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ABSTRACT OF DISSERTATION

GLOBAL MAPPING OF ATTENUATION AT KU- AND KA- BANDS:
STATISTICAL AND MICROPHYSICAL STUDIES

The propagation of radio waves for earth-space slant path at C-band and higher fre-
quencies are dominated by precipitation in the atmosphere. At a given frequency,
attenuation depends on the length of the radio path, the size distribution and the
phase state of the hydrometeor profile. Using the observations from the Tropical
Rainfall Measurements Mission (TRMM) spaceborne Ku-hand {13.8GHz) radar
at, LOW Earth Orbit of 350km above earth, global attenuvation maps are produced
at the Ku-band frequency. A simple precipitation microphysical mode] developed
using hvdrometeor size distributions and thermodynamic phase state is used ro
estimate attenuation and reflectivity observations at Ka-band (35GHz} where au-
merous high bandwidth satellite applications are being planned including the next
generation space-based radar for the Global Precipitation Mission (GPM). Differ-
ences in the microphysical structure in convective and stratiform precipitation are
also incorporated in the model. The results show substantial attenuation variation
in a 1Z-month period at both Ku- and Ka-bands over the various regions of the
globe. Including the contrast between land and ocean, the estimates made at Ku-
and Ka-band will be useful in the design and development of space systems.

The precipitation radar uses surface reference roethod to estimate the attenu-
ation encountered in the observation of radar reflectivity. The cumulative attenua-

tion { A} estimated from the surface reference method can be distributed along the

1
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radar range nsing a2 power law relation between the specific attennation (k) and
reflectivity factor (Z) written as, k = «.Z?. A commonly nsed approximation is
that i is constant and o changes according to the precipitation microphvsics. More
vecently physical interpretation of ¢ has been provided with the normalized drop
size distributions. This research describes a procedure to cstimate the raindrop
size distvibution (RSD) parameters from the measured attenuation and reflectivity
values oblained from TRMM precipitation radar observations at a global scale.
Coincident data collected with ground radar during the TRMM field campaigns
have been used to cross-validate the estimates of RSD parameters obtained from
TRMM precipitation radar measurements with those obtained from ground po-
larimertric radar observations. The results of cross-validation show fairly good
agreement with the RSD parameters rvetrieved from TRMM precipitation radar
and the ground radar based estimates. The algorithm is also used to generate
monthly global maps of RSD parameters.

Finally, data from TRMAT arc used Lo examine the surface cross section as well
as the height of bright band (HBB) over the ocean and land in rain and rain-free

regIons.
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Chapter 1

INTRODUCTION

1.1 General Description of the Problem

The potential nse of space-based radar for meteorological interests was first
explored as early as the mid 1950s (Wexler, 1954, 1957; and. Widger and Touart,
1957). But, due to the technical limitations of space craft components to meet
the required science objectives {Dennis, 1963a and 1963b}, it remained largely ne-
glected in the United States until the mid 1970s whern meteorological applications
were reevaluated as technology advanced. During this time, one of the catalysts
for the renewed nterest stemuued from the science planning for the space shuttle
orbiter program (Eckerman, 1975). Over the next 2 decades following this period,
various systems were studied and proposed. During the last decade, an increasing
number of studies investigated the use of radar in addition to passive technigues
(visible. infrared, and microwave radiowmetry) for future space-based rainfall mea-
surements. Scveral profiling methods were also proposed during this time, such as
dual beam svstems (Testude, et al., 1992) and dual freguency systems (Goldhirsh,
1988: Im and Li, 1989; and. Im and Kellog, 1990).

While the nse of space-based platforms for making meteorological observa-
tions on a global, synoptic and climatological scale is of scientific value, the cost
of these systems. however, can be substantial. Short wavelength radars caun be

used to reduce costs by deploving smaller antennas while maintaining the vequired
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resolution necessary for adequate meteorological sampling {Meneghini and Kuzo,
1950).

With an increased demand in satellite communications, the current specirum
allocations at C- and Kn-bands are quickly hecoming over crowded. This has led
to an increased interest from industry to utilize the Ku- and Ka- bands frequency
spectrtum. Currently, several industry leaders are in the process of developing satel-
fite communications systems that operate at the Ka-band frequencies or already
have syvstems in place (Beaver and Bringl, 1997). Benefits of operating at the
Ka-band frequencics include increase in data transmission rates and the amount
of data transmitted, smaller earth receiving stations, which leads to greater mo-
bility. Along, with the benefits of operating at these frequencies, however, there
arve some disadvantages, such as increased attenuation effects due to atinospheric
couditions {Beaver and Bringi, 1897). One of the attractive features that led to
the use of the lower frequency for satellite communications was the low suscepti-
bility to attenuation eflects caused by rain or clouds. The larger wavelengths are
minimally allected by atmospheric conditions. The Ka-band freguencies, however,
are verv susceptible to weather-related events. Rain, clouds. and even gaseous
absorption by oxygen and water vapor can adversely affect the signal and must be
considered. Rain can easily produce 20-30 dB of attenuation at the Ka-band fre-
quencies (Beaver and Bringi, 1997). Thus, estimation of attennation and intrinsic
reflectivity are some of the most huportant issues for space borne radar operations.

For systems operating with a single attenuation frequency, Hitschield and
Bordan {1954) were among the first to propose a method of attenuation estima-
tion by forward integration of the hackscattered radar signal by using a power-law
relation (k = ¢Z?). This method gives a reasonable estimate if the attenuation
effect 15 small. However, when the attennation is large, the Hitschfeld-Bordan so-

lution can become unstable unless the raindrop size distribution (RSD) along the
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path and radar constant are known to a high degree. which is seldomn the case.
To solve this instability problem, the surface reference technique {SRT) has been
proposed {lguchi and Meneghini. 1994; Marzoug and Amayence. 1994; Marzoug
and Amavence, 1991: Kozu and Nakamura, 199%a and 1991b: Aleneghini, 1978;
Meneghini et al., 1983; and Menghini and Nakamura 1990). SRT estimates the
path integration attennation (PIA) through rain from the decrease in the surface
return. In particular, an estimate of the attenunation factor at the surface is ab-
tained from the ratio of the surface return power measured in rain to that measured
in adjacent rain-free arcas.

Data collected from airborne experiinents was used in several studies such as:
Meneghini et al. (1989), Meneghini and Nakamura (1990), Fujita et al. (1985),
Marzoug and Amayenc (1991, 1992, and 1993). and Awmayence and Marzoug (1992)
1o evalnate various attenuation estimation and rain rate retrieval schemes. Beaver
and Bringi (1997) used becan data from the advanced Communication Technotogy
Satetlite {ACTS) and radar data from the Colorado State University (CSU) CHILL
radar facility to characterize the relationship hetween Ka-band attennation and the
ground radar observations.

In November 1997. the Tropical Rainfall Measuring Mission (TRMM) ob-
servatory was launched as a joint project between the United States National
Aeronautics and Space Administration {(NASA) and the Japanese National Space
Agency (NASDA). TRMM is the first mission dedicated to measuring the verti-
cal distribution of tropical and subtropical rainfall through microwave and visible
infrared sensors, and includes the first spaceborne radar to observe precipitation.
TRMM was developed by the collaboration of two nations. The National Space
Development Agency of Japan {NASDA) provided the Precipitation Radar {PR)
and an H-T rocket that launched the TRMM ohservatory and NASA’s Goddard

Space Flight Center {CGSFC) in Greenbelt. Md.. provided the observaiory, four
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instruments, integration and test of the observatory.

1.2 Objectives of the Research
The following are the main objectives of this research:

s To obtain a global map of aftennation and reflectivity over varions frequency
bands. First. precipitation-induced attennation at 13.8 GHz is calculated
from TRAIM data to map global attenvation and then this data was used
to estimate attenuation at another frequency such as 35 GHZ. Data from
TRAMM are used to develop monthly maps of attenuation, in the earth-space
propagation paths, over the tropical regions of the globe at Ku-hand. A sim-
ple precipitation model is developed that consists of layers of hvdrometeors
as o fanction of altitude such ag ice crystals. aggregates. graupel and rain.
Using the hydrometeor size distribution as wel! as the thermodynamic phase
states as the descriptors, estimates of specific attenuation and reflectivity at

Ka-band are obtained from Ku-band observations.

e To develop an estimate the raindrop size distribution {RSD) parameters from
TRMNMI precipitation radar observations. Cross validate the TRMM RSD

retrievals with coincident data collected with ground radar.

s To develop and obtain monthly maps of RSD parameters over the tropical

region of the globe at Ku-band.

