also would be the beneficiaries of this model.

1.2.2. Rain Rate

The measurement of rain rate and understanding about its temporal and
spatial distribution is of importance in many respects. These data are needed, for
instance, in the modelling of soil erosion (using models like RUSLE or WEPP).
These models usually require a time series of rain rate with moderate to high time
resolution. A knowledge of rain rates that can be expected to help design structures
like culverts so that they can handle the storm waters during heavy rainfall. Rain
rate is also important to understand the rate of recharge of the water table and to
estimate runoff. Apart from these, the effects of climate change are now making
rain rate measurements even more important. For instance, Gordon et al (1992)
report results from a model that point to increase in rain rate due to enhanced

greenhouse effect. A study in Australia by Haylock and Nicholls (2000) showed an
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increase in the total rainfall and number of rainy days in the northern and southern
regions and a decrease in the western and southwestern regions. Their study
implied a significant change in the number of heavy events in the southwest and a
significant change in only the number of lighter events in the north. Most of the
rainfall measurements in India are limited to daily rainfall, with only a relatively
few stations recording rain gauges that can give hourly rainfall values. Rainfall data
have been used in many studies (for instance, Ananthakrishnan et al., 1979;
Muralidharan et al, 1985; James et al., 1987; Sreedharan and James, 1988; Sampath
et al., 1989). Ananthakrishnan et al (1979), after analysing hourly rainfall data for
the monsoon seasons of 1969 and 1970, found that “falls of intensity >10 mm/h
account for 14% of the rainfall at Thiruvananthapuram in less than 2% of the rain
hours”. They continue to state that “Such falls account for about a third of the
rainfall at stations from Cochin to Goa and 40 to 50% at Vengurla and Bombay.”
Ananthakrishnan et al used the hourly rainfall value in place of rain rate, in the
absence of rain rate measurements. A rainfall of 1 mm depth that lasted for one
minute would be counted as a Imm/h rain event, while, in fact, the intensity should
be taken as 60mm/h. Thus, the intensity values used by Ananthakrishnan et al could
be highly underestimated.

While daily rainfall data are quite useful for such studies, the distribution
in shorter intervals of time is important in many fields. The data from recording
rain gauges show that rainfall is often confined to a few hours a day, and sometimes
even for periods shorter than an hour. The period during which a given amount of
rain occurs is important because heavier rainfall leads to greater runoff, greater soil
erosion and less infiltration into the water table. A knowledge of rain rate therefore
becomes important from the point of view of better management of our dwindling
fresh water resources and improved control of soil erosion.

In the present study some of the first results from the measurement of rain
rate with high temporal resolution of 1 minute at a few stations in Kerala State are
presented. Distribution of rainfall, temporal distribution of rain rate, cumulative
distribution of rain rate and contribution of each rain rate range to total rainfall are

analysed and discussed in detail. In tropical climates, rain attenuation is severe due
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to higher rain rates (Jassel et al., 1994). “Sufficient data on propagation attenuation,
rain rate and DSD are not available for tropical region and, in particular, for India
where rainy season is characterised by the heavy monsoon rains. So, the micro
wave communication design engineers could consider the rain rate distribution and
its spatial variability spectrum while design mm wave communication devices.
1.2.3. Vertical profiles of rain DSD

Knowledge of the vertical profiles rain DSD are very useful for the fields
like microwave communication, radar/satellite meteorology and cloud micro-
physics. But such measurements that will help in measuring precisely the
atmospheric parameters using remote sensing techniques need to be carried out
more especially in the tropics. Since the global circulations are driven mainly by
tropical weather, understanding on its variability using observational techniques
especially satellite-based is very crucial. Satellites like TRMM (Tropical Rainfall
Measuring Mission), upcoming Indo-French satellite Megha-Tropiques, GPM
(Global Precipitation Measurement) constellation etc. are exclusively measures the
tropical atmospheric parameters. So, for the retrieval of atmospheric parameters
from the satellite-borne measurements and for calibration of the satellite sensors,
vertical profiles of DSD and Z-R relations in the tropical sites are very essential. In
this chapter, study of the variation of DSD with altitude has been carried out. The
vertical variation of the Z-R relation is also derived and studied during radar bright
band (BB)/stratiform and non-bright band (NBB)/convective conditions/rains of the
southwest monsoon and premonsoon seasons.

In the Indian region, monsoon is a major phenomenon affecting
agriculture, drinking water, potential of hydro electric energy and the overall
economy. The lives of a large number of people within and nearby countries get
affected. Hence we need to study and understand the vertical distribution of DSD
parameters, which gives information concerning the generating processes of the
monsoon precipitating systems (Reddy et al., 2005).

Understanding of the characteristics of melting layer is very useful to
weather forecasters in predicting and monitoring the snow level, defined as the

lowest level in a melting layer where snow or ice completely changes to rain. This
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information can also be useful to road maintenance workers, hydrologists,
emergency managers, aviators and the ski industry (White et al., 2002). More
importantly, the information of the freezing height and the melting layer are
critically important in making decision to do seeding experiment or not and in
establishing an optimal seeding strategy that may lead to most profitable output
(Cha et al., 2007). They have explained in detail the method to estimate the freezing
height and the melting layer depth, the altitude interval throughout which ice-phase
precipitation melts as it descends, from the Micro Rain Radar (MRR) output
product.

Numerical modeling studies have demonstrated large sensitivity in terms
of surface rainfall production, evaporation, and downdraft intensity to the
parameterized hydrometeor size distribution below the melting level, especially in
tropical mesoscale convective systems (MCS; Ferrier et al. 1995). Drop-size
distributions in clouds are difficult to observe directly. These measurements are
typically recorded using probes mounted on aircraft. The observations are limited to
the regions where the planes fly, thus producing sporadic measurements in time and
space (e.g., Rogers et al. 1993). Moreover, the sample volume is typically small so
that it may not always be possible to obtain representative drop-size distributions
(e.g., Richter and Hagen 1997). Three different algorithms of DSD retrieval by
vertically pointing radar have been simulated utilising JWD measurements from
Amazon basin of Brazil by Tokey and Dickens (2000). Thus they used the DSD
data obtained from Disdrometer for the simulation of algorithms to derive back the
DSD.

Li and Srivastava (2001) derived an analytical solution for the evaporation
of a single raindrop. The results show that, for the detection of rain evaporation,
reflectivity is more sensitive than differential reflectivity, whereas for the
estimation of rainfall rate R, an empirical ZDR-Z-R formula is more robust and
accurate than a Z-R formula. Lee at al. (2006) concluded that, when using the
ground disdrometer to establish proper Z-R relationship, the spatial and temporal
extends should be considered very carefully. It is well established that rain

evaporation plays an important role in inducing and maintaining downdrafts under
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cloud bases, in both convective-scale and mesoscale precipitation. It is also an
important sink of atmospheric latent heat. However, quantitative measurement of
rain evaporation remains extremely difficult (Li and Srivastava, 2001). A direct
way of measuring rain evaporation is to track the drop size distribution (DSD)
along their falling paths. Gori and Joss (1980), and Levin et al. (1991) used this
approach in their investigations. They measured DSDs simultaneously along steep
mountain slopes at different heights.

Weather radar yields improved hydrometeor detection and area coverage,
but has other limitations when it comes to ground truth or quantitative precipitation
estimation (QPE) due to the very variable relation between radar reflectivity (Z)
and rain rate (R; Diederich et al., 2004). In this article, they present the MRR
(Micro Rain Radar), which gives an alternative QPE method. This low cost
Doppler radar measures vertical profiles of radar reflectivity as well as spectra of
fall velocity of hydrometeors, and estimates the drop size distribution (DSD) of rain
using a relation between terminal fall velocity and drop diameter for liquid
precipitation. Tian et al. (2006) presents an initial investigation using airborne
Doppler radar operating at 10 and 94 GHz to measure the light stratiform rain (<5
mm/h). It has been shown that the combination of 10 and 94 GHz is more sensitive
to resolve the rain DSD in light rain than that of 14 and 35 GHz (Frequencies that
will be used in the dual-frequency radar of Global Precipitation Measurement
mission). The sensitivities of the retrieval to Gamma shape parameter are discussed.

Characteristics of precipitating clouds, such as microwave irradiance,
cloud-top infrared irradiance, and radar reflectivity, can be measured remotely over
large regions by sensors on satellites, aircraft, ships, and on the ground. The
information from these indirect measurements of precipitation must be converted to
the rain rate by using an appropriate algorithm. Although the basic physics behind
these algorithms may be understood, algorithm parameters typically must be
calibrated to the particular rain regime under study in order to produce accurate
results. Often the approach to calibration is one of bootstrapping—using a small-
scale direct measurement to calibrate a larger-scale indirect measurement, which in

turn is used to calibrate a still larger scale measurement successively until the scale
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needed is reached. Thus, it is vital that the initial relation upon which this sequence
of calibrations is based be as accurate as possible (Yuter and Houze, 1995)

Application of the information on vertical profiles of rain DSD and
integral rain parameters is to correct algorithms for weather radar data. But the
problem exists as weather radar measurements take place at a certain altitude
whereas their calibration is usually done by ground based data-either the radar data
is adjusted to surface based sensors or transferred to rain rate by Z-R-relationships
established at ground-level. The vertically pointing radar provides measurements at
different altitudes and thus closes the gap between ground based measurements and
the weather radar as has been reported before (Wagner et al., 2004). Within the
framework of APOLAS (Areal Precipitation measurements Over Land And Sea), a
project under the German Climate Research Programme DEKLIM in the Baltic
area (http://miraculix.dkrz.de/gerhard/apolas.html), they addressed this problem of
understanding the vertical structure of precipitation. Diederich et al. (2004) studied
the variability in the drop size distribution inside an area of 200 by 600 meters with
a temporal resolution of 30 seconds using 3 Micro Rain Radars/disdrometers and a
2d-video disdrometer.

Whenever the weather radar has been used for areal precipitation
measurement, the quantitative estimation and investigation of rain rate from radar
reflectivity has been hampered by (1) The highly variable and ambiguous relation
between rain rate and radar reflectivity, which depends strongly on the drop size
distribution (DSD), (2) The occurrence of ice in the illuminated volume, (3) The
evolution of rainfall from the height of the radar beam to the ground and (4) The
dissimilar volumetric and temporal scales involved when measuring different rain
characteristics. These effects have been investigated in numerous publications, but
the progress in applied areal rainfall measurement with radar has been modest.
Often additional information is needed to correctly identify, predict and correct the
named effects. Fabry et al. (1992) suggested the use of a network of low cost
vertically pointing radars to enhance weather Radar scans by measuring the vertical
reflectivity profile and detecting the melting layer, which yields potential to counter

the errors caused by issue 2 and 3. For issue 1, the measurement of the drop size
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distribution (DSD) allowed the investigation of methods to associate rainfall
structure with DSD characteristics at ground level (Uijlenhoet et al, 2003). This
represents a significant progress compared to separately measuring reflectivity with
radar and rain rate with gauges, as this is too strongly affected by issue 4 (Diederich
et al., 2004).

Z-R relation shows a clear distinction between southwest and northeast
monsoon seasons (Reddy et al., 2003). During southwest monsoon precipitation
generally has bigger drops than during northeast monsoon. Wilson et al. (2001)
made study using the disdrometer and found out that no significant differences in
DSDs in southwest and northeast monsoons. In the model study in this thesis, it is
getting more or similar lognormal parameters during different monsoon seasons at a
particular station.

Measurements of rain were obtained with a vertically pointing micro radar
(MRR) with 1 min time resolution and 50 (100) m height resolution at the German
Baltic coast on the Zingst peninsula (54.43°N, 12.67°E) by Peters et al. (2002).
Simultaneous estimates of rain rate and reflectivity factor with data of a C-band
(frequency=6 GHz) weather radar suggest that the MRR may be used to support
quantitative rain rate estimates with weather radars.

Conventional weather radar retrieval of areal quantitative precipitation
suffers from mainly two problems (Peters et al., 2002). They are (1) The relation
between the radar reflectivity and rain rate depends on the structure of the drop size
distribution. Parameterized distributions can deviate considerably from actual
distributions. Richter and Hagen (1997) demonstrated that this problem can be
mitigated by advanced radar techniques including for example polarimetry and (2)
The height of the measuring volume increases with increasing distance from the
radar due to the earth curvature. In moderate zones the majority of weather radar
data are obtained above the freezing level. Stratiform shallow rainclouds may be
totally below the sampling height of the radar. In general the extrapolation from the
radar measuring volume to the surface includes significant uncertainties. The

influence of vertical wind and turbulence was neglected in these MRR
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measurements, which represents probably the most important source of error of this
method (e.g. Joss and Dyer, 1972, Richter, 1994).

Zhang et al. (2002) studied the sampling effect on radar measurements of
inhomogeneous media and the resultant rain estimation. The dependence of
statistical moments on the variation of DSD parameters are calculated and applied
to radar-based rain estimation. Quantitative estimation of fallen precipitation at
ground level using weather radar is hampered by numerous well documented
problems: the variable relation between radar reflectivity and rain rate, a vertical
evolution of rain intensity from ground to beam-height, attenuation, changes in
water-phase, attenuation, and eventually insufficient temporal sampling (Diederich
et al., 2004). Bendix at al. (2004) used MRR to study the rain in a tropical montane
cloud forest of southern Ecuador and its chemical composition.

A bright band is the enhanced radar echo area that is associated with the
melting of hydrometeors in stratiform precipitation (Cha et al., 2009). The top of
the bright band can be considered as the melting level (or freezing height),
commonly accepted as the altitude of the O° C isotherm (Glickman, 2000).

Data from a long term measurement of MRR at a mountain site
(Daegwallyeong, DG, one year period of 2005) and a coastal site (Haenam, HN,
three years 2004-2006) in South Korea were analyzed by Cha et al. (2009) to
compare the MRR measured bright band characteristics of stratiform precipitation
at the two sites. On average, the bright band was somewhat thicker and the
sharpness (average gradient of reflectivity above and below the reflectivity peak)
was slightly weaker at DG, compared to those values at HN.

The characteristics of the bright band may reveal important cloud
microphysical processes. Fabry and Zawadzki (1995) reported that the mixture of
ice, air, and water leads to a greater increase in the radar reflectivity than that
expected from the change from ice to water. They suggest several other factors that
contribute to this bright band phenomenon. One such factor is the distribution of
water within the particle, so called the density effect. That is, the distribution of
melted water within the snow particle will appreciably affect the reflectivity value.

Zawadzki et al. (2005) focused more on the density effect and proposed a bright
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band model, showing that the difference between the peak reflectivity and the snow
reflectivity increases with a decreasing density of snow particles.

Melting precipitation in stratiform rain produces a distinct signal in radar
data, ie., the “bright band” (BB; Gettys et al., 2000). The case of the convective rain
is different. The strong convective currents in active showers and thunderstorms
tend to destroy the horizontal stratification essential for creating and sustaining the
BB. As a result, the BB is broken (Farby and Zawadkzki, 1995; Neiman et al.,
2005). The stratiform condition gives rise to radar bright band (BB) and during
convective regime of rain there will not be any radar bright band (NBB). High-
frequency radars do not measure an enhanced 'bright band' at the melting layer,
rather a sudden increase of reflectivity as the ice particles become coated in water.
This sudden step can be used to locate accurately the height of the WBZ (Wet-Bulb
zero degree isotherm). The studies of Mittermaier and Illingworth (2003) suggests
that, at least in the UK, operational model predictions of the freezing-level height
are within the specified 200 m error, but that the use of volumetric scans, even
under idealized conditions, cannot achieve this accuracy.

Recently, however, Loffler-Mang and Kunz (1999) and Harikumar et al.
(2006) demonstrated that a MRR, a vertically pointing Doppler radar, could be a
very useful instrument to measure the vertical profiles of precipitation and the
bright bands, with the advantage of a higher time resolution, a significantly lower
cost than X-band radars, and the easiness of operation. The electronic noise
correction rendered the radar particle size retrievals below 0.7 mm drop diameters
invalid; exponential extrapolation of the spectrum below drop diameters of 0.7 mm
decreased the rain intensity up to 20% (Loffler-Mang and Kunz, 1999).

For the first time in Korea, monthly mean melting layer height data
measured by a MRR. Measurements were made at the Cloud Physic Observation
System (CPOS) site at Daegwallyeong Weather Station (37°41 N, 128°46 E, 842 m
ASL), located in Gangwon Province. An easy method is introduced to estimate the
melting layer height from the MRR rain rate data in association with the bright
band regions (Cha et al., 2009). In the Tropics, freezing levels are highest (~5000 m)

and both intramonth and interannual variability is lowest. Freezing levels are lower
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and variability is higher in the subtropics and midlatitudes (harris et al., 2000).
Sudden changes in the temporal behaviour of the DSD spectra are accompanied by
rapid modifications in corresponding integral relationships of Z-R are seen
(Clemens et al., 2006). So, the DSD evolution of the rain DSD has been studied in
detail by these authors. The initial spectra below the melting layer seem to play an
important role in the change of these modifications of the integral parameter's
relation. In addition, the height of the melting layer or even the fall-distances allows
for modifications of drop size distributions in terms of coalescence and drop-break
up. Most of these described processes result in a vertical variability of the estimated
reflectivity in contemporaneous constant rain intensity. This leads to height-
dependent Z-R relationships in spite of temporal homogeneity which is of
importance especially for quantitative radar rainfall estimation (Clemens et al.,
2006)

1.2.4. Altitudinal variation of rain DSD
Deep awareness of altitudinal and temporal evolution of rain DSD are

very also useful for the fields like microwave communication, radar meteorology
and cloud micro-physics. But such measurements have been very few in the tropics.
The altitudinal and temporal evolution of rain DSD is of much interest. According
to Low and List, significant collisional growth, i.e., coalescence, occurred only
when drops < 0.6 mm in diameter struck by larger ones (Low and List, 1982). The
coalescence efficiencies of raindrop pairs has been established by Low and List
and using it, the collision breakup equations were expanded into general overall
equations for all drop pairs as expected in natural rain. Special procedures have
been developed by Philips and Brown (1986) to deal effectively with several
computational problems that arise in calculating both the fragment distribution
function and the Bleck expansion coefficients that appear in the discrete
coalescence/breakup equation of Low and List. Theoretical and observational
studies on the evolution of rain DSD by coalescence, breakup and evaporation have
been done by Hu and Srivastava (1993 and 1995). They considered two models of
evolution of the rain DSD. Model 1 was spatially homogeneous and model 2 was

one dimensional (vertical), conditions being uniform in horizontal. In both models,
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the size distribution evolved with time by the process of coalescence, collisional
breakup and evaporation. In model 2, they also considered vertical air motion. The
model 1 may be considered to be a crude approximation to showery precipitation
while model 2 approximates continuous stratiform rain. According to these authors,
either the Low and List parameterization is greatly over estimating drop breakup
and/or the number of drops formed by breakup or evaporation played a dominant
role in shaping the DSD.

There are two currently accepted mechanisms for raindrop formation:
Wegener (1911) first suggested that rain originates from the melting of ice
particles, an idea which was later elaborated by Bergeron (1935) and Findeisen
(1938). According to a second theory, which is applicable to cloud regions not
containing ice, raindrops could form directly by collision and coalescence of cloud
droplets (Twomey, 1964). Reynolds (1876) proposed the collision process as a
possible growth mechanism but a quantitative presentation of the concept was not
formulated until Langmuir (1948) suggested a chain-reaction scheme of rain
production from warm clouds. The fragmentation of large drops via aerodynamic
breakup was thought to provide the feeder droplets for further collisional growth.
Aerodynamic breakup involved the assumption that drops become unstable once
they reach diameters of 0.6 cm. This limiting size proved to be incorrect according
to experimental and theoretical (Prupacher and Pitter, 1971) studies which moved
this limit to drop sizes of 1.0 cm in terms of equivalent spherical diameters. Hence,
aerodynamic breakup is now considered unimportant. It is breakup after drop
collisions which seem to govern the drop evolution in the larger size ranges
(Magarvey and Geldart, 1962; McTaggart-Cowan and List, 1975b; Ryan, 1976;
List and Gillespie, 1976), regardless of the origin.

The importance of collection process in warm rain is well established
(Riehl, 1954). Although cloud droplets can grow to radii of approximately 10 pum
by diffusion and condensation of water vapor, the time required for growth to
raindrop sizes by the same process is prohibitive. Growth to drops of precipitation
size is accomplished by two other processes. Clouds with tops above the freezing

level, solid precipitation particles grow at the expense of super-cooled droplets, fall,

R. Harikumar 36



Chapter I: Introduction

accrete cloud droplets and finally melt at temperatures above 0°C to form rain. In
warm clouds, however, raindrops grow by gravitational collection: larger drops,
which fall faster, collide and coalesce with smaller drops in their path. Even under
conditions in which the ice phase is responsible for the initiation of precipitation,
collection is the dominant growth mechanism in the non-freezing regions of the
cloud (Houghton, 1968) and is thus important in shaping the rain DSD.

In studies of the growth of cloud droplet populations into precipitation
particles, it is found that the collision of droplets does not necessarily result in
100% coalescence and that ice crystals do not always rebound. Information on the
percentage coalescence of the colliding drops, usually defined as the coalescence
efficiency, and on the percentage bounce of ice crystals, the separation probability,
is so scarce and so poor that both coalescence and bounce are often assumed to
occur 100% of the time. It has been known for a long time that drops with the order
of one millimeter bounce almost 100% of the time if uncharged and not in an
electrical field (Rayleigh, 1879). The addition of charges and electric fields
increases the probability of coalescence following collision to the point where small
charges and small fields cause almost 100% coalescence. In the presence of electric
fields, or when the drops are charged, observations of Gunn (1965a, 1965b) and
Sartor (1967) show that by controlling their relative velocity they can be made to
coalesce with subsequent disruption and the production of rain drops. Further it has
been showed by Sartor (1967) that even a small percentage of cloud and
precipitation drops bouncing or disrupting in an electric field can be significant in
the problems of cloud electrification.

The spatial variation in the rain DSD has been brought out by conducting
study at a few stations in the southern peninsular India by Harikumar et al. (2007).
An empirical model for the variation of rain DSD with rain rate at these locations in
peninsular India has also been developed by Harikumar et al. (2009). The first
experimental measurements of rain DSD at Thiruvananthapuram using the MRR
were also presented by Harikumar et al. (2006). In that work, the averaged DSD
over one hour of a continuous rain episode were presented and compared with the

average over a five-minute interval of the same rainfall event.
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1.2.5. Z-R Relation and its Vertical profiles

Usually the Z-R-relationship (Z=aR") is established by using drop size
spectra from disdrometers at ground level and transferring it to radar data aloft. But
the changes of spectra with height indicate that also Z-R relationships will be
affected. Therefore, these relationships have been calculated from the mean spectra
described before by regression with the independent variable R (rainfall) and the
dependent variable Z (reflectivity). Variable b is equal to the regression coefficient
(Wagner et al., 2004).

Within stratiform precipitation, the same rain rate could be produced by a
drop spectrum dominated by numerous small drops (lower reflectivity) or by a few
large drops (higher reflectivity) (Yuter and Houze, 1995). The usual specific Z-R
relations are usually established on the basis of climatologies of rain gauge data
versus simultaneous radar reflectivities (e.g. Michelson and. Koistinen, 2000). Lee
and Zawadzki (2006) demonstrated that distrometer-based radar calibration
providing the actual Z-R relation via the drop size distribution has the potential to
eliminate important calibration uncertainties.

Reflectivity—rainfall (Z-R) relations of the form Z = AR® were developed
for each precipitation category as a function of height using linear regressions to the
radar retrievals of R and Z in log space by Cifelli et al. (2000). The results of this
study show that, despite large overlap in the distribution of the drop-size parameters,
significant differences occur in the mean Z—R parameterization for each category as
a function of height. Similar to findings from previous studies, the rainfall
decreased for a given reflectivity as the precipitation type changed from convective
to stratiform. The coefficient A generally increased downward with height in each
category; the exponent B showed a small decrease (stratiform), almost no change
(convective), or a slight increase (mixed convective—stratiform). In the stratiform
region, the coefficient A increases by ~37% with decreasing height. Exponent B
also decreases slightly in the stratiform category. There are large differences in the
convective and stratiform rain rates (15%-85%) for a given reflectivity and
emphasizes the fact that the Z—R relation varies, not only by precipitation category,

but also as a function of height. The combined signature of A increasing and B
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decreasing in the stratiform category is consistent with the expected change in Z—R
due to one or more of the following: coalescence, evaporation, or size sorting
(Gunn and Marshall 1955; Atlas and Chmela 1957; Wilson and Brandes 1979;
Ulbrich and Atlas 1998). The coefficient A in the Z=AR” relation increases with
median volume diameter while the exponent b approaches unity (Ulbrich and Atlas,
2007). Apart from using the lognormal distribution to represents the rain DSD,
radar reflectivity factor also has been derived by these authors (Feingold and Levin,
1986). It is found out that the use of MP Z-R relation (Z:200R1'6) gives bias errors
of about 1.5 dB or less in their measurements (Kozhu et al., 2006). Z-R relation will
have significant variation in the area where the origin of rainfall and surrounding
environment depend heavily on the season.

Using MST, LAWP and Disdrometer, Z-R relation has been studied for
different tyepes of rain, stratiform, transition and convective type and also for
different seasons by Rao et al., (2001). The exponent b (coefficient A) has been
found to be smaller (larger) in the case of stratiform (convective) precipitation than
in convective (stratiform) precipitation, in contrast to the earlier studies. The
observed discrepancies are partially due to different methods of precipitation
classification and partially due to different data set at different locations. As per the
shape of the Z-R relation, if we use a single Z-R relation for all the regions and also
to different precipitation systems, there will be underestimation in the convective
rain and overestimation in the stratiform rain (Rao et al., 2001).

According to Wagner et al. (2004), from 200 m 2000 m height, the b has
been reduced from 1.3 to 0.9. a is also decreasing with height (same result as ours).
Factor a is ranging between 60 and 210 for light, moderate and total rainfall, but for
heavy rain it exceeds 500 at lower altitudes corresponding to Z-Rrelationships for
severe convection (Wagner, 2004). Some kind of linearity between Z and R seems
to exist (Jameson and Kostinski, 2002). Within stratiform precipitation, the same
rain rate could be produced by a drop spectrum dominated by numerous small
drops (lower reflectivity) or by a few large drops (higher reflectivity) (Yuter and
Houze, 1995). A probability-matched Z-R relation for all the raindrop image data
from the Electra collected between altitudes of 2.7 and 3.3 km in TOGA COARE is
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similar to the Z-R relation obtained at the sea surface in the Global Atmospheric
Research Program Atlantic Tropical Experiment. L.e., A single Z-R relation using
all the data hs been derived rather than classifying as stratiform and convective type.

Study by Cerro et al. (1999) shows the results of the modeling of drop size
distributions (DSD) observed during a 2 year study in Barcelona. They collected
the rain DSD and velocities and then grouped in to classes according to the rain rate.
Good results of Z-R relations are obtained when the DSD is modelled with an
exponential distribution. According to Jamson and Kostinski (2002), the non-linear
power relations between them are purely depends on the number of samples. L.e., as
per these authors, the shape of the power relations depend on the numebr of drops
are considered in the analysis.

O. Fiser (2004) describes the accuracy of the Z-R relationships through
the RMSE and correlation and to improve the accuracy using distinguished rain
(DSD) types using the Czech DSD data that has been collected for one year.
Marshal and Palmer published the Z-R approximation firstly. Later Sokol et al.
(2002) discussed the of Z-R relations through the RMSE and correlation and tried
to improve the accuracy using distinguished rain (DSD) types. Using this data, the
power Z-R law is Z=229R"*"®. This paper ensures thoroughly that power-law
relation fits very well for the relation between these two integral rain parameters.
The accuracy is perfect when DSDs are distinguished in two classes according to
Waldvogel criterion (Waldvogel A., 1974).

The Z-R relation derived by Baltas and Mimikou (2002) for a specific
event was Z=407R1'26, whereas for all events is Z=431R'?°. The rain rate could be
derived from the radar reflectivity factor using the power Z-R law (Brandes, 1974).
Lee and Kyung (2006) got Z-R relation as Z=333R"%, They concluded that, when
using the ground disdrometer to establish proper Z-R relationship, the spatial and
temporal extends should be considered carefully. Early classification for Z-R
relation by rain type by Fujiwara (1965), gives values of A and B as for
thunderstorm (A=450; B=1.46), rain showers (A=300; B=1.37) and continuose rain
(A=205; B=1.48). Atlas (1964) noted a tendency toward convergence of a number
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of Z-R relations on the rain parameter diagram of Atlas and Chmela (1957) at a
median volume diameter D, ~ 2 mm near R ~ 50 mm h™' and Z = 46 dBZ

Uijlenhoet et al. (2003) presented a case study of the variability of
raindrop size distributions for a squall line passing over a small watershed in
northern Mississippi. The intrastorm variability of raindrop size distributions as a
source of uncertainty in single-parameter and dual-parameter radar rainfall
estimates is studied using time series analyses of disdrometer observations. Two
rain-rate (R) estimators are considered: the traditional single-parameter estimator
using only the radar reflectivity factor (Z) and a dual-polarization estimator using a
combination of radar reflectivity at horizontal polarization (ZH) and differential
reflectivity (ZDR). A scaling-law analysis reveals that the shapes of the scaled
spectra are bent downward for small raindrop sizes in the leading convective line,
slightly bent upward in the transition zone, and strongly bent upward in the trailing
stratiform rain. The exponents of the resulting Z—R relationships are roughly the
same for the leading convective line and the trailing stratiform rain (~1.4) and
slightly larger for the transition region (~1.5), with prefactors increasing in this
order: transition (~200), convective (~300), stratiform (~450). In terms of rainfall
estimation bias, the best-fit mean R(ZH, ZDR) relationship outperforms the best-fit
mean R(Z) relationship, both for each storm phase separately and for the event as a
whole.

A fundamental step in the hydrometeorological application of single-
parameter weather radar is the conversion of radar-measured reflectivities aloft to
estimates of the spatial and temporal distribution of rainfall at the ground. Although
many different sources of error and uncertainty affect this conversion (e.g., Wilson
and Brandes 1979; Zawadzki 1984; Joss and Waldvogel 1990; Steiner et al. 1999;
Sa’nchez-Diezma et al. 2001), a key issue is the limited spatial and temporal
representative ness of radar reflectivity—rain rate (Z-R) relationships. Fixed Z-R
relationships will inevitably lead to errors in radar rainfall estimates, because
raindropSize distributions exhibit an appreciable amount of spatial and temporal
variability e.g., Dingle and Hardy 1962; Waldvogel 1974; Carbone and Nelson
1978; Smith 1993; Smith and De Veaux 1994). Although the storm-to-storm (i.e.,
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interstorm) variability of Z-R relationships is relatively well established (e.g.,
Fujiwara 1965; Battan 1973; Smith and Krajewski 1993; Steiner and Smith 2000),
the variability within storms (i.e., infrastorm variability) has received less attention
until recently (e.g., Waldvogel 1974; Carbone and Nelson 1978). Yet, there exist
appreciable spatial variations in microphysical environments within a storm at any
given time and corresponding temporal variations through the course of a storm at
any given place within that storm (e.g., Steiner et al. 1995; Houze 1997; Petersen et
al. 1999). Since the coefficients of Z-R relationships are closely related to the
microphysical structure of rainfall (e.g., Marshall and Palmer 1948; Battan 1973;
Waldvogel 1974; Jameson and Kostinski 2001a), the intrastorm variability of Z-R
relationships is inevitably a source of uncertainty in radar rainfall estimates.