¢ Study of swiface cross section (¢?) as a function of rain/rain-free for the
same region. Estimates of rain rate from the PR aboard the TRMM satellite
requires & means by which the radar signal attenuation can be corrected.

One of the methods available is the surface reference technique in which the
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S

racdar surface return in rain-free areas is nsed as a reference against which the
path-integrated attennation is obtained. Despite the simplicity of the basic
concept, an assessiment of the reliability of the technique is difficult becanse
the statistical properties of the surface return depend not only on surface
tvpe {land/ocean) and incident angle. but also on the detailed nature of the

surface scatiering.
o Study in detail the global statistics of the melting layer using TRMM data.

1.3 Overview of the Dissertation

The dissertation is organized as follows:

Chapter 2 - TRMM system and Data Characteristics

This chapter provides the overview of the TRMM spacecraft systems, the
TRMM Precipitation Radar (PR) paramecters and the scan geometry and finally

the TRMNM data characteristics for PR that used in this research.

Chapter 3 - Attenuation Correction Background and theoretical models

This chapter describes the background of attennation correction used in TRMM
(Ku-band) algorithm such as surface reference technique (SRT) and Hitsehfeld-
Bordan method. Also this chapter provides the theoretical computation results of
attenuation and reflectivity through various hydrometcors such as rain, graupel,

agagregates of ice crystal and snow at Kn- and Ka- bands.
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Chapter 4 - Global Map of Attenaation and Reflectivity

This chapter describes the microphvsical model. which was developed in order
to estimate the attennation as well as the observed retlectivity pattern at Ka-band.
Glohal maps of attenuation, reflectivities, and reflectivily ratio are presented in this
chapter. The results of the measured attennation are presented as monthly maps
over the globe for a 12-month period, for the vear 2000. Estimated sttenuation
maps for a 12-month period useful for both radar and communication applications

are presented for Ka-band {35 GHz).

Chapter 5 - Estimation of Raindrop Size Distribution

This chapter describes a procedure to cstimate the raindrop size distribution
(RSD) parameters from the measuved attenuation and reflectivity values obtaincd
from TRMM PR observations. Coincident data collected with ground radar dut-
ing the TRMM field campaigns have been used to cross-validate the estimates of
RSD parameters obtained from TRMM PR measurements with these cbtained
from ground polarimetric radar observations. Finally, the algorithm is also used

to generate monthly global maps of RSD parameters.

Chapter 6 - Examination of the Surface Cross Section Statistics over Ocean and

Land

This chapter provides a brief description of the surface reference technique

(SRT) algorithan for the TRMM PR, the basic equations of the SRT, the bebay-

ot of the surface cross sections and their statistics. examples of sample results of
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the SRT as a function of vain/rain-free regions and finally a global map of ¢° for
no-rain as a function of incident angle. These maps are represented as a monthly

average of normalized radar surface cross section for the vear of 2000.

Chapter 7 - Melting Laver
This chapter presents a statistical study of the melting laver. Statistics of the

height and thickness of the bright band {(BB) over the land and ocean and as well

in tropical systems are prescnted.

Chapter 8 - Summary and Suggestion for Future Work

The results of the research are summarized and the major contributions of the

dissertation are reviewed. Suggestions for future work are proposed.
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Chapter 2

TRMM SYSTEM AND DATA CHARACTERISTICS

2.1  Introduction

In November 1997 a successful mission called the Tropical Rain Measuring
Mission {TRMM), which includes the first spaceborne radar for observing pre-
cipitation, was launched. This project was a joint project between the United
States National Aeronautics and Space Administration (NASA} and the Japanese
National Space Development Agency (NASDA}. The Precipitation Radar {(PR),
on board the satellite. is the first weather radar to be deployed in space and i¢
one of several instruments Leing used to provide a three-dimensional structure of
rainfall by measuring the radar reflectivity of the cloud system and the attenua-
tion of a signal as it passes through the precipitation. The major advantage of
such a system is its global coverage. These measurements include large ocean ar-
eas where our knowledge of precipitation is poor. lmportant applications of this
project are immediate practical benefits to agricultural, water resources manage-
ment, and flood warnings (TRMM, 2000). This chapter provides the overview of
the TRMM spacecraft syvstems, PR parameters. the scan geometry, and finally its

data characteristics.
2.2 Spacecraft

The TRMM Observatory is comprised of a main body structure, eight house-
keeping subsystems. and five science instruments. Table 2.1 adapted from the

TRMAM handbook (2001} shows the wmain characteristics of the TRMM satellite.
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? Parameter Value
I Launch weight Approx. 3.62 ton
Launcher H-1I Rocket
Launch date (IST) November 28. 1997
Altitude Approx. 330 kin, boosted to 402 krn by August 2001 |
Inclination Approx. 35 degrees A
- Weight | Total: 3620 kg [3524 kg]
Fuel: 890 kg
Dry weight: 2730 kg [2634 kg]
Power Approx. 1100 W [Ave. 850 W]

Attitude control

Zero momentum three-axis stabilized

T/

i
:

Data transmission

via TDRS
32Kbps (Real Tune). 2Mbps {Play Back)

Design life

3 vears and 2 months

Afission instrument

Precipitation Radar (PR)
TRMM Microwave Imager {TMi)
Visible and Infrared Scanner {(VIRS)
Clouds and the Farths Radiant Energy Svstem (CERES)

Lightning Imaging Sensor (LIS)

[ ] means the measured value.

Table 2.1: Main Characteristics of the TRMM Satellite {(Ref:TRMM handbook,

2001).
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2.3 PR Radar and the Scan Geometry

The TRMM Precipitation Radar (PR) is one of the five instruments on the
TRMAM satellite. PR records power reflected from precipitation and surface targets.

The principle objectives of this radar are:
1. Provide a three-dimensional description of the rain profile.
2. Obtain a gquantitative estimation of rainfall over land and ocean.

3. lmprove the overall accuracy of precipitation retricval algorithms by combin-

ing the active and passive systems on the TRMM satellite.

The TRMM PR, built by the National Space and Devclopment Agency of
Japai, operates at a frequency of 13.8 GHz (Ku-band) and uses a 2m x 2m phased-
array aptepna consisting of 128 slotted waveguides. A peak power greater than
500 W is achicved using 128 solid-state power amplifiers, The PR electronically
scans from right to left, looking in the flight direction across the ground track of
the satellite everv 0.6 seconds. with a horizontal resolutton at the ground of 4.3
km and a swath width of 215 km. Figure 2.1 shows the concept of the TRMM PR
while the complex scan geometry is represented in Figure 2.2,

The starting distance and the number of samples are different for each ray.
Ravs other than nadir also samiple below the surface. The purpose of this extension
below the surface is to clearly detect the location of the surface. One of the PR’s
most important features js the ability to provide vertical profiles of rain and snow
from the surface up to a height of about 20 km.

One orbit of the satellite from its southernmost latitude to the next southern-
wosl Jatitude is called a granule. One granule takes 5490 seconds {9150 scans ou

average) and the satellite orbits the earth about 16 times a day {Figure 2.3).
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1§

TRMM §/C

Flight direction
(AR.: 350 km}

»

Scan angle:
*17°

O—t Range resolu-
T £ tion: 250 m
Swath width: ~220 km
IFOV: ~4.3 km

Figure 2.1: Observation concept of the PR {adapted from TRMM handbook, 2001).
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T

To Satellite

T
NORMAL SAMPLE
PRECIPITATION ECHO
OVERSAMPLE
33
SURFACE
DETECTED BY

______
-

SATELLITE

SURFACE
OVERSAMPLE

The outer outline encloses the pormal sampie. The rain echo oversample and the
surface oversample occupy subsets of the normal sample region. Both oversampies
are vertically tocated with respect to the surface level detected by the satellite.

Figure 2.2: PR scan geometry {adapted from TRMM handbook, 2001}.
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Figure 2.3: Satellite orbit for a day {adapted from TRMM handbook. 2001}.

Each PR scan contains 49 rays over an angular sector of 34 degrees. For
auy given ray, the satcllite begins recording samples at a fixed distance {rom the
satellite and records a certain nuinber of samples along the ray. The PR is able to
detect fairly light rain rates down to .7 mm/h. At intense rain rates, where the
attenuation effects can be strong, new methods of processing have been developed
that help correct for this effect. The PR is able to separate out rain schoes for
vertical sample size of about 250 m when looking stiaight down. Assuming the
satellite altitude is 350 km, the sampling begins about 23 km above mean sea level
and extends for a certain distance along the ray. This distance along the ray is
33.5 km at the two rays farthest from nadir, monotonously declining to 30.25 km
at the two rays adjacent to nadir, and jumping to 34.75 km at the single nadir ray.
The extra data in the nadir ray is known as the mirror, because it records energy
reflected not once from a target, but three times {gronund to targei to ground).
Ravs other than the nadir ray also sample below the surface.

The satellite saves data in three samples. Every other data point in the vertical
is saved in the novmal sample as shown in Figure 2.4. Thus. the nonnal sample has
spacing of 250 m along the ray. The mirror unage 1s contained in the normal sample.
A subset of the remaining data points is saved in two oversamples: the surface

oversainpie and the rain echo ovessaraple. Both oversamples have a spacing of 250
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m along a ray, but a region with both normal sample and oversample hag a spacing
of 125 m. The PR determines which levels to save in the oversamples based on its
on board determination of the surface bin. No data are saved as oversamples in rays
1-10 and 40-49. Iive levels are saved from rays 11-39 in the surface oversample.
If the PR detects the surface in an oversample bin. the surface oversample is
centered on the detected surface. If, on the other hand, the PR detects the surface
in a normal sample bin, 3 oversample bing are above and 2 oversample bins are
below the detected surface. In addition, 28 levels (immediately above the surface
oversample) are saved from rays 20-30 in the rain echo oversample. NASDA defines
a range bin number, which is related to the distance from the satellite along the
ray. It starts at roughly 327 km from the satellite, increments by 1 roughly every
1256 m, and incyeases to a maximum of 400 at ronghlty 377 km {rom the satellite.
The exact value for the starting distance of the nadir ray is written in Starting Bin
Distance of the 1B21 and 1C21 files. Twice the exact value of the increment for
any ray is written in Range Bin Size of the 1821 and 1C21 files. TRMM Science
Data and Information System Vol.3 {2000). A swmmary of the main characteristics

of the TRMM PR is given in Table 2.2.

2.4 PR Data Product Category

The TRMM Science Data and Information System (TSDIS) processes TRMM
data from the Precipitation Radar {PR), the TRMAM Microwave Imager {TMI},
and the Visible and Infrared Scanner {VIRS) into data products oriented toward
measuring rainfall in the tropics. Most TRMM data products are written using
Hierarchical Data Format (HDF). This section siinmarize these data products only
for the PR used in this research. More details on these data prodncts arve founcd
in the six volinnes of the Interface Control specification (ICS). The following data

were used in this research:
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Missing

NI

Missing

49

Figure 2.4: Normal sample data array (adapted from TRMM handbook, 2001).

Radar Type

Active phased-array radar

Frequency

13.796 GHZ and 13.802 GHz (t\\_-'o—_(‘!'iannel frequency agility) |

~Swath Width

About 215 kin

Obscrvable Range

over 20 km

Range Resolution

25} kin

Horizontal Resolution

4.3 km {nadir)

{ Sensitivity

S/N per pulse >0 dB for 0.5 mm/h rain at rain top

Independent Samples

64

. Data Rate

93.5 kbps

Weight

465 kg

Power

213 watts

Antenna Type

128-elerment slotted wave gnide array antenna

- Beam Width

Aperture L C2.imx 2.im
Scan Angle +17° '
Gain About 47.4 dB

Transmitter Type

SSPA and LNA (128 channels)

Peak Power

over 700 W

Pulse Width

1.6 ys x 2ch.

"Pulse Repetition Frequency |

i Dyuainic Range

2776 Hz

About 81.5 dB

Table 2.2: TRMM PR Paramcters {adopted from http://hdsn.eoc.nasda.go.jp).
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1. The PR level-1B product (IB21).

2. The PR level-1C product (1C21).

Lo

The PR level-2A product (2421},

4. The PR level-2A product (2423).

(s3]

The PR level-2A product (2425).
2.4.1 Level-1B Product {(1B21)

The PR Level-1B product, 1B21, calculates the received power and contains
calibrated powers in three-dimensional arrays whose dimensions are scan, ray, and
range bin. Poswer is written in three arrays: normal sample, surface oversample,
and ram oversample. The vertical spacing is 250 m for the normal sample. If the
surface oversample and rain oversample are combined with the norinal sample. the

result is 125 m vertical spacing in limited regions.
2.4.2 Level-1C Product {(1C21)

The PR Level-1C product, 1C21, calculates the effective radar reflectivity
factor {dBZ, mm®/m?®)}, which is converted from the PR received powers in the
corresponding places in 1B21 output, at 13.8 GHz without any propagation loss
{due to rain or any other atmospheric gas) correction (Z,,). The 1C21 product
has the same format as 1B21 except that radar quantity is Z,, (dBZ) in the 1C21
product instead of received power (dBm) in the 1B21 product. Therefore, the Z,,
valne can be calculated just by applying a radar equation for volmue scatter with

PR system parameters. The following radar equation is used:

dBZm = 10log(107°72% - 10721 — C 4+ 20log(r) (2.1)

C =P +G + G, +10logla x cr) + 10log(e x T} — 20log(A) + C, (2.2)

where,
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¢ P, 11321 received power

e I’ : 1B23 noise level

e 1 : Distance

* P; : transmnitted power

e G, : transmit antenna gain

o G, : receive antenna gain

¢ a :along-track beam width

e cr :cross-track beam width

o c :speed of light

e A wavelength

o C, :Radar constant defined as follows:
K

€, = 10log p3|—9—2*°zn210'"'3 (2.3)

where IKIQ is the dielectric factor and taken to be equal to 0.93. Figure 2.5
shows the structure of the 1C21 product. The following data are used from 1C21

PR reflectivity in this research:
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ECS Core Metadata 10,000 by esl

Product Specific Metadata 10,000 bytcsl

PR (alCoef 4 bytes  Table: 18
Ray Hcader 60 bytcsl Tablc. bpray
Data
Cranule . 3 s
SwathStructure 3600 byte
Scan Time 8 bytcs] Table: nscan
Geolocation 4 bytes| Array: 2 x mray X nscan
Scan Status 15 bytcsl Table: nscan
Navigation 38 bytc4 Table: nscan
Powers 6 bytey Table: nscan
Systcm Neoise 2 bylesl Array: nray X nscan
System Noise Warning Flag 1 bytel Amay: nray X nscan
Minimum Echo Flag 1 bytc! Alray: nray X nscan
* _’[ Bin Storm Height 2 bytesl Array: 2 X mray x nscan
SwathData i

Satellite Local Zenith Angle 4 bytes] Anay:

Spacecraft Range

4 bytc S‘ _A_rray .