Drop size distributions (DSD) associated with tropical rainfall at
Cuddalore in the south-eastern part of India has been measured by a Joss-
Waldvogel disdrometer (RD—80 model) during September to November 2002 by
Roy et al. (2005). Rainfall events were separated into convective and stratiform.
During the rain event, at low rainrates, the convective phase of the rainfall event
was marked by DSD spectra that have greater population of small droplets as
compared to stratiform DSDs at the same rainrates. In our case the stratiform (BB)-
Z is large for a particular rain rate compared to convective (NBB). This also shows
that stratiform rain consists of more large drops. At higher rain rates, the convective
regime is characterised by narrow spectra centred at higher diameters.

An empirical stratiform-convective classification method based on Ny
(Intercept parameter of the gamma distribution fit to the DSD) and R is presented
by Tokey and Short (1995). Regarding the Z-R relation, the exponent is lower and
the intercept is higher in the tropical stratiform classification than in the tropical
convective classification. Precipitation is generally considered to be of two clearly
distinguishable types-stratiform and convective. Stratiform precipitation falls from
nimbostratus clouds, while convective precipitation falls from cumulus and
cumulonimbus clouds (Houze, 1993). Atlas et al. (1984) stated that “when rain is
composed of many small drops of low fall speed, the liquid water content is bound

to be higher and the reflectivity lower than with an equal rain rate of larger fast
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falling drops. The Z-R relation obtained by Tokey and Short (1995) are Z=315R'*
when all data is used, Z=139R'* for convective and Z=367R'* for stratiform. A
value for stratiform is larger than convective.
1.2.6. Comparison of TRMM precipitation data with other measurements

Tropical Rainfall Measuring Mission (TRMM) is the first satellite mission
of National Aeronautics and Space Administration's (NASA), United States of
America, launched in November 1997, dedicated for observing and understanding
tropical precipitation and its relation with global climate. TRMM Merged High
Quality/Infrared Precipitation estimates obtained from the TRMM ‘3B42’
algorithm provide high resolution satellite-based rainfall estimates. To understand
these measurements and to use the derived data products, it would be needed to
compare/validate with ground-based measurements and also be aware of the
seasonal and coastal dependence of the satellite measurements.

TRMM provides a unique platform for measuring rainfall from space
using a passive sensor TRMM Microwave Imager (TMI; Kummerow et al., 1998),
an active Precipitation Radar (PR) operating at 13.6 GHz, and a visible and infrared
scanner (VIRS) radiometer. Precipitation Radar is the first satellite-based radar
(active sensor) to measure rain parameters. TMI is a multi-channel/dual polarized
(except in 22 GHz) microwave radiometer (10, 18, 22, 37 and 85 GHz), which
provides rain rates over the tropical oceans besides sea surface temperature (SST),
sea surface wind speed (SSW), total water vapor (TWV) and cloud liquid water
content (CLW).

But by comparison, the more direct measurement of hydrometeors by the
TRMM PR would seem to have less uncertainty; however, the PR operates at a
single frequency (13.8 GHz) so that microphysical assumptions regarding drop size
distributions come into play in the process of correcting the measured reflectivity
for attenuation and relating reflectivity structure to rainfall rate (Franklin et al.,
2003). Since the PR is a single-frequency, single-polarization, and non-Doppler one,
the retrieval of rain intensity from the echo intensity data requires careful
interpretation based on sophisticated algorithms which incorporate with peripheral

ground validation data (Koru et al., 1996). Since 13.6-GHz radar will only be
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sensitive to reflectivities higher than about 17 dB, there is disagreement between
PR and TMI (Berg et al., 2006). Anyway, the upcoming Global Precipitation
Measurement (GPM) mission will improve upon TRMM by employing a dual-
frequency precipitation radar. The 13.6-GHz radar will only be sensitive to
reflectivities higher than about 17 dB, whereas at 35 GHz, the minimum sensitivity
will be 12 dB, according to recent design specification (Iguchi et al., 2003).

TRMM algorithm 3B42 provides adjusted 3-hour cumulative estimates of
rain using merged microwave and infrared (IR) precipitation information (Adler et
al., 2000). The TRMM adjusted Geostationary Observational Environmental
Satellite (GOES) precipitation index (GPI) (AGPI) is produced by single cases of
(nearly) coincident TRMM combined instrument (TCI) using the combined TMI
and PR algorithm (Haddad et al., 1997) and VIRS IR data to compute a time and
space varying IR-rain rate relationship that matches the TCI IR rain rate. This
relation is used to calibrate IR estimates from geosynchronous satellite IR data to
form the 3B42 product. Global estimates are made by adjusting the geosynchronous
satellite Precipitation Index (GPI) to the TRMM estimates. The monthly TRMM
and merged estimate is produced by merging the AGPI with information from rain
gauges. The gauge analysis used in this procedure is from the GPCP (Rudolf, 1993).
The merger is computed following Human et al. (1997). The 3B42 algorithm
provides daily precipitation and root mean square (RMS) error estimates at 1° x 1°
latitude/longitude grids in the TRMM domain 40° N to 40° S (Hu_man et al., 2001)
for 3B42-V5 and in 3-hourly at 0.25° x 0.25° latitude/longitude grids over 50° N to
50° S for 3B42-V6.

Even though we have been using the data from TRMM satellite for more
than 10 years, the effect of coastal dependence and seasonal dependence on data
products at each location is still a dilemma. Validation of TRMM 3B42-V5 data
has been done using IMD rain gauge data by Narayanan et al. (2005) over Indian
land. They found out that 3B42-V5 does not pick up small (< 1mm) and very high
(> 80 mm per day) daily average rainfall. Thus, the daily variance (day-to-day
variations within the season) estimated by 3B42-V5 is poor compared to the gauge

data. The reasons may be related to deficiencies in the IR estimates. However at

R. Harikumar 44



Chapter I: Introduction

pentad (five-day) time scale the correspondence between the two datasets improves
and intraseasonal and interannual variations are reasonable. The correlation
coefficient over all of India on the monthly scale is high (*=0.92) in comparison to
5-day (r*=0.89) and daily (1°=0.79) time scale. Chokngamwong and Chiu (2005)
have validated 3B42 data using rain gauge data from more than one hundred gauges
over Thailand. Their results show that 5-year (1998-2002) daily average rainfall for
gauge, 3B42-V5 and 3B42-V6 are 4.73, 5.62 and 4.58 mm/day respectively. The
bias and root mean square deviation (RMSD) for V5 are 0.88 mm and 9.71 mm
whereas for V6 it is 0.15 mm and 9.60 mm respectively. Scatter plots of daily
gauge data versus 3B42 data show that 3B42-V6 correlates better with gauge
(r2=0.44) than V5 (r°=0.37). The distribution of daily 3B42-V6 rain rate is quite
similar to gauge while 3B42-V5 has more rain in the range 5-20 mm/day. The
3B42-V6 TRMM algorithm shows improvement over 3B42-V5 in terms of the bias,
RMS difference, and mean absolute difference. Long-term mean rainfall rates from
the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) and
Precipitation Radar (PR) are compared with in-situ measurements by rain gauges
on the NOAA TAO/TRITON buoy array in the tropical Pacific by Kenneth et al
(2003) [12]. The buoy rain gauges have an advantage over most of the available
ground truth data in that the local meteorological effects do not influence them.

The TRMM 3B42-V5 and 3B42-V6 daily rainfall data has been compared
both with GPCP as well as IMD Indian gauge data for the duration 1998 to 2003 by
Rahman and Gupta (2007). They have compared the all India seasonal (JJAS) total
rainfall derived from IMD data with GPCP and 3B42-V6. In all the years the
former is having more difference from the later two. Among known sources of
errors in the rain retrieval, Toru et al. (1996) studied the vertical variability of the
DSD and examined the partial beam-filling effect in terms of their significance with
numerical simulations based on the MU radar data. Here, they examined the effect
of the height variations of DSD using the MU radar data as realistic examples of the
given ‘truth’ in the simulation. An accurate mean of the ground truth for the
TRMM precipitation radar has been developed with the MU radar. Adeyewa and
Nakamura (2003) have shown that TRMM PR data overestimates rain in the
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tropical rain forest region of Africa when compared with Global Precipitation
Climatology Centre (GPCC) rain gauge data (Rudolf, 1993). The 3B43 product,
which is the TRMM merged analysis on monthly scale, has the closest agreement
with rain gauge data. Nicholson et al. (2003a), using rain gauge data from 515
stations over North Africa shows 3-4% bias for GPCC or GPCP with reference to
seasonal rainfall fields (1988-1994). Nicholson et al. (2003b) and excellent
agreement of TRMM-adjusted GOES precipitation Index (AGPI) and TRMM
merged rainfall analysis with high density (920 stations) gauge data over West
Africa on monthly to seasonal time scale. The RMSD of both satellite-derived
products is 0.6 mm/day at seasonal scale and 1 mm/day at monthly resolution. The
bias of AGPI is only 0.2 mm/day whereas the TRMM-merged product shows no
bias over West Africa. The 1°x1° latitude/longitude product also shows excellent
agreement at the seasonal scale and good agreement at monthly scale.
1.3. PRESENT STUDY

The studies of rain rate; rain DSD, its vertical variation and its temporal
and altitudinal evolution; Z-R relation and its vertical variation and comparison of
the TRMM satellite data have been carried out. Studies of the rain rate
characteristics pertain to the stations in Kerala. The rain DSD characteristics in
terms of lognormal parameterisation have been brought out and an empirical
lognormal model for the variation of rain DSD with rain rate has been derived and
validated with data that has not been used in the model derivation. To understand
the possible effects of orography on the rain DSD, study and comparison of the
behaviour of the DSD at Munnar (a station on the Western Ghat at 1500m altitude)
and Kochi (western coastal station) that are situated in the same latitude has been
carried out. The vertical profiles of rain DSD has been studied for events with short
term and long term averaged data and this eventually leads to the understanding of
the effect of averaging in DSD spectrum modification. Altitudinal and temporal
evolution of rain DSD for rain spells have been studied experimentally and those
results are found to be a proof for the theoretical formulations done in the past.
Empirical relations for the Quantitative Precipitation Estimator (Z-R relation) have

been derived for different types of rain viz. stratiform and convective during

R. Harikumar 46



Chapter I: Introduction

southwest and premonsoon seasons. This derived relation has been compared with
similar results from other parts of the world. The empirical relation for the vertical
variation of this Z-R relation has also been derived. TRMM and other satellite
derived rain rate data (3B42-V6) is compared with the ground based rain rate
measurements with reference to the detection of occurrence of rain and the

magnitude of rain or rain rate.
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CHAPTER 11

EXPERIMENTAL TECHNIQUES, OBSERVATION STATIONS
AND DATA AVAILABILITY

2.1. INTRODUCTION

Details about the instruments are dealt in this chapter. The principle of
operation/measurement, hardware parts of the instruments, installation details, software
that handles the instruments, errors in the measurements, data collection and sample
data pertains to all the instruments used are being discussed in detail. A Joss waldvogel
impact type Disdrometer, a Micro Rain Radar, manual Rain Gauge and a Rapid
Response Rain Gauge (RRG) have been used for the current study. The possible errors
in the measurements are also discussed. The care to be taken in the deployment of
these instruments to reduce these errors is explained. The TRMM satellite-based
remote sensing measurements have been also used. The details of this satellite and its
precipitation measuring sensors are presented. A brief note on the 3B42 algorithm that
will give 3-hourly, .25X0.25 degree spatial resolution data is also given. The data
availability and the details about the stations are explained in detail. The proper
validation of all these instruments by mutual comparison of the data from all these

instruments is explained at the end of this chapter.
2.2. TECHNIQUES OF MEASUREMENTS

The rain DSD and integral rain parameters data are collected using a
Disdrometer and a Micro Rain Radar (MRR). Joss Waldvogel Disdrometer is an
electromechanical impact type disdrometer made by M/s Distromet Ltd., Switzerland.
The momentum imparted by the raindrops that hit the sensor is converted into
corresponding an electrical signal. From the amplitude of the signal, the drop size is
determined using the terminal velocity-dropsize relation. Then the number density is
being measured for each diameter class. This DSD and all the integral rain parameters

are given as the output. The temporal resolution could be set from 30 seconds to one
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hour. MRR is a continuous wave, frequency modulated, vertically looking Doppler
radar operating at a frequency of 24.2 GHz made by M/s METEK GmbH, Germany.
The radar used for the present study is Micro Rain Radar-2. The Doppler shift, which
is a function of the relative velocity of the raindrops, is measured from the back-
scattered power and this determines the size of the drops. The number density in each
diameter class is measured and gives the DSD output and also all the integral rain
parameters. The temporal resolution could be set from ten seconds to one hour. The
conventional Manual Rain Gauge is also used for the present study to measure the
accumulated rainfall. A Rapid Response Rain Gauge (RRG) is a fast responding
pluvial instrument that gives the rain rate with a finer resolution of one minute.
Tropical Rainfall Measuring Mission (TRMM) is the first satellite mission of National
Aeronautics and Space Administration's (NASA), United States of America, launched
in November 1997, dedicated for observing and understanding tropical precipitation
and its relation with global climate. The TRMM and other satellite combined, IR
calibrated rain product 3B42 data is also used. The first satellite-based radar
Precipitation Radar (PR) and TRMM Microwave Imager (TMI) are the rain measuring
instruments onboard TRMM. The details about all the aspects of these

instruments/sensors are explained in the following sections.
2.3. DISDROMETER

Disdrometer is an instrument for measuring raindrop size distribution and
integral rain parameters continuously and automatically. It can give statistically
meaningful samples of raindrops, which could not be obtained previously without a
prohibitive amount of work. The instrument transforms the vertical momentum of an
impacting drop into an electric pulse whose amplitude is a function of the drop
diameter. M/s Distromet Ltd., Switzerland, offers all the necessary equipment for
completely automatic drop size data acquisition. An example of a system is shown in

Figure 2.1. It consists of a Disdrometer RD-80 and a personal computer or a notebook.
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2.3.1. Principle of operation

According to it's principle of operation, the Distrometer RD-80 measures the
size distribution of raindrops falling on the sensitive surface of the sensor. From this it
is easy to calculate the actual drop size distribution in a volume of air. The range of
drop diameters that can be measured spans from 0.3 mm to 5 mm. Drops smaller than
0.3 mm cannot be measured due to practical limits of the measuring principle and are
usually of minor importance in applications for which the instrument is intended.
Drops larger than 5 mm are very rare because of drop break-up due to the instability of

large drops.

The sensor is exposed to the raindrops to be measured. It produces an electric
pulse for every drop hitting it. In the processor RD-80, these pulses are divided into
127 classes of drop diameter, and for every drop hitting the sensor a seven bit ASCII
code is transmitted to the serial interface of the PC. A computer program, which is
delivered with the Distrometer system, can be used to put the data in a suitable format
for recording in a file. To reduce the amount of data and to get statistically meaningful
samples, the 127 drop size channels are combined into 20 drop size classes distributed

more or less exponentially over the available range of drop diameters.
Derivation of the rain parameters

To calculate the drop size distribution, the quantity N(D;) the number density
of drops of the diameter corresponding to size class 1 per unit volume must first be

calculated from the data for every drop size according to the formula

N(D)= n, (2.1)
" FXxtxv(D)xAD

where n; =  number of drops measured in drop size
D, = average diameter of the drops in class i

F =size of sensitive surface of the distrometer
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v(D;) = fall velocity of the drop with the diameter Di

AD, = diameter interval of drop size class i.

The value of n; is obtained from the measurement. The size of the sensitive area
of the distrometer sensor is given by the manufacturer as 50 cm?. D; is the average

diameter of the drop size class.

Equations by which the rainfall parameters are derived from the rain drop size
distribution data are given below. The integral rain parameters are rain rate,

accumulated rainfall, liquid water content, radar reflectivity factor and kinetic

energy.
Rain rate, R =£X3'6XLX§(1’LXD,3) 2.2)
6 100 Fxt = '~ '
Rainfall, gy = (BXD) 2.3)
3600
Accumulated rainfall RT =Y RA (2.4)

Liquid water Content, |}/ = z % L % i( 1, % D_3) (2.5)
6 Fxt = v(D)
LWC in g/m3, yy = _W 2.6)
* 1000
Radar Reflectivity Factor, 7 — L % i( h, X D,6 ) 2.7
Fxt = v(D)
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RRFin Db, ZdB =10% LogZ (2.8)
Kinetic Energy, pr = z X I17 > 1(1)6 i(n 5 Dis x V(D) (2.9)

Marshal Palmer Intercept parameter,

N=1X(6lj x(W) xW (2.10)
x \x Z

Marshal Palmer Slope parameter,

' 1/3
,1:(6'ij 2.11)
T Z
2.3.2. Block diagram/components of the Disdrometer
The RD-80 Disdrometer consists of 2 units (see Figure 2.1). The processor

and the sensor which is exposed to rain. A cable, 20 metre long, is used to connect the

sensor and the processor.

The sensor transforms the momentum of an impacting drop into an electric
pulse, whose amplitude is roughly proportional to the momentum. The sensor consists
of a cylindrical metal housing, containing an electromechanical transducer and an
amplifier module. The processor contains circuitry to eliminate unwanted signals,
mainly due to acoustic noise to reduce the 90 dB dynamic range of the sensor signal
and to digitize it into a 7-bit code at the output for every drop, hitting the sensitive

surface of the sensor.

The sensor consists of an electromechanical unit and an amplifier module in a
common housing. A conical Styrofoam body is used to transmit the mechanical
impulse of an impacting drop to a set of moving coils in a magnetic field. The

Styrofoam body and the two coils are fixed together rigidly.

R. Harikumar 53



Chapter I1: Experimental Techniques, Observation Stations and Data availability

PROCESSOR SENSOR
(INDOOR) (OUTDOOR)

Figure 2.1. The Disdrometer processor and sensor.

At the impact of a drop the Styrofoam body together with the two coils move
downwards and a voltage is induced in the sensing coil. This voltage is amplified and
applied to the driving coil such that a force counteracting the movement is produced.
As a consequence the excursion is very small and it takes very little time for the system
to return to its original resting position and therefore to get ready for the next impact of
another drop. The amplitude of the pulse at the output of the amplifier is the measure

of the size of the drop that caused it.

2.3.3. Installation of the Disdrometer
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Figure 2.2. Schematic diagram shows the connection of the components of the Disdrometer.
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The processor serves three functions, (1) It supplies power to the sensor, (2) It
processes the signal from the sensor and (3) It contains circuits for testing the
performance of the instrument. The processor contains circuits to eliminate unwanted
signals, mainly due to acoustic noise. It is connected to a personal computer, which
acquires the data through a program. In the processor RD-80 pulses are divided into
127 classes of drop diameter, and for every drop hitting the sensor a seven-bit ASCII
code is transmitted to the serial interface of the personal computer. A computer
program, which is delivered with the Disdrometer system, can be used to put the data
in a suitable format for recording on a file. In order to get statistically meaningful
samples and to reduce the amount of data, the program reduces the number of classes
to 20. The schematic diagram that shows the connection of the components is shown in

figure. 2.2.

To reduce the error that will be present because of the careless deployment of

the Disdrometer, we have taken following steps,

1) Deployed in a quiet surrounding, since high acoustic noise levels

will impair the measurement of small drops.

2) Deployed such that the effect caused by strong winds (producing

turbulence at the edges of the transducer) is absent.

3) The prevention from flooding and
4) Without resonance and splashing by raindrops.
Error possibilities

The possible errors associated with this instrument are discussed here. First,
the Disdrometer has a self-noise control. When the ambient noise is loud, smaller drops
are not counted. When the noise level is high during extremely high rainfall rates, a
noise suppression circuit is activated. This results in a reduction in the small drop

count. This is a design feature built into the Disdrometer to minimise the likelihood of
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noise being counted as small drops. Extrapolating to include the ‘‘missing’” small
raindrops reduces, but does not eliminate, this underestimation. (Nystuen, 1998).
Another reason for underestimation during extremely high rainfall rates is that a finite
time is needed for the instrument to recover from a drop strike and be ready for the
next drop. This error is called dead time error and it can be corrected using a correction
algorithm that is a multiplication matrix. This dead time correction was first applied by
Sheppard and Joe (1994) and the details of applying the correction are explained in that
publication. Based on this, the manufacturer now supplies the correction matrix along
with the instrument. Here, the dead time correction is applied, using the correction
matrix supplied by the manufacturer and following Sheppard and Joe (1994). A third
possibility of error is that water accumulation on the sensor head may change its
calibration, especially for drops directly striking pools or existing drops of water on the
sensor head. The detection of smaller drops during high rain rates is a possible source
of error, but there is no way as on today to eliminate it completely. Another possibility
is the erroneous measurement of number density especially on large drop end (Tokey
et al., 2005). The estimated accuracy of the Disdrometer system is + 5% (Verma and
Jha, 1996). In the present case, the sensor is mounted such that acoustic noise and

wind effects are reduced to a minimum.

The accumulated rainfall derived from the rain rate data from the Disdrometer
deployed at Thiruvananthapuram has been validated using a manual rain gauge
deployed nearby. They have been found to agree reasonably well (Sasi Kumar et al.,

2007).
2.3.4. Data collection

The output data from the Disdrometer is being logged automatically into a
computer as per the temporal resolution of the data is set for. The data cables from both
the Disdrometer and from the MRR have been connected to one computer and the data

has been logged every minute to this computer. The data acquisition system used for
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this is shown in the figure 2.3. The processor of the Disdrometer and the connection

box of the MRR are seen in the figure.

DATA ACQUISTION SYSTE

= PROCESSOR
(DISDROMETER)
CONNECTION BOX
(MRR)

Figure 2.3. The data acquisition system set-up.

Disdrometer program

There is an in-built programme being delivered with the Disdrometer called
Disdrodata. The purpose of the program Disdrodata is to enable users of a RD-80
Disdrometer to record and evaluate drop size measurements with a personal computer
or notebook. To calculate the drop size distribution, equation 2.1 could be used. The
value of n; is obtained from the measurement. The size of the sensitive area of the
distrometer sensor is given by the manufacturer as 50 cm”. D; is the average diameter
of the drop size class. The DSD data could found out this way and all the integral
parameters could be calculated using the equations given at the beginning of this

section.
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2.3.5. Sample data

The first two columns of the output file contain date and time. 3" to 22" columns give
the number of drops in different size classes that hit on the sensor for the duration set
as the sampling time. 23" column gives the size of the large drops present during that

time interval. Rain rate is given in the 24" column. A sample data file is shown in the

figure 2.4.
B ochiaug200s b kwrite e
File Edit Wiew Bookmarks Tools Settings Help

i Al = @ "EIEINE R RS

2377 2003/08/09, 19:34:00, 0. 0. 0. 0. 0, 0. 0, 0. E |
2378 2003/08/09. 19:35:00. 0. 0. 0. 0. 0. 0. 0. 0.
2379 2003/08/09. 19:51:00. 0. 0. 0. 0. L 2, 2 L
2380 2003/08/09, 19:52:00, 2, 2. 2 12, 12, 16. 38 22,
2381 2003/08/09. 19:53:00. 2 5 20. 22, 14 6. 10, 2
2382 2003/08/09. 19:54:00. 13 48 53 6L 20, 23 22 7
2383 2003/08/09, 19:55:00, 12, 52, 129, 112, 97, 87 35, 0.
2384 2003/08/09. 19:56:00. 6. 29 83 136. 104 117. 213 106.
2385 2003/08/09. 19:57:00. 1 15, 47 88 90. 124 130. 59,
2386 2003/08/09, 19:58:00, 0. 0. 2 13 23 A 155 154,
2387 2003/08/09. 19:59:00. 0. 0 0. 0 2 32, 92 125
2388 2003/08/09. 20:00:00. 0. 0, 0. 3 6. 38 154 147
2389 2003/08/09, 20:01:00, 0. 15, 42 61 45, 85, 230 172
2390 2003/08/09. 20:02:00. 1 18, 217 41 52, 96. 296 238
2391 2003/08/09. 20:03:00. 1 22 85, 111 54 83 192 189
2392 2003/08/09, 20:04:00, 4, 31 96, 174, 103, 134, 126, 21
2393 2003/08/09. 20:05:00. 11 27 49 117. 66. 170. 147 11
2394 2003/08/09. 20:06:00. 11 42 40, 129, 1ol 142, 223, 26,
2395 2003/08/09, 20:07:00, 18. 91 101 134, 64 90, 165, 17
2396 2003/08/09, 20:08:00, 17 78, 99, 53, 31 117. 252, 63,
2397 2003/08/09. 20:09:00. 15; 67. 97. 51 9. 36. 141 27.
2398 2003/08/09, 20:10:00, 23, 73. 65, 72, 11 15, 80, 17
2399 2003/08/09, 20:11:00, 23, 62, 57, 59, 13. 42, 85, 5,
2400 2003/08/09. 20:12:00. 14 40, 52, 19. 14 40, 224 41
2401 2003/08/09, 20:13:00, 4, 48, 43, 39, 36, 21 198, 218.
2402 2003/08/09, 20:14:00, 5, 28, 66, 39, 34 37. 182, 201
2403 2003/08/09. 20:15:00. 3 62, 82, 50, 39. 27 115, 192,
2404 2003/08/09, 20:16:00, 15, 52, 105, 35, 13. 6. 34, 102,
2405 2003/08/09, 20:17:00, 29, 79. 71 58, 18. 8. 25, 38, :

1 [a]»

Figure 2.4. A sample Disdrometer raw data file.

The raw data will be corrected for dead time error using the correction matrix
that has been provided along with the instrument by the manufacturer (the details about
the dead time error is given in the section 2.2.3). Then the number of drops per cubic
metre per mm interval (DSD) is derived. All the integral rain parameters can be

derived from this DSD using the equations given in the section 2.3.1.
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2.4. MICRO RAIN RADAR (MRR)

The MRR used in the current study is MRR-2 manufactured by M/s METEK
GmbH, Germany. It is a vertically looking, frequency-modulated, continuous-wave
Doppler weather radar capable of giving rain DSD and all the integral rain parameters
at different heights operating at a frequency of 24 GHz (K-band) with a beam width of
2°. The radiation is transmitted vertically into the atmosphere where a small portion is
scattered back to the antenna from rain drops or other forms of precipitation. Very
small amounts of precipitation below the threshold of conventional rain gauges are
detectable. Due to the large scattering volume (compared to in situ sensors) statistically
stable drop size distributions can be derived within few seconds. The droplet number
concentration in each drop-diameter bin is derived from the backscatter intensity in
each corresponding frequency bin. In this procedure the relation between terminal
falling velocity and drop size is exploited. The backscatter cross section of rain drops
increases with the fourth power of the droplet diameter, if the diameter is small
compared to the wavelength (Rayleigh scattering). This is why a high frequency is
useful in order to increase the sensitivity with respect to small drops. At very high
frequencies the quantitatively interpretable height range becomes limited due to
attenuation at moderate and higher rain rates. At 24 GHz, which is used here,
attenuation effects may be noticeable but should be weak enough to be correctable with

sufficient accuracy. The specifications of MRR are given in the table II.1.

The main features of MRR are (1) vertical profiles of rain rate and liquid
water content up to 6 km (3.7 miles), (2) computes detailed drop size and distribution
output, (3) user adjustable averaging intervals and height resolution, (4) no
maintenance, (5) high system reliability, (6) remote/ long term unattended operation,
(7) high quality measurements, (8) no wind, sea spray or evaporation induced errors,
(9) adjustable averaging intervals 10 - 1800 s, (10) height range more than 2000 m (1.2

miles) with 30 range gates and (11) battery or mains power.
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2.4.1. Principle of operation

Due to the falling velocity of the rain drops relative to the stationary antenna
there is a frequency deviation between the transmitted and the received signal (Doppler
frequency). This frequency is a measure of the falling velocity of the rain drops.
Because drops with a different diameter have a different falling velocity the
backscattered signal consists of a distribution of different Doppler frequencies. The
spectral analysis of the received signal yields a spectrum which does not consist of one
single line but of a wide distribution of lines corresponding to the Doppler frequencies

of the signal.

The measurements also allow easy detection of the ice phase and the melting
layer, and the measured vertical profiles may eventually be used to correct weather
radar measurements. The system can be used for the observation of the melting layer,
now-casting of precipitation events (it will detect the start of rain from ground level to
high above the radar several minutes before the start of rain at ground level) and
calibration of weather radar signals. Due to the principle of measurement it is ideal for
the determination of rain parameters at wind exposed sites (eg. ships or off-shore),
because the measurements are not influenced by wind errors. It is a highly reliable
system suitable for use in remote and extreme environments, requiring minimal

maintenance and is suited for long term unattended operation.
Scattering at Raindrops

In the case of rain always a large number of drops exist within the scattering
volume. Atypical number density at moderate rain (I mm/h) is 2000 m™. The
scattering volume (500 m height, 50 m range resolution) has a size of about 10* m’.
That is 2x10” drops are in the scattering volume. As the drop position is irregular in
space the phases of the scattering signals of each drop are statistically independent.
Therefore, the total power of the echo is obtained by adding up the power of all

individual scattering signals. In this case the spectrum within one range gate consists of
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a distribution of lines corresponding to the velocity distribution of the rain drops. The
frequency spectra obtained in this way with the FM-CW radar do not differ within the
Nyquist interval from those spectra which would be obtained by a pulsed Doppler

radar with the same wave length.
Principle of measurement of the MRR
Basic concept

A Doppler radar is a radar that produces a velocity measurement as one of its
outputs. Doppler radars may be Coherent Pulsed, Continuous Wave, or Frequency
Modulated. A continuous wave (CW) doppler radar is a special case, which provides
only a velocity output. Early doppler radars were CW, and it quickly led to the
development of Frequency Modulated (FM-CW) radar, which sweeps the transmitter
frequency to encode and determine range. The CW and FM-CW radars can only

process one target normally, which limits their use.

Continuous-wave radar system is a radar system where a continuous wave
radio energy is transmitted and then received from reflected objects. A known stable
frequency is transmitted and return signals received from targets are shifted away from
this frequency based on the Doppler effect. The main advantage of the CW radars is
that they are not pulsed, and thus have no minimum or maximum range (although the
broadcast strength imposes a practical limit on the latter) as well as maximizing power
on the target. However they also have the disadvantage of only being able to detect
moving targets, as motionless ones (along the line of sight) will not cause a Doppler
shift and the signal from such a target will be filtered out. CW radar systems thus find
themselves being used at either end of the range spectrum, as radio-altimeters at the
close-range end (where the range may be a few feet) and long distance early warning

radars at the other.
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CW radars have the disadvantage that they cannot measure distance, because
there is no time reference. In order to correct for this problem, frequency shifting
methods can be used. When a reflection is received the frequencies can be examined,
and by knowing when in the past that particular frequency was sent out, you can do a
range calculation similar to using a pulse. It is generally not easy to make a broadcaster
that can send out random frequencies cleanly, so instead the frequency-modulated CW
radars (FMCW), use a smoothly varying "ramp" of frequencies up and down. For this

reason they are also known as a chirped radars.

The measuring principle of the micro rain radar is based on electromagnetic
waves of a frequency of 24 GHz. In contrast to normal rain radar devices, the signals
are emitted vertically into the atmosphere. A part of the emitted signal is scattered
back to the antenna (paraboloid dish) from rain drops and is registered there. The

output signal is transmitted continously (CW mode in contrast to pulsed radars).

The MRR is a Doppler radar. While falling to the ground the raindrops are
moving relative to the antenna on the ground, which is both transmitter and receiver.
Due to the falling velocity of the rain drops relative to the stationary antenna there is a
frequency deviation between transmitted and the received signal. This frequency is the

measure for the falling velocity of the rain drops.
Derivation of DSD and integral rain parameters

The droplet number concentration in each drop-diameter bin is derived from
the backscattered intensity in each corresponding frequency bin. In this procedure the
relation between terminal falling velocity and drop size is exploited. Since the
backscatter cross section of rain drops increases with the sixth power of the droplet
diameter, if the diameter is small compared to the wavelength (Rayleigh scattering), a

high frequency is useful in order to increase the sensitivity with respect to small drops.