Bin Start of Gversample

2 bytes ] ArTay:

Land/Ocean Flag

2 bytes § Amray:

Surface Detect Waming Flag 2 byfcsl Array:

Bin Surtace Peak

2 bytes ! Array:

Bin Ellipsoid

2 bytcsi Array:

Bin Clutter Free Bottoin

2 bytcsl Array:

Bin DIDH Mcan

2 bytes ] Array:

Bin DINDH Top

2 bytcsl Array:

Bin DIDH Bottom

2 byms] Atray:

Normal Sampic

2 byws] Array:

Surface Oversample

2 bytes] Aray:

Ram Oversample

2 byvtes | Amray:

nray X nscan
uray X nscan

2 x 29 % nscan
nray X ascan
nray X nscan
nray X nscan
nray x nscan

2 % nray X nscan
nray X nscan

2 X nray X nscan

2 X nray X nscan

140 x nray X nscan

5 X 29 X nscan

28 x 11 x nscan

Figure 2.5: 1C21 data structure {Ref: TRMA handbook, 2001).
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2.4.2.1 Ray Header

The ray header contains information that is constant in the granule, such as
the parameters used in the radar equatiow, the parameters in the misinum echo
test, and the samiple start bin number. These parameters are provided for each
angle bin. The starting bin distance is determined by the sampling timing of the
PR. The distance between the satellite and the center of the Nth normal sample

bin is calenlated as follows:

T

Distance = startingbindistance + Rangebinsize x (N — 1) (2.4)

This distance is defined as the center of a radar resolntion volume. Range
bin size is the PR range resolution and is the width at which pulse electric power

decreases 6 dB.
2.4.2.2 Normal Sample

The reflectivity [ABZ){Z = mm®mm ™) of the normal sample is multiplied by
100 and stored as a 2-byte integer. The data ranges from -20 dBZ t0 120 dBZ with
an acciracy of 0.9 dBZ. If a cell {range bin) is determined to have no echo. the

reflectivity is set to -32700.
2.4.2.3 Bin Clutter Free Bottom

The bip clutter free bottom is the range bin number of the lowest clutter free
bin. Clutter free bin numbers are given for clutter free certain and possible. For

this research the certain clutter free bottom is applied.
2.4.2.4 Bin Eilipsoid

3in ellipsotd is the range bin number of the earth ellipsoid.
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2.4.2.5 Geolocation

20

Geolocation is the earth location of the beam center per angle bing at the

altitude of the earth ellipsoid.

This is recorded as latitude and longitude.

If

the earth location cannot be caleulated, the geolocation output becomes -9999.

Latitude is positive north and negative south while longitude is positive east and

negative west.

2.4.2.6 Data Quality

Data guality is a summary of data quality in the scan. This data consists

of 8 bits. Unless all bits are 0 (normal), the scan data is meaningless to higher

processing.

Bit Meaning
0 missing
5 | Geolocation Quality is not normal
6 Validity is not normal

Table 2.3: 1C2] Minimum Echo Flag.

2.4.2.7 Missing

Missing indicates whether information is contained in the scan data.

values are:

| Value

Meaning

Normal

;1 Missing (missing packet and calibration mode)

No-rain
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2.4.3 Level-2A Product (2A21)

The primary objective is to compute the path-integrated attenuation (PIA)
using the surface reference technicque (SRT). Thie surface reference technique rests
on the assminption that the difference hetween the measuwrements of the normalized
surface cross section within and outside the rain provides a measure of PIA.

Two types of non-rain normalized radar surface cross section (¢”) estitnates
are used: spatial and temporal. In the spatial surface reference data set, the mean
and standard deviation of the surface cross sections are calculated over a running
window of Ns ficlds of view before rain is encountered. These operations are per-
formed scparately for each of the 49+2 incidence angles of TRMM, corresponding
to the cross-track scan from -17 to +17 degrees with respect to nadir. The two
additional angle bins are used to take care of non-zero pitch/roll angles that can
shift the incidence angle outside the normal range.

For the temporal surface reference data set, the running mean and standard
deviation are computed over a 1 x 1 degree (latitude, longitude)} grid. Within each
U x 1 degree cell, the data ave further categorized into incidence angle categories.

When rain is encounteved, the mean and standard deviations of the refercnce
0% values are retrieved from the spatial and temporal surface reference data sets.
To determine which reference measurement is to be used. the algorithm checks
whether Nt samples are needed to be considered a valid reference estimate for
the temporal and spatial reference data sets, respectively. If neither condition is
satisfied. vo estimate of the PIA is made and the flags are set accordingly. If only
one condition is met, then the surface reference data which corresponds to this is
used. If both conditions are satisfied, the surface reference data is taken from that
set which has a smaller standard deviation. I a valid surface data set exists, then

the 2-way path attenuation (PIA) is estimated from the following equation:

PIA= <UO(T€f€TE‘:TLC.(-: -1:{1.1-'11,-(f)> — o in rain) {2.

N2
W]
Ny
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where ¢%(in rain} is the value of the normalized radar surface cross section over
the rain volume of interest and (o%(refrence value)) is the mean value obtained
from either the temporal or spatfial reference data sets. To obtain information as {o
the reliability of this PIA estimate we consider the difference between the PIA, as
derived in Equation 2.5, and the standard deviation as calculated from the no-rain
o® values and stored in the rveference data set. The reliability factor of the PIA

estimate is obtained by using:
RelaiF cator = PIA/std(reference value) (2.6)

Whien this quantity is large. the reliability is considered high and conversely. The

following data used from 2A21 PR reflectivity in this research:
2.4.3.1 Sigma Zero

Normalized backscattering radar cross-section of the surface (dB) for the 49

angles bins in the radar scan.
2.4.3.2 Incidence Angle

Incidence angle with respect to nadir (in degree); pitchi/roll correction is in-

cluded.

2.4.3.3 PIA
Estimated 2-way path attenuation in (dB) where:
rs .
PI4 = 2/ k(s)ds 2.7)
0

where k{s) is the atfenuation coefficient in dB/km and the itegral runs from storm

top to the surface.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

2.4.4 Level-2A Product {(2A23)
The main objectives of the 2423 data product are as follows:

e Detection of biight band {(BB) and deternmination of the height of BB and

its strength when BB exists.

o Classification of rain type into the following three categories: stratiforin,

convective, and other.

e Detection of shallow isolated (a kind of warin rain).

e Output of Rain/No-rain flag.

o Computation of the estimated height of freezing level.

o Quiput of the height of storm top.
The following data used from 2A23 PR reflectivity in this research:
2.4.4.1 Bright Band (BB) detection

The major conditions for the existence of BB are as follows:

1. Height of BB (HBB) must be close to the height of freezing {freezH) within
+2 k.
2. BB has a clear peak.

3. HRBI3 mnust be close to each other {within £0.65 km at most in one vertical

plane with 49 angles bins of dataj.

4. Reflectivity {Z) at height above HBB by 0.5 km or higher must be smaller
than the Z af least by 2 dB. In other words, Z must be decaved appreciably

at height above HBB.
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5. When 7 at HBDB exceads 42 dBZ, and the peak is not sharp enougl, the
standard deviation of Z below HBB in the range fromm HBB - (.5 ki down

to the clutter free height 1¢ smaller than 2 dB.

6. Below HBB, Z in the range from HBB - 0.5 km to HBB -1.0 km must be
smaller than the Z at HBD at least by 1 dB.

The above conditions for BB are sufficient when HBB is found in the range
of freezH ££1.5 kim. However, when HBB is found in the height range outside of
freezH 1.5 km but in the expanded height vange of £2.5 km, further conditions

are imposed on the detection of BB to avoid false BB peaks.
2.4.4.2 Rain Type

2A23 uses two different methods for classifving rain tvpe; one is the vertical
profile method (V-method) and the other is the horizontal pattern wethod (H-
method). Both metliods classify rain into three categories: stratiform. convective,

and other.
2.4.4.3 Rain Type classification by V-method

Outline of the V-method is as follows:

1. When BB exists, rain is basically classified as stratiform except when Z,,,, >
Zpp and Z,,,, > 42 dBZ, where Zpp is the Z factor at the BB peak and the
Zmoe 15 the ynaximum value of Z iun the rain region, rain type is classified as

convective even though BB clearly exists.

2. Wheo BB is not detected. and the maximum value of Z at a given angle bin

exceeds 39 dBZ, rain type for this angle bin is classified as convective.

3. Other type is defined as not-stratiform and not-conveetive. This means that
there exists appreciable radar echo but it is not strong enough to be convec-

tive and also BB is not. detected.
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The other type of rain consists of the following cases: cloud, actnally stratiform
but BB fails, ambiguous because radar echo is not strong enough to be convective,

and finally simply noise.
2.4.4.4 Rain Type classification by H-method

The horizental pattern method (H-method) also classifics rain into three cat-
egories: stratiform. convective, and other. but with the definitions of these being
different from those of the V-method. The H-method is based on the University
of Washington convective/stratiform separation method, which examines the hor-
izontal pattern of Z at a given height; where Z has a 2 km horizontal resolution.