MRR uses a frequency modulated Gunn-diode-oscillator with integrated

mixing diode while conventional weather radar uses the pulse radar mode. Thus a
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MRR can measure hydrometeors particle size distributions. The retrieval of range-

resolved Doppler spectra follows the method described by Strauch (1976).

The derivation of the rain drop size distribution and the integral rain parameters

is briefly explained below.
The precipitation particle size distribution N(D) is given by

nD), (2.12)

NDY= D)

where D is drop diameter, g(D) is the back scattering cross-section and 5 (p) is the

spectral reflectivity as a function of D.

The MRR will also give the vertical structure of the radar reflectivity (Z in
dBZ), liquid water content (LWC in g/m3 ), rain rate (RR in mm/h) and fall velocity (V
in m/s).

The differential rain rate is equal to the volume of the differential droplet

number density % N(D)D’ multiplied by the terminal fall velocity V (D). From this
6

product the rain rate is obtained by integration over the drop size distribution.

76[ [ N(D)D3v(D)dD (2.13)
0

The radar reflectivity factor is defined as the sixth moment of the rain drop size

distribution and is given by

z= [ N(D)D%4D (2.14)

0

The liquid water content is obtained by the expression
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(2.15)

LWC = p %

[N(D)D3aD
Weo,

where p is the density of water.

A physical reasonable definition for fall velocity would be the velocity of those drops
which deliver the maximum contribution to the rain rate. The fall velocity is estimated

by the spectra volume density,

[n(f) fdf (2.16)
A0

V=—
2 oo
[n(fHdf
0

where A is the wave length and f is the Doppler frequency shift.

The relation between fall velocity and drop diameter will be obtained by

appropriated analytical form by Atlas et al. (1973)
v(D)=9.65-10.3x Exp(—0.6D) (2.19)
where 0.109 mm < D (mm) < 6 mm

To estimate the impact of using Mie theory for computing the backscatter

cross-section (Loffler-Mang and Kunz, 1999), The backscattering cross-section o Mie

of a dielectric sphere for a plane electromagnetic wave is given by

A (2.20)

S (1) 2n+1)a, —b)
n=1

O
Mie

where a and bn are derived from Bessel and Hankel functions.
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2.4.2. Components of the instrument
Radar Frontend

The core component of the radar is a frequency modulated gunn-diode-
oscillator with integrated mixing diode. The nominal transmit power is 50 mW. The
assembly and function of the radar frontend is explained with reference to of the block
diagram in figure 2.5. The linear polarized RF-power is fed through a wave guide and a
horn, which represents the feed of an offset paraboloid dish of 60 cm diameter (not
shown). The backscattered signal is received with the same antenna assembly
(monostatic radar). The received signal is detected by a mixing diode which is mounted
in the wave guide between gunn-oscillator and horn. This diode, which is biased with a
fraction of the transmit signal, acts as mixer. This simple configuration cannot be
operated in pulsed mode, because during shut off of the transmitter, the receiver does
not work either. When operated in continuous wave mode, at the diode output a voltage
appears, which depends on the phase difference between the transmit and receiving

signal (homodyne principle), and which is used for the further signal processing.

The MRR system consists of an antenna dish, radar, receiver unit and RS-232
data transmission interface. PC based software is available for on line control, data
visualization, transfer and storage. The MRR can be used to calibrate other radars for

better performance

The radar antenna is an offset paraboloid dish, which has a vertical beam
orientation without need of a horizontal alignment. Due to this mounting angle the
rainwater can drain off without any problem. In order to avoid disturbances from snow,
which could precipitate in the antenna dish, the system provides an optional offered

heating.
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Figure 2.5. Block diagram of MRR. [1: Gunn-Diode-Oscillator with mixing diode, 2: Low
noise IF amplifier with equalizer function, 3: Clock- and modulation generator with

variable modulation amplitude, 4: Anti aliasing filter, 5: Digitaler signal Processor (23

2
FFT/s mit 4096 points)].

Figure 2.6. Micro Rain Radar (MRR) deployed in the premises of our institute, Centre for
Earth Science Studies (CESS), Thiruvananthapuram.
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S1. No. Specification MRR
1 Transmit frequency 24.1 GHz (K-Band)
2 Transmit power 50 mW
3 Receiver-Transmitter Antenna offset -parabolic, 0.6 m diameter
4 Beam Width 2°
5 Modulation Frequency modulated continuous wave
6 Height resolution 35 ~200m
7 Averaging time 10 ~ 3600
8 Height range 29 range gates
9 Interface RS232 9600 ~ 57600 Baud
10 Power supply 24 VDC/25W
11 Weight 12 kg
12 Dimensions 0.6 m’

Table II. 1. Specifications of the Micro Rain Radar (MRR) deployed in the premises of
CESS, Thiruvananthapuram.

2.4.3. Installation of the MRR

MRR consists of indoor and outdoor units. Indoor unit has a MRR connection

and data acquisition system. Out door unit consists of antenna, electronics unit and

radar module. There is a data cum power cable that will connect between these

components. The platform where the antenna is connected should be very parallel to

the earth’s surface. Then the default screw that connects the stem and the radar antenna

has been set in such a way that the electromagnetic beam will emanate very vertically

upward. The MRR deployed on the terrace of our institute is shown in figure 2.6.
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Error possibilities in MRR

The possible errors in the measurements of rain DSD and integral rain
parameters using the MRR are explained below. For the relation of terminal falling

velocity versus drop size (equation 2.19) stagnant air has been assumed.

In real atmosphere the drops are carried with the wind (the inertial length scale
of rain drops is on the order of 10 m). Thus the velocity in the equation 6 is relative to
the ambient air velocity. But in the present study, most of the analysis has been done
for low intensity rain, during which the air velocity will be very less. So, the error due
to this assumption does not come into picture. Turbulence, i.e. the random fluctuations
of vertical wind within the scattering volume or within the averaging time interval
causes a systematic bias because the effects of up and downwind do not compensate
each other completely due to the non-linear velocity-diameter relation. Usually
turbulence leads to an underestimation of LWC and RR and not affecting much to the
DSD measurement. Other chance for error is due to the non-spherical shape of the rain
drops. But, since the MRR has been calibrated for natural rain, this error is reduced.
Because of the change of phase of water at heights like 0 degree isotherm, the back-
scattered power will increase and thus cause an over estimation of measurement. But
here our analysis is limited to a height of maximum around 4000 m and thus no
possibility of ice phase in these heights. Up to this height the possibility to have
pollution in the data due to the effect of bright band is very less. Chances of attenuation
of the electro-magnetic radiation during higher rain rates and also at higher altitudes
are possible. Since, in the present study we have used rain episodes having low rain
rates, the possibility of error due to this fact is absent. The electronic noise correction
rendered the radar particle size retrievals below 0.7 mm drop diameters invalid;
exponential extrapolation of the spectrum below drop diameters of 0.7 mm decreased

the rain intensity up to 20% (Loffler-Mang and Kunz, 1999).
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2.4.4. Data collection
Control program

The MRR generates a height range resolved Doppler spectrum. The data
processing is performed by a DSP which is placed in housing directly below the
antenna support. The measured data are transmitted by a serial RS-232 port. This port
1s also used for the device control. If the MRR-2 is connected to a PC, the control, the
calculation of further values, and the recording of the data can be done with the MRR-

2-control program.

The temporal resolution for the data collection could be adjusted from 10
seconds to 1 hour. The height resolution also could be selected from 35 meters to 200
meters. There are 30 range gates for MRR. If we set the resolution as 35 meters,
measurements will be done up to 1050 meters and if it is set to a resolution of 200
metre, measurements will be there up to 6000 metres. A software that will be provided

with the instrument viz. “Graphic” is useful for data analysis and data visualisation.
2.4.5. Sample data

The sample raw data file is shown in the figure 2.7. The first raw is the header
line where the data and time are available. The sampling time is also provided in this
line. The second raw gives the height steps horizontally in each column. The back-
scattered spectrum which starts from FOO to F64 at the 66" row is given from third raw
onwards. From there, the number of drops per cubic meter per mm interval of diameter
in each height ranges for 46 diameter classes are given in the next 46 rows. The rain
rate, liquid water content, fall velocity and radar reflectivity are given in the last 4
rows. The data pertains to successive one-minute events is gives in the successive rows

as sets of rows as explained above.
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uUntitled [modi

Eile Edit Wiew Bookmarks Tools Settings Help

B EE =0 ~vd I AK

MRR 031211165400 UTC AVE 60 STP 35 SMP 125e3 NFO 1.000 NF1 0.000 -
H 35 7o 105 140 175 210 245 280 315 350 385 420 455 480 525 560 595 630 665 700
FOO -78.64-103,32

FOl -80.88-104.78-103.69-106.19 -89, 08,
FO2 -88.17-103.32 -99,36-100.17-100.43 -98,02 -98,88-102.94-100.03-103.93 -103.71 -107.24 -96.86
F03-107.06 -98.76 -96.35 -96.65 -96.06 -94.60 -85.65 -97.59 -96.70 -97.50 -88.24 -98.60-101.21-101.55-104.13-102.46 -107.24 -96.86
F04-111.83 -95.34 -94,29 -93.58 -93.33 -92.51 -93.16 -94.76 -94.84 -95.35 -85 49 -95,59 -08.86-100.30-100.45-101.49 -100.62 -97.69 -95.10

FOS -98.21 -92,91 -92,37 -90.94 -90.92 -90.45 -81.38 -93.47 -94.01 -95.01 -94.11 -93,53 -95.68 -97.87 -98.11 -97.69 -97.61 -95.30 -94.22 -92.71

F55 109,12-101.80 -99.64 -99.96-102.64-103.61 -88.41-100.52-101.21 -108.90 -97.34 -99.57 -96.15 -84.22 -95.40

F56 -103.11-103.18-100.73-100.86-104,68-105.37-111.17-104,90-100.13-101. 03 -99.66-103.31 -99.87 -96,17 -98.02 -99.16 -95.77 -96.07
F57 -101,73-105.22-100.73-100, 86 -102.72-103.14-102,76-102. 28 -98.86 -99.79 -97.44 -96,.44-102.00-104.60 -98.20 -97.32
FsS8 -104.36-106.19-101.05-102.00 -108.38-101.[17-110.92-107.54-105. 29 -99.66 -98.92 -99.87-102.46 -100.25 -95.72
Fs9 -105,16-103.76-102.65-107,23 -254.63-101.17-257.64-110,55-100,52 -98.52 -98.54-102.88 -98.20 -93.64
F&0 -109.132-105.22-105.20-108.99 -163.39-107.91-110.55-101.61 -98.20 -99.79-102.88-100.70-108.02 -86.82 -93.64
F&1 -112.21-109.18-104,22 -107.05-101.21-109.33-254 .63 -98.94-108.02 -100.25 -96.07
F62 -89. -101.58-111.67 -101.48 -102.08
F63 -81.26-111.77 -104.22 -108.48

NO4 7.3el 3.3e3 4,283 4,93 5,23 6.4e3 5.5e3 3.8e3 3.8e3 3.4e3 3.3e3 3.2e3 1.5e3 1.1e3 1.le3 B8.4e2 -3.7e2 1.0e3 2.1e3 3.8e3
NO5 7.2e2 2.4e3 2.Be3 3.9e3 3.9e3 4.4e3 3.6e3 2.2e3 2.0e3 1.6e3 1.9e3 2.2e3 1.4e3 B8.3e2 7.09e2 8.8e2 9.0e2 1.5e3 2.0e3 2.8e3
NOE 8.6e2 1.9e3 2.,1e3 3.0e3 3,23 3,583 2.7e3 1.%e3 1.3e3 1.3e3 1.4e3 1.4e3 1.2e3 B.4e2 6,8e2 9.0e2 1.1e3 1.2e3 1.2e3 2 4e3
NO7 7.6e2 1.5e3 1.8e3 2.4e3 2,53 2.6e3 2.1e3 1.4e3 1.1e3 1.1e3 1.1e3 1.le3 1.1e3 B.7e2 6,92 9.4e2 9.9e2 B.6e2 7.8e2 3.le3
N4G 0.003 0.003 0.002 0.001 0.001 0.002 0.003 0.002 0.004 0.007 0.009 0.005 0.004 0.002 0.002 0.001 0.000 0.000 0.000 O.000
N4l 0,001 0.001 0,001 0.000 0,000 0.001 0.001 0.001 0,001 0.002 0,003 0.001 0.001 0.001 0,000 0.000 O.000 0,000 0,000 O.000
N42 0,000 0.000 0,000 0.000 0,000 0.000 0.000 0.000 0,000 0.001 0,001 0.000 0.000 0.000 0,000 0.000 0.000 0,000 0,000 O.000
N43 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 O.000 0.000 0.000 O.000
N44 0,000 0.000 0,000 0.000 0,000 0,000 0.000 0.000 0,000 0.000 0,000 0.000 0.000 0.000 0,000 0.000 O.000 0.000 0O.000 O.000
N45 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -0.000 -0.000 0.000 O0.000
N4 0,000 0.000 0,000 0.000 0,000 0,000 0.000 -0.000 0,000 0.000 0.000 0.000 0.000 0.000 0,000 -0.000 -0.000 -0.000 0,000 O.000
N47 0.0060 0.000 0.000 -0.000 0.000 0.000 0.000 0.000 -0.000 0.000 0.000 0.G00 0.000 0.000 -0.000 0.000 0.000 0.000 0.000 O.000
N48 0.000 -0.000 -0.000 -0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -0.000 0.000 0.000 0.000 0.000 O.000
N49 0,000 -0.000 -0.000 -0.000 0,000 0,000 0.000 0.000 0,000 0.000 0,000 0.000 0.000 0.000 -0.000 0.000 O.000 0.000 0Q.000 O.000

z 20.9 23.0 232 230 226 22,5 225 226 22,5 22,2 222 22,3 22,2 223 222 226 235 245 255 26.6
RR 0.61 @97 108 1.17 1l.08 1.06 103 0.9 0.6l 0.81 ©.82 0,86 0.8 0.84 0.8l 0,90 1.23 1.83 2,87 576
LWwC 0.04 0.07 0.08 0.09 0.09 0.08 0.08 0.07 0.07 0.08 0.06 0.06 0.06 0.06 0.06 0.06 0.08 0.13 0.23 0.53
W 5.16 5,27 524 5.03 4.97 504 508 5.14 5,18 529 538 531 5.32 5.37 548 545 5.14 471 4.28 3.62

Figure 2.7. Sample raw data file from The MRR.

2.5. MANUAL RAIN GAUGE

Manual Rain Gauge is a simple pluvial instrument by which man started his
systematic rainfall measurement. It measures the rainfall accumulation for a particular
period for which we make measurement. It consists of a collecting jar with predefined
surface area through which the rain water collection is done. The raingauge should be
placed in a plane surface such that the plane of the collecting surface should be parallel

to the surface of the earth.

The equation to find out the rain rate in mm is, Rainwater measured in
mm=Volume of the water collected/surface area through which the water has been

collected.
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For the measurement of rainfall, a measuring jar is used. Grading in the
measuring jar represent the rain in mm. When ever is measurement is needed, the water

from the collection jar is poured in to this measuring jar and thus measures the rainfall.
2.6. RAPID RESPONSE RAIN GAUGE (RRG)

Rapid Response Raingauge (RRG) is a microprocessor based system
designed for automatic monitoring of Rain rate. The rain gauge consists of a sensor
kept outdoors and is connected to a controller kept indoors. The sensor consists of two
parts, (1) 100 sq.cm water collector which collects the rain water and (b) Drop forming
mechanism that converts the rain to drops with uniform size. Water is guided from the
stilling well through a small bore (hole) to the nozzle. Precise bore orifice is used to
form the drop. A drain line is provided for the water to get drained. The water collected
is channelled to the stilling well which is already filled with water. When extra water
from the collector enters the stilling well the excess water comes out through the small
bore in the drop forming nozzle where water drops are formed. Platinum electrodes
mounted directly on the sensor sense the water drops. A preamplifier with an LED
indication is provided to drive long cables where the distance between the sensor and
the controller become too large. The drop size is a function of the nozzle diameter and

rate at which the drops are formed. From this drop count, the rain rate is measured.
2.7. TROPICAL RAINFALL MEASURING MISSION (TRMM)

Tropical Rainfall Measuring Mission (TRMM) is the first satellite mission of
National Aeronautics and Space Administration's (NASA), United States of America,
launched in November 1997, dedicated for observing and understanding tropical
precipitation and its relation with global climate. There are two sensors that will help in

rain retrieval. The details about the sensors are explained in the following sections.
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2.7.1. Components of the sensors and Principle of operation

Precipitation sensors [(Precipitation Radar (PR) and TRMM Microwave Imager
(TMI)]

TRMM provides a unique platform for measuring rainfall from space using a
passive sensor TRMM Microwave Imager (TMI; Kummerow et al., 1998), an active
Precipitation Radar (PR) operating at 13.6 GHz, and a visible and infrared scanner
(VIRS) radiometer. Precipitation Radar is the first satellite-based radar (active sensor)
to measure rain parameters. TMI is a multi-channel/dual polarized (except in 22 GHz)
microwave radiometer (10, 18, 22, 37 and 85 GHz), which provides rain rates over the
tropical oceans besides sea surface temperature (SST), sea surface wind speed (SSW),
total water vapor (TWV) and cloud liquid water content (CLW). Passive estimates
from the TMI are a less direct rainfall estimate since the radiometer responds to
integrated liquid water, not just to raindrops. But by comparison, the more direct
measurement of hydrometeors by the TRMM PR would seem to have less uncertainty;
however, the PR operates at a single frequency (13.8 GHz) so that microphysical
assumptions regarding drop size distributions come into play in the process of
correcting the measured reflectivity for attenuation and relating reflectivity structure to
rainfall rate (Franklin et al., 2003). Since the PR is a single-frequency, single-
polarization, and non-Doppler one, the retrieval of rain intensity from the echo
intensity data requires careful interpretation based on sophisticated algorithms which
incorporate with peripheral ground validation data (Koru et al., 1996). Since, 13.6-GHz
radar will only be sensitive to reflectivities higher than about 17 dB, there is
disagreement between PR and TMI (Berg et al., 2006). Any way, the upcoming Global
Precipitation measurement (GPM) mission will improve upon TRMM by employing a
dual-frequency precipitation radar. The 13.6-GHz radar will only be sensitive to
reflectivities higher than about 17 dB, whereas at 35 GHz, the minimum sensitivity

will be 12 dB, according to recent design specification (Iguchi et al., 2003).
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The sensors and the scanning geometry of the TRMM are shown in figure
2.8.

Height 403km
16 times per day
every 92.5 min

Figure. 2.8. Tropical Rainfall Measuring Mission (TRMM) sensors and scanning geometry.

2.5.2. Data products: TRMM 3B42 algorithm for rain estimates

Algorithm 3B-42 produces Tropical Rainfall Measuring Mission (TRMM)
merged high quality (HQ)/infrared (IR) precipitation and root-mean-square (RMS)
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precipitation-error estimates. These gridded estimates are on a 3-hour temporal
resolution and a 0.25-degree by 0.25-degree spatial resolution in a global belt
extending from 50 degrees south to 50 degrees north latitude. The main difference
between TRMM 3B42-V5 and 3B42-V6 is that the resolution of 3B42-V5 is on a 1°x
1° grid and covers the global tropics (40°S-40°N latitude), whereas the 3B42-V6
product is in 3-hourly on a 0.25°x 0.25°¢rid and covers 50°S-50°N latitude. The 3B-42
estimates are produced in four stages, (1) the microwave estimates precipitation are
calibrated and combined, (2) infrared precipitation estimates are created using the
calibrated microwave precipitation, (3) the microwave and IR estimates are combined,
and (4) rescaling to monthly data is applied. Each precipitation field is best interpreted

as the precipitation rate effective at the nominal observation time.

The data has been downloaded from the web portal of NASA through
anonymous FTP. The binary data obtained is converted into ASCII format. The data
has a temporal resolution of 3 hours and corresponding to an area averaged over 0.25 X
0.25 degrees latitude longitude grid. The program written in FORTRAN, derives the
needed data corresponding to the grid where the each station lies. The 3-hourly
accumulated rainfall has then been derived from the 3-hourly rain rate for the
comparison with the Disdrometer data. The maximum temporal resolution of the data
that has been compared by rahman and Senguptha (2007) is daily. But in the current
analysis, we have compared 3-hourly accumulated rainfall that is the maximum

temporal resolution of the rainfall data available from TRMM.
2.8. COMPARISON OF THE DATA FROM THE INSTRUMENTS
2.8.1. Comparison between Disdrometer and Manual rain gauge

Daily rainfall was measured using a manual rain gauge at the site where the
Disdrometer was installed in Kochi and Thiruvananthapuram. These data were
compared with the total rainfall computed from the rain rate values obtained using the

Disdrometer, as a means of validating the Disdrometer data. The data from the manual
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rain gauge represented the rainfall received between measurements on consecutive
days. The Disdrometer data corresponding to this period was taken for comparison. In
general, we found that the total rainfall obtained from the manual rain gauge was less
than that computed from the Disdrometer data. Direct comparison was difficult
because the Disdrometer records data every minute, while manual data were recorded
in the mornings of working days only. But the cumulative rainfall from both
measurements shows a more or less linear relationship, indicating that the values were
more or less consistent, except for the under-estimation in the case of the manual rain
gauge. Two examples for June and July 2005 are shown in figure 2.9. The rain gauge
data from the National Technical University of Athens station has shown good
agreement with rainfall depth data derived from the Disrometer (Baltas and Mimikou,
2002). Despite time-height ambiguity and other physical differences, a good agreement
is found between radar and Disdrometer measurements even at high rain rates (Tokey
and Dickens, 2000). According to Roy et al. (2005), rainfall data agreed well with self-

recording rain gauges.

When comparing the data from the manual rain gauge and the Disdrometer, it
is useful to note the following points. The Disdrometer is a very sensitive instrument
that detects even a single drop that falls on its sensor. Consequently, rain rates as low
as 0.00lmm/hr are recorded. But there are certain factors that affect its measurement.
The most important factor is that the Disdrometer requires electric power, and hence,
loss of power could lead to loss of data. Further, since the Disdrometer is sensitive only
to raindrops of diameter greater than 0.3mm, the contribution from smaller drops to
total rainfall, though small, is not accounted for. Similarly, since all drops larger than
5.3mm fall into the same size class, there is a possibility that the mean drop size may
be underestimated if very large drops are present, as could happen during heavy rain.
All these would tend to reduce the total rainfall obtained from the Disdrometer.
Another possibility is that of raindrops splashing on the surface, and some of the

droplets thus produced falling on the sensor. The company recommends keeping the
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sensor at the surface level to reduce the impact of winds that could produce spurious
data. The sensor was, accordingly, kept at surface level at Thiruvananthapuram and
Munnar. In Kochi, however, it was kept on a low stool, so that the possibility of
rainwater splashing on the ground and falling on the sensor was virtually zero. Even in
the case of rain water splashing onto the sensor, the drops would have speeds much
below the terminal velocity, and hence their contribution cannot be large. On the other
hand, there would be some loss of water from the manual rain gauge due to
evaporation, as may happen when a generally sunny period is interspersed with light
rainfall, and also due to the fact that the water in the container may not always be
completely transferred to the measuring jar. In spite of taking into account all these
factors, the discrepancy remains unexplained. The only possible reason for the
discrepancy seems to be calibration errors. The manual rain gauge is certified by the
India Meteorological Department, while the Disdrometer is company calibrated. For

the time being, therefore, we leave this discrepancy unresolved.
2.8.2. Comparison between Disdrometer and Rapid Response Rain gauge (RRG)

The RRG data is available in a collocated basis at Thiruvananthapuram and
Kochi. The comparison of the rain rate data obtained from these instruments have been
done for April 2001, a premonsoon month and for June 2001, a southwest monsoon
month (figure 2.10). A good correlation coefficient of 0.77 is there for April and that of

0.88 is obtained for June.

The time series comparison of the rain rate (corresponding to short rain
events) data at Kochi is shown in figure 2.11. Sometimes the comparison is found to be
excellent as shown for May 31* event. Generally, a visual comparison tells us that both

the instruments agree in rain rate measurements.
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Figure 2.9. Comparison between rainfall data obtained from a Manual rain gauge and a

Disdrometer.
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Figure 2.10. Comparison of rainfall measurements from Disdrometer and from Rapid

Response Raingauge at Thiruvananthapuram.
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Figure. 2.11. Comparison of the rain rate data from Rapid response rain gauge and

Disdrometer for shorter durations at Kochi.

2.8.3. Comparison between Disdrometer, MRR and TRMM 3B42-V6 data

The 3-hourly rain rate derived from Disdrometer and MRR is compared with
the TRMM satellite 3B42-V6 data (figure 2.12). It is apparent from the figure that the
data from Disdrometer and MRR agree well. Since the TRMM data is an area averaged
data, the difference from former 2 instrument’s data could be clearly made out. The
details of the comparisons are explained in Chapter VIIL. In order to compare with the
Manual raingauge data, the daily accumulations are derived from all other three
sensors. This comparison is also shown in the figure 2.10. Agreement between all the

four sensors is very clear from such a comparison.
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Figure. 2.12. Comparison of July 3-hourly (top panel) and daily (bottom panel) rainfall
obtained from TRMM, Disdrometer, MRR and Manual Raingauge at Thiruvananthapuram
(Disdrometer data is not available from 20" to 22" and MRR data is also not available on

20™).

2.8.4. Comparison of the DSD from Disdrometer and MRR

Rain accumulations and rain rate measurements from different instruments
has been compared to understand the reliability of the data. Since this thesis mainly

depends on the rain DSD data and its integral parameters, it is essential to have a
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comparison between the DSD obtained from Disdrometer and MRR. Such a
comparison carried for Thiruvananthapuram for a rain event on 12" October 2005, that
lasts for hardly five minutes (02:00 to 02:05 hrs) is shown in figure 2.13. The average
rain rate of this event was 3.34 mm/h. The decreasing trend as diameter decreases
below a diameter of 0.6 mm is shown by both the instruments. The minimum available
altitude at which DSD is given by the MRR is 200 m. The DSD data obtained from the
Disdrometer and also that given by MRR for a height of 200 m follows a lognormal
distribution function. The decreasing trend as diameter decreases below a diameter of
0.6 mm is shown by both the instruments. The tailing end of the DSD spectrum also
showed good agreement. The vertical variation of the DSD as explained in the chapter

VI, causes the behavior of DSD to be different at 400 m.

Comparison of the DSD data obtained from Disdrometer and UHF wind
profiler done by Williams et al. (2000), shows that good agreement was there for the
drop size measurements whose diameters > 1.5 mm, but poor agreement was there for
small drops (Williams et al., 2000). The magnitude of the difference in small drop
estimation was proportional to the reflectivity (and rain rate). MRR has good
agreement with optical Disdrometer throughout the drop diameter, as far as the DSD
measurements are concerned. But the small drops are being underestimated by JW
Disdrometer (Wagner et al., 2004). The comparison with a conventional rain gauge (30
min integration time) for a 5 months summer period show a correlation coefficient of r
= 0.87 for the rainrate and agreement within 5% for the total rainfall integrated over

the whole period (Peters et al., 2002).
2.9. OBSERVATION STATIONS

The stations selected for this study are tropical stations. Two station are on
the west coast of India that experience an intense precipitation during the Indian
summer monsoon (Xie et al., 2006), while the third one is on the east coast of India.
The fourth station is a high altitude station situated at the western ghat. The

geographical locations and altitude above mean sea level are shown in table ILII. A
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brief outline of the peculiarities of the stations is given below. The geographical

locations in the tropics are shown in the physiographical map (figure 2.14).

Thiruvananthapuram is a western coastal station nearly at the tip of peninsular
India with an annual rainfall of 315 cm. Kochi is an important commercial city in
Kerala situated close to the western coast and on the shores of state’s largest estuary.
The average annual rainfall is 310 cm. Munnar is a high altitude station at an altitude
of 1500m and about 130 km east of Kochi on the western ghats in south India. Our
station is on the wind ward side of the western ghats for southwest monsoon season
and experiences enhanced rainfall due to orograpic effect of the western ghats. The
average annual rainfall is 380 cm. Sriharikota is an east coast station in India. The site
from where we made measurement is situated on an Island. One side of the site faces

Bay of Bengal and the others the lake. So this site is very similar to a marine one.
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Figure 2.13. Comparison between Disdrometer and MRR DSD (02:00 to 02:05 hrs, 12,

October 2005) at Thiruvananthapuram.
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Figure 2.14. The Geographical locations of the 4 stations shown in a physiographical map.
The shaded portion in the top figure represents the tropical region (Altitude shown in the
legend is in metres in the top figure while that is in kilometres in the bottom figure).
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The study region has mainly three seasons, as far as rainfall is concerned.
These are the South-West (SW) monsoon (June-September), North-East (NE)
monsoon (October—-December) and Pre-monsoon (January—May). Rainfall during the
SW monsoon is mostly from stratiform clouds, and during the other two seasons is
from cumuliform clouds, mostly thunderstorms. Therefore, it is expected that the
rainfall during a single season is mostly from similar type of clouds. One important
difference is there in the characteristics of rainfall between the stations in the west
coast and those in the east coast, which is relevant to this study; i.e, during the SW
monsoon period, rain fall over west coast is oceanic while rainfall at east coast is

continental because the wind is mostly southwesterly or westerly.
2.10. DATA AVAILABILITY

The Disdrometer is operational at Thiruvananthapuram since April 2001.
Then this instrument has been shifted from place to place for further measurements at
four different tropical stations. The details of the data availability at each location are
given in Table ILII. Micro Rain Radar has been deployed and is operational from
September 2005. Data up to the year 2008 has been used for this study. Tropical
Rainfall Measuring Mission (TRMM) 3B42 data has been downloaded for the duration
year 2001 to 2008 from the website of NASA Data Centre. The TRMM grid box
corresponding to each station is given in the table ILIII. The stations along with the
corresponding TRMM grids are shown in a physiographical map shown in figure 7.1 in
the chapter VII. The percentage background covered by ocean or land of each grid is

clear from this figure.
2.11. CONCLUSION

The techniques of measurements have been explained in detail in this chapter.
The limitations and errors in measurements were also given. The precautions taken in
the deployment of the instruments to minimise the errors in measurements are also

discussed.
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No. Station From To Lat, Long; Altitude amsl
And
(corresponding TRMM grid)
1 [Thiruvananthapu| a) April 2001 August 2001 8.52°N; 76.91°E; 4 m
fam b) May 2005 April 2007 (8.375° N t0 8.625° N;
76.875° E to 77.125° E)
2 Kochi a) May 2002 July 2002 9.58°N; 76.17°E; 5 m
b) July 2003 August2003 (9.375°N t0 9.625°N
c) May 2004 July 2004° 76.125°E to 76.375°E)

3 Munnar July 2004 October 2004 10.08°N; 77.07°E; 1500 m
(9.875°N to 10.125°N;
76.875°E to 77.125°E)

4 Sriharikota August 2003 October 2003 13.58°N; 80.29°E; 3 m

(SHAR) (13.375°N to 13.625 °N;
80.125 °E to 80.375°E)
Table I1.1l. Disdrometer data availability. The latitude and longitude of each location i
igiven. The TRMM grid is also shown in the last column. “The Disdrometer was in Kochi up to
July 8, and in Munnar from July 9.

The data collected from these instruments have been mutually compared and
their acceptability for the studies has been brought out. The rain rate, rainfall and DSD
data obtained from these instruments are found to be agree very well with in the limits
of experimental error. Now, with this confidence, analysis of this data for the study

being presented in the further chapters can be explained.
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CHAPTER 111
RAIN RATE CHARACTERISTICS
3.1. INTRODUCTION

The measurement of rain rate is of importance in many respects. These data
are needed, for instance, in the modelling of soil erosion (using models like RUSLE or
WEPP). These models usually require a time series of rain rate with moderate to high
time resolution. A knowledge of rain rates that can be expected to help design
structures like culverts so that they can handle the storm waters during heavy rainfall.
Rain rate is also important to understand the rate of recharge of the water table and to
estimate runoff. Apart from these, the effects of climate change are now making rain
rate measurements even more important. For instance, Gordon et al. (1992) report
results from a model that point to increase in rain rate due to enhanced greenhouse
effect. A study in Australia by Haylock and Nicholls (2000) showed an increase in the
total rainfall and number of rainy days in the northern and southern regions and a
decrease in the western and southwestern regions. Their study implied a significant
change in the number of heavy events in the southwest and a significant change in only
the number of lighter events in the north. Most of the rainfall measurements in India
are limited to daily rainfall, with only a relatively few stations recording rain gauges
that can give hourly rainfall values. Rainfall data have been used in many studies (for
instance, Ananthakrishnan et al., 1979; Muralidharan et al., 1985; James et al., 1987;
Sreedharan and James 1988; Sampath et al., 1989). While daily rainfall data are quite
useful for such studies, the distribution in shorter intervals of time is important in many
fields. The data from recording rain gauges show that rainfall is often confined to a few
hours a day, and sometimes even for periods shorter than an hour. The period during
which a given amount of rain occurs is important because heavier rainfall leads to
greater runoff, greater soil erosion and less infiltration into the water table. A

knowledge of rain rate therefore becomes important from the point of view of better
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management of our dwindling fresh water resources and improved control of soil
erosion.

This chapter presents some of the first results from the measurement of rain
rate with high temporal resolution of 1 minute at a few stations in Kerala State.
Distribution of rainfall, temporal distribution of rain rate, cumulative distribution of
rain rate and contribution of each rain rate range to total rainfall are analysed and
discussed in detail. The rain rate is derived from the Drop Size Distribution data from
the Joss—Waldvogel (1967) type Disdrometer. The Geographical features of all the
three stations and the comparison/validation of the rainfall derived from the rain rate
measurements with that from the manual rain gauge are explained in detail in section
2.6.1 of chapter II.

3.2. DATA AND DATA ANALYSIS
Data used for this study are for the periods as shown in table IIL.I. The table

also shows the number of minutes during which rainfall was measured in each month.

No. Station Month No. of minutes | Highest rain rate
1 Thiruvananthapuram April 2001 193 140
2 May 2001 140 46
3 June 2001 1074 129
4 July 2001 1358 108
5 May 2005 1142 82
6 June 2005 1886 144
7 July 2005 5250 116
8 August 2005 1695 94
9 Kochi May 2002 912 171
10 June 2002 5661 223
11 July 2002 2612 107
12 May 2004 1413 108
13 June 2004 6632 102
14 July 2004 (1-8) 652 97
15 Munnar July 2004 (9-31) 10404 44
16 August 2004 11880 61
17 September 2004 11247 133
18 October 2004 4171 46

Table 111.1. Durations for which data from the three stations are presented in this chapter and
the highest rain rate observed each month (mm/h).
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3.3. RESULTS
3.3.1. Distribution of rainfall

Table IIL.I shows that the duration for which rainfall was observed in the pre-
monsoon months in 2001 at Thiruvananthapuram is very low, though in 2005 the
duration of rainfall is longer. Rainfall during the pre-monsoon periods is scattered
rather than widespread, and is mainly from cumulonimbus clouds. These clouds
generally form in a region towards the east of the city and move in a generally
westward direction. Our campus, where the instrument was situated, is at a location
which is often missed by these clouds. In April 2001, for instance, there was only one
rainfall event that gave heavy rainfall, when a cumulonimbus cloud passed almost
overhead, and in May 2001, we received rainfall only on one day.

In Thiruvananthapuram, the month that has maximum duration of rainfall is
July in both years (2001 and 2005). But in Kochi, the maximum duration of rainfall is
seen to be in June in both years (2002 and 2004). The data are not sufficient to identify
whether this is a normal feature. It is interesting to note that Munnar received rainfall
almost 25% of the time in the months of August and September, which is much higher
than that at the other stations. In July, the instrument was in Munnar only for twenty
three days, but recorded rainfall for more than ten thousand minutes, which is about
31% of the time! This suggests that the maximum duration of rainfall may be in July in
Munnar also. As we shall see, the rainfall was of very low intensity most of the time at
Munnar. This is evident from the fact that the highest rain rates observed in three of the
four months the instrument was operated, there are comparatively low, being less than

50mm/hr in two months.
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Figure 3.1. Rain rate distribution at Thiruvananthapuram in 2001 (left 2 panels) and 2005
(right 2 panels). Note that the x scale is different in each graph because the maximum rain
rate observed is different.

3.3.2. Temporal distribution of rain rate

We shall now examine the distribution of rain rate with respect to time at the
three stations. The results show differences in the distribution of rain rate between
stations, and between months at the same station. The rain rate distribution at
Thiruvananthapuram for four months in 2001 (from April to July) and in 2005 (May to
August) is shown in figure 3.1. We see that the lowest rain rate range (0—5 mm/h)
dominates in all the months. This range has a probability of occurrence of 50% in April
2001, which is the lowest, and close to 75% in May 2001. This also indicates that the
percentage of time rainfall is below Smm/h, which is relevant in a state like Kerala
which has a highly undulating terrain. However, since the data for these months is
limited, the distribution seen here could very well be biased and not truly
representative. In 2005, however, we find that the probability is more than 75% for
rainfall below 5 mm/h in all the months, and in July it is almost 90%, which is the
highest for this station. Although the rain rate range 0 to 5 mm/h dominates in all the
months, the higher ranges are also seen prominently, especially up to about 50 mm/hr,
in most of the months. Interestingly, the distribution does not show any striking

difference between southwest monsoon and pre-monsoon periods. We would normally
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have expected a greater share for higher intensity rainfall in May. The frequency
distribution of rain rate for different months at Kochi is shown in figure 3.2. In all the
months except July 2002, the probability of rain rate being below 5 mm/h is 75-85%.
In July 2002, this is almost 95%. In the other months, the rain rate distribution is
similar to that at Thiruvananthapuram in 2005. In July 2004, the instrument was in
Kochi for only 8 days, after which it was shifted to Munnar. The data thus is not for the
entire month. The distribution is very similar in both years. Moreover, the highest rain
rate observed is in June (223 mm/hr) though the next highest is in May 2002 (171
mm/hr). These two are the highest rain rates observed even when we consider all the
stations and all the months. The year 2002 was a rainfall deficient year and the rainfall
deficit was mainly in July. Our results appear to indicate a reduction in high intensity
rainfall, which means a reduction in cumuliform clouds. It remains to be seen whether
this could be the reason for lower rainfall in July 2002.

The distribution for Munnar (figure 3.3) shows that the probability of rain rate
being less than 5 mm/h is around 97.5% in July and October, and around 92% in
August and September. When we consider the fact that the highest rain rates in July
and October are around 50 mm/h, and the highest rain rate range that had at least 5
minutes of rainfall was only 30 mm/h, we see that rain rates are very low during these
months at Munnar. We have seen a somewhat similar distribution only in July 2002 at
Kochi. There, the highest rain rate recorded was 110 mm/h, but that was only for one
minute. The highest rain rate recorded for more than five minutes at Kochi in July 2002
was only 40 mm/h. The corresponding value for June 2004 was 57 mm/h and for June
2002 was 78 mm/h. The limited data available for Munnar appears to show a different
rain rate distribution compared to the other two stations. The rain rate distribution
indicates that the rainfall in this region is predominantly from stratiform clouds, with
cumuliform clouds being relatively rare. On the other hand, the rain rate distributions
at Thiruvananthapuram and Kochi show that cumuliform rainfall could be present

during 10-20% of the time even during the southwest monsoon period.
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3.3.3. Cumulative distribution of rain rate

cumulative distribution for Munnar, Kochi and Thiruvananthapuram is shown in
figures. 3.4, 3.5 and 3.6. The cumulative percentage was computed for values below
Smm/h also because for Smm/h the percentage contribution is often around 80% and
sometimes even 90% and higher. If only the points from Smm/h are plotted, most of
the graphs would not show the rising part of the curve. Beyond about 40mm/h, the
graph is almost parallel to the x axis. In the case of Munnar, especially for July and
October, the graphs rise almost vertically up to about 80-90% and then become almost

horizontal. In the case of Kochi, except for July 2002, the higher rain rates are clearly

The cumulative distribution, perhaps, shows the differences more clearly. The

seen to contribute to a positive slope for the horizontal part of the graph.

Normalised Frequency

Normalised Frequency

Figure 3.2. Frequency distribution of rain rate at Kochi in three months each in 2002 and
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The cumulative distribution graphs for Thiruvananthapuram (figure 3.6), on
the other hand, are very different from these. In order to quantify the differences, the

cumulative frequency graphs were fitted with the Weibull function
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Figure 3.3. Frequency distribution of rain rate at Munnar.
k
X
y=l-exp 1- 1 (1)

where k is known as the shape parameter and 4 is known as the scale parameter of the
distribution. Gnuplot, a free software for plotting graphs, was used for curve fitting.
Gnuplot uses the Marquardt—Levenberg algorithm for non-linear curve fitting, which is

known to give very good results for a wide variety of datasets. The fitted curves are
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shown in the figures, along with the observed values. The fit is very good in most cases,

the exceptions being the data for the month of May in both 2001 and 2005.

Rain Rate, mm/h
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Figure 3.4. Cumulative frequency distribution of rain rate at Munnar. The points represent
measured values and the line represents the fitted Weibull distribution.
The fit parameters k£ and A for all the months are given in table IIL.II. What

strikes one when observing the table is the high values for both k and A for
Thiruvananthapuram in the year 2001. In both cases, they are the highest, and quite
different from the values for the same station for the year 2005. (A higher value of &k
indicates a more gradual increase, a more rounded curve, and a lower value indicates a

sharper curve. A higher value of A generally means a higher y value for a given x
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value.) The reasons for this difference are not clear, and more measurements may be
needed to understand these variations. A similar, but much smaller, difference can be
seen between the data for the two years at Kochi. The values of k and 4 in May and
June 2002 are similar and higher than those in 2004, except for the value of k in June
2004. But July 2002, a rainfall deficient month, is different, with a higher value of k
and a much lower value of /. Interestingly, we do not see any difference between the
values for pre-monsoon and monsoon months. Both at Thiruvananthapuram and Kochi,
the values of k and A during the pre-monsoon months are close to the values in the
monsoon months. The only exception, if it can be considered so, is in the values of 4 at
Thiruvananthapuram during the pre-monsoon months, which appear to be slightly
higher than in the monsoon months.

A has the lowest value for July in Munnar, and the second lowest in October.
The values of k at Munnar are all close together, unlike in any other case. Possibly by
accident, A has the same value for the three months June—August 2005. Overall, the
values 4 do not appear to have any consistent pattern at these sites.

The shape parameter (k) for all the stations for all the months is shown in
figure 3.7. The value of k remains more or less same for each station during the
southwest monsoon period. At Kochi, for July 2002, the shape parameter shows a
higher value that probably indicates that July 2002 received lesser rainfall.
Thiruvananthapuram shows a variation from year to year. Munnar does not have any
variation with in the southwest monsoon period. All these characteristics suggest that
southwest monsoon period has same characteristics with special reference to rainfall

and rain rate distribution.
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Figure 3.5. Cumulative frequency distribution of rain rate at Kochi. The points represent
measured values and the line represents the fitted Weibull distribution.
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No. Station Month k A
1 Thiruvananthapuram April 2001 1.01 £0.03 7.52 £0.14
2 May 2001 0.77 £0.04 4.12 £0.19
3 June 2001 0.68 +0.02 4.22 £0.14
4 July 2001 0.80 £0.02 5.08 £0.13
5 May 2005 0.24 £0.015 0.73 £0.10
6 June 2005 0.29 £0.002 0.51 £0.01
7 July 2005 0.34 £0.003 0.51 £0.01
8 August 2005 0.33 £0.004 0.51 £0.01
9 Kochi May 2002 0.37 £0.003 2.03 £0.02
10 June 2002 0.39 £0.006 2.27 £0.05
11 July 2002 0.51 £0.03 0.42 £0.02
12 May 2004 0.22 +0.004 0.44 £0.02
13 June 2004 0.37 £0.004 1.08 £0.02
14 July 2004 (1-8) 0.25 +0.004 0.37 £0.01
15 Munnar July 2004 (9-31) 0.41 £0.004 0.18 £0.002
16 August 2004 0.39 £0.007 0.56 £0.01
17 September 2004 0.41 £0.003 0.54 £0.005
18 October 2004 0.45 +0.003 0.29 +0.001

Table IILII. Values of shape parameter, k and scale parameter, 1 obtained when fitting the
cumulative frequency distribution of rain rate with the Weibull function.

3.3.4. Contribution to total rainfall
We shall now look at the contribution of each rain rate range to total rainfall.

We divided the observed rain rates into ranges of 5 mm/h interval and computed the
amount of rainfall obtained in each range. This was plotted as a percentage of the total
rainfall, and also as the cumulative percentage. The scale of the y axis has been kept
the same in all graphs to facilitate comparison (except in some cases, as pointed out
later). The results are given below.

The graphs for Thiruvananthapuram are shown in figure 3.8. What strikes one
immediately on seeing these graphs is their large difference from the distribution
graphs of rain rate with time for Thiruvananthapuram (figure 3.1). Unlike the latter,
these graphs show that the higher rain rates do contribute significantly to the total
rainfall, especially in the pre-monsoon months. During the pre-monsoon months in
2001, in fact, the lowest and highest rain rates have contributed more than the middle

ranges in the pre-monsoon months. However, the total rainfall received in these months
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is low, which could be one of the reasons why the occasional short duration heavy rain
becomes important. But in May 2005, interestingly, the middle rain rates contribute
more than the lowest and highest. During the southwest monsoon period, the
contribution is highest from the lowest rain rate range in all cases, and the contribution
decreases with increasing rain rate. The only exception is June 2005, when the
distribution is almost flat.

The distribution at Kochi during the months of May, June and July in 2002
and 2004 are shown in figure 3.9. Here also we see that all rain rates contribute almost
similarly during the pre-monsoon period, but the contribution decreases with
increasing rain rate during the monsoon months — the only exception being July 2004.
Another point to note is that the scale of the y axis is different for July 2002, in which
month the contribution from the lowest rain rate range is very high. We had earlier
found that rainfall during this month was less than 5 mm/hr for about 95% of the time,
leading us to suspect that the reason for rainfall deficiency in the month was the lower
presence of cumuliform clouds. The present finding tends to confirm this suspicion.

Munnar (figure 3.10) presents a different picture. The low rain rates are
prominent here, with the range 0—5 mm/h contributing more than 30% in all months,
and going up to 65% in October and more than 55% in July. In August, even the range
5-10 mm/h has contributed more than 25%, which is not seen at either of the other two
stations in any month. It may be pointed out that the y scale is different in each of these
graphs.

The cumulative contributions from the different rain rate ranges to the total
rainfall at the three stations are given in figures 3.11, 3.12 and 3.13. Unlike the
cumulative distributions shown earlier, most of these curves do not appear to follow
any well-defined pattern. The graph for May 2001 for Thiruvananthapuram, for
example, is almost a straight line, and so are those for May and June 2005 to an extent.
The graphs for May and July 2004 for Kochi also show an almost linear increase
except for small departures. In view of this, no attempt was made to fit any function to

the data.
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3.4. DISCUSSION

Ananthakrishnan et al. (1979), after analysing hourly rainfall data for the
monsoon seasons of 1969 and 1970, found that “falls of intensity >10 mm/h account
for 14% of the rainfall at Thiruvananthapuram in less than 2% of the rain hours”. What
we find in the present study is that rainfall of intensity >10 mm/h is present during
19.25% of the time in June 2001, 19.8% in July 2001, 10.23% in June 2005, 6.4% in
July 2005 and 6.9% in August 2005. It accounted for 73.9%, 69.6%, 84.3%, 67.5% and
65.3% of the total rain in these months respectively. This is very different from what
they found. They continue to state that “Such falls account for about a third of the
rainfall at stations from Cochin to Goa and 40 to 50% at Vengurla and Bombay.” In
our study, we found that, in Kochi, rainfall of intensity >10 mm/h is present during
17.7%, 3.3%, 9.5% and 10.4% of the time in June 2002, July 2002, June 2004 and July
2004, respectively, and contributed 82.2%, 54.8%, 68.6% and 84 %, respectively, of the
total rainfall. These are not very different from the values for Thiruvananthapuram.
This difference between these two studies needs to be explained. This is possibly a
result of Ananthakrishnan et al. using the hourly rainfall value in place of rain rate, in
the absence of rain rate measurements. A rainfall of 1 mm depth that lasted for one
minute would be counted as a Imm/h rain event, while, in fact, the intensity should be
taken as 60mm/h. Thus, the intensity values used by Ananthakrishnan et al. could be
highly underestimated. This problem would also have affected the other conclusions
they have drawn, and is certainly the reason why their data do not show intensities
greater than about 30 mm/h. Rainfall can be from stratiform or cumuliform clouds. The
former is the dominant cloud form during the southwest monsoon season. They are
generally expected to produce only light rainfall, while cumuliform clouds, especially
cumulonimbus, can produce heavy rainfall. If we assume that a certain rain rate is the
maximum that stratiform clouds can produce, then we can roughly determine from the

graphs given earlier the relative prevalence of these two cloud types in a given month.
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We need to keep in mind the fact that cumuliform clouds could produce light rainfall,
though stratiform clouds cannot produce heavy showers.

Rain from stratiform clouds is often classified as slight, moderate or heavy if
the rain rate is <0.5 mm/h, between 0.5 and 4 mm/h and > 4 mm/h. Rainfall from
cumuliform clouds is said to be slight if it is <2 mm/h, moderate if it is between 2 and
10 mm/h, heavy if it is between 10 and 50 mm/h and violent if it is >50 mm/h. These
are values corresponding to the Beaufort letters used for recording weather. We assume
the maximum rain rate produced by stratiform clouds as 20 mm/h. This is not based on
any study of stratiform cloud properties or rainfall, but is an arbitrary value. The
maximum rain rate observed in any month in these measurements is at least 44 mm/h
(at Munnar in July). What we have chosen is less than half this rain rate. However, we
need to remember that all rainfall of rain rate less than this is not necessarily produced
by stratiform clouds, and there would be some contribution from cumuliform clouds
also. On the basis of this assumption, we find that rainfall is from stratiform clouds at
least 88% of the time. At Thiruvananthapuram, rainfall is below 20 mm/h from 88.62
to 98.61 per cent of the time during the months the measurements were made. This
rainfall contributes from 28% to 56% of the total rainfall for the month. No consistent
difference between pre-monsoon and southwest monsoon months is seen. The values
for the different stations for the different months are summarised in table IIL.II1.

The table shows the predominance of low intense rainfall in Munnar. Rainfall
is below 20 mm/h more than 99% of the time in three of the four months, contributing
at least 88% of the total rainfall. In September, though the rainfall was below 20 mm/h
more than 98% of the time, it contributed only about 60% of the total rainfall for that
month. This, and the fact that the maximum rain rate observed in that month (132.6
mm/h) is much higher than in the other months indicate the greater presence of

cumuliform clouds in this month. The reason for this is not clear.
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No. Station Month Normalised Percentage of
Frequency total rainfall
1 Thiruvananthapuram April 2001 92.1 56.1
2 May 2001 92.7 55.7
3 June 2001 91.1 48.3
4 July 2001 90.1 49.8
5 May 2005 88.6 33.8
6 June 2005 93.6 27.7
7 July 2005 96.6 48.6
8 August 2005 96.8 55.3
9 Kochi May 2002 90.9 31.8
10 June 2002 90.0 33.8
11 July 2002 98.5 61.5
12 May 2004 90.7 25.9
13 June 2004 95.1 48.5
14 July 2004 (1-8) 93.3 27.6
15 Munnar July 2004 (9-31) 99.7 88.0
16 August 2004 99.4 89.5
17 September 2004 98.1 59.9
18 October 2004 99.7 88.2

Table IILIII. The relative duration for which rainfall is below 20 mm/hr and the contribution
Jfrom this to the total rainfall.
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Figure 3.8. Histogram of the contribution of each rain rate range to total rainfall at

Thiruvananthapuram in 2001 (left 2 panels) and 2005 (right 2 panels).

R. Harikumar

103




Chapter I1I: Rain rate characteristics

20% 20% 40%
Kochi May 2002 Kochi June 2062 Kochi july 2002
3 15% F 15% b}
£ £ E
2 2 2
g £ g
5 5 5
o . M
) 3 S
B = h]
H 5 H
o 4 ¥
& & &

75 375 §7.5 975 127.5 1575 125 57.5 1025 1415 1925 7.5 1.5 475 &5 815 1075
20% 20% 20%
Kochi May 2004 Kochi June 2004 Kochi July 2084
15% F 15% _ 15%
5 E 3
£ z £
2 z s
& g 2
5 10% 5 10% % 10%
£ B H
5% z 5%
%

5

275 475 §75 475 1075 7.5 275 415 K75

Rain Rate, mm/h

0%
875 2.5 175 325 475 &25 715 925

Figure 3.9. Histogram of the contribution of each rain rate range to total rainfall at Kochi in
2002 (top) and 2004.

6%

0%

0%

0%

20%

Percentage of Total Rainfall

10%

40%

Munnar July 2004

Percentage of Total Rainfall

2.5 75 125 17.5 225 27.5 32.5 375 425

Munnar August 2004

Percentage of Total Rainfall

70%

Munnar September 2004

Percentage of Total Rainfall

875 1075 127.5

Rain Rate, mm/h

Munnar Cctober 2004

25 7.5 125 175 22.5 275 32.5 375 425

Figure 3.10. Histogram of the contribution of each rain rate range to total rainfall at

Munnar in 2004.

R. Harikumar

104



Chapter I11: Rain rate characteristics

Cumulative Percentage of Total Rainfall

Cumulative Percentage of Total Rainfall

100% | _ 100%
g
H
0% g %
Z
g
%
50%-| 3 0%
g
£
5
g
4%+ £
r
H
]
20%-] g 0%
Thiruvananthapuram April 2001 3 Thiruvananthapuram May 2001
2 a0 60 8 100 120 Lo T 2 Y P
100%] = 100%
5
0% 5 W
0% <
H
5
0% o 60%
g
g
H
I
40% & aom
H
]
20%-] g 20
Thiruvananthapurarm June 2001 3 Thiruvahanthapuram July 2001
Zb A‘D éﬂ dﬂ 160 12‘0 140 Zb y G‘B H‘ﬂ 160 1
Rain Rate, mm/h

160%

B0%

50%

40% -

20%

Cumulative Fercentage of Tatal Rainfall

100%

BO%

50%

A%

20%

Cumulative Percentage of Total Ralnfall

Thiruvananthapuram May 2005

Thiruvananthapuram June 2005

% LARABANLRRA RARAR AARS RAAR} T T % T T T T T T T
16 20 30 40 50 60 70 80 80 20 40 60 80 100 120 L40 160
_ 100% _ 100%
H 2
5 8% 5 BO0%
o £
& 50% % s0%
g g
H g
g H
& apwq £ a0
@ v
2 2
3 H
2 20%] 2 0%
3 Thiruvananthapuram July 2095 | 3 Thiruvananthapuram August 2005
0%
0 40 6 80 100 120 20 40 0 80 100
Rain Rate, mm/h
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Figure 3.13. Cumulative contribution from each rain rate range to total rainfall at Munnar
in 2004.

Another interesting point is the dominance of low intense rainfall in July
2002 at Kochi. Rainfall below 20 mm/h is present almost 99% of the time in July 2002,
compared to around 90% of the time in the other months (except in June 2004, when it
1s 95%). Moreover, this has contributed about 62% of the total monthly rainfall in July
2002 while the highest in all the other months is only less than 49%. These figures
strengthen our suspicion that the deficiency in rainfall was due to reduced presence of

cumuliform clouds.
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There does not appear to be any consistent difference between pre-monsoon
and southwest monsoon months. But there are some interesting points that can be noted.
The table shows that low intense rainfall was present for more time and contributed
more to the total rainfall in April and May, 2001, compared to June and July, at
Thiruvananthapuram. In 2005, the percentages are less in May, compared to the
monsoon months. However, it is interesting that in June 2005, though low intensity
rainfall was present almost 94% of the time, it contributed only less than 28% of the
total rainfall (which is less than that for May 2005). The highest rain rate observed at
Thiruvananthapuram is in this month. This possibly indicates the presence of a small
number of very active cumuliform clouds that gave short duration very heavy rainfall.

In order to understand the distribution of rainfall with time, we plotted the
normalised frequency against the percentage of total rainfall for all months for each
station. The graphs are shown in figures 6.14, 6.15 and 6.16. We see that, at
Thiruvananthapuram in June 2001, about 70% of the rainfall occurred in about 15% of
the time and 90% in less than 50% of the time. In June 2005, however, about 90% of
the rainfall was obtained in less than 20% of the time! In Kochi, around 90% of the
rainfall was obtained in around 40% of the time in the year 2002, while in 2004, 80—
90% of the rainfall was received in about 20% of the time. It may be noted that the
distribution is more or less similar in both June and July 2002, although we had seen
some differences between these two months in our earlier analysis. In Munnar, the
behaviour is very similar in all the months, but is very different from that at the other
stations. This information is very important for water conservation and management.
The state of Kerala being a narrow strip of land with the Western Ghats on one side,
rain water flows rapidly to the Arabian Sea. The short duration heavy rainfall tends to

aggravate the loss of water and the related loss of top soil.
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3.5. CONCLUSION
This chapter presents the variation of rain rate at high time resolution conducted

80%

120%

Percentage of Total Rainfall

Percentage of Time

110%

100%

90%

80%

70%

(b)

Figure 3.15. Variation of total rainfall with time at Kochi in (a) 2002 and (b) 2004.

—e— May 2004
—— June 2004
—&— July 2004

0%

40%

80%

120%

Percentage of Total Rainfall

in Kerala. Though the measurements have been conducted only at three stations for

durations of a few months at each station, the data give some insight into the behaviour

of rainfall in this region. The important results are given below.
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Figure 3.16. Variation of total rainfall with time at Munnar.

e Around 90 % of the time, the rain rate is below 5 mm/h, except at
Thiruvananthapuram where it is around 65%. This indicates that stratiform
clouds are more prevalent in these stations compared to cumuliform.

® The most interesting aspect was the apparently lower presence of cumuliform
clouds during July 2002 at Kochi, which possibly contributed to the
deficiency in rainfall.

¢ The rain rate temporal cumulative distribution could be fitted with a Weibull

distribution function of the form

R
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The k is the shape parameter and A is the scale parameter. It is found that the
shape parameter is more or less the same at all stations during the southwest
monsoon period.

¢ Rainfall is present only for less than 10% of the time (or about 4300 minutes)
even during a rainy month like June or July. This indicates that rainfall could

be actually present for lesser duration.
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CHAPTER IV
RAIN DROP SIZE DISTRIBUTION (DSD):

CHARACTERISTICS
&
DEVELOPING AN EMPIRICAL MODEL TO DERIVE DSD WHEN

RAIN RATE ALONE IS AVAILABLE
4.1. INTRODUCTION

Study of rain drop size distribution (DSD) is very useful in different areas like
microwave communication, satellite meteorology, soil erosion and cloud physics.
There is big interest in these areas for several reasons, including climatic change and
increasing soil erosion due to expanding human activities. Accurate measurements of
drop size distributions are important for many meteorological applications, including
estimation of rainfall, cloud radiative transfer studies, and cloud model initialization
and verification. For example, McGaughey et al. (1996), Viltard et al. (1998) and
McKague et al. (1998) all demonstrated the large sensitivity of passive microwave
algorithms to the prescribed drop size distribution of the precipitation originated from
both convective and stratiform clouds. By tracking the rain DSD along their falling
path is a direct way of even measuring rain evaporation (Li and Srivastava, 2001)

To overcome the time height ambiguity in radar measured reflectivity and
surface rain rate, knowledge of hydrometeor size distribution within the precipitation
layer is essential. The rain DSD 1is a critical factor in estimating rain rate using
advanced dual-polarized weather radars (Vulpiani et al., 2006). A new neural-network
algorithm to estimate the DSD from S-band dual-polarised radar measurement is
presented in their paper. The corresponding rain rates are then computed assuming a
commonly used raindrop diameter-speed relationship. Satellite measured rain
parameters would be reliable and dependable if and only if the retrieval from the
satellite primary data using the algorithm is accurate. Unfortunately, errors due to the

seasonal dependence, back ground dependence etc. is very clear from the retrievals
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carried out so far. Retrieval of the precipitation parameters from the active satellite
measurements is found to be less accurate. The errors associated with the retrieval of
rain rate from radar reflectivity factor can be eliminated, by knowing the target, which
is the rain drop size distribution, from which the scattering of the electro magnetic
radiation takes place. The same reflectivity may be obtained from different targets
having different drop size distributions. Hence, there is a need to know the rain DSD in
detail. The spatial, altitudinal and temporal variability of the Z-R relation is evident
from the past measurements. Since the radar reflectivity factor is the 6™ moment of rain
DSD, the radar back scattered power is not only merely dependant on the rain rate, but
also it depends purely on the number and size distribution of the rain drops. So the
radar reflectivity factor should necessarily be derived from the rain DSD, for the
derivation of an empirical relation for the altitudinal and spatial variation of Z-R
equation and here lies the importance of the need of more rain DSD data and analyses.
Since there is no one to one relation between this Z and R, a wide range of Z-R
relations are mentioned in the literature (Battan, 1973). A common technique for radar
estimation of rainfall is to develop relationships between the backscattered energy
return to the radar (i.e., reflectivity, Z) and rainfall rate (R). Both Z and R are dependent
on the drop size distribution. The Z-R technique has the advantage of producing
rainfall estimates over large areas (50 000 kmz) in relatively short time (several
minutes). Unfortunately, the existence of various range-dependent errors can produce
significant biases in the scanning radar estimate of rainfall (e.g., Wilson and Brandes
1979; Zawadzki 1984; Austin 1987). Moreover, many previous observational studies
have shown that natural variations of the drop size distribution in time and space can
lead to different Z—R parameterizations, ultimately producing different estimates of
rain rates (e.g., Battan 1973; Ulbrich 1983; Austin 1987; Huggel et al. 1996). Different
Z-R relations should be used for each rain rate range, for better rain DSD derivation
(Mali et al., 2003).