In 2A23, the following rnodifications are made:

o instead of examining a horizontal pattern of 7 at a given height, a horizontal
pattern of Z,,,, s examined; here 7, is the maximum of Z along the range

for each antenna scan angle below freezing height (-1 km margin).

e Parameiers are changed so that they may be suitable for the TRMM data
with 4.3 km horizontal resolution. Choice of parameters was made before
the launch of the TRMM using test Ground Validation (GV) data in such a
way that a 4.3 km resolution produces ahinost the same result as that with a

2 km resolution data.
e Other type of rain is introduced to handle noise.

In the H-method, detection of convective rain is made first. If one of the
following conditions is satishied at a pixel, which corresponds to the angle bin data

being considered, it is judged that the pixcl is a convective center:
& Zar exceeds 40 dBZ.

® g stands out against the backgrouud area.
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Rain type for a convective center is convective, and rain type for the pixels
nearest to the convective center s also convective. If rain type is not convective
and if the rain echo is certain to exisi. then rain tvpe is stratiform. Rain tvpe
by the H-method is "‘other”™ if the radar ccho below the freezing height (-1 km
margin) at a given angle bin is possibly noise. This means that the other type by

the H-method includes the case of noise and cloud.
2.4.4.5 Unification of Rain Type

The unified rain type is expressed bv 2 digits. The first digit indicates the
rain type {1:stratiform, 2:convective, 3:other) and the last digit indicates a level of
confidence, which decreases as the number increases. Table 2.5 shows the unified
rain type. Rain types by V-method and H-methed can be reconstructed from the

unified rain tyvpe (Table 2.6).
2.4.5 Level-2A Product (2A25)

The rmain objectives of 2A25 are to correct for the rain attenuation in mea-
sured radar reflectivity and to estimate the instantaneous three-dimensiocnal dis-
tribution of rain {rom the TRMM precipitation radar (PR} data. The estimates
of attenuation-corrected radar reflectivity factor and rainfall rate are given at cach
resolution cell of the PR radar. The estimated near surface rain rate and average
rainfall rate between the two altitudes (2 and 4 kin} are also calculated for each
beam position.

2A25 basically uses a hybrid of the Hitschfeld-Bordan method and the surface
reference method to estimate the vertical true radar reflectivity {2} profile. More
details on the Hitschield-Bordan method and the surface reference method for
correction reflectivity will be given in Chapter 3. Since radar echoes from the ncar

surface are contaminated by the mainlobe clutter, the rain estimate at the lowest
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value rain type :
b stratiform certain {BB exist) T
1] " stratiform certain (BB exist) :
12 probably stratiform i
13 maybe stratiform m-i
14 mayhe stratiform or mavbe transition or ngnething else
15 maybe stratiform
20 convective certain (no BB)
21 convective certain
22 convective certain
23 probably convective (BD exists) T
24 " Inaybe convective
25 mavhe convective |
26 convective
27 B copvective
28 convective
29 convective
30 other
31 N other

Table 2.5: Unified Rain Type.

V-method H-method | Unified Type
stratiform stratiform stratiform |
stratiform other stratiform
other stratiform stratiform
stratiform (BB certain) convective stratiform
convective convective |  convective
o vther convective convective |
convective other convective
convective stratiform convective
stratiform {BB not certain) ! convective convective
“other other other !

Table 2.6: Reconstructed Unified Rain Type.
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point in the clutter-free region is given in the near-surface rainfall vate for each
angle bin.

The major input data to 2A25 ave the measured radar reflectivity factor Z,,,,
the apparent decrease of the surface cross section (Ag?) by the attenuation due to
rain. 1fs reliability, the rain tvpe and the miscellaneous height information. The
algorithm first defines the region for processing: it processes only the data between
the rain top and the lowest height above the surface that is free from the surface
clutter. The bright-band (BB) height and the climatological freezing height are
used to define the regions of liquid (water), solid (ice), and the mixed phase of
precipitation particles. The initial values of the coefficients in the k-Z (k = aZ¥)
and Z-R {R = oZ®) relationships at different altitudes arc accordingly defined.

The following data used from 2A25 PR reflectivity in this research:
2.4.5.1 Corrected Z Factor

This is the attenuation corrected Z-factor at 13.8 GHz at the radar vanges
gates from 0 to 20 km. it ranges lrom 0.1 to 80 dBZ ana is nmltiplied by 100, 1f
the input radar reflectivity factor {Z,,) is below the noise level, the corrected Z

factor is set to 0.

2.5 Data Alignment

The size of 1C21 data per scan is 49 rays and 140 bins. On the other hand,
2A25 data size per scan is 49 rays and 80 bins. Thus, in order to eleminate the
diffevence in size of 1C21 and 2425, data alignment is needed. To cbtain the

ellipsoid bin number of 225, the following equation is used.

2425 Ellipsoid = {Bin Ellipsoid — Ray Start)/2 (2.8)
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Chapter 3

ATTENUATION CORRECTION BACKGROUND AND
THEORETICAL MODELS

3.1 Imtroduction

It 15 well known that precipitation can greatly affect the propagation of radio
waves at frequencies above 3 GHz in varicus ways aud that these effects must be
taken into account in the design of radio frequency (RF) links as well as sensor
svstems such as vadar. Amoung these effects, the most serious is precipitation-
induced attenunation. Therefore, attennation of microwaves indicates the decrease
in power of the electromagnetic wave as it propagates. When an clectromagnetic
wave propagates through the atmosphere, it is scattered or absorbed by particles
in the atmosphere and therefore, the wave is attenvated and this attenuation is
called extinction. In other words, the sum of the total scattering and absorption

cross section is called extinction cross section.

Cogt = 05 ¥ Og (31}

where o, 1s the total scattering cross scction and o, is the total absorption cross

section. Duc to this attenuation, the other end receives a weaker wave than the
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original. The absorption and scattering of electromagnetic waves due to precipita-
tion has been studied since the carly 1940s nearly coincidental with the beginning
of radar {Bringi and Chandrasekar, 2001}, In general, the attenuation of radio
waves increases with radar reflectivity. Even at a relatively low frequency such as
3 (GHz (S-band), attenuation effects can be significant when the propagation path
passes through multiple precipitation cells of high intensity.

Recently higher frequency bands, such as Ka-band, are getting more attention
for remote sensing applications and satellite communication because of the need
for larger bandwidth and lower cost. However, radio wave propagation is much
more susceptible Lo precipitation attenuation at higher frequencies. Rain, clouds.
and gaseous absorption by oxygen and water vapor can easily affect the sigual and
must be considered. Rain can produce attenuation of the order 20-36 dB (in 20-390
GHz range). Thus estimations of attenuation and intrinsic reflectivity are some of
the most important issues for space borne radar operations.

This chapter describes attenuation correction used in TRMM (Ku-band} algo-
rithm and frequency scaling of attenuation (Ka-band) and theoretical computation

of attenuation in precipitation.

3.2 Attenuation Correction

Attenuation is produced by various obstacles such as atmospheric gas, clouds

and precipitation. The total specific attenuation k [dB/km) can be expressed as:

k=ky+ ke 4k, (3.2)

where k,. k. and k, are the specific attennation in dB/km for gas. clouds and
precipitation. respectively.  Among the three. £, dominates in the presence of

precipitation.
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In the past few decades several methods of attenuation estimation from radar
return have been proposed. lguchi. et al. (2000) describes the attenuation correc-
tion snethod for TRMM standard algorithm. It is based on a hybrid of the surface
reference method from Ignchi and Meneghint (1994} and the Hitschfeld-Bordan
method {1954). The corrected veflectivity factor or true effective reflectivity factor
Z, [ABZ] (Z = munPmom™*) in TRMM 2425 data is obtained by this algorithn,
Attenuation correction estimates Z, at 13.8 GHz ar each radar resolution cell from
the vertical profiles of measured reflectivity factor Z,, [dBZ] in 1C-2] data. When

there is attepuation, the radar equation becomes:

C K|

R (7 ) = 2 . Z-m('r} (3 3)

where
5

Zp{r) = Z{r)exp [—0.‘21-}1'] 0/ k'(s}ds] (3.4)

and
.oomP—1 .
A= m? + 2 (3-5)

where P,(r) is the received power, 7 is the range from the radar, €' is the radar
constant, m is the complex index of yefraction of the precipitation particles, k{r)
is the specific attenuation [dB/km]{or attennation coefficients), and the quantity

Jo #{s)d(s) the attenuation. The attennation to the surlace is fJ* k(s)d(s) where r;
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is the range to the surface ans is called the “Path Integrated Attenuation™ (PIA).
The quantity ezp [~0.2In10 [ k{(s)d{s)] is called the “attenuation factor”.