In the context of microwave communication, the performance of the

microwave links at frequencies above 10 GHz is constrained by the excess attenuation
113

R. Harikumar



Chapter 1V: DSD-Characteristics and Empirical Model

due to precipitation, especially, rainfall. The lower atmosphere is absorptive, dispersive
and inhomogeneous and therefore plays an important role in radio communication in
the frequency range UHF to mm waves. The important parameters affecting the
propagating wave are the shape of each rain drop and rain DSD. Rain attenuation
increases with rain drop size and attains a maximum value at a particular drop size.
Beyond this value of drop size, rain attenuation either remains constant or decreases
(Verma and Jha, 1996b). Since the wavelengths of mm waves are of the same order as
the rain drop sizes, the rate of attenuation is highly dependant on rain DSD (Verma and
Jha, 1996a). In tropical climates, rain attenuation is severe due to higher rain rates
(Jassel et al., 1994). “Sufficient data on propagation attenuation, rain rate and DSD are
not available for tropical region and, in particular, for India where rainy season is
characterised by the heavy monsoon rains. Due to the lack of rain DSD data in the
tropics, the usage of available DSD data that are collected from the low rain rate
regime like temperate regions, causes the attenuation prediction models are found to be
very inadequate for tropics” they continued. These authors have developed a rain
attenuation model based on the DSD data and compared with CCIR (International
Radio consultative Committee) and other models. The usage of regional DSD data with
its lognormal fit is very clear from their studies (and also Verma and Jha, 1996b) and
the specific attenuation calculated using DSD with lognormal representation was more
realistic compared to DSD with MP and gamma representations. So, these DSD
measurements, their lognormal modelling and deep quantitative understanding have
much relevance in the special scenario of attenuation of electromagnetic radiation with
rain, especially with tropical heavy rainfall. Rain attenuation can be obtained directly
through experiments or predicted from a knowledge of rain rate and DSD (Medhurst,
1965; Maciel and Assis, 1990; Ajai and Olsen, 1985). That is a model for the variation
of DSD with rain rate is very essential. The difference in the experimental and
theoretical attenuation results are due to the non-uniformity of DSD, which varies with
the geographical locations (Medhurst, R.G., 1965). So, it will be helpful to understand

more about the rain DSD for tropical climates, for improving the efficiency of
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communication. Selection of frequency bands can be made on the basis of the DSD
model derived for each location.

A number of recent studies have examined the applicability of separate Z—R
relations for rain that originate from convective and stratiform clouds. Short et al.
(1990) and Tokay and Short (1996) have shown, using Disdrometer data from Darwin,
Australia, and the tropical western Pacific, that the DSD undergoes abrupt shifts
between convective and stratiform precipitation and that rainfall rates derived are
improved when two Z-R relations are used instead of one. However, Steiner and
Houze (1997) showed that the use of two Z-R relations instead of one did not
significantly improve monthly rain totals using radar data at Darwin, Australia. Also,
Yuter and Houze (1997) have argued that convective and stratiform DSDs in the
tropical western Pacific are not statistically distinct. Clearly, more research on the
variability of the DSD in different precipitation regimes is required. The profiler
retrievals for the MCS were partitioned into a three-tier classification scheme (i.e.,
convective, mixed convective—stratiform and stratiform) following a modified version
of Williams et al. (1995) in order to isolate the microphysical characteristics in
different precipitation types.

Kenji et al. (1999) has made measurements of rain DSD and kinetic energy of
the rainfall at T-sukuba for 2 years and Ishigaki for 1 year, and compared the energy-
rain rate equations. Their main finding on regional characteristics of Ishigaki was that,
there were large sized raindrops below 30 mm/h rain rate and the distribution of
raindrop size wide from 1 mm to 5 mm in diameter. But in Tsukuba the distribution of
raindrop size concentrated between 1 mm to 2 mm. The impact of rain on soil that
causes soil erosion at these different locations will be different because of the
difference in DSD. So, the understanding about rain DSD will help us to take
precautions in determining the agriculture field structure.

The gamma parameters have been derived on the ground with the
Disdrometer and aloft with VHF and UHF radar measurements made at Gadanki in the

southwest monsoon season by Narayana Rao et al. (2006). This is to study the p-A
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(shape parameter-slope parameter) relation (parameter derived from the gamma fit to
the rain DSD) with respect to this climatic regime and also as a function of height. This
relation is different at Gadanki compared to other places like Florida and Oklahoma
and also this relation is found to be varying with height. An experimental study of
small scale variability of DSD has been carried out at Wallops Island, Virginia by
Tokey and P.G. Bashor (2007). They also recognised the sampling issues of the
Disdrometer and thus itself presented the findings for 1-, 3-, 6-, 10- and 15-minute
averaged disdrometric measurements. Using the Disdrometer measurements at
different climatic regions, constraints on the gamma distribution has been developed to
retrieve DSD from the dual-frequency radars by Munchak and Tokey (2008). DSD
data obtained from Disdrometer could be used for the simulation of algorithms to
derive back the DSD (Tokey and Dickens, 2000).

The natural conclusion by Haddad et al. (2003) is that, in spite of the dual-
frequency radar that GPM will carry, the careful a-priori modeling of the DSD, at
scales commensurate with the GPM radars’ resolution, will be crucial to the success of
the GPM core retrieval algorithm. This enforces the fact that DSD should be modeled
for its variation with rain rate very region specific.

According to Weischet (1969), the tropical area characteristically has a
rainfall maximum between 1000 metres and 1500 metres. Still, there is possibility of
many local or regional complications to occur (Barry, 1981). The rainfall
characteristics over mountains are determined by several factors such as latitude,
altitude and orography. A convective pattern of vertical precipitation distribution is
widely found in the tropics. According to Rao (1958), the monsoon currents become
convectively unstable when it is lifted by the mountains during travel along a short
distance. The amounts of orographic precipitation depends on the air mass
characteristics and synoptic-scale pressure pattern, local vertical motion due to the
terrain, microphysical processes in the cloud and the evaporation of the falling rain

drops (Sawyer, 1956).
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Orographic effect of the western ghats on the monsoon rainfall has been
studied for the southwest and northeast monsoon using normal rainfall data of 50 years
(1901 to 1950). The precipitation is dependant on altitude over the western slope which
is on the windward side with respect to the southwest monsoon, whereas it is
independent of altitude over the eastern slope which is on the leeward side. The
situation exactly reverses during the northeast monsoon rainfall. The study of
Muralidharan et al. (1985) reveal that the amount of precipitation on the western slope
of the western ghats above an altitude of about 600 metres increases with the altitude to
a maximum at a height of about 1300 meters; and further up it decreases. Almost in a
similar manner on the eastern slope of the Ghats above an altitude of about 370 metres
the rainfall increases to a maximum about 1800 metres above mean sea level, and
thereafter decreases continuously. Their rainfall profiles more or less agree with the
results obtained from the global survey carried out by Lauer (1975) and also by
Lauscher (1976) for other tropical mountains.

With the development of instruments that can give drop size data
continuously and at relatively low costs, DSD measurements are becoming more
common. However, there haven’t been many measurements in India. Some of them are
Jassal et al. (1994), Verma and Jha (1996a and 1996b), Reddy and Kozu (2003), Sasi
Kumar et al. (2003), Mali et al. (2003), Krishna Reddy et al. (2005), Soma Sen Roy et
al. (2005), Rao et al. (2006) and Harikumar et al. (2007; 2009). We present here the
characterization of rain DSD and derivation of a rain DSD model for 4 different
locations in southern India, viz. Thiruvananthapuram and Kochi, which are west coast
stations; Munnar, a high altitude station in the Western Ghats and Sriharikota (SHAR),
a station on the east coast, (Details of these stations are explained in the Chapter II)
using a Joss-Waldvogel Disdrometer (JWD; Joss and Waldvogel, 1967). Some
preliminary results from Thiruvananthapuram were presented in an earlier paper by
Sasi Kumar et al. (2003) and the comparison of rain DSD between the stations in the
eastern (SHAR) and western (Thiruvananthapuram and Kochi) coasts of India has also

been presented by Harikumar et al. (2007).
117

R. Harikumar



Chapter 1V: DSD-Characteristics and Empirical Model

Three different distribution functions are commonly used by different authors
to describe rain drop size spectra, namely, the Marshall and Palmer (1948) type of
exponential distribution, the gamma distribution (Ulbrich,1983) and the lognormal
distribution (Feingold and Levin, 1986). It is generally agreed that the exponential
distribution is valid only for data averaged over long periods of time (Joss and Gori,
1978), or over large volumes of space. However, the negative exponential is not
appropriate for use in tropical regions and gamma model distribution too must be
modified (Awang and Din, 2004). Thus, lognormal raindrop size distribution models
are suitable and thus used it to estimate rain attenuation and compared to rain
attenuation measurements from microwave links installed at Wireless Communication
Centre (WCC), Universiti Teknologi Malaysia, UTM Skudai, Johor by these authors.
Raindrop spectra often tend to have a monomodal distribution, which can be modelled
by the gamma distribution function. This has the advantage that it tends to the
exponential function as one of the parameters tends to zero. In the cases of the
exponential and gamma distributions, however, the parameters have no physical

significance.

The lognormal distribution was explored by Feingold and Levin (1986) and
was found to be as good as, if not better than, the gamma distribution in terms of fitting
with observations. While the former showed better fit with the observed raindrop size
distribution, the computed rain rate was marginally better when the gamma function
was used. However, the lognormal distribution has the advantage that the parameters
have physical significance (Feingold and Levin, 1986). The variations in these
parameters with rain rate or with time would, therefore, have implications on the
physical processes that lead to the formation of rain drops and the processes that take

place as the drops fall from the cloud to the ground.

Testud et al. (2001) developed a concept of normalization of DSD as
normalizing raindrop spectra is an appropriate way to identify the shape of the

distribution. The concept of normalization of DSD is based upon two reference
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variables, the liquid water content LWC and the mean volume diameter Dm. This
normalization procedure helps in clearly defining the stratiform and convective rain
types and hence a better insight into the cloud microphysics. The major point of this
approach is that this normalisation is totally free of any assumption about the shape of
the DSD. This new normalization has been successfully applied to the airborne
microphysical data of the Tropical Ocean and Global Atmosphere Coupled Ocean—
Atmosphere Response Experiment (TOGA COARE) collected by the National Center
for Atmospheric Research Electra aircraft. The classification of the TOGA COARE
raindrop spectra into stratiform and convective have been done to impress on the
usefulness of this approach.

In the present study, we have tried to understand the characteristics of DSD
rather than use the DSD to distinguish the type of rainfall. Therefore, the approach of
Testud et al. (2001) is not adapted here. However, the liquid water content (LWC) is
varying linearly with rain rate at all the stations. So, the study of the variation of all the
parameters with rain rate indirectly implies its variation with LWC too.

4.2. CHARACTERISTICS OF RAIN DROP SIZE DISTRIBUTION (DSD)
4.2.1. Data and Data Analysis

The data covers a period of roughly 34 months in which there was rainfall.
This includes 22 months in the SW monsoon season, 8 months in the pre-monsoon
season and 4 months in the NE monsoon season. Data for four months are from the
high altitude station Munnar and for three months from the east coast station SHAR.
The remaining data are from two stations on the west coast as explained in the Chapter
I. One method for obtaining drop size distribution (DSD) functions requires previous
normalization of both measured drop diameters and concentrations. This
normalization, proposed by Sekhon and Srivastava (1971, 1978), and later by Willis
(1984), was meant to comprise the entire dataset, thus achieving a universal
distribution function independent of observation site or rain type. An alternative
method is based on previous grouping of rain registers in different rain-rate classes to

obtain mean size distributions. These distributions can then be fitted to theoretical
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models whose parameters will depend on the rain rate, usually through a power law.
(Cerro et al., 1999). We followed the second method to analyse and thus parameterize
our DSD data.
4.2.2. Representing the Rain DSD — Best Fitting Distribution

The data obtained in each minute were corrected for dead time errors and the
rain DSD was computed. The rain rate for each minute was then computed from the
corrected data, and the entire data for each month were sorted in ascending order of
rain rate. The data were then divided into different ranges of rain rate, as explained
below. The values for each range were then averaged and the average DSD was
computed for each range of rain rate. The mean rain rate for each range was also
determined. The next step would be to find out the most suitable distribution that
represents the rain DSD.

Three well known distribution functions have been used by different authors

to represent the DSD.
Marshal Palmer (MP) distribution (Marshal and Palmer, 1948) of the form
N(D) = N exp(—4D) 4.1)

where N, is the Intercept parameter (signifies the number density in the first channel of

the Joss Waldvogel Disdrometer) and 4 is the Slope parameter,

a Gamma (I') distribution (Ulbrich, 1983) of the form

— 'u —
N(D)= N,D'exp(—4D) (4.2)
where Ny is the Intercept parameter, 4 is the Slope parameter and u is the Shape

parameter, and a lognormal distribution (LN) (Feingold and Levin, 1986) of the form

N(D) — —Texp — M (43)
N 27 InoD 2In’ o

where Nr is the Total number of drops, D is the Geometric mean diameter and o is the

Standard geometric deviation of the drop size.
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By substituting

N
T A (4.4)
2 Ilno
lan = B and 4.5)
Inoc=C (4.6)

and simplification, finally the equation (4.4) takes the form

N(D) = eXI;)(A)eXp - 0_5{(11112—3)} .7)

where D is the drop diameter, N(D) is the number of drops per cubic meter per unit

diameter interval, and A, B and C are fit parameters.

DSD corresponding to different rain rate ranges for the month of June 2005 at
Thiruvananthapuram was selected as a sample and the data set was fitted with all the
three distribution functions mentioned above. The correlation coefficient between the
fitted data and the actual data was derived for each rain rate range. The variation of this
correlation coefficient with rain rate is shown in Figure 4.1. A similar behaviour is seen

in the data from the other three stations also.

From figure 4.1, it is clear that the correlation between the DSD derived using
the Marshal Palmer distribution function fit and the DSD data decreases as the rain rate
increases. Even though the correlation coefficients of both the Gamma and lognormal
distributions with the data are very similar for most of the rain rates, Gamma
distribution shows a somewhat lower correlation at higher rain rates compared to the
lognormal distribution. According to Munchak and Tokey (2008), even though good
relations between the gamma parameters are seen, the relations do not necessarily hold
at all rain rates and for all precipitation events. Taking into consideration this result

also, lognormal distribution was preferred to represent the DSD over this region.
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Figure 4.1. Variation of the correlation coefficient for the correlation analysis between the
DSD derived from each functional fit and the DSD data to which the fit has applied with rain

rate.

4.2.3. Drop Size Distribution Spectrum-General features

Figure 4.2 shows typical rain DSD spectrums with fitted lognormal curves for
all the stations. The curves fit the data reasonably well in all the data ranges. The
distribution is narrow when the rain rate is low and becomes significantly wider with
increasing rain rate, indicating the increasing presence of larger drops. The initial
increasing trend of number of drops with drop diameter is not very clearly seen at the
low diameter end for low rain rates, though a tendency for that may be made out. We
are not in a position to determine whether the number of drops actually increase with
drop diameter in this region since we have data only from 0.313 mm onwards.
However, this can be clearly seen in the case of DSDs corresponding to large rain
rates. Therefore, it may be reasonable to assume that this trend extends to the low rain
rates also. Though, there is a possibility of under estimation in the number of smaller

drops in heavy rains due to instrument’s electronic design for self-noise control as
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explained earlier in the Chapter II. But there is no way as on today to eliminate this

error completely. In the present case, the sensor is

and wind effects are reduced to a minimum.
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Figure 4.2. Rain DSD spectrum corresponding to the stations Kochi (July 2003; top panel)

Thiruvananthapuram (July 2005; second panel), Munnar (July 2004; third panel) and

SHAR (August 2003; bottom panel). The lognormal fit is shown as solid lines along with

the DSD data. R in the legend represents the rain rate.
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Behaviour of rain DSD at different locations is very clear from visual
observations of these spectra (figure 4.2). At Thiruvananthapuram, an increase is seen
in the drop diameter at which the distribution peaks with rain rate. The amplitude of
this peak decreases as the rain rate increases. At kochi, the behaviour is very similar o
that Thiruvananthapuram but the amplitude is found to be constant for all the rain rates.
At Munnar, the characterstics are similar to Thiruvananthapuram, but the amplitude of
the peak decreases very drastically as rain rate increases. But at SHAR, there is no shift
in the peak and the amplitude increases as rain rate increases.

From the fitted lognormal distribution, the three physically meaningful
parameters N, D, and ¢ were evaluated to study the characteristics of DSD in our
region.

4.2.4. Evaluation of Nt, D, and ¢

Feingold and Levin (1986) computed the fit parameters by using the observed
total number concentration, N1, and the number of drops in each size class to calculate
the geometric mean diameter, D, and standard geometric deviation, o, of the truncated
distribution. They then used these values in the equation 4.3, to obtain the expression
for number of rain drops per cubic metre per unit diameter interval (Np)), where D,
and o are in millimetres. A different method has been followed here. Instead of
computing the fit parameters, the DSD for each range was fitted with a lognormal
distribution function. The functional fits were made using gnuplot, a graphing software
that uses the Marquardt- Levenberg algorithm for non-linear curve fitting. . It is very
easy to fit the data sets with lognormal distribution function using simple computer
programs and to obtain fit parameters for huge long term data compared to the
parameter estimate. Since the number of drops varies from 0O to thousands or tens of
thousands, we took the natural logarithm of both sides of the equation before fitting so

that all the points get equal weightage. Thus, the actual equation used for fitting was

In(N,)) = A=1In(D) - (0.5(In(D) - B)/ C)’ 4.8)
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where D is the drop diameter, Np, is the number of drops per cubic metre per unit
diameter interval and A, B, C are the fit parameters. Comparing this with Eqn. 3, we
can, thus, derive the values of N1, D, and ¢ from A, B and C using the equations 4.4,
4.5 and 4.6 respectively.

Table IV.I shows the rain rate ranges into which the data were divided and the
mean rain rate obtained in each range for a typical month in each station. The rain rate
ranges were chosen such that the width of the range increases in a roughly exponential
manner. The reason is that the data showed, in general, that the rainfall duration was
high at the low rain rate end and decreased in a roughly exponential manner with
increasing rain rate so that there was data for a longer duration for lower rain rate. A
detailed analysis of the distribution of rain rate is given in our paper (Sasi Kumar et al.
2007). There we show that rainfall is below 5 mm/h, 70 to 90% of the time in most of

the months, and sometimes even higher.

No. Rain rate Tvpm Kochi Sriharikota Munnar
range July 2005 July 2003 Aug. 2003 | July 2004
R n R n R n R N
1 0.1<R<02 | 0.146 354 0.143 107 1 0.148 | 75 | 0.144 | 1039
2 02<R<05 | 0.336 635 0.329 146 | 0.338 | 101 | 0.329 | 1443
3 0.5<R«1 0.687 474 0.721 148 | 0.716 | 52 | 0.712 | 940
4 1<R<2 1.387 329 1.479 152 | 1.465| 50 | 1.382| 655
5 2<R<5 3.240 404 3172 | 265 |3.259| 59 |3.077 | 420
6 5<R<10 7.131 261 7.157 124 | 7.110 | 29 | 6.747 | 151
7 10<R<20 | 14412 147 14.517 86 | 1559 | 24 |13.68| 73
8 1
8 20<R <50 | 31.902 124 31.016 | 75 |[28.20| 25 |27.68| 29
8 6
9 50<R <100 | 67.277 41 65.754 | 24 | 53.84 3 - -
8
10 R > 100 109.27 3 113.26 3 - - - -

Table IV.1. Mean rain rate obtained in each range for one month in each station. (R=rain

rate. n=Number of minutes for which rain was measured).
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The significance of taking the entire data for a month for the analysis, rather
than taking each rainfall episode separately is discussed here. This was done for the
following reasons: This region has mainly three seasons, as far as rainfall is concerned.
These are the South-West (SW) monsoon (June-September), North-East (NE)
monsoon (October—December) and Pre-monsoon (January—May). Rainfall during the
SW monsoon is mostly from stratiform clouds, and during the other two seasons is
from cumuliform clouds, mostly thunderstorms. Therefore, it is expected that the
rainfall during a season is mostly from similar type of clouds. One important difference
is there in the characteristics of rainfall between the stations in the west coast and those
in the east coast, which is relevant to this study. Ile, during the SW monsoon period,
rain fall over west coast is oceanic while rain fall at east coast is continental because
the wind is mostly southwesterly or westerly. We took each month separately because
it gave better time resolution compared to taking an entire season as a whole. This also
helped to a certain extent to see whether there are changes within a season. It is found
by Kozhu et al. (2006) that the DSDs are affected even by diurnal convective cycles
and seasonal variations in precipitation characteristics. Further, we were trying to
identify how DSD is influenced by rain rate, rather than to understand, for example,
how DSD varied during the course of a rainfall event. The analysis procedure was
selected to enable this.

In a previous paper (Sasi Kumar et al. 2003), it was stated that the distribution
measured at Thiruvananthapuram in April (pre-monsoon) appears to be different from
that in June (SW monsoon) for low rain rates. At that time, they had divided rainfall
periods into five rain rate ranges and tried to fit the gamma function to the distribution.
The low rain rate ranges in June showed a behaviour that was closer to the Marshall-
Palmer type of distribution than to gamma. However, after analysing a much greater
volume of data, and in greater detail than earlier, we find that the lognormal
distribution is more appropriate and fits most of the data. The deviation from

lognormal is limited to about a tenth of the data we have obtained so far.
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4.2.5. Variation of Nt, D, and ¢ with rain rate

N, D, and o for each rain rate range in each month was derived to study the
variation of these parameters with rain rate to study the characteristics of DSD. These
are discussed here.
Variation of ¢ with rain rate

Variation of o is plotted against the mean rain rate. Typical graphs of ¢ for

one month from each station are shown in Figure 4.3. It is seen that in general ¢ was
almost constant for all rain rate ranges (Harikumar et al., 2007). A small variation can

be seen, but it is very small compared to the values of c.
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Figure 4.3. The variation of o with rain rate in August at Sriharikota and in July in the other

Stations.
Variation of Nt and D, with rain rate
The typical Variation of Nt Dg (with fit of the form Y=aX") and N{Dg’
(a measure of LWC) (with fit of the form Y=mX+c) with rain rate at all the stations are

shown in the figure 4.4.
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Figure 4.4. Variation of Ny (left panel), Dg (middle) (with fit of the form Y=aX" ) and N:Dg’
(right) (with fit of the form Y=mX+c) with rain rate at stations Thiruvananthapuram (top
panel), Kochi (2" panel), Munnar (3" panel) and SHAR (bottom panel). For all the stations
except SHAR, the data shown here is for the month of July and for SHAR, it is for August.

The variation of these parameters with rain rate at all the stations have been
included together in the figure 4.5. Comparison of the variation of theses parameters
with rain rate between all the stations is explained in detail below. Since Kochi and
SHAR behaved same they have been treated together and since Munnar and

Thiruvananthapuram behave same they are being treated separately.
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rate at all the stations.
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Kochi and SHAR

We see that Nt generally tends to increase exponentially with rain rate; but
the rate of increase is different for these two stations (figure 4.5). The graph also shows
fitted curves of the form Y:aXb, where a and b are constants. It may be noted that the
total number of drops is more or less the same at both the stations up to about 3mm/h.
Above that the total number of drops increase faster with rain rate at SHAR compared
to that at Kochi. This results in Nt being higher for large rain rates at SHAR. As a
consequence, there should be more number of larger drops in Kochi during high rain
rates. In other words, the mean drop size should be higher in Kochi during heavy
rainfall, as we shall see below.

As in the case of Np, we have fitted the Dg data with curves of the form
Y=aX" and the fitted equations are also shown in the figure. The periods for which the
data are taken are the same as in the case of Nt. The variation is very similar to that of
Nt. We see that the values of Dg are more or less same up to around a rain rate of 3
mm/h. Above this rain rate, the rate of increase of Dg is high for Kochi and less for
SHAR. Thus, a faster increase in the number of drops at SHAR is compensated by a
slow rise in drop size.

An interesting observation at Kochi is that Nt was rather low in the three
months of May, June and July 2004. Thus, for instance, for a rain rate of 3 mm/h, Nt
was 366 in July 2003. But it came down to 138 in July 2004. D, on the other hand,
increased from 0.774 in July 2003 to 1.101 mm in July 2004. Figure 4.6 shows the
graphs for Nt and D, for Kochi for July 2003 and July 2004 which makes the
difference clear. i.e., during 2003 at Kochi, the geometric mean sizes of the drops are
always smaller compared to that during 2004 for any particular rain rate. The presence
of comparatively smaller drops in the convective clouds was explained by Tokay and
Short (1996) is as given below. The time required for the growth of precipitation
particles in convective clouds is much less than that in the stratiform clouds. Therefore,
the precipitation particles originate and grow not far from the cloud base. With the

existence of strong updrafts, it is possible that the precipitation particles in convective
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clouds are carried upward and continue to grow until they become heavy enough to
overcome the updraft and begin to fall relative to the ground. In convective clouds,
growth by accretion of liquid water is the dominant mechanism followed by collisions,
coalescence and breakup of raindrops.
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Figure 4.6. Comparison of variation of Ny (left panel) and D, (right panel) with rain rate
in July 2003 and July 2004 at Kochi. The fitted equations are also shown.

This indicates the possibility of rainfall being predominantly from convective
clouds in 2003. To confirm the prevalence of convection in 2003 compared to 2004,
we checked the Outgoing Longwave Radiation (OLR) data. The OLR data is
downloaded for a maximum possible spatial resolution of 2.5° lat X 2.5° lon grid
corresponding to Kochi (7.5°N to 10°N, 75°E to 77.5°E) from the NOAA website
(Liebmann and Smith, 1996). The high convection in the year 2003 compared to 2004
is clear from the low OLR value (OLR~ 199.827 W/m?) during July 2003 compared to
July 2004 (OLR~ 209.542 W/m?) at Kochi.
Munnar and Thiruvananthapuram

During the four months in which we measured DSD in Munnar, we find that
N varies very differently. We see that Nr initially increases with rain rate up to about
3 mm/h, indicating that the increase in rain rate is primarily due to increase in the

number of drops, as in other stations. This is supported by the fact that the increase in
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D, is small over this range. Beyond 3 mm/h, we see that Nt decreases rapidly and D,
increases rapidly. At Thiruvananthapuram, the variation up to about 3 mm/h more or
less follows an incraesing pattern, but then Nt remains more or less constant or starts
decreasing, though slightly. This kind of behaviour is found in most of the months at
Thiruvananthapuram, though the rain rate at which the change in profile occurs is
different for different months. D, increases correspondingly to compensate for Nt
remaining steady or decreasing. Table IV. II shows this clearly. It also shows how Nt

and D, for the same rain rate is different for different stations.

R Ny D, o

Tvm | Kochi Shk Mnr Tvm | Kochi Shk Mnr Tv | Ko | Shk | Mnr
chi

July July Aug. July July July Aug. July | Jul | Jul | Au | July
y y g
2005 | 2003 | 2003 | 2004 | 2005 | 2003 | 2003 | 2004 | 200 | 200 | 20 200
5 3 3 4

03 | 86.5 | 168.9 | 1409 | 594.8 | 0.61 0.48 0.59 036 | 14 | 15| 1.6 | 1.52

3 3 5 0
3.2 | 300.7 | 366.4 | 367.6 | 681.6 | 0.83 0.77 0.77 060 | 14 | 14 | 15 | 1.56
0 6 9 0
30 | 3439 | 770.8 | 1077 | 349.2 | 1.60 1.30 1.00 1.59 | 13 | 1.3 | 1.4 | 1.34
9 6 9
110 | 317.8 | 1090. -- -- 2.40 1.69 -- -- 14| 14| - --
7 4 0

Table 1V. II. Ny, D, and o for same rain rate at different stations (Tvm =

Thiruvananthapuram, Mnr = Munnar, Shk = Sriharikota).

To understand the differences in the magnitudes of these parameters at each
station, the values of Ntand Dg are plotted together for a rain rate of 30 mm/h for all
the stations are shown in figure 4.7. It is apparent from the figure that as total number
of drops increases mean diameter decreases. The Nt (Dg) is lowest (most) for
Thiruvananthapuram, is less (more) for Munnar, is more (less) for Kochi and most

(lowest) for SHAR.
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Figure 4.7. Station-wise variation of Nr-Dg pairs corresponding to a rain rate of 30 mm/h.

The comparison of the variation of these two parameters between a station at
west coast (Kochi) and at a high altitude station (Munnar) lying in the same latitude
during southwest monsoon period gave an insight to the orogrphic effect on rain DSD
apart from the known orographical rainfall enhancement (Muralidharan et al., 1985).
Recently, study of the satellite detection (TRMM satellite data) of rainfall (June-
August 2002-2003, averaged) over the Indian peninsula by Harikumar et al. (2009a)
shows the rainfall enhancement at windward side of the Western Ghats during
southwest monsoon season. It is very clear from figure 4.5 that a heavy rainfall at
Munnar consists of less number of bigger drops, while Kochi rain consists of more
number of smaller drops at a particular rain rate. That means, the orography is seen to
affect the drop size and thus orographic rain seems to have larger drops when rain rate
is high. This situation is very crucial because larger drops could cause more soil
erosion that may lead to the triggering of land slide. Therefore study of orographic
effect on rainfall, especially on rain DSD would be useful and throw light on landslide

triggering mechanisms.
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Variation of NTDg3 with rain rate

As mentioned earlier, we find that both Nt and D, vary in a similar fashion
with rain rate. We also find that when one of these parameters increases slowly with
rain rate, the other parameter seems to compensate and increase more rapidly, and vice
versa. This is natural since a certain quantity of water has to be provided by the drops
to create particular rain rate. We plotted the function NTDg3 against rain rate R and
found that there existed a linear relationship between R and NTDg3 . In figure 4.4, the
graphs for a month at each station are also shown. It is interesting to note that the
regression coefficient is around 0.999 most of the time, even for Munnar where the
variation of Nt and D, with R is irregular, as mentioned above. The regression
coefficient is, however, lower (0.91) for SHAR. Here, the points are away from the line
and follow a kind of arc. This is possibly because DSD curves fitted badly with the
lognormal distribution function, as mentioned earlier. The regression lines were not
forced to go through the origin and hence the equations give a finite y-intercept. The
values are, however, small and can be ignored.
4.2.6. Discussion

Lognormal distribution is found to be a very good representation for rain
DSD for the entire rain rates. The parameters Nt and D, vary with rain rate in such a
manner that an increase or decrease in one parameter is compensated by an opposite
change in the other. At Kochi and SHAR, Nt and D, increases exponentially with rain
rate. In Munnar, and in Thiruvananthapuram to some extent, we find that these
parameters vary in a manner that is very different from that at the other two stations.
Nt increases first up to a rain rate of around 3 mm/h and then decreases beyond as rain
rate increases. At Thiruvananthapuram, for some months a constant value is also seen
for Nt instead of decreasing beyond 3 mm/h. Dg increases very gradually up to around
3 mm/h and then increases very sharply beyond around 3 mm/h. For a particular rain
rate The Nt (Dg) is lowest (most) for Thiruvananthapuram, is less (more) for Munnar,

is more (less) for Kochi and most (lowest) for SHAR.
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The difference in the behavior of these parameters at Munnar and SHAR in
the southwest monsoon season, when the wind is westerly or south-westerly suggests
that the effect of CCN may not be the possible reason for the DSD spatial variability.
The more or less similar behaviour shown by Munnar and Thiruvananthapuram and
that shown by Kochi and SHAR as explained above also suggests that, effect of
orography on rainfall is a possible reason for the spatial variability of the rain DSD
within the tropical areas. However, more detailed studies would be needed to confirm
this.

NTDg3 varies linearly with rain rate, with an exception at SHAR. This also
points out the need to have more data at east coast stations.

4.3. EMPIRICAL MODEL FOR THE VARIATION OF RAIN DROP SIZE
DISTRIBUTION WITH RAIN RATE
4.3.1. Derivation of the empirical model

An empirical model for DSD in this region was derived using the data. All the
available data, except that for a few months, was used for this purpose. The data for the
few months that was not used was kept aside for validating the derived model. The data
thus kept aside was for the months of May, June and October 2005 at
Thiruvananthapuram, May and July 2004 (up to 8"™) at Kochi, July 2004 (from 9"
onwards) at Munnar and August 2003 at Sriharikota. The method of deriving the

empirical model is given below.

DSD data for each of the three monsoon periods was sorted according to rain
rate, viz. southwest monsoon (June, July, August & September), northeast monsoon
(October, November & December) and pre-monsoon (January to May). Then this data
was grouped into the different rain rate ranges specified earlier. The mean DSD and the
mean rain rate for each range for each season was then determined. This mean DSD
corresponding to each rain rate range was fitted with the lognormal distribution
function (Equation 4.7). The functional fits were made using gnuplot, a graphing

software that uses the Marquardt-Levenberg algorithm for non-linear curve fitting as
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mentioned earlier. A typical set of rain drop size distribution spectra along with

lognormal fits for each station is shown in Figure 4.2.

The values of the lognormal fit parameters A, B and C for the fit
corresponding to each rain rate range were obtained from the curve-fitting process. The
variation of these parameters with rain rate was then studied. The variation of these
three parameters with rain rate has the same form in all the monsoon seasons at all the
stations. This variation of the fit parameter A could be fitted with an expression of the

form

A=A+ AR+ Azll’lR 4.9)

where Ap, A and A, are the fit parameters and R is the rain rate.

The fit parameter B also could be represented by a similar relation.

B= BO + BR + Bzh’lR 4.10)
where By B; and B, are fit parameters and R is the rain rate. The parameter C was

found to be almost a constant for all stations and all seasons.

Variation of these three parameters with rain rate during the southwest

monsoon season at Thiruvananthapuram is shown in Figure 4.8.

Incorporating the expressions for A and B into the original lognormal
distribution (Equation 4.7), we get a rain DSD equation in which number of rain drops
is a function of both drop diameter and rain rate. Thus the empirical model can be

written in the form

N o CXBA Al,)R +AIR) p{_ 0 5[ (InD—(B, + é?,R +BInR ))} } @11)
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Figure 4.8. Variation of the fit parameters A, B and C with rain rate during southwest
monsoon season at Thiruvananthapuram.
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The same analysis was done for all the four stations. The values of all the
seven fit parameters in the above expression corresponding to each season for all the
stations are shown in Table IV.III. By incorporating these values in the basic empirical

model, the DSD corresponding to each season at each station can be derived.

Station | Season Parameters

A A, A, By B, B, C

Thiruv | PRE 4.930 -0.013 0.489 -0.286 -0.005 0.152 | 0.370

ananth SW 5.318 -0.005 0.308 -0.404 0.001 0.216 | 0.383

WA TTNE | 4968 | 0.008 | 0409 | -0320 | 0002 | 0.192 | 0386

Kochi PRE 4.850 -0.014 0.327 -0.362 -0.002 0.310 0.388

SW 5.080 0.003 0.297 -0.416 0.001 0.178 0.416

SHAR | ASO* | 5.268 -0.005 0.558 -0.713 0.005 0.080 | 0.532

Munna SW 5.960 -0.008 0.115 -0.547 0.002 0.280 | 0.368
r

Table 1V. Ill. Parameters of the empirical model corresponding to each season at all the
stations. * August, September and October.

The values of most of the parameters are rather close to each other, except a
few. With more data, it should be possible to reduce the scatter and improve the

empirical model for DSD.
4.3.2. Validating the empirical model

In order to validate the empirical model derived, the model derived DSD
values were compared with actual measurements. These actual measurements have not
been used in deriving the model. Figures 4.9 to 4.15 show such comparisons for the
stations Thiruvananthapuram, Kochi, Munnar and SHAR respectively for a few rain
rates. The figures show a qualitative comparison. To evaluate the statistical
significance of this comparison for all the rain rates, correlation between the model

derived values and the actual measurements have been obtained.
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Munnar (Southwest Monsoon)
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SHAR (August, September and October)
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Figure 4.15. Comparison of the model with the observed DSD for the month of August 2003
at SHAR.

Figure 4.16 shows the correlation of the DSD derived from the empirical model
with actual DSD data for all the rain rates for all the four stations. For all the stations,
except SHAR and Kochi SW, the correlation coefficient is grater than 0.9. For SHAR,
beyond 1 mm/h, correlation coefficient decreases as rain rate increases and reaches a
minimum value of around 0.75. At Kochi during southwest monsoon season,
correlation coefficient of 0.85 is shown for a rain rate of around 7 mm/h. The lowest

correlation coefficient being 0.75 indicates that the empirical model represents the
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DSD measurements well. This model can be improved further with more data available

from these stations.
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Figure 4.16. Correlation between the DSD derived from the empirical model and the actual

DSD data for all the rain rates.

4.4. SUMMARY AND CONCLUSION

Rain DSD was observed using a JW type Disdrometer at four places, three of
them coastal and one at an altitude of about 1500 m. The DSD data were divided into
periods of different ranges of rain rate and fitted with the lognormal distribution
function. The function fitted the data well, except in a few rare cases. The total number

of drops, Nr, the geometric mean diameter, Dy, and the standard geometric deviation, ¢
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was derived from the fitted function. ¢ was found to be more or less constant for all
rain rates. The other two parameters showed an exponential increase with rain rate, R.
At two sites, namely, Munnar and Thiruvananthapuram, Nt was found to behave
differently from the other two. At Munnar, Nt increased initially and decreased beyond
around R= 3 mm/h. At Thiruvananthapuram, Nt increased with rain rate up to some
value of R that was different for different months. But above this value of R, Nt
remained more or less constant or decreased slightly. An interesting observation at
Kochi is that Nt was rather low in the three months of May, June and July 2004
compared to that at 2003. Thus, for instance, for a rain rate of 3 mm/h, Nt was 366 in
July 2003. But it came down to 138 in July 2004. D, on the other hand, increased from
0.774 in July 2003 to 1.101 mm in July 2004. This indicates the possibility of rainfall
being predominantly from convective clouds in 2003 at Kochi. The high convection in
the year 2003 compared to 2004 is evidenced from the low NOAA-OLR value (OLR~
199.827 W/m?) during July 2003 compared to July 2004 (OLR~ 209.542 W/m?) at
Kochi.

It was found that, in spite of the different kinds of behaviour observed in Nr,
the function NTDg3 increased linearly with rain rate. For SHAR, however, the variation
was not strictly linear. The very different behaviour of Nt at Munnar could be
attributed to the orographic effect. The situation in Thiruvananthapuram and Munnar is
similar with respect to DSD. Since Thiruvananthapuram is closer to the Western Ghat
mountains compared to Kochi, it is probable to expect an influence of the mountains
on the rain DSD at this site. Grossman and Durran (1984) indicate that the influence of
the Western Ghats could extend from 50 to 200 km to the windward side.
Thiruvananthapuram is less than 50 km westward of the mountain. Thus we could
expect the influence of mountain to be felt at Thiruvananthapuram also.

Since the rain DSD in this region could be best represented with the
lognormal distribution function for all the rain rates, a lognormal empirical model has
been derived for all the seasons for all the stations from where the data is available.

The values of the lognormal distribution parameters are very close to each other in all
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the cases. The correlation between the DSD values derived using the empirical model
and the actually measured DSD has been found to be generally good. The correlation
coefficient between the DSD derived using the empirical model and the DSD data used
for validation is greater than 0.9 for all the seasons for the stations with a few
exceptions. For SHAR, as rain rate increases beyond 1 mm/h, the correlation
coefficient decreases and reaches a value of around 0.75. For southwest monsoon
season at Kochi, the correlation coefficient shows a low value of 0.85 for a rain rate of
around 7 mm/h. This derived empirical model can give an average DSD for particular
values of rain rate. With more data sets when available could be used to update the
model to represent the DSD even better.

Fitting the lognormal distribution function to measured DSD thus seems to
give some insight into differences and similarities in the behaviour of rain rate and
clouds at different places. It is expected that this could lead to a better understanding of

clouds in this region, especially monsoon clouds.
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CHAPTER V
ALTITUDINAL AND TEMPORAL VARIATION OF RAIN

DROP SIZE DISTRIBUTION DURING A RAIN SPELL
5.1. INTRODUCTION

Deep awareness of rain drop size distribution (DSD), its vertical profiles
and altitudinal and temporal evolution are very useful for the fields like microwave
communication, radar meteorology and cloud micro-physics. But such
measurements have been very few in the tropics. The altitudinal and temporal
evolution of rain DSD is of much interest. According to Low and List, significant
collisional growth, i.e., coalescence, occurred only when drops < 0.6 mm in
diameter are struck by larger ones (Low and List, 1982). The coalescence
efficiencies of raindrop pairs has been established by Low and List and using it, the
collision breakup equations were expanded into general overall equations for all
drop pairs as expected in natural rain. Special procedures have been developed by
Philips and Brown (1986) to deal effectively with several computational problems
that arise in calculating both the fragment distribution function and the Bleck
expansion coefficients that appear in the discrete coalescence/breakup equation of
Low and List. Theoretical and observational studies on the evolution of rain DSD
by coalescence, breakup and evaporation have been done by Hu and Srivastava
(1993 and 1995). They considered two models of evolution of the rain DSD. Model
1 was spatially homogeneous and model 2 was one dimensional (vertical),
conditions being uniform in horizontal. In both models, the size distribution
evolved with time by the process of coalescence, collisional breakup and
evaporation. In model 2, they also considered vertical air motion. The model 1 may
be considered to be a crude approximation to showery precipitation while model 2
approximates continuous stratiform rain. According to these authors, either the Low
and List parameterization is greatly over estimating drop breakup and/or the
number of drops formed by breakup or evaporation played a dominant role in

shaping the DSD.

There are two currently accepted mechanisms for raindrop formation:
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Wegener (1911) first suggested that rain originates from the melting of ice
particles, an idea which was later elaborated by Bergeron (1935) and Findeisen
(1938). According to a second theory, which is applicable to cloud regions not
containing ice, raindrops could form directly by collision and coalescence of cloud
droplets (Twomey, 1964). Reynolds (1876) proposed the collision process as a
possible growth mechanism but a quantitative presentation of the concept was not
formulated until Langmuir (1948) suggested a chain-reaction scheme of rain
production from warm clouds. The fragmentation of large drops via aerodynamic
breakup was thought to provide the feeder droplets for further collisional growth.
Aerodynamic breakup involved the assumption that drops become unstable once
they reach diameters of 0.6 cm. This limiting size proved to be incorrect according
to experimental and theoretical (Prupacher and Pitter, 1971) studies which moved
this limit to drop sizes of 1.0 cm in terms of equivalent spherical diameters. Hence,
aerodynamic breakup is now considered unimportant. It is breakup after drop
collisions which seem to govern the drop evolution in the larger size ranges
(Magarvey and Geldart, 1962; McTaggart-Cowan and List, 1975b; Ryan, 1976;
List and Gillespie, 1976), regardless of the origin.

The importance of collection process in warm rain is well established
(Riehl, 1954). Although cloud droplets can grow to radii of approximately 10 pum
by diffusion and condensation of water vapor, the time required for growth to
raindrop sizes by the same process is prohibitive. Growth to drops of precipitation
size is accomplished by two other processes. In clouds with tops above the freezing
level, solid precipitation particles grow at the expense of super-cooled droplets, fall,
accrete cloud droplets and finally melt at temperatures above 0°C to form rain. In
warm clouds, however, raindrops grow by gravitational collection: larger drops,
which fall faster, collide and coalesce with smaller drops in their path. Even under
conditions in which the ice phase is responsible for the initiation of precipitation,
collection is the dominant growth mechanism in the non-freezing regions of the

cloud (Houghton, 1968) and is thus important in shaping the rain DSD.

In studies of the growth of cloud droplet populations into precipitation
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particles, it is found that the collision of droplets does not necessarily result in
100% coalescence and that ice crystals do not always rebound. Information on the
percentage coalescence of the colliding drops, usually defined as the coalescence
efficiency, and on the percentage bounce of ice crystals, the separation probability,
is so scarce and so poor that both coalescence and bounce are often assumed to
occur 100% of the time. It has been known for a long time that drops with the order
of one millimeter bounce almost 100% of the time if uncharged and not in an
electrical field (Rayleigh, 1879). The addition of charges and electric fields
increases the probability of coalescence following collision to the point where small
charges and small fields cause almost 100% coalescence. In the presence of electric
fields, or when the drops are charged, observations of Gunn (1965a, 1965b) and
Sartor (1967) show that by controlling their relative velocity they can be made to
coalesce with subsequent disruption and the production of rain drops. Further it has
been showed by Sartor (1967) that even a small percentage of cloud and
precipitation drops bouncing or disrupting in an electric field can be significant in

the problems of cloud electrification.

The spatial variation in the rain DSD has been brought out by conducting
study at a few stations in the southern peninsular India by Harikumar et al. (2007).
An empirical model for the variation of rain DSD with rain rate at these locations in
peninsular India has also been developed by Harikumar et al. (2009). The first
experimental measurements of rain DSD at Thiruvananthapuram using the MRR
were also presented by Harikumar et al. (2006). In that work, the averaged DSD
over one hour of a continuous rain episode were presented and compared with the
average over a five-minute interval of the same rainfall event. It was found that
coalescence apparently happened at all the altitudes. Since, averaging of the data
over a long period of time modifies the distribution, here we have taken 10 seconds
instantaneous data to study the evolution of rain DSD with altitude. The MRR gives
the DSD at different heights every 10 seconds.
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5.2. DATA AND DATA ANALYSIS

The analysis uses the data during 16 continuous rainfall episodes during
southwest monsoon (JJAS) season. Since all the episodes behaved similarly, here a
single continuous rainfall episode from IST 16:10:01 o’clock to 16:12:31 o’clock
on 12" August 2006 is considered. The rain DSD data at different heights has been
measured using a Micro Rain Radar deployed at the premises of the Centre for
Earth Science Studies, Thiruvananthapuram. Thiruvananthapuram is a tropical
station situated nearly at the tip of peninsular India.

The analysis is carried out as follows. The reliability of the MRR data has
been assessed by comparing the data obtained from MRR with that obtained from a
collocated Joss-Waldvogel impact type Disdrometer. The variation of the rain rate
and fall velocity with altitude and with time has been studied. Using this, the apt
duration for which data need to be analysed for understanding the evolution has
been determined. The rain DSD spectra at different time intervals of 10 seconds for

the selected whole period has been compared and interpreted.

5.2.1. Comparison of the MRR and Disdrometer DSD for this event

Along with the MRR, Simultaneous measurement of DSD at the surface
has also been done using a collocated Joss Waldvogel impact type Disdrometer.
The data from the Disdrometer and MRR (data at a height of 35 m) has been
compared and the data is in good agreement for this selected event (figure 5.1). The
possible errors in the MRR and Disdrometer measurements are also discussed. The
average rain rate was 2.028 mm/h for this duration. The rain DSD in this region
follows a Log-normal distribution function of the form as shown in the equation 4.7

in the fourth chapter of this thesis (Harikumar et al., 2007).
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Figure 5.1. Comparison of rain DSD data obtained for the event from the Disdrometer
and the MRR. The solid lines represent the log-normal fit to the data.

In the Figure 5.1., the solid lines represent the fitted log-normal function
to the DSD data. The fit parameters obtained for the fitted function is shown in the
Table V.I. The minimum height at which the MRR measurement is possible is at 35
m. So we compared the surface Disdrometer data with those at an altitude of 35 m.
This itself may cause a difference in the DSD data. It is observed that the DSD at
different heights does not follow the log-normal distribution (Harikumar et al.,
2006). As height increases the departure of the rain DSD spectrum from the log-
normal behavior is very clear. From figure 5.1, it is clear that the MRR number
density data starts to decrease from a particular value, while Disdrometer data
increases rapidly, reaches a maximum and then decreases gradually as diameter
increases as expected for a log-normal distribution function. The difference shown

in the fit parameter b clearly reflects this fact.

Fit parameter

Surface (Disdrometer data)

35 m (MRR data)

a 5.942 6.679
b -0.695 -0.882
c 0.403 0.467

Table V.1. The fit parameters of the lognormal distribution function fitted to the DSD data

from the Disdrometer and the Micro Rain Radar.
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The possible errors in the measurement of rain DSD using the
Disdrometer have been discussed in detail in the Chapter II (Harikumar et al., 2009).
And the possible errors in the measurements of rain DSD and integral rain
parameters using the MRR are explained below. For the relation of terminal fall
velocity versus drop size stagnant air has been assumed.

The relation between terminal velocity and drop diameter is obtained in

appropriate analytical form by Atlas et al. (1973)
V(D) =9.65-10.3xexp(-0.6D) (5.1

where 0.109 mm < D (mm) < 6 mm

In real atmosphere the drops are carried with the wind (the inertial length
scale of rain drops is on the order of 10 m). Thus the velocity in the equation 5.1 is
relative to the ambient air velocity. But in this study, the event has been selected in
such a way that the rain rate is always below 5 mm/h both with altitude and time.
So, the error due to this assumption does not come into picture. Turbulence, i.e. the
random fluctuations of vertical wind within the scattering volume or within the
averaging time interval causes a systematic bias because the effects of up and
downwind do not compensate each other completely due to the non-linear velocity-
diameter relation. Usually turbulence leads to an underestimation of LWC and RR
and does not affect the DSD measurement much. Other chance for error is due to
the non-spherical shape of the rain drops. But, since the MRR has been calibrated
for natural rain, this error is expected to be small. Because of the change of phase of
water at heights like O degree isotherm, the back-scattered power will increase and
thus cause an over estimation of drops. But here our analysis is limited to a height
of 700 m and hence this is avoided. A chance of attenuation of the electro-magnetic
radiation during higher rain rates and also at higher altitudes is possible. Since, in
the present study we have used rain episodes having rain rates less that 5 mm/hr
and also DSD measurements have also been made for lower heights, the possibility
of error due to this fact is small.
5.2.2. Calculation of the time taken by rain to reach the ground

The objective is to understand the behavior of the altitudinal variation of

DSD with time during any single precipitation event. For this, the time period of
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the event is so chosen that during this interval, the fall velocity of the most
dominant drop size remains the same. For the interval chosen here for the most
dominant drop size, namely 1.179 to 1.242 mm, the fall velocity was 4.648 m/s.
This fall velocity ensures that most dominant drops do not undergo change during

this period.

The analysis uses the data from a single precipitation event from 16:10:01
o’clock to 16:12:31 o’clock on 12" August 2006 at Thiruvananthapuram. This
period was chosen because the most dominant drops from the top of the region
takes about two and a half minutes to reach the surface, as explained below in the
next paragraph. The vertical height resolution of the Micro rain radar has been set
in such a way that it gives the raw data on DSD and integral rain parameters from
35 m to 1050 m height with 35 m resolution at every 10 seconds. The cloud base
height observed using a ceilometer deployed near the MRR is 700 m during this

episode. So the analysis is limited to a height of 700 m.
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Figure 5.2. The variation of fall velocity with height for different time intervals.
MRR also gives the fall velocity that represents the terminal velocity of

the drops that contribute most of the liquid water to the rain rate. The variation of
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fall velocity with height for different time intervals is shown in Figure 5.2. The
average variation is also represented with a thick line. We found that the fall
velocity was more or less constant at different altitudes and at different times.
Therefore, we took an average value (4.648 m/s with a standard deviation of 0.184
m/s, i.e., 4.648+0.184) and used this to determine the time taken by the drops to
reach the ground from the top of the region used for the study, namely, 700 m. This
is about 155 sec. Hence, this study used the data over a period of about 22 minutes

from 16:10:01 o’clock IST.
5.2.3. Altitudinal and temporal variation of rain rate and fall velocity

Variation of rain rate with altitude and with time is shown in the Figures
5.3 and 54. Throughout the entire time and throughout the altitude, the rain rate is
below 5 mm/h. It was found out by Sasi Kumar et al. (2007) that around 70% of the
time, the rain rate observed is less than 5 mm/h at Thiruvananthapuram. In this
regard, the rainfall event having rain rate less than 5 mm/h that is considered in this
analysis is very relevant. At the beginning of the rain episode, the value of rain rate
increases from a height of 700 m to reach a maximum at 500m as height decreases
and below this altitude the rain rate decreases. But for the next two time intervals,
the rain rate is more or less constant at all the heights. For the last time interval it
increases from 700 m to reach a maximum at 300m and then decreases below this
altitude. This is similar to the one observed at the beginning of the episode. The
average fall velocity has a value between 4 and 5 m/s in all the time intervals and in

all different altitudes.
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Figure 5.3. Variation of rain rate with time at different altitudes.
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Figure 5.4. Variation of rain rate with altitude at different time intervals.
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5.3. RESULTS AND DISCUSSION

To understand the variation of number of drops in each diameter range
with time, the data is presented as contour diagrams at every 20 seconds interval in
Figure 6. The x-axis shows the drop diameter while the y-axis gives the altitude.
The logarithm of the number of drops is used in the z-axis. The variation of the log
of the number of drops (log(N)) with altitude in a few size classes at 16:10:01
o’clock is shown in Figure 5.5 (a). We see that log(N) in the smallest drop size
class varies between about 2.5 and about 5 over the altitude region from ground to
700 m. The maximum of about 5 is seen at about 500 m altitude. The number of
drops at any given altitude is lower for larger drops. The log(N) in the largest size
class varies from about 0.5 to about 1.5. All other drop size classes lie in-between.
The figures 5.5 (b) to 5.5 (h) give the variation of the number of drops per cubic
metre per mm interval with altitude for different drop diameter classes at 16:10:21

o’clock to 16:12:01 o’clock with 20 seconds interval respectively.

At 16:10:21 o’clock (figure 5.5 (b)), the maximum number of drops is
seen at a height of around 350 m. The high log(N) valued part of the spectrum as
such has been lowered from a height of 500 m to 350 m as an indication of mass
movement of the particular water content as a patch of rain. In the next spectrum
(figure 5.5 (c)), it is again found to be lowered from this 350 m to a height with its

maximum at a height of around 200 m.

Fig. 5.5 (h) shows the rain DSD spectrum at 16:12:21 o’clock. We see that
the number of drops in the smallest size class has reduced at almost all altitudes,
while the number of drops in the larger size classes has increased at almost all the
altitudes. For instance, log(N) in the smallest size class varies between 2.5 and 5.
The number of drops in the largest size class has a minimum around 0.5 and
maximum around 1.5. The values are similar to what they were at 16:10:01 hr, but
from the graph it is apparent that the values are closer to the minimum value at
most places in the earlier time period (16:10:01 o’clock) but closer to the maximum
value at the later time period. Similar changes can be seen in the other drop size

classes also. The number concentration corresponding to the average diameter of
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Figure 5.5. Variation of the number of drops per cubic metre per mm interval with altitude
for different drop diameter classes on 72" August at (a) 16:10:01 o’clock (first), (b)
16:10:21 o’clock (second), (c) 16:10:41 o’clock (third), (d)16:11:01 o’clock (fourth), (e)
16:11:21 o’clock (fifth), (f) 16:11:41 o’clock (sixth), (g) 16:12:01 o’clock (seventh) and (h)
16:12:21 o’clock (eighth). Brown arrows show the “mass movement” while white arrows

show the decrease (increase) in smaller (larger) drops.
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1.2 mm of the diameter class namely 1.179 to 1.242 mm, that contributes maximum
to the rain rate is not having that much noticeable variation troughout the entire
duration and also through out the altitude. This is the reason why a less spread is
seen in the fall velocity of the drops throughout the altitude and throughout the
entire period, while we have taken fall velocities earlier to find out the time taken

by rain to reach the ground.

In short, the following features are clearly seen in the eight contour
diagrams in figure 6. Firstly, the number of drops in the middle size or medium
diameters remains more or less same throughout the event. The larger diameter
drops that are quite less in the beginning of the event show an increase with time as
the event progresses. The smaller drops on the other hand show a tendency to
decrease with time. Decreases in the number of smaller drops are seen with
corresponding increases in larger drops indicating coalescence. Also seen are
decreases in the smaller drops without corresponding increases in larger drops
showing possible cases of evaporation. According to Low and List (1982), if the
drops of size less than 0.6 mm are struck by larger drops, they will coalesce. This is
very clearly evidenced from our present study; that is, small drops (whose diameter
< 0.6 mm) have been reduced as rain comes down with passage of time. At the
same time, the number concentration contour in the rain DSD spectrum has shifted
towards the large sized drops end, meaning that size of the drops (> 6 mm diameter)
has been increased because of the above mentioned coalescence. In short, what this
indicates is that the smaller drops have been swept out by larger drops. Movement
of ‘rain clouds’ are also seen indicating that rain fall without much changes with
time can also be seen.

Theses results are the observational proof in the natural rain of the
theoretical concepts of coalescence of Low and List (1982). We need to keep in
mind that drops with terminal velocity equal to or greater than 4.648 m/s
(corresponding to about 1.378 mm diameter) that were at the top of the region at
16:10:01 o’clock would have reached the ground at 16:12:21 o’clock. So the
changes in the numbers of the larger drops would be also due to the variation with

time in the drops that enter the region at the top. However, drops smaller than 1.378
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mm has smaller terminal velocity and, hence, some of the drops of these sizes that
were seen in the first graph are still visible in the second graph. For instance, the
velocity of the smallest size class is only 1.48 m/s and they would have traveled
only about 230 m during this period. Since the rain rate during this period was low
(below 5 mm/h most of the time), this could be one reason for the relative absence
of break up.

This case study brings out some of these interesting aspects of variation of
rainfall with time and altitude. Further extension of similar analysis for startiform
and cumuliform rain events will add to our understanding of the process of rain and

its movement with time and altitude.

5.4. CONCLUSION

In this study of altitudinal and temporal evolution of rain DSD, we
selected rainfall episodes, whose rain rate is always less than 5 mm/h. All these
rainfall events showed similar behavior with special reference to evolution of rain
DSD. Therefore only one event is explained in detail here. It is found by Sasi
Kumar et al. (2007) that around 70% of the time, the rain rate observed is below 5
mm/h at Thiruvananthapuram. So the rainfall event having rain rate less than 5
mm/h in this analysis is very apt and relevant.

Time taken by rain to reach the ground from a height of 700 m has been
evaluated first from the fall velocity during this period. Fall velocity gives the
velocity of those rain drops that contribute maximum liquid water content to the
rain rate. The time period of the event is so chosen that during this interval, the fall
velocity of the most dominant drop size remains the same. For the interval chosen
here for the most dominant drop size, namely 1.179 to 1.242 mm, the fall velocity
was 4.648 m/s. This fall velocity ensures that most dominant drops do not undergo

change during this period.

To understand the variation of number of drops in each diameter range
with time, the data is presented as contour diagrams at every 20 seconds interval.
The x-axis shows the drop diameter while the y-axis gives the altitude. The

logarithm of the number of drops is used in the z-axis. The following features are
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clearly seen in the eight contour diagrams. Firstly, the number of drops in the
middle size or medium diameters remains more or less same throughout the event.
The larger diameter drops that are quite less in the beginning of the event show an
increase with time as the event progresses. The smaller drops on the other hand
show a tendency to decrease with time. Decreases in the number of smaller drops
are seen with corresponding increases in larger drops indicating coalescence. The
larger drops coming from above collide with smaller drops and coalesce, thus
sweeping out the smaller drops as they fall. Also seen are decreases in the smaller
drops without corresponding increases in larger drops showing possible cases of
evaporation. Movement of ‘rain clouds’ are also seen indicating that rain fall
without much changes with time. This case study brings out some of these
interesting aspects of variation of rainfall with time and altitude. Further extension
of similar analysis for startiform and cumuliform rain events will add to our
understanding the process of rain and its movement with time and altitude. Here,
since the rain rate during this period was low (below 5 mm/h most of the time), this

could be one reason for the relative absence of break up.
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CHAPETR VI
VERTICAL PROFILES OF:

RAIN DROP SIZE DISTRIBUTION
&
RADAR REFLECTIVITY FACTOR-RAIN RATE (Z-R)

RELATION
6.1. INTRODUCTION

Knowledge of the vertical profiles of Z-R relation and rain drop size
distribution (DSD) are very useful for the fields like microwave communication,
radar/satellite meteorology and cloud micro-physics. But such measurements that
will help in measuring precisely the atmospheric parameters using remote sensing
techniques need to be carried out more especially in the tropics. Since the global
circulations are driven mainly by tropical weather, understanding its variability
using observational techniques, especially satellite-based, is very crucial. Satellites
like TRMM (Tropical Rainfall Measuring Mission), upcoming Indo-French satellite
Megha-Tropiques, GPM (Global Precipitation Measurement) constellation etc.
exclusively measures the tropical atmospheric parameters. So, for the retrieval of
atmospheric parameters from the satellite-borne measurements and for calibration
of the satellite sensors, vertical profiles of DSD and Z-R relations in the tropical
sites are very essential. In this chapter, study of the variation of DSD with altitude
has been discussed. The vertical variation of the Z-R relation is also derived and
studied during radar bright band (BB)/stratiform and non-bright band
(NBB)/convective conditions/rains of the southwest monsoon and premonsoon
seasons.

In the Indian region, monsoon is a major phenomenon affecting
agriculture, drinking water, potential of hydro electric energy and the overall
economy. The lives of a large number of people in India and neighboring countries
are affected. Hence we need to study and understand the vertical distribution of
DSD parameters, which gives information concerning the generating processes of

the monsoon precipitating systems (Reddy et al., 2005).
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Understanding of the characteristics of melting layer is very useful to
weather forecasters in predicting and monitoring the snow level, defined as the
lowest level in a melting layer where snow or ice completely changes to rain. This
information can also be useful to road maintenance workers, hydrologists,
emergency managers, aviators and the ski industry (White et al., 2002). More
importantly, the information of the freezing height and the melting layer are
critically important in taking decision whether to do seeding experiment or not and
in establishing an optimal seeding strategy that may lead to most profitable output
(Cha et al., 2007). They have explained in detail the method to estimate from the
Micro Rain Radar (MRR) data the freezing height and the melting layer depth, the
altitude interval throughout which ice-phase precipitation melts as it descends.

Numerical modeling studies have demonstrated large sensitivity in terms
of surface rainfall production, evaporation, and downdraft intensity to the
parameterized hydrometeor size distribution below the melting level, especially in
tropical mesoscale convective systems (MCS; Ferrier et al. 1995). Drop-size
distributions in clouds are difficult to observe directly. These measurements are
typically recorded using probes mounted on aircraft. The observations are limited
to the regions where the planes fly, thus producing sporadic measurements in time
and space (e.g., Rogers et al. 1993). Moreover, the sample volume is typically small
so that it may not always be possible to obtain representative drop-size distributions
(e.g., Richter and Hagen 1997). Three different algorithms of DSD retrieval by
vertically pointing radar have been simulated utilising JWD measurements from
Amazon basin of Brazil by Tokey and Dickens (2000). Thus they used the DSD
data obtained from Disdrometer for the simulation of algorithms to derive back the
DSD.

Li and Srivastava (2001) derived an analytical solution for the evaporation
of a single raindrop. The results show that, for the detection of rain evaporation,
reflectivity is more sensitive than differential reflectivity, whereas for the
estimation of rainfall rate R, an empirical Zpr—Z-R formula is more robust and
accurate than a Z-R formula. Lee at al. (2006) concluded that, when using the

ground Disdrometer to establish proper Z-R relationship, the spatial and temporal
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extends should be considered very carefully. It is well established that rain
evaporation plays an important role in inducing and maintaining downdrafts under
cloud bases, in both convective-scale and mesoscale precipitation. It is also an
important sink of atmospheric latent heat. However, quantitative measurement of
rain evaporation remains extremely difficult (Li and Srivastava, 2001). A direct
way of measuring rain evaporation is to track the drop size distribution (DSD)
along their falling paths. Gori and Joss (1980), and Levin et al. (1991) used this
approach in their investigations. They measured DSDs simultaneously along steep
mountain slopes at different heights.