If ", m. and r are known, the measured reflectivity Z,,(r} can be calculated
from the measured received power /.{r}. To calculate the rainfall profile R(r),
we are reguirved to have the true reflectivity (corrected reflectivity} Z{r) or the
specific attenuation k{r}. When the attenuation is neghigible. Z{r) = Z,.(r). We
need to solve Equation (3.4} for the unknown functions Z(r) and k(r) for a given
function Z,,(r}. This problem is obviously ill posed and cannot be solved uniquely
unless some relation exists between Z{r) and &(r). One such solution derived by
Hitschield and Bordan {1954) with a power-law relation (k = aZ?). gives a rea-
sonable estimate if the attenuation effect is small. When the attenuation is targe,
however, the Hitschfeld-Bordan solution can become unstable. To avoid this insta-
bility problem, several methods have been proposed {Iguchi and Meneghini, 1994;
Marzoug and Amayence, 1994; Marzoug and Amayence, 1991; Kozu and Naka-
mura. 1891a and 1991b; Meneghini, 1978: Meneghini et al., 1983, and Menghini

aund Nakamura, 1990).
3.3 Surface Reference Technique

The surface reference technique estimates the PIA through rain from the de-
crease m the surface return. In particular, an estimate of the attenuation factor
at r = 7, i1s obtained from the ratio of the surface return power measured in rain

to that measured in adjacent rain-frec areas:

- 5, 14 rain]
A(rys) = ol (36)

P, |rs; no rain|

An estimate of the PIA, which follows directly from i(!bj 18 then used to con-

strain the Hitschicld-Bordan solution. I % is related to Z by & = aZ” and 3 is
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constant i range. then Equation 3.4 can be written as a differential equation in

the following way:

1
-I-‘-I.nZ,,.‘ +ga =10 (3.0

i +u3 €
e U3
dr T d

where v = 7% and ¢ = 0.28[n10. A general solution to this equation is:

Z{r) = Zm(r) [C0 — qS{r)] 77 (3.8)
where C| is an arbitrary constant, and S(r) is defined by:

S(r) = A " als)Z5 (s)ds (3.9)
If the initial condition 1s given as:

Z{r) = Zpl(r) atr =0 (3.10)
then '} becomes 1 and this corresponds to the Hitschfeld-Bordan solution:

Zuplr) = Zu{r) 1 - ¢S(r))"Y" (3.11)

If. instead, the final condition on Z{r) is given at r = 7. the following condition
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must be satisfied by C):

By substituting Equation 5.1 into Equation 3.8, we get the fiual Z:

7 1 ~1/8
va = Zm.('r) { [JZLEE%] + Qis(rs) - SU)]}

If we define A, by:
T3
Ay = exp (—().21-7110/ kds)
0
then,
Z(rs) s
and the solution can be written as:

Zpu(r) = Zair) {AL +q1SG) - S}

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

and this method is called the *final value method™. The final value method uses the

PIA as the single condition to choose the solution. Unlike the forward solution of

the Hitschield-Bordan, this solution is stable. Since this solution is solved backward
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from the swiface, it depends only on the measured Z,,{r) between the point of
interest and the surface. The values of Z,,(r) above the range + do not affect the
solitlon. This is the advantage of the final value method since it is not easy to
model the & — Z relation appropriately at high altitudes where the phase and size
distribution of precipitating particles are not known.

Since the integration constant €, 18 adjusted to satisfy the surface condition,
the solution does not satisfy the natural initial condition given in Equation 3.10.
In order to satisfy both mitial and PIA conditions, it is necessary to introduce an
adjustable parameter. Different surface reference methods adjust different model
parameters so that the total attenuvation calculated from the Hitsclifeld-Bordan
solution with the adjusted parameters equals the PTA. Let introduce a correction

factor defined by:

1A
q5{ry)

(3.17)

If the model parameters o and 3 accurately represent the & - Z relationship and if
there is no error in the raday calibration or the PIA estimate, then ¢ becomes unity.
This is the case when the tota) atiennation is equal to the attenuation calculated
from the retrieved Z{(r} with an assumed & — Z relationship.

The « adjustment method adjusts the coefficient & by a factor of € and makes

the two attenuations equal. The corrected Z(r) is then given hy:

Za(r) = Zn(r) [ — eqS(r)]Y?

= Zn {42+ eqiSr) - s} (3.18)

This solution is expressed in two different forms in order for the easy comparison
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with the Hitschfeld-Bordan solution (Equation 5.2) and with the final value solu-
tion {Equation 3.16), respectively (Iguchi and Meneghini. 1994). The equivalence
of these two forins can be easily verified using the relation in Equation 3.17.

The vadar constant adjustment method (Meneghini et. al., 1983; and, Mengh-
ini and Nakamura, 1990) adjusts the radar constant C and makes the two attenu-

ations equal. The comected Z(r} is given by:

Ze(ry = €9Zu(r)[1 ~ eqS(r))

A8 1/3
Zin {T‘; + ¢ [S(rs) - 5’(?‘)!} (3.19)

It is easy to see from Equations {5.2), (3.16}, (3.18), and (3.19) that Z-(r} =

17 Z,(r) and that the following inequalities hold:

ifex>l = Z'g(-r) > va(r) > Zo(r) > ZHB(I”)
Z'f €=1 = Z(*(?) = Zh-(f') = Z(,('7‘) = Zy;g(’f')

ife<l = Zc(T) < ZIU(T) < Za(l') < Z}.][y(?') {320}

3.4 PR Attenuation Correction

Iguchi ¢t al.(2000} describes the attenuation correction method for TRMM
standard algorithm. If iz based on a hvbrid of the surface reference method from
Iguchi-NMeneghini {1994} and the Hitschfeld-lBordan method (1954}, The corrected
reflectivity factor or true effective reflectivity factor Z, [dABZ] (Z = mm®mm ) in

TRMM 2A25 data is obtained by this algorithm. Attenuation correction cstimates
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Z, at 13.8 GHz at each radar resolution cell from the vertical probles of measured
reflectivity factor Z,,, {dBZ} in 1C-21 data.

The Hitschfeld-Bordan method vses the k-7, relationship £ = aZ?. The coef-
ficient o in the k-Z; relationship s adjusted in such a way that the path-integrated
attenuation (P1A) estimated from the measured Z, profile by the Hitschfeld-
Bordan method maiches the estimate of PIA from the surface reference. o values
may vary depending on temperature as well as the parameter /v, described in the
next scction. 3 is uniform within the radar resolution cell. the observed radar
reflectivity factor Z,,{r) and the true effeciive radar reflectivity factor Z.(r) are

refated through:

Zm(r) = Z(r)Ar)

== Z‘:(l‘}(i.’lr’p [_02[72(10) /ﬂw k(‘?)ds] : ( |

(e8]
No
—
—

where A(r) is the attenuation factor from the radar to range r, and k{r) is the
specific attenuation or atienuation coefficient expressed in decibels per kilomneter.
Given an estimate of the attenuation factor A(r). one can caleulate Z,{r) from
measured Z,(r} by Z,(r) = Z,.(r}/A(r}).

If k is refated to Z, by a power law k = o Z?, then Fquation 3.21 can be solved

for Z, and the solution hecomes:
Zol7)

Zlr) = 12 (3.22)

where Aggir) is given by:

JII,'}

Apalr) = {1 - q,ﬂ/; o:(s)Zf,(‘s-)ds] (3.23)

J
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With ¢ = 0.21n(10} (lgnchi and Meneghini 1994). Equation 3.23 is equivalent
to the Hitschfeld-Bordan solution for the attenuation correction (Hitschfeld and
Bordan 1951).