Weather radar yields improved hydrometeor detection and area coverage,
but has remaining deficits when it comes to ground truth or quantitative
precipitation estimation (QPE) due to the very variable relation between radar
reflectivity (Z) and rain rate (R; Diederich et al., 2004). In this article, they present
the MRR (Micro Rain Radar), which gives an alternative QPE method. This low
cost Doppler radar measures vertical profiles of radar reflectivity as well as spectra
of fall velocity of hydrometeors, and estimates the drop size distribution (DSD) of
rain using a relation between terminal fall velocity and drop diameter for liquid
precipitation. Tian et al. (2006) presents an initial investigation using airborne
Doppler radar operating at 10 and 94 GHz to measure the light stratiform rain (<5
mm/h). It has been shown that the combination of 10 and 94 GHz is more sensitive
to resolve the rain DSD in light rain than that of 14 and 35 GHz (Frequencies that
will be used in the dual-frequency radar of Global Precipitation Measurement
mission). The sensitivities of the retrieval to Gamma shape parameter are discussed.

Characteristics of precipitating clouds, such as microwave irradiance,
cloud-top infrared irradiance, and radar reflectivity, can be measured remotely over
large regions by sensors on satellites, aircraft, ships, and on the ground. The
information from these indirect measurements of precipitation must be converted to
the rain rate by using an appropriate algorithm. Although the basic physics behind
these algorithms may be understood, algorithm parameters typically must be
calibrated to the particular rain regime under study in order to produce accurate

results. Often the approach to calibration is one of bootstrapping—using a small-
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scale direct measurement to calibrate a larger-scale indirect measurement, which in
turn is used to calibrate a still larger scale measurement successively until the scale
needed is reached. Thus, it is vital that the initial relation upon whom this sequence
of calibrations is based be as accurate as possible (Yuter and Houze, 1995)

Application of the information on vertical profiles of rain DSD and
integral rain parameters is to correct algorithms for weather radar data. But the
problem exists as weather radar measurements take place at a certain altitude
whereas their calibration is usually done by ground based data-either the radar data
is adjusted to surface based sensors or transferred to rain rate by Z-R-relationships
established at ground-level. The vertically pointing radar provides measurements at
different altitudes and thus closes the gap between ground based measurements and
the weather radar as has been reported before (Wagner et al., 2004). Within the
framework of APOLAS (Areal Precipitation measurements Over Land And Sea), a
project under the German Climate Research Programme DEKLIM in the Baltic
area (http://miraculix.dkrz.de/gerhard/apolas.html), they addressed this problem of
understanding the vertical structure of precipitation. Diederich et al. (2004) studied
the variability in the drop size distribution inside an area of 200 by 600 meters with
a temporal resolution of 30 seconds using 3 Micro Rain Radars/Disdrometers and a
2d-video Disdrometer.

Whenever the weather radar has been used for areal precipitation
measurement, the quantitative estimation and investigation of rain rate from radar
reflectivity has been hampered by (1) The highly variable and ambiguous relation
between rain rate and radar reflectivity, which depends strongly on the drop size
distribution (DSD), (2) The occurrence of ice in the illuminated volume, (3) The
evolution of rainfall from the height of the radar beam to the ground and (4) The
dissimilar volumetric and temporal scales involved when measuring different rain
characteristics. These effects have been investigated in numerous publications, but
the progress in applied areal rainfall measurement with radar has been modest.
Often additional information is needed to correctly identify, predict and correct the
named effects. Fabry et al. (1992) suggested the use of a network of low cost

vertically pointing radars to enhance weather Radar scans by measuring the vertical
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reflectivity profile and detecting the melting layer, which yields potential to counter
the errors caused by issue 2 and 3. For issue 1, the measurement of the drop size
distribution (DSD) allowed the investigation of methods to associate rainfall
structure with DSD characteristics at ground level (Uijlenhoet et al, 2003). This
represents a significant progress compared to separately measuring reflectivity with
radar and rain rate with gauges, as this is too strongly affected by issue 4 (Diederich
et al., 2004).

Z-R relation shows clear distinction between southwest and northeast
monsoon seasons (Reddy et al., 2003). During southwest monsoon precipitation
generally has bigger drops than during northeast monsoon. Wilson et al. (2001)
conducted a study using the Disdrometer data and found that there was no
significant differences between DSDs in southwest and northeast monsoons. In the
model study in this thesis, we find that the lognormal parameters are similar during
different monsoon seasons at a particular station.

Measurements of rain were obtained with a vertically pointing micro radar
(MRR) with 1 min time resolution and 50 (100) m height resolution at the German
Baltic coast on the Zingst peninsula (54.43°N, 12.67°E) by Peters et al. (2002).
Simultaneous estimates of rain rate and reflectivity factor with data of a C-band
(frequency=6 GHz) weather radar suggest that the MRR may be used to support
quantitative rain rate estimates with weather radars.

Conventional weather radar retrieval of areal quantitative precipitation
suffers from mainly two problems (Peters et al., 2002). They are: (1) The relation
between the radar reflectivity and rain rate depends on the structure of the drop size
distribution. Parameterized distributions can deviate considerably from actual
distributions. Richter and Hagen (1997) demonstrated that this problem can be
mitigated by advanced radar techniques including, for example, polarimetry (2) The
height of the measuring volume increases with increasing distance from the radar
due to the earth curvature. In moderate zones the majority of weather radar data are
obtained above the freezing level. Stratiform shallow rainclouds may be totally
below the sampling height of the radar. In general the extrapolation from the radar

measuring volume to the surface includes significant uncertainties. The influence of
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vertical wind and turbulence was neglected in these MRR measurements, which
represents probably the most important source of error of this method (e.g. Joss and
Dyer, 1972, Richter, 1994).

Zhang et al. (2002) studied the sampling effect on radar measurements of
inhomogeneous media and the resultant rain estimation. The dependence of
statistical moments on the variation of DSD parameters is calculated and applied to
radar-based rain estimation. Quantitative estimation of fallen precipitation at
ground level using weather radar is hampered by numerous well documented
problems: the variable relation between radar reflectivity and rain rate, a vertical
evolution of rain intensity from ground to beam-height, attenuation, changes in
water-phase, attenuation, and eventually insufficient temporal sampling (Diederich
et al., 2004). Bendix at al. (2004) used MRR to study the rain in a tropical montane
cloud forest of southern Ecuador and its chemical composition.

A bright band is the enhanced radar echo area that is associated with the
melting of hydrometeors in stratiform precipitation (Cha et al., 2009). The top of
the bright band can be considered as the melting level (or freezing height),
commonly accepted as the altitude of the 0° C isotherm (Glickman, 2000).

Data from a long term measurement of MRR at a mountain site
(Daegwallyeong, DG, one year period in 2005) and a coastal site (Haenam, HN,
three years 2004-2006) in South Korea were analyzed by Cha et al. (2009) to
compare the MRR measured bright band characteristics of stratiform precipitation
at the two sites. On average, the bright band was somewhat thicker and the
sharpness (average gradient of reflectivity above and below the reflectivity peak)
was slightly weaker at DG, compared to those values at HN.

The characteristics of the bright band may reveal important cloud
microphysical processes. Fabry and Zawadzki (1995) reported that the mixture of
ice, air, and water leads to a greater increase in the radar reflectivity than that
expected from the change from ice to water. They suggest several other factors that
contribute to this bright band phenomenon. One such factor is the distribution of
water within the particle, so called the density effect. That is, the distribution of

melted water within the snow particle will appreciably affect the reflectivity value.
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Zawadzki et al. (2005) focused more on the density effect and proposed a bright
band model, showing that the difference between the peak reflectivity and the snow
reflectivity increases with a decreasing density of snow particles.

Melting precipitation in stratiform rain produces a distinct signal in radar
data, ie., the “bright band” (BB; Gettys et al., 2000). The case of the convective rain
is different. The strong convective currents in active showers and thunderstorms
tend to destroy the horizontal stratification essential for creating and sustaining the
BB. As a result, the BB is broken (Farby and Zawadkzki, 1995; Neiman et al.,
2005). The stratiform condition gives rise to radar bright band (BB) and during
convective regime of rain there will not be any radar bright band (NBB). High-
frequency radars do not measure an enhanced 'bright band' at the melting layer,
rather a sudden increase of reflectivity as the ice particles become coated in water.
This sudden step can be used to locate accurately the height of the WBZ (Wet-Bulb
zero degree isotherm). This studies of Mittermaier and Illingworth (2003) suggests
that, at least in the UK, operational model predictions of the freezing-level height
are within the specified 200 m error, but that the use of volumetric scans, even
under idealized conditions, cannot achieve this accuracy.

Recently, however, Loffler-Mang and Kunz (1999) and Harikumar et al.
(2006; 2008b) demonstrated that a MRR, a vertically pointing Doppler radar, could
be a very useful instrument to measure the vertical profiles of precipitation and the
bright bands, with the advantage of a higher time resolution, a significantly lower
cost than X-band radars, and the easiness of operation. The electronic noise
correction rendered the radar particle size retrievals below 0.7 mm drop diameters
invalid; exponential extrapolation of the spectrum below drop diameters of 0.7 mm
decreased the rain intensity up to 20% (Loffler-Mang and Kunz, 1999).

For the first time in Korea, monthly mean melting layer height data
measured using a MRR by Cha et al. (2009). Measurements are made at the Cloud
Physic Observation System (CPOS) site at Daegwallyeong Weather Station (37°41
N, 128°46 E, 842 m ASL), located in Gangwon Province. An easy method is
introduced to estimate the melting layer height from the MRR rain rate data in

association with the bright band regions (Cha et al., 2009). In the Tropics, freezing
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levels are highest (~5000 m) and both intramonth and interannual variability is
lowest. Freezing levels are lower and variability is higher in the subtropics and
midlatitudes (Harris et al., 2000). Sudden changes in the temporal behaviour of the
DSD spectra are accompanied by rapid modifications in corresponding integral
relationships of Z-R are seen (Clemens et al., 2006). So, the DSD evolution of the
rain DSD has been studied in detail by these authors. The initial spectra below the
melting layer seem to play an important role in the change of these modifications of
the integral parameter's relation. In addition, the height of the melting layer or even
the fall-distances allows for modifications of drop size distributions in terms of
coalescence and drop-break up. Most of these described processes result in a
vertical variability of the estimated reflectivity in contemporaneous constant rain
intensity. This leads to height-dependent Z-R relationships in spite of temporal
homogeneity which is of importance especially for quantitative radar rainfall
estimation (Clemens et al., 2006)

Usually the Z-R-relationship (Z=AR") is established by using drop size
spectra from Disdrometers at ground level and transferring it to radar data aloft. But
the changes of spectra with height indicate that also Z-R relationships will be
affected. Therefore, these relationships have been calculated from the mean spectra
described before by regression with the independent variable R (rainfall) and the
dependent variable Z (reflectivity). Variable b is equal to the regression coefficient
(Wagner et al., 2004).

Within stratiform precipitation, the same rain rate could be produced by a
drop spectrum dominated by numerous small drops (lower reflectivity) or by a few
large drops (higher reflectivity) (Yuter and Houze, 1995). The usual specific Z-R
relations are usually established on the basis of climatologies of rain gauge data
versus simultaneous radar reflectivities (e.g. Michelson and. Koistinen, 2000). Lee
and Zawadzki (2006) demonstrated that distrometer-based radar calibration
providing the actual Z-R relation via the drop size distribution has the potential to
eliminate important calibration uncertainties.

Reflectivity—rainfall (Z-R) relations of the form Z = AR” were developed

for each precipitation category as a function of height using linear regressions to the
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radar retrievals of R and Z in log space by Cifelli et al. (2000). The results of this
study show that, despite large overlap in the distribution of the drop-size
parameters, significant differences occur in the mean Z—R parameterization for each
category as a function of height. Similar to findings from previous studies, the
rainfall decreased for a given reflectivity as the precipitation type changed from
convective to stratiform. The coefficient A generally increased downward with
height in each category; the exponent b showed a small decrease (stratiform),
almost no change (convective), or a slight increase (mixed convective—stratiform).
In the stratiform region, the coefficient A increases by ~37% with decreasing
height. Exponent B also decreases slightly in the stratiform category. There are
large differences in the convective and stratiform rain rates (15%—-85%) for a given
reflectivity and emphasizes the fact that the Z-R relation varies, not only by
precipitation category, but also as a function of height. The combined signature of
A increasing and B decreasing in the stratiform category is consistent with the
expected change in Z-R due to one or more of the following: coalescence,
evaporation, or size sorting (Gunn and Marshall 1955; Atlas and Chmela 1957;
Wilson and Brandes 1979; Ulbrich and Atlas 1998). The coefficient A in the
Z=AR" relation increases with median volume diameter while the exponent b
approaches unity (Ulbrich and Atlas, 2007). Apart from using the lognormal
distribution to represents the rain DSD, radar reflectivity factor also has been
derived by these authors (Feingold and Levin, 1986). It is found out that the use of
MP Z-R relation (Z=200R'?) gives bias errors of about 1.5 dB or less in their
measurements (Kozhu et al., 2006). Z-R relation will have significant variation in
the area where the origin of rainfall and surrounding environment depend heavily
on the season.

Using MST, LAWP and Disdrometer, Z-R relation has been studied for
different tyepes of rain, stratiform, transition and convective type and also for
different seasons by Rao et al., (2001). The exponent b (coefficient A) has been
found to be smaller (larger) in the case of stratiform (convective) precipitation than
in convective (stratiform) precipitation, in contrast to the earlier studies. The

observed discrepancies are partially due to different methods of precipitation
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classification and partially due to different data set at different locations. As per the
shape of the Z-R relation, if we use a single Z-R relation for all the regions and also
to different precipitation systems, there will be underestimation in the convective
rain and overestimation in the stratiform rain (Rao et al., 2001).

According to Wagner et al. (2004), from 200 m to 2000 m height, the b
has been reduced from 1.3 to 0.9. a is also decreasing with height (same as present
result). Factor A is ranging between 60 and 210 for light, moderate and total
rainfall, but for heavy rain it exceeds 500 at lower altitudes corresponding to Z-R
relationships for severe convection (Wagner, 2004). Some kind of linearity between
Z and R seems to exist (Jameson and Kostinski, 2002). Within stratiform
precipitation, the same rain rate could be produced by a drop spectrum dominated
by numerous small drops (lower reflectivity) or by a few large drops (higher
reflectivity) (Yuter and Houze, 1995). A probability-matched Z-R relation for all
the raindrop image data from the Electra collected between altitudes of 2.7 and 3.3
km in TOGA COARE is similar to the Z-R relation obtained at the sea surface in
the Global Atmospheric Research Program Atlantic Tropical Experiment. Le., A
single Z-R relation using all the data has been derived rather than classifying as
stratiform and convective type.

Cerro et al. (1999) shows the results of the modeling of drop size
distributions (DSD) observed during a 2 year study in Barcelona. They collected
the rain DSD and velocities and then grouped them into classes according to the
rain rate. Good results of Z-R relations are obtained when the DSD is modelled
with an exponential distribution. According to Jamson and Kostinski (2002), The
non-linear power relations between them are purely depends on the number of
samples. That is, as per these authors, the shape of the power relations depend on
the number of drops considered in the analysis.

O. Fiser (2004) describes the accuracy of the Z-R relationships through
the RMSE and correlation and to improve the accuracy using distinguished rain
(DSD) types using the Czech DSD data that has been collected for one year. The
accuracy is perfect when DSDs are distinguished in two classes according to

Waldvogel criterion (Waldvogel A., 1974).
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The Z-R relation derived by Baltas and Mimikou (2002) for a specific
event was Z=407R1'26, whereas for all events it was Z=431R'%. The rain rate could
be derived from the radar reflectivity factor using the power Z-R law (Brandes,
1974). Lee and Kyung (2006) got Z-R relation as Z=333R"%. They concluded that,
when using the ground Disdrometer to establish proper Z-R relationship, the spatial
and temporal extents should be considered carefully. Early classification for Z-R
relation by rain type by Fujiwara (1965), gives values of A and b as for
thunderstorm (A =450; b =1.46), rain showers (A =300; b =1.37) and continuous
rain (A =205; b =1.48).

Uijlenhoet et al. (2003) presents a case study of the variability of raindrop
size distributions for a squall line passing over a small watershed in northern
Mississippi. The intrastorm variability of raindrop size distributions as a source of
uncertainty in single-parameter and dual-parameter radar rainfall estimates is
studied using time series analyses of Disdrometer observations. Two rain-rate (R)
estimators are considered: the traditional single-parameter estimator using only the
radar reflectivity factor (Z) and a dual-polarization estimator using a combination of
radar reflectivity at horizontal polarization (Zy) and differential reflectivity (Zpr). A
scaling-law analysis reveals that the shapes of the scaled spectra are bent downward
for small raindrop sizes in the leading convective line, slightly bent upward in the
transition zone, and strongly bent upward in the trailing stratiform rain. The
exponents of the resulting Z—R relationships are roughly the same for the leading
convective line and the trailing stratiform rain (~1.4) and slightly larger for the
transition region (~1.5), with prefactors increasing in this order: transition (~200),
convective (~300), stratiform (~450). In terms of rainfall estimation bias, the best-
fit mean R(Zy, Zpr) relationship outperforms the best-fit mean R(Z) relationship,
both for each storm phase separately and for the event as a whole.

A fundamental step in the hydrometeorological application of single-
parameter weather radar is the conversion of radar-measured reflectivities aloft to
estimates of the spatial and temporal distribution of rainfall at the ground. Although
many different sources of error and uncertainty affect this conversion (e.g., Wilson

and Brandes 1979; Zawadzki 1984; Joss and Waldvogel 1990; Steiner et al. 1999;
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Sa’nchez-Diezma et al. 2001), a key issue is the limited spatial and temporal
representativeness of radar reflectivity-rain rate (Z-R) relationships. Fixed Z-R
relationships will inevitably lead to errors in radar rainfall estimates, because
raindrop size distributions exhibit an appreciable amount of spatial and temporal
variability e.g., Dingle and Hardy 1962; Waldvogel 1974; Carbone and Nelson
1978; Smith 1993; Smith and De Veaux 1994). Although the storm-to-storm (i.e.,
interstorm) variability of Z—R relationships is relatively well established (e.g.,
Fujiwara 1965; Battan 1973; Smith and Krajewski 1993; Steiner and Smith 2000),
the variability within storms (i.e., intrastorm variability) has received less attention
until recently (e.g., Waldvogel 1974; Carbone and Nelson 1978). Yet, there exist
appreciable spatial variations in microphysical environments within a storm at any
given time and corresponding temporal variations through the course of a storm at
any given place within that storm (e.g., Steiner et al. 1995; Houze 1997; Petersen et
al. 1999). Since the coefficients of Z—R relationships are closely related to the
microphysical structure of rainfall (e.g., Marshall and Palmer 1948; Battan 1973;
Waldvogel 1974; Jameson and Kostinski 2001a), the intrastorm variability of Z—R
relationships is inevitably a source of uncertainty in radar rainfall estimates.

Drop size distributions (DSD) associated with tropical rainfall at
Cuddalore in the south-eastern part of India has been measured by a Joss-
Waldvogel Disdrometer (RD—80 model) during September to November 2002 by
Roy et al. (2005). Rainfall events were separated into convective and stratiform.
During the rain event, at low rainrates, the convective phase of the rainfall event
was marked by DSD spectra that have greater population of small droplets as
compared to stratiform DSDs at the same rainrates. In our case, the stratiform (BB)-
Z is large for a particular rain rate compared to convective (NBB). This also shows
that stratiform rain consists of more large drops. At higher rain rates, the convective
regime is characterised by narrow spectra centred at higher diameters.

An empirical stratiform-convective classification method based on Nj
(Intercept parameter of the gamma distribution fit to the DSD) and R is presented
by Tokey and Short (1995). Regarding the Z-R relation, the exponent is lower and

the intercept is higher in the tropical stratiform classification than in the tropical
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convective classification. Precipitation is generally considered to be of two clearly
distinguishable types - stratiform and convective. Stratiform precipitation falls from
nimbostratus clouds, while convective precipitation falls from cumulus and
cumulonimbus clouds (Houze, 1993). Atlas et al. (1984) stated that “when rain is
composed of many small drops of low fall speed, the liquid water content is bound
to be higher and the reflectivity lower than with an equal rain rate of larger fast
falling drops. The Z-R relation obtained by Tokey and Short (1995) are Z=315R"*
when all data is used, Z=139R"* for convective and Z=367R ' for stratiform. The
value of A for stratiform rain is larger than for convective.

In the first section of this chapter, the variation of rain DSD with altitude is
studied. Since all the rain events have similar rain DSD spectrum through out the
altitude, a sample continuous rainfall event has been taken and explained here.
While in the second section, the data pertaining to one complete year has been
explored, by classifying the rain events in to stratiform and non-stratiform to study
the altitudinal variation of Z-R relation.

6.2. VERTICAL PROFILES OF DSD
6.2.1. Data and data analysis

The analysis uses the MRR data during a continuous rainfall event from
02:00 hrs to 03:00 hrs on 12" October 2005 at Thiruvananthapuram. The first
measurement height set for MRR was 200 m and the resolution was 200 m. The
rain rate was 3.34 mm/h for this duration. The DSD values from the Disdrometer,
were fitted with the lognormal function given as equation 4.7. The averaged DSD
for different heights obtained from the MRR do not follow this function, but shows

an exponential decrease with drop diameter.
6.2.2. Results and discussion

Figure 6.1 shows the drop size distribution at the surface and at 200 m and
400 m altitudes (y-axis in log scale). The DSD at the surface (from the
Disdrometer) clearly follows the lognormal function, as reported earlier (Harikumar
et al., 2007). But this is not true for the DSD at 200 m and 400 m. The lower
threshold of the diameter for MRR measurement is 0.245 mm while that for the

R. Harikumar 178



Chapter VI: Vertical profiles of rain DSD and Z-R relation

Disdrometer, it is 0.3mm. So the MRR has measurements at 3 drop sizes smaller
than those of Disdrometer. This needs to be kept in mind while comparing the

MRR and Disdrometer data.

Figure 6.2 shows the DSD at different altitudes from 400 m to 4400 m, in
steps of 400 m. The DSD at all heights behave in a more or less similar manner,
with a steep exponential fall at the lower diameter end (i.e. up to around 0.6 mm)
and a more gradual decrease beyond. DSD shows different behaviour above and
below 3200 m. Above 3200 m, all the DSD curves more or less coincide, with very
little difference between them. This is because the data above this height may be
polluted due to the effect of the melting layer in the back scattered radar spectrum.
However, below this height, the distributions start behaving differently and below
1200 m, the difference between them is significant. Therefore, our discussion
focuses on this region. We see that drops of diameter of about 0.6 mm have the
same concentration at all heights. According to Low and List (1982), if the drops of
size less than 0.6 mm are struck by larger drops, it will coalesce. This is very
clearly evident from the present spell study explained in the Chapter V. That is,
small drops (whose diameter < 0.6 mm) have been reduced as rain comes down
with passage of time. Here, in this analysis, the number of small drops decreases
(<0.6 mm), and that of large drops (>0.6 mm) increases, as the height decreases.
i.e., as rain comes down, the DSD is modified in such a way that the drops whose
size is less than 0.6 mm decreases along with an increase in drops whose size is
larger that 0.6 mm. This may mean that coalescence of small drops is more
probable than disruption during collisions. Evaporation may also attribute to this
situation. The average rain rate of this event was only 3.34 mm/h and also all the
rain rate event of 1 minute duration obtained from MRR has a value less that 5
mm/h and this could be one reason for relative absence of break up. However, we
have to keep in mind that the MRR gives an average picture for the duration of

measurement.

R. Harikumar 179



Chapter VI: Vertical profiles of rain DSD and Z-R relation

108080 T T T T T T LA L Y I S E B B H B

- DISODROWETER '+ @
- HICRO RAIN RADAR {Height:288 H} 4 ~
HICRO RAIN RADAR {Height:488 H} *
E | Lognornal function i
[
2 1eess | —
2 - g
=
L
T
g - il
a i
o 1688 — =
® o
=
g £
£
2]
=l
=
3
i88 —
3 B
[0
a -
@
=8
Q
g L
=
‘s 18 —
S
=
1 1
a 8.5 1 1.5 2 2.5 3
Drop Diameter ,mn
Figure 6.1. Comparison between DSD obtained from Disdrometer and from MRR.
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The variation of number density with height is shown in figure 6.3. For
lowest diameter range, it initially increases and then remains more or less constant.

Figure 6.3 shows that the value remains almost constant at all altitudes for the
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diameter range 0.559 mm to 0.603 mm. This diameter range exactly matches with
0.6 mm diameter given by Low and List (1982), as limit. Drops smaller than this
will only be coalesce with bigger drops while they collide. But in the case of higher

diameter ranges it decreases and then remains more or less constant.
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Figure 6. 3. Variation of number density with height for each diameter range (02:00 to
03:00 hrs, 12-10-05).
6.2.3. Summary of the results

DSD at the surface is lognormal in nature. DSD at 35 meters and even at a
height of 200 metre with a short term averaged (five-minute averaged) DSD also
show a lognormal behavior. But above this altitude, DSD changes from lognormal
to exponential in character irrespective of the averaging time. The physical causes
for such a change from lognormal to exponential distribution of DSD itself needs to
be studied.

MRR data on many occasions, above about 3200 m, may not be useful
due to the pollution in the back-scattered data obtained from the MRR due to the
effect of melting layer.

It is seen that, up to 1200 m altitude, the DSD shows a marked change

below and above 0.6 mm drop size. This behaviour indicates the prevalence of
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coalescence.
6.3. VERTICAL PROFILES OF Z-R RELATION
6.3.1. Data and methodology

The back scattered power data from the MRR outdoor unit is automatically
be logged on to a computer that is a part of the data acquisition system. The rain
drop size distribution and integral rain parameters are be derived and stored in the
assigned locations on the computer. Measurement principles of the Micro Rain
Radar are explained in detail in the second chapter.

The height resolution set for the MRR measurement was 200 m and
minimum measurement height was 200 m from January 2007 onwards, so that the
data up to 6000 m height can be obtained and the radar bright band signature will
be visible. The rain events (1 minute output of DSD and integral rain parameters
from the MRR) from March to September 2007 at Thiruvananthapuram were
separated into Bright Band (BB) and Non- Bright Band (NBB) cases (Harikumar et
al., 2009b). Figure 6.4 is a schematic diagram that shows how we would be able to
discern bright band or non-bright band condition from the rain rate vertical profile.
Figure 6.5 shows the radar rain rate vertical profile spectrum obtained from the
Micro Rain Radar. The above mentioned classification of the rain events into BB
and NBB are done by interpreting this spectrum for the entire period. The bright
band often leads to an overestimation of precipitation intensity (Rain rate; Rico-
Ramirez et al., 2005) and several algorithms have been proposed to correct the
effect of the bright band (e.g., Song and Marwitz, 1989; Kitchen et al., 1994;
Hardaker et al., 1995; Gray et al., 2002; Neiman et al., 2002). This increase in the
value of rain parameters is not due to the real increase in parameters but due to the
phase change of the water that cause more reflection of the electromagnetic
radiation.

The radar Bright Band signature, which is an indication of freezing height,
is validated with the Wyoming radiosonde data (from the web site,
http://weather.uwyo.edu/upperair/sounding.html) that tells us where the 0 degree
isotherm is lying. This was at an average height of around 4500 m over the tropical

station Thiruvananthapuram during this duration.
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A well-marked radar “bright band” in stratiform clouds can be used as a
criterion for discriminating between startiform and convective type rain (Williams
et al., 1995). Radar echo tops during the non-brightband (NBB) periods are
generally shallower and orographic forcing was stronger than for brightband (BB)
periods (Martner et al., 2005). Based on the S-PROF reflectivity and vertical
velocity data, White et al. (2003) concluded that the NBB rain contains more small
drops and fewer large drops than the BB periods. Evidence from the studies of
Neiman et al. (2005) and White et al. (2003), indicates that BB rain usually results
from deep, cold-top clouds that produce ice crystals, which grow by deposition,
aggregation and riming to become large snow flakes which then form large
raindrops when they melt. In the NBB cases, however, large snowflakes are absent,
and water drops grow by condensation aided by upslope flow and by coalescence of
drops in a relatively shallow layer near the terrain. The “hybrid” category used by
White et al. (2003) is same as Martner et al. (2005) classification into BB, beacause
both exhibit a definite radar bright band. He categorised exactly like what has been

done here, into BB (stratiform) and NBB (convective).
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Figure 6.4. Schematic diagram that shows how to discern the presence or absence of

radar bright band.
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Figure 6.5. Rain rate vertical profile spectrum obtained from the MRR. Bright Band (BB)

and Non Bright Band (NBB) regions of the rain event are shown.

As explained above, the radar bright band is an indication of stratiform
rain. Stratiform rain has a maximum rain rate of about 10 mm/h, while convective
rain will have a maximum rain rate even greater that 100 mm/hr. From the figure
6.5, it is clear that, when ever bright band is there, the rain rate at lower heights has
low values, as a real evidence for stratiform condition. But when radar bright band
is absent (23:00°0 clock to around 23:35’0 clock), which is a condition of
convective rain and the rain rate at lower heights are found to be maximum in the
present spectrum. That is at around 23:00°0 clock, the rain has been transformed
from stratiform origin (BB) to convective origin (NBB). This convective condition
lasts up to around 23:35° o clock. After it, there is stratiform condition and by
around 23:40° o clock, the convective condition has been revived again. The
classification with respect to NBB or BB has been done in this manner, i.e., by

looking into the radar rain rate spectrum.

6.3.2. Results and discussion

The presence of bright band is clearly discernible from the vertical profile
of rain rate obtained from the MRR. The variation of radar reflectivity factor (Z)

with rain rate for all the heights is fitted with a function of the form Z = AR’
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corresponding to the BB and NBB cases separately for Pre-monsoon and Southwest
monsoon seasons. Clearly, two distinct fits with different slopes are obtained for
BB and NBB cases during both the seasons (figure 6.6). The MRR data above 200
m alone is used in the analysis to eliminate the possible effect of radar ground
clutter. The fit has good correlation coefficient of nearly 1 for all the Z-R relations
during BB and NBB cases in both the seasons at all the heights. But in the NBB
cases, it is noted that there is saturation in the radar reflectivity values beyond some

rain rates at all the heights.

The Z-R relations for premonsoon-BB case is

7Z =496R"* , (6.1)

for premonsoon-NBB case is

Z =265R"?Y , (6.2)
for southwest monsoon-BB case is
7 =334R"° (6.3)
and for southwest monsoon-NBB case is

1.25
Z =141 R (6.4)

The parameters (intercept A and exponent b) of the Z-R relation obtained
from the present study have been compared with those obtained from the past

studies. Figure 6.7 shows such a detailed comparison.
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The values of these fit parameters for BB and NBB corresponding to each

altitude has been studied for the altitudinal variation of these fit parameters for

different seasons (Figure 6.8). In both the seasons and for BB and NBB, both A and

b are decreasing with altitude except for southwest BB case. By incorporating the

expressions of A and b shown in the figures for each case in the basic Z-R relation

Z=AR b ), an empirical relation for the variation of Z-R relation with altitude

could be derived. In the southwest BB case, A and b are almost constant with little

variation with altitude. The reason for such a difference in behavior of BB during

the SW monsoon needs to be looked into in detail.
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Waldvogel (1969), J: Jones (1956), F: Fujiwara (1965), S: Short et al. (1994), MP:
Marshal and Palmer (1948), SS; Shekhon and Srivastava (1971), W: Willis (1984),
GATE: Global Atmospheric Research Programme (GARP) Atlantic Tropical Experiment
(Hudlow 1979), NEXRAD:Next Generation Weather Radar, TS: Tokey and Short (1996)
and Present study [H (SW-southwestmonsoon]. N: Narayana Rao et al. (2001) also added
shown in this figure.