Let PIA denote the two-way atteniation to the surface (r = r;) expressed in

units of decibels, that s,

PIA[dB] = —10log, Alr,)
gl
= —10%og 24
o5
= 101og,o|Ze(r,)} — 1010g;o{Zm ()] (3.24)
or
10log)o{Zin(rs)] = 10log[Z.(rs)} ~ Pf.} {3.25)

then, the Hitschield-Bordan estimate of PIA becomes

10 .
PlAyg = —10log,y Ayplrs) = 3 for,4(1 — () (3.26)
Here, ( is defined as:
{ = qd/ 73 (s)ds (3.27)

The surface reference technigue also gives an independent estimate of PIA (Menegh-

mi et al. 2000). This PIA is denoted by PIAqgp. This technique assumes that the
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decrease of the apparent surface eross section is caused by the propagation loss of

radar signal by rain:

PIAsg = 70" = {00, un) — O (3.28)

TO-- TN l) THin

The objective here is to find the best estimate of PIA, denoted by P7A,. from
¢ and Ac®. Once the estimate of P14, is obtained, an attenuation correction
factor € 18 introduced in such a way that the modified HitschfcldBordan estimate

gives the same path attenuation as P7A,:

10
PIA, = -3 log, (1 — €(). . {3.29)

With this ¢, the attenation-corrected Z, can be calenlated at all ravges by (Iguchi

and Meneghini, 1994)

ZAr) = Zn(r) (3.30)

(1 - g 7 als) Zi(s)ds])

Because multiplving { by € is equivalent to adjusting «, this is an a-adjustment
method. If the surface reference Ao s taken to be exact and if we set PIA, =

PilAsp = AcC. the attenuation corrvection factor is given by:

} - 10.3&0",-’10
A (3.31)

r
§
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3.5 Theoretical Computation of Attenuation in Precipitation

The absorption and scattering of electromagnetic waves in precipitation ave re-
spousible for the attenuation. The sum of the total scattering and absorption cross
section is called the extinction cross section g,,4. For frequencies corresponding
to Rayleigh scattering, the absorption cross section of a spherical drop is propor-
tional to its volume, and it dominates the extinction cross section. The specific

attenuation of a propagation wave through hvdrometeors can be expressed as:
A = 4343 x 10° / o DIN(DYID  dBkm™' (3.32)

where N{D)dD is the munber of particles per unit volumne with sizes in the interval
D to D+dD and given in the unit of m™? while 0,4, is given tn m?. For raindrops,

Equation 3.32 can be parameterized up to 15 GHz as:
A= 4343 x 103C,, f DYD)N(D)D  dBkm" (3.33)

where the coefficient ) is dependent on wavelength. [t is also a function of tem-
perature. If the intrinsic radar reflectivity at a range r from the radar is Z{(r), then
the measured reflectivity (Z,,(r)) is reduced to attenmation and can be expressed

as:
Znl1) = Z{(r)exp [—'—1/ }(i.,,l(r)d-r} (3.34)
0

Where K, is the imaginary part of effective propagation constant Kopp. iy, 15 in
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units of m! and r in m. Both Z{r) and #,(r} are described by the hvdrometeor
size distribution. H the path length r is in (bm) and specific attennation is defined
in dBkm™', then it can be shown that 4 = 8.6%6 x 10°K;,, and Equation 5.6

reduces to:

1 Of()glﬂ [Zm('r)]

i

100ogio [Z0(r)] ~ 2 [ Alr)dr
g

2 10logre [Zn(r)) — 2D {A(r)Ar) (3.35)
The intrinsic raclar reflectivity is defined as:

7z = %i /a(D)z\-*(D)d(D) (3.36)

st

where o{ D) is the backscatter cross section, A is the wavelength, and {K'} = | |2‘ .

3.5.1 Mierophysical Model of Precipitation

The raindrop size distribution (RSD) plays an important role i determining
some of the radar parameters, such as the reflectivity factor, the differential reflec-
tivity, the attenuation characteristics of various hydrometers in precipitation and
the specific differential phase {Bringi and Chandrasekar, 2001). In the Rayleigh
scattering region. the attenuation is proportional to the product of the volume and
the imaginary part of the complex dielectric constant of the hydrometeor. The di-
electric constant changes with wavelength and temperature. The most widely used

shape to represent the RSD is the gamma distribution (Ulbrich, 1983):

N(D) = N,D*exp{—AD) wmm ' 'm* (3.37)
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where N{D) {mm™*m~") is the distribution of raindrop per diameter interval D
(mm)} N, (mm™3m™ ') is termed the intercept parameter. p is the rate of curve.
and A (1) is the slope parameter. The gamma size distribution can be written

in classical form as:

N(D) = nef(D) (3.38)

where 7, is the number concentration, and f{12) is the probability density function
describing the size distribution. The median volume diameter Dy (mmn) is defined
such that precipitation particles up to size Dy contribute to half the mass content.
The volume weighted mean diameter D, [mom] (generally referred to as the mean
voluie diameter) can be defined as the ratio of the fourth to the third moments

of the distribution:

_ e N(D)DYD 2 30
D = & N(DYD3D 2.39)

And for 2 Gamma distribution, Ulbrich (1983)

{4+ 1)

D"ﬂ = P
Y3.67 + 11)

(3.40)

Ulbrich (1983) has shown that a gamma model for Equation 5.8 can adequately
describe much of the natural variability in the hydrometeor size distribution. In
order to compare the size distribution of hyvdrometeors under widely varving pre-

cipitation rates the concepl of scaling drop size hias been used bv several authors
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{Sekhon and Srivastava, 1971 Willis, 1984; and, Testud et al., 2001}). A general

expression of the normalization of the distiibution is:

N(D) = NoF(D/D,) (3.41)

and

_ T(4) (3.67 + p)ttx

FiX) = 3674 T(d+ )

Xtexp[—(3.67 + p1) X] (3.42)

where N, (mm™!'m™?) is the scaling parameter to normalize F{D/D,). Here.
F(X) denotes the normalized distribution describing the intrinsic shape of the
distribution {noting that X = I)/D,), and X is a dimensionless quantity. The

corresponding normalized {scaled) N (D) can be expressed as:

23
N(D) = N,.f{(i) (g-) exp(—Apn) (3.43}

o
. Dy and A are related to each other as:

367+ p
D,

A (3.44)

Thus the three critical parameters of the hvdrometeor size distribution namely
. D, and N, control the nature of hydrometeor size distribution, and varving
them over a wide range of naturally observed values vields a physically realistic

simulation of derived parameters such as radar veflectivity and aftenuation.
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3.5.2 Simulation Results

The simulations are used to study the attennation and reflectivity through
various hydrometeor particles such as rain. grawpel, aggregaie, and snow. The
variability of the parameters used in the simmlation in this research is shown in
Table 3.1 while Table 3.2 shows the densities and water ratio of graupel. Essentially
the shape parameter, s, of the distribution is changed between -1 to 4 for rain,
whereas it is kept zero as for all ice particles (implying exponential distribution).
These ranges are chosen from a wide variety of published observations of raindrop

size distributions {Pruppacher and Klett, 1997).

Hydrometeor Type Dy (mm} N (mm Tm ) i
Rain 05 < Dy <25 |3.0<logN, <50 —1.0< £ < 4.0

Wet Graupel 1.0 < Dy €3.0]2.0 < logh,, <4.0 0

Aggregate 0.5 < Dy <20]20<ogN, <40 0

Suow L0.5 < Dy <25 | 2.0 <logh,, < 4.0 0

Table 3.1: RSD Parameters.

Hydrometeor Type | Density | Water Ratio
Rain 1.0 -
Wet Graupel | 04 0.17
T Aggregate [0.1,0.5] =
Snow 0.1 -

Table 3.2: Densiries and Water Ratios.

For this research, 1000 samples of each type of hydrometeor mentioned above
are generated. After generating distribution parameter samples for each hydrom-
erear tvpe, the reflectivity factor and the specific attenuations &k are computed
with the parameters by using Equation 3.45 and 3.32, respectively, at 13.8 GHz

(Ku-baud), 28 GHz, and 35 GHz (Ka-band).
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Do {mm]

Figure 3.1: Aggregate Dy vs log)y:Vu.

P /I') os(D)N(D)dD (3.45)

YN

where o,( D] is backscatter cross section and |K,|? is the dielectric factors of the

scattering particle and defined as:

2
€y — 1

L (3.46)
P

K, =

where €, is the relative permittivity. Figures 3.1. 3.2, and 3.3 show Dy vs log g Nw
for aggregate, wet graupel. and tain, respectively while Figure 3.4 shows Dy vs p
for rain.