Height of maximum positive gradient of rain rate (Ldpmay; figure 6.4) was
3400 m during most of the time. So, the analyses were limited to a height of 3200
m to avoid possible pollution in the data due to the effect of radar bright band

signature in the back-scattered radar spectrum.
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Figure 6.8. The variation of fit parameters A and b with altitude for (1) Pre-monsoon-BB
(top panel) (2) Pre-monsoon-NBB (second panel) (3) southwest-monsoon-BB (third

panel) and (4) southwest-monsoon-NBB (bottom panel).

The Z-R relation gives a new clear-cut method for classification of tropical
precipitation as stratiform or convective origin using a Micro Rain Radar from the

BB and NBB detections.
6.4. CONCLUSION

The vertical profiles of rain DSD and Z-R relation have been brought out
in this chapter. The MRR data from 200 m to 6000 m height with a resolution of
200 m has been used for this purpose.
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The Disdrometer data and MRR data agreed well. DSD at the surface is
lognormal in nature. DSD at 35 meters and even at a height of 200 metre with a
short term averaged (five-minute averaged) DSD also show a lognormal behavior.
But above this altitude, DSD changes from lognormal to exponential in character
irrespective of the averaging time. The physical causes for such a change from
lognormal to exponential distribution of DSD itself needs to be studied.

MRR data on many occasions, above about 3200 m may not be useful due
to the pollution in the back-scattered data obtained from the MRR due to the effect
of melting layer.

It is seen that, up to 1200 m altitude, the DSD shows a marked difference
below and above 0.6 mm drop size. This behaviour indicates the prevalence of
coalescence. According to Low and List (1982), if the drops of size less than 0.6
mm are struck by larger drops, it will coalesce. This is very clearly evidenced from
the present spell study explained in the Chapter V. That is, small drops (whose
diameter < 0.6 mm) have been reduced as rain comes down with passage of time.
Here, in this analysis, the number of small drops decreases (<0.6 mm), and that of
large drops (>0.6 mm) increases, as the height decreases. Number of drops remains
almost constant at all altitudes for the diameter range 0.559 mm to 0.603 mm.

As rain comes down, the DSD is modified in such a way that the drops
smaller than 0.6 mm decrease in number and larger drops increase. This may mean
that coalescence of small drops is more probable than disruption during collisions.
It may also mean that evaporation is taking place. The average rain rate of this
event was only 3.34 mm/hr. All the rain rate events of 1 minute duration obtained
from MRR has a value less that 5 mm/h and this could be one reason for relative
absence of break up.

The variation of the parameters of the Z-R relation also is studied for BB
and NBB conditions of both pre-monsoon and southwest monsoon seasons. The
rain events (1 minute output of integral rain parameters from the MRR) from March
to September 2007 were separated into Bright Band (BB) and Non- Bright Band
(NBB) cases. The radar Bright Band signature, which is an indication of freezing

height, is validated with the Wyoming radiosonde data. A well-marked radar
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“bright band” in stratiform clouds can be used as a criterion for discriminating
between the startiform or convective type rain (Williams et al., 1995).

The presence of bright band is clearly discernible from the vertical profile
of rain rate obtained from the MRR. The variation of radar reflectivity factor (Z)
with rain rate for all the heights is fitted with a function of the form Z = A R b
corresponding to the BB and NBB cases separately for Pre-monsoon and Southwest
monsoon seasons. Clearly, two distinct fits with different slopes are obtained for
BB and NBB cases during both the seasons. The values of the parameters of the Z-
R relation is obtained and these have been compared with that obtained from the
past studies.

In both the seasons and for BB and NBB, both A and b are decreasing with
altitude except for southwest BB case. By incorporating the expressions of A and b
shown in the figures for each case in the basic Z-R relation (Z = A R b ), an
empirical relation for the variation of Z-R relation with altitude could be derived.
The Z-R relation and the bright band detected using MRR gives a new clear-cut

method for classification of tropical precipitation as stratiform or convective origin.
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CHAPTER VII
COMPARISON OF SATELLITE (TRMM) PRECIPITATION

DATA WITH GROUND-BASED DATA
7.1. INTRODUCTION

Most of the earth’s rain falls over the oceans, especially in the tropics. There
fore, emphasis should be given to rainfall measurements over oceans, to understand
the global hydrologic cycle. But, since the in-situ measurements are very difficult
over oceans, we need to depend on satellite measurements that are validated
sensibly. Tropical Rainfall Measuring Mission (TRMM) is the first satellite mission
of National Aeronautics and Space Administration's (NASA), United States of
America, launched in November 1997, dedicated for observing and understanding
tropical precipitation and its relation with global climate. TRMM Merged High
Quality/Infrared Precipitation estimates obtained from the TRMM ‘3B42’
algorithm provide high resolution satellite-based rainfall estimates. To understand
these measurements and to use the derived data products, it would be needed to
compare/validate with ground-based measurements and also be aware of the
seasonal and coastal dependence of the satellite measurements. This chapter
presents such a comparison carried out for different monsoon seasons for all the
stations out of which two coastal stations are on the west coast of India which
experiences intense precipitation during the Indian summer monsoon (Xie et al.,
2006), one high altitude station on the Western Ghats and one station on the east
coast. The methodology and analysis followed here will eventually help in
validating the precipitation data from the Indo-French upcoming satellite mission
Megha-Tropiges.

TRMM provides a unique platform for measuring rainfall from space

using a passive sensor TRMM Microwave Imager (TMI; Kummerow et al., 1998),
an active Precipitation Radar (PR) operating at 13.6 GHz, and a visible and infrared
scanner (VIRS) radiometer. Precipitation Radar is the first satellite-based radar
(active sensor) to measure rain parameters. TMI is a multi-channel/dual polarized
(except in 22 GHz) microwave radiometer (10, 18, 22, 37 and 85 GHz), which

provides rain rates over the tropical oceans besides sea surface temperature (SST),
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sea surface wind speed (SSW), total water vapor (TWYV) and cloud liquid water
content (CLW). Passive estimates from the TMI are a less direct rainfall estimate
since the radiometer responds to integrated liquid water, not just to raindrops. But
by comparison, the more direct measurement of hydrometeors by the TRMM PR
would seem to have less uncertainty; however, the PR operates at a single
frequency (13.8 GHz) so that microphysical assumptions regarding drop size
distributions come into play in the process of correcting the measured reflectivity
for attenuation and relating reflectivity structure to rainfall rate (Franklin et al.,
2003). Since the PR is a single-frequency, single-polarization, and non-Doppler
one, the retrieval of rain intensity from the echo intensity data requires careful
interpretation based on sophisticated algorithms which incorporate with peripheral
ground validation data (Koru et al., 1996). Since, 13.6-GHz radar will only be
sensitive to reflectivities higher than about 17 dB, there is disagreement between
PR and TMI (Berg et al., 2006). Any way, the upcoming Global Precipitation
measurement (GPM) mission will improve upon TRMM by employing a dual-
frequency precipitation radar. The 13.6-GHz radar will only be sensitive to
reflectivities higher than about 17 dB, whereas at 35 GHz, the minimum sensitivity
will be 12 dB, according to recent design specification (Iguchi et al., 2003).

TRMM algorithm 3B42 provides adjusted 3-hour cumulative estimates of
rain using merged microwave and infrared (IR) precipitation information (Adler et
al., 2000). The TRMM adjusted Geostationary Observational Environmental
Satellite (GOES) precipitation index (GPI) (AGPI) is produced by using cases of
(nearly) coincident TRMM combined instrument (TCI) using the combined TMI
and PR algorithm (Haddad et al., 1997) and VIRS IR data to compute a time and
space varying IR-rain rate relationship that matches the TCI IR rain rate. This
relation is used to calibrate IR estimates from geosynchronous satellite IR data to
form the 3B42 product. Global estimates are made by adjusting the geosynchronous
satellite Precipitation Index (GPI) to the TRMM estimates. The monthly TRMM
and merged estimate is produced by merging the AGPI with information from rain
gauges. The gauge analysis used in this procedure is from the GPCP (Rudolf,
1993). The merger is computed following Human et al. (1997). The 3B42 algorithm
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provides daily precipitation and root mean square (RMS) error estimates at 1° x 1°
latitude/longitude grids in the TRMM domain 40° N to 40° S (Human et al., 2001)
for 3B42-V5 and in 3-hourly at 0.25° x 0.25° latitude/longitude grids over 50° N to
50° S for 3B42-V6.

Even though we have been using data from TRMM satellite for more than
10 years, the effect of coastal dependence and seasonal dependence on data
products at each location is still a dilemma. Validation of TRMM 3B42-V5 data has
been done using IMD rain gauge data by Narayanan et al. (2005) over Indian land.
They found out that 3B42-V5 does not pick up small (< 1mm) and very high (> 80
mm per day) daily average rainfall. Thus, the daily variance (day-to-day variations
within the season) estimated by 3B42-V5 is poor compared to the gauge data. The
reasons may be related to deficiencies in the IR estimates. However at pentad (five-
day) time scale the correspondence between the two datasets improves and
intraseasonal and interannual variations are reasonable. The correlation coefficient
over all of India on the monthly scale is high (1*=0.92) in comparison to 5-day
(r*=0.89) and daily (r’=0.79) time scale. Chokngamwong and Chiu (2005) have
validated 3B42 data using rain gauge data from more than one hundred gauges over
Thailand. Their results show that 5-year (1998-2002) daily average rainfall for
gauge, 3B42-V5 and 3B42-V6 are 4.73, 5.62 and 4.58 mm/day respectively. The
bias and root mean square deviation (RMSD) for V5 are 0.88 mm and 9.71 mm
whereas for V6 it is 0.15 mm and 9.60 mm respectively. Scatter plots of daily
gauge data versus 3B42 data show that 3B42-V6 correlates better with gauge
(r2:0.44) than V5 (r2:0.37). The distribution of daily 3B42-V6 rain rate is quite
similar to gauge while 3B42-V5 has more rain in the range 5-20 mm/day. The
3B42-V6 TRMM algorithm shows improvement over 3B42-V5 in terms of the bias,
RMS difference, and mean absolute difference. Long-term mean rainfall rates from
the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) and
Precipitation Radar (PR) are compared with in-situ measurements by rain gauges
on the NOAA TAO/TRITON buoy array in the tropical Pacific by Kenneth et al
(2003) [12]. The buoy rain gauges have an advantage over most of the available

ground truth data in that the local meteorological effects do not influence them.
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The TRMM 3B42-V5 and 3B42-V6 daily rainfall data has been compared
both with GPCP as well as IMD Indian gauge data for the duration 1998 to 2003 by
Rahman and Gupta (2007). They have compared the all India seasonal (JJAS) total
rainfall derived from IMD data with GPCP and 3B42-V6. In all the years the
former is having more difference from the later two. Among known sources of
errors in the rain retrieval, Toru et al. (1996) studied the vertical variability of the
DSD and examined the partial beam-filling effect in terms of their significance with
numerical simulations based on the MU radar data. Here, they examined the effect
of the height variations of DSD using the MU radar data as realistic examples of the
given ‘truth’ in the simulation. An accurate mean of the ground truth for the
TRMM precipitation radar has been developed with the MU radar. Adeyewa and
Nakamura (2003) have shown that TRMM PR data overestimates rain in the
tropical rain forest region of Africa when compared with Global Precipitation
Climatology Centre (GPCC) rain gauge data (Rudolf, 1993). The 3B43 product,
which is the TRMM merged analysis on monthly scale, has the closest agreement
with rain gauge data. Nicholson et al. (2003a), using rain gauge data from 515
stations over North Africa shows 3-4% bias for GPCC or GPCP with reference to
seasonal rainfall fields (1988-1994). Nicholson et al. (2003b) and excellent
agreement of TRMM-adjusted GOES precipitation Index (AGPI) and TRMM
merged rainfall analysis with high density (920 stations) gauge data over West
Africa on monthly to seasonal time scale. The RMSD of both satellite-derived
products is 0.6 mm/day at seasonal scale and 1 mm/day at monthly resolution. The
bias of AGPI is only 0.2 mm/day whereas the TRMM-merged product shows no
bias over West Africa. The 1°x1° latitude/longitude product also shows excellent
agreement at the seasonal scale and good agreement at monthly scale. In the present
study, the comparison of TRMM and disdrometer data from four stations has been
done. The details are explained below.

7.2. THE STATIONS AND THEIR CORRESPONDING TRMM GRIDS

The stations, duration for which data being compared and the

corresponding TRMM grid that is chosen for comparison for each station are given

in the Table VILI. Thiruvananthapuram is a coastal station and about 25% of the
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TRMM grid falls over the ocean. Kochi is also a coastal station with the same type
of grid. Munnar is a high altitude station and an entire grid falls over the land.
SHAR is a coastal station on the eastern coast and about 40 % of the grid could be
over the oceans. The stations along with the corresponding TRMM grids are shown
in a physiographical map shown in figure 7.1. The percentage of background that
ocean or land occupies each of the grids can also be seen in the figure.

7.3. DATA AND DATA ANALYSIS

Satellite data

Algorithm 3B-42 produces Tropical Rainfall Measuring Mission (TRMM)
merged high quality (HQ)/infrared (IR) precipitation and root-mean-square (RMS)
precipitation-error estimates. These gridded estimates are on a 3-hour temporal
resolution and a 0.25-degree by 0.25-degree spatial resolution in a global belt
extending from 50 degrees south to 50 degrees north latitude. The main difference
between TRMM 3B42-V5 and 3B42-V6 is that the resolution of 3B42-V5isona 1°
x 1° grid and covers the global tropics (40° S-40° N latitude), whereas the 3B42-V6
product is in 3-hourly on a 0.25° x 0.25°grid and covers 50°S-50°N latitude. The
3B-42 estimates are produced in four stages, (1) the microwave estimates
precipitation are calibrated and combined, (2) infrared precipitation estimates are
created using the calibrated microwave precipitation, (3) the microwave and IR
estimates are combined, and (4) rescaling to monthly data is applied. Each
precipitation field is best interpreted as the precipitation rate effective at the
nominal observation time.

The data has been downloaded from the web portal of NASA through
anonymous FTP. The binary data obtained is converted into ASCII format. The
data has a temporal resolution of 3 hours and corresponding to an area averaged
over 0.25 x 0.25 degrees latitude longitude grid. The program written in
FORTRAN, derives the needed data corresponding to the grid where the each
station lies. The 3-hourly accumulated rainfall has then been derived from the 3-
hourly rain rate for the comparison with the disdrometer data. The daily rainfall
data has been compared by Rahman and Senguptha (2007). But in the current

analysis, we have compared 3-hourly accumulated rainfall that is the maximum

R. Harikumar 197



Chapter VII: Comparison of TRMM precipitation data with ground-based data

temporal resolution of the rainfall data available from TRMM 3B42-V6 also apart

from daily and monthly accumulation data.

No. Station From To TRMM Grid box

1 Thiruvananthapuram March 2006 November 8.375° N to 8.625° N;
2006 76.875°E to 77.125° E

2 Kochi a) May 2002 | July 2002 9.375°N to 9.625°N
b) July 2003 | August2003 | 76.125°E to 76.375°E

¢) May 2004 | July 2004

3 Munnar July 2004 October 2004| 9.875°N to 10.125°N;

76.875°E to 77.125°E

4 Sriharikota (SHAR) August 2003  |October 2003| 13.375°N to 13.625 °N;

80.125 °E to 80.375°E

Table VILI. The stations, duration for which data being compared and the corresponding

TRMM grid that is chosen for comparison for each station.
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Figure 7.1. The Geographical locations of the 4 stations along with corresponding TRMM
grid box shown in a physiographical map.
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Ground-based data

At all the four stations disdromter was operated for differing periods.
Therefore, the disdrometer data can be compared with the corresponding TRMM
grid data. At Thiruvananthapuram, apart from the disdrometer Micro Rain Radar
(MRR) and manual raingauge are also operational. Hence, at Thiruvananthapuram
data from all these instruments have compared with the satellite data.

The disdrometer and MRR data obtained at one-minute interval were used
to get the accumulated rainfall over 3 hour interval, over a day and for a month.
Daily and monthly observations were obtained from the manual raingauge.

The analysis consisted of two parts. Firstly, the simultaneous detection of
rain events by both ground-based and satellite measurements was found out. Then
the correlation of the magnitude of the accumulated rain was done for only those
events which were detected simultaneously.

The correlations for 3-hourly, daily and monthly precipitation data
obtained from ground based and TRMM data have been evaluated.

7.4. RESULTS AND DISCUSSION
7.4.1. Simultaneous detection of rain

Before, correlating the measurements, the detection of daily rain events by
these instruments simultaneously was evaluated as said earlier. The results for
Thiruvananthapuram are shown as a pie diagram in figure 7.2. Both TRMM and
ground-based instruments detected rain simultaneously for 35% time while 42% of
time “no rain” was detected by both the instruments. Therefore for 77% time
simultaneous detection of rain/no rain is seen. For the other 23% time only either
one of the instruments has detected rain. This is not taken for the analysis. The 35%
time when both detected is only used for analysis.

In the following sections, first the simultaneous detectability is shown
by plotting the actual measurements from satellite and ground-based instruments.
Then their magnitude was compared by doing a correlation analysis. By this way,
the detectability and the efficiency of detection of rain events by all these

instruments can be understood.
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No rain
detection
42%

Both detect
rain
35%

Figure 7.2. The detection of daily rain events at Thiruvananthapuram by TRMM and

disdrometer.
7.4.2. Three-hourly rainfall

TRMM 3B42-V6, 3-hourly data has been compared with ground-based
data. TRMM data is found to be matching with the ground-based measurements in
the simultaneous sensing of rain. Munnar has a better correlation compared to other
stations. Munnar is a high altitude station where the TRMM grid is wholly lying on
the ground. That may cause the reduction in erroneous measurement for the
microwave passive imager measurement when compared to other stations. Typical

comparison for all the stations for each month is shown in the figure 7.3.
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Figure 7.3. Comparison of TRMM 3-hourly rainfall data with Ground-based

observations. [Disdrometer data is not available from 20™ to 22" and MRR data is also

not available on 20" at Thiruvananthapuram (TVPM; panel 1)].
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The next step of the analysis is to compare the magnitude of rainfall seen
by ground-based and satellite measurements.

All the 3-hourly rainfall data points measured by disdrometer and TRMM
at Thiruvananthapuram during the year 2006 have been plotted to find out the
correlation (figure 7.4). The total number of data points is 132. The correlation
coefficient obtained is only 0.4. Since the satellite gives an area averaged rainfall,
the magnitude of the rainfall shown will be averaged for that particular grid. So, the
magnitude appears to be underestimated. We are assuming that the rainfall over an
area that is as small as a satellite grid got homogeneous clouds and thus
homogeneous precipitation. But even for this much small area, it is seen that
rainfall may not be homogeneous. Here the magnitude of the satellite rainfall

measurement is seen to be on average about 50% of ground based measurement.
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Figure 7.4. 3-hourly rainfall data measured by disdrometer and TRMM (number of data
points=132).

To understand the seasonal dependence on the satellite measurements of
rainfall, Thiruvananthapuram 2006 data has been grouped for that of pre-monsoon,
southwest monsoon and that of north-east monsoon. Then each set of data obtained
from the disdrometer and TRMM has been put together and plotted and fitted to
study the correlation in each season (figure 7.5). The correlation was 0.48 for

premonsoon, 0.44 for southwest monsoon and 0.3 for northeast monsoon season.
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Figure 7.5. 3-hourly rainfall obtained from disdrometer and TRMM for (1) Pre-monsoon

(top panel) (2) southwest monsoon (middle panel) and (3) northeast monsoon (bottom

panel).
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7.4.3. Daily rainfall accumulation

The daily accumulated rainfall data has been derived from the 3-hourly
data. To understand the improvement in the correlation of the comparison when
daily accumulations are taken, these daily TRMM data and ground-based data has
been plotted in a bar-graph. Such comparisons for all the stations are shown in the
figure 7.6. Since the manual rain gauge data was available at Thiruvananthapuram,

data from it has also been incorporated in this analysis.
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Figure 7.6. Comparison of TRMM rainfall/day data with Ground-based observations.
[Disdrometer data is not available from 20" to 22" and MRR data is also not available
on 20" at Thiruvananthapuram (TVPM; panel 1)]

Exactly like the correlation study did for 3-hourly data, here also all the

mm/day data points measured by disdrometer and TRMM has been plotted together
to study the correlation between the measurements of the daily accumulations of
rainfall (figure 7.7). Here the correlation coefficient has been improved from that at

3-hourly accumulation (0.4) to 0.6
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Figure 7.7. Daily rainfall obtained from TRMM and disdrometer. (number of data points
= 78).
7.4.4. Monthly rainfall accamulation

Monthly accumulated rainfall data has been derived from the 3-hourly
data from TRMM and from disdrometer. The daily manual raingauge data has been
used to derive the monthly raingauge data. Root Mean Square Error (RMSE) in
these comparisons has also been brought out and plotted along with the rainfall
data. It is apparent from the figure that all the monthly accumulations obtained from

the ground-based sensors compare well with the satellite detections.
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Figure 7.9. Correlation of the monthly accumulations of rainfall between the

disdrometer and satellite measurements.
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Figure 7.10. Comparison of the RMSE obtained for the comparison for different

accumulations at Thiruvananthapuram for the year 2006.
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Here also, all the monthly accumulations obtained from the disdrometer
have been put together and plotted with that obtained from the TRMM. Here, the
correlation has improved from a value of 0.6 for daily data to a value of 0.9.

7.4.5. Evaluation of the correlation for accumulations

The RMSE obtained when the comparison has been done using 3-hourly data, daily
data and monthly data is shown in the figure 7.10. If RMSE is less, then correlation
between the data from disdromter and TRMM is good. It is very clear from the
figure that RMSE for 3-hourly is most, that of daily is more and that of monthly is
less.

7.6. CONCLUSION

The major findings/conclusions from this study are given in brief below:

1. TRMM rainfall agrees well with the Manual rain gauge, Disdrometer and
MRR rainfall, when monthly accumulation is taken (Correlation coefficient
is > 0.9).

2. The same comparison for daily accumulated rainfall gives a correlation
coefficient of around 0.6

3. For 3-hourly rainfall, the comparison gives a value of around 0.4

4. Magnitude of RMSE has no dependence on the magnitude of rainfall
accumulation

5. RMSE varies from a low value for monthly accumulation to a high value for
3-hourly accumulation.

6. 79% of the total events could be detected together by the TRMM and
disdrometer sensors.

7. Munnar shows a better correlation compared to other stations. This could be
due the “coastal-grid effect”, as the other three stations are coastal stations.
This could be due to the land and ocean back-ground emissivity within the
same grid box in the scenario of satellite measurements.

8. To evaluate the ‘ground truth’ in a detailed way, it would be better to deploy
more instruments within a single grid of 0.25° X 0.25°.

9. For rainfall events detected both by the satellite and ground based sensors,

the TRMM rainfall appears to be under estimated in magnitude, on an
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average, up to 50%. This could due to the fact that the satellite data is for an
area averaged one over the 0.25° X 0.25° grid.

10. The number of events detected by single sensor only is being significant
indicates that the rainfall may not be uniform even over a small grid size of
0.25X0.25 degrees. This also supports the need to have closely knit network

of ground stations within the grid area.
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CHAPTER VIII
SUMMARY OF THE RESULTS

The study of rain drop size distribution (DSD) and rain integrals is the
focal theme of the thesis. Data from an impact type Disdrometer installed at four
different locations for differing periods, from a Micro Rain Radar (MRR) and a
conventional rain gauge have been used in the study. The results from this study
have been described and discussed in the earlier chapters. Here a summary of the
results are presented.

8.1. EVALUATION OF AN EMPIRICAL MODEL FOR THE VARIATION
OF DSD WITH RAIN RATE

The one-minute DSD data has been sorted according to rain rate. Then the
data is grouped into different rain rate windows. This DSD data for each rain rate
group is averaged. It has been found that the DSD data for this region is represented
by the lognormal distribution better than the Gamma and Marshal-Palmer
distributions. Therefore for each of the rain rate group, the lognormal distribution is
fitted and the constants are evaluated. Then the variation of these constants with
rain rate was obtained. Using this, an empirical model to describe the variation of
DSD with rain rate has been obtained. This empirical model has been tested using
the actual measurements and found to be a good representation. The data used for
testing was not included in the derivation of the model.

The lognormal distribution is given by

MD) =<mp(A)em){_05[ﬂnD-—B)}} (8.1)
D C

The variation of parameter A with rain rate is

A=A, +AR+A,InR (8.2)
and that of B is given by

B=B,+BR+B,InR (8.3)

and C is found to be a constant.
Replacing these expressions in the above equation (8.1) we get the

empirical model
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_exp(A, +AR+AInR) exp{— 0 5[(lnD —(B,+BR+BInR ))T} (8.4)

R D C

where D is the drop diameter, N(D) is the number of drops per cubic meter per unit

diameter interval, and A;, B; and C are fit parameters.

The following table gives the constants for all the stations.

Station | Season Parameters
Ao A A, By B, B, C
TVM* PRE | 0.930| 0.013 0.489 0.286 0.005 0.152 0.370
SW 0.318 | 0.005 0.308 0.404 0.001 0.216 0.383
NE 0.968 | 0.008 0.409 0.321 0.002 0.192 0.386
Kochi PRE | 0.850 | 0.014 0.327 0.362 0.002 0.310 0.388
SW 0.080 | 0.003 0.297 0.416 0.001 0.178 0.416
SHAR ASO* | 0.268 | 0.005 0.558 0.713 0.005 0.079 0.532
Munnar SW 0.960 | 0.008 0.115 0.547 0.002 0.280 0.368
Table VIILI. Parameters of the empirical model corresponding to each season at

all the stations. (* August, September and October, © Thiruvananthapuram).

The rain rate measurements are available at a number of places, while
DSD measurements are very less. Therefore this model could be used to derive
DSD from rain rate alone. To make the model rigorously applicable and truly valid,
measurements of DSD at more locations could be done and with this data, model
can be updated.
8.2. RAIN RATE CHARACTERISTICS

The one-minute rain rate data from the Disrometer available from three
stations, viz., Thiruvananthapuram, Kochi and Munnar has been used to study the
characteristics of rain rate. The salient features of the results are given here.

e Around 90 % of the time, the rain rate is below 5 mm/h, except at
Thiruvananthapuram where it is around 65%. This indicates that
stratiform clouds are more prevalent in these stations compared to
cumuliform.

e The most interesting aspect was the apparently lower presence of
cumuliform clouds during July 2002 at Kochi, which possibly contributed

to the deficiency in rainfall.
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® The rain rate temporal cumulative distribution could be fitted with a

Weibull distribution function of the form

k
X
=1- 1—
y exp (;J (8.5)

The k is the shape parameter and A is the scale parameter. It is found that
the shape parameter is more or less the same at all stations during the
southwest monsoon period.
® The value of shape parameter (k) of the weibull distribution fit to the
temporal cumulative distribution remains more or less same for each
station during the southwest monsoon period.
e Rainfall is present only for less than 10% of the time (or about 4300
minutes) even during a rainy month like June or July. This indicates that
rainfall could be actually present for lesser duration.
8.3. DSD CHARACTERISTICS

Using the lognormal distribution, three physically significant parameters
viz. Total number of drops (Nt), Geometric mean diameter (D,) and Standard
geometric deviation (c) have been derived. Their variation with rain rates are
presented here.

¢ The standard geometric deviation of drop size is constant for all rain rates
at all the stations.

® Geometric mean diameter increases exponentially with rain rate at all the
stations. This indicates heavier rainfall usually has more larger drops.

¢ Total number of drops increases exponentially with rain rate at Kochi and
SHAR. However, at Thiruvananthapuram and Munnar, the total number
of drops starts decreasing or remaining constant after a certain rain rate.
This shows intense rainfall at these stations may not have the same

increase in larger sized drops like in the other two stations.
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8.4. VARIATION OF DSD DURING THE COURSE OF A RAINSPELL
The variation of the DSD during the course of a rain event lasting over 2%2
minutes with an average rain rate of 2.028 mm/h has been studied. It is seen that:
® At the beginning of the rainfall event, the smaller drops are more in
number compared to larger drops.
¢ During the course of the event, the number of smaller drops is seen to
decrease while that of larger drops seen to increase showing the possibility
of coalescence.
® Decrease in smaller drops without the corresponding increase in larger
drops showing the possibility of evaporation.
® The movement of rain patches downward is also seen during the course of
the event.
8.5. RADAR REFLECTIVITY AND RAIN RATE (Z-R)
The variation of radar reflectivity with rain rate has been derived using the
MRR data. The stratiform and convective clouds could be distinguished from the
presence of Bright band or otherwise, from the MRR data.
The results from the study are given below.

e The Z-R relations (of the form Z=ARP) derived is given in the table VIILIL

Rain type—> Stratiform Convective
Season A b A b
Pre-monsoon 496 1.26 265 1.27
Southwest 334 1.36 141 1.25
monsoon
Table VIILII. The parameters A and b of the Z-R relation for different rain
type during different seasons.

® The values of A and B are seen to decrease with height except for

southwest stratiform where they are found to be constant with height.
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8.6. COMPARISON OF SATELLITE DATA WITH GROUND-BASED
MEASUREMENTS
The rain rate data from the Disdrometer, MRR, Manual rain gauge and the
TRMM are compared both for the simultaneous detection and for the amplitude of
the magnitude.
® 77% of the total events could be detected together by the TRMM and
Disdrometer sensors.
e TRMM rainfall agrees well with the Manual rain gauge, Disdrometer and
MRR rainfall, when monthly accumulation is taken (Correlation
coefficient is > 0.9). The same comparison for daily accumulated rainfall
gives a correlation coefficient of around 0.6. For 3-hourly rainfall, the

comparison gives a value of around 0.4.

Magnitude of Root Mean Square Error (RMSE) has no dependence on the
magnitude of rainfall accumulation.

® Munnar shows a better correlation compared to other stations. This could
be attributed to the “coastal-grid effect”, as the other three stations are
coastal stations. This could be due to the land and ocean back-ground
emissivity within the same grid box in the scenario of satellite

measurements.

The number of events detected by single sensor only is being significant
indicates that the rainfall may not be uniform even over a small grid size
of 0.25° X0.25°.
¢ Hence to evaluate the ‘ground truth’ in a detailed way, it would be better
to deploy more instruments within a single grid of 0.25° X 0.25°.

In short, the major results pertain to the development and testing of an
empirical model to represent the variation of DSD with rain rate in the tropics. The
evaluation of the vertical profiles of Z-R relations for our region is another
important result of this study. The correlation between satellite measured rainfall
and ground-based measurements has brought out a broad agreement between them.

However the need to have a closer look at the satellite retrieval is required. The
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behaviour of the intensity of rain fall or rain rate at tropical stations and the possible
effect of orography on DSD has been also brought out.
8.7. SCOPE OF FUTURE WORK

The empirical model developed in this study could be updated with more
data and from other locations. Using the collocated MRR for classification of rain
into stratiform and convective origin on the basis of radar bright band signature,
DSD model could be derived separately for stratiform and for convective rain. The
shape and scale parameters of the weibull-distribution fitted to the cumulative rain
rate distributions could be explored during different monsoon seasons to understand
the spatial variability in rainfall and even the prevalence of stratiform and
convective clouds. More Disdrometers could be deployed within a single TRMM
grid to get a better resolution and comparison with satellite data. This will
ultimately help in evaluating the ground truth accurately. The DSD data could be
collected from more west coast stations and high altitude stations in the western
ghat and comparison could be done between those coastal and high altitude stations
in the same latitude for getting more evidence for the orographic effect on rain DSD.
The behaviour of DSD with altitude using the micro rain radar data would throw
some light on the possible effects of the atmospheric medium on rain processes

itself.
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