Table 3.3 provides an itemized lst of the figures of the scatter plot of attenua-
tion versns reflectivity at 13.8 GHz (Ku-band), 28.0 GHz, and 33.0 GHz (Ka-band)
for different categories of hvdrometeor types. Heve, fonr categories for hyvdromete-

ors are used. namelv aggregates with densities from 0.1 1o 0.5, wetr graupel with
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Figure 3.2: Wet graupel Dy vs log g Nw.
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Figure 3.3: Rain Dg vs loggNw.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



§ e e T
4 . -
3_
2k .

= E
1 . M g
0‘ - N

—1F 4
2 b e e e e e b et en e .
Q 0.5 1 1.5 2 2.5 3

Figure 3.4: Rain Dy vs g

0.4 density, snow with 0.5 density. and finally vain. In these figures the circle shows
the result of scatter of attenuation vs. reflectivity while the solid line shows the

result of fitting when the & = ¢Z?% model is used.
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Figure Number

Title Description

Figure 3.5

aggregate with 0.1 density at 13.8 GHz

Figure 3.6

cmabmals s

aggregate with 0.1 density at 28.0 GHz

Figure 3.7

aggregate with 0.1 density at 35.0 GHz

Figure 3.8

aggregate with 0.2 density at 13.8 GHz

Figure 3.9

aggregate with 0.2 density at 28.0 GHz

Figure 3.10

aggregate with 0.2 density at 35.0 GHz

Figure 3.11

aggregate with 0.3 density at 13.8 GHz

Figure 3.12

aggregate with 0.3 density at 28.0 GHz

Figure 3.13

aggregate with 0.3 density at 35.0 GHz

Figure 3.14

Figure 3.15 |

aggregate with 0.4 density at 13.8 GH»
aggregate with 0.4 density at 28.0 GHz

Figure 3.16

aggregate with 0.4 density at 35.0 GHz

Figure 3.17

aggregate with 0.5 density at 13.8 GHz

Figure 3.18

aggregate with 0.5 density at 28.0 GHz

Figure 3.19

aggregate with 0.5 density at 35.0 GHz

Figure 3.20

wet graupel with 0.4 density at 13.8 GHz

Figure 3.21

wet graupel with 0.4 density at 28,0 GHz

Figure 3.22

wet graupel with 0.4 density at 33.0 GHz

Figure 3.23

suow with 0.1 density at 13.8 GHz

Figite 3.24

Figure 3.25

snow with 0.1 density at 35.0 GHz

Figure 3.26

rain with 1.0 density at 13.8 GHz

Figure 3.27

rain with 1.0 density at 28.0 GHz

Figure 3.28

rain with 1.0 densitv at 35.0 GHz

Table 3.3: Figure Number List of Scatter Plot of Attenuation vs. Reflectivity.
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Figure 3.5: Scatter plot of specific attenuation vs. reflectivity for aggregate with
density 1.1 at 13.8 GHz.
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Figure 3.6: Scatter plot of specific attenuation vs. reflectivity for aggregate with
density 0.1 at 28.0 GHz.
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Figure 3.7: Scatter plot of specific attenuation vs. reflectivity for aggregate with
density 0.1 at 35.0 GHz.
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Figure 3.8: Scatter plot of specific attenuation vs. reflectivity for aggregate with
density 0.2 at 13.8 GHz.
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Figure 3.9: Scatter plot of specific attenuation vs. reflectivity for aggregate with
density 0.2 at 28.0 GHz.
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Figure 3.10: Scatter plot of specific attenuation vs. reflectivity for aggregate with
density 4.2 at 35 GHz.
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Figure 3.11: Scatter plot of specific attenuation vs. reflectivity for aggregate with
density 0.3 at 13.8 GHz.
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Figure 3.12: Scatter plot of specific attennation vs. reflectivity for aggregate with
density 0.3 at 28.0 GHz.
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Figure 3.13: Seatter plot of specific attenuation vs. reflectivity for aggregate with
density 0.3 at 35.0 Gliz.
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Figure 3.14: Scatter plot of specific attenuation vs. reflectivity for aggregare with
deusity 0.4 at 13.8 GHz.
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Figare 3.15: Scatter plot, of specific attenuation vs. reflectivity for aggregate with
density 0.4 at 28.0 GHz.
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Figure 3.16: Scatter plot of specific atienuation vs. reflectivity for aggregate with
density 0.4 at 35.0 GHz.
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Figure 3.17: Scatter plot of specific attennation vs. reflectivity for aggregate with
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Figure 3.18: Scatter plot of specific attenuation vs. reflectivity for aggregate with
density 0.5 at 28.0 GHz. '
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Figure 3.19: Scatter plot of specific attenuation vs. reflectivity for aggregate with
density 0.5 at 35.0 GHz.
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Figure 3.20: Scatter plot of specifie attenuation vs. reflectivity for wet graupel
with density ¢.4 at 13.8 GHz.
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Figure 3.21: Scatter plot of specific attenuation vs. reflectivity for wet graupel
with density 0.4 at 28.0 GHz.
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Figure 3.22: Scatter plot of specific attenuation vs. reflectivity for wet graupel
with density 3.4 at 35.0 GHz.
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Figure 3.23: Scatter plot of specific attenuation vs. reflectivity for snow with
density 0.1 at 13.8 GHaz.
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Figure 3.24: Scatter plot of specific attenuation vs. reflectivity for snow with
density 0.1 at 28.0 GHz.
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Figure 3.25: Scatter plot of specific attenuation vs.

density 0.1 at 35.0 GHz.
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Figure 3.26: Scatter plot of specific aftenuation vs. reflectivity for rain with density
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Figure 3.27: Scatter plot of specific attenuation vs. reflectivity for rain with density
1.0 at 28.0 GHz.
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Table 3.4 shows the paraineterization of the relation between specific attenu-

ation and reflectivity of the form & = o Z? for different types of hivdrometeons.

Hydrometeor Type 13.8 GHz 28.0 GHz | 35.0 GHz
o .3 o 3 e} 3

. Aggregate with 0.1 density | 4.44E-06 | 0.995 | 7.40E-05 | 1.045 | 1.90E-04 | 1.075
L Aggregate with 0.2 density | 4.08E-06 | 1.002 | 6.90E-05 | 1.048 | 1.78E-04 | 1.079
Aggregate with 0.3 density | 2.90E-06 | 1.051 | 6.62E-05 | 1.049 | 1.60E-04 | 1.080

[ Aggregate with 0.4 density | 3.90E-06 | 1.007 | 6.43B-05 | 1.052 | 1.51E-04 | 1.090
Aggregate with 0.5 density | 4.08E-06 | 1.002 | 6.24E-05 | 1.055 { 1.70E-04 | 1.079
Wet graupel with 0.4 density | 7.70E-05 | 0.895 | 1.90E-04 | 1.063 | 1.30E-04 [ 1.163

i Snow with 0.1 density 3.93E-06 | 0.991 | 5.60E-05 [ 0.978 { 1.27E-04 | 0.969
[ Rain with 1.0 density 1.32E-04 | 0.834 | 3.02E-04 | 0.938 ; 7.20E-04 | 0.920

Table 3.4: Parameter of k = oZ? for Aggregate

3.6 Frequency Scaling of Attenunation

. Wet graupel, Snow and Rain.

The specific attenuations at two different frequencies f1 and f2 can be ap-

proximated as:

kro = aky

(3.47)

where a is constant. Thus, in a region of uniform %, the ratio of P/ 4, and PI4y,

can be written as:

PIAn(r) 2[5 kpisids

PIAL ()~ 2 ik (s)ds O

ar

PIAs(r) =~ a- PIA;(7)

(3.49)
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now fy k{s)ds can be approximated as

where n is bin number and d [km] is the distance between bins. In the TRMM

system. d is 0.25 ki and N is 79 (Figure 3.29). Thus, PIA at bin number n is:
PIA(n) =~ 2d4% k() {3.51)
i=1
From Equation 3.49 and Eqguation 3.51:

Pidn(n) = a-PIA;(n)

~ 2ad Y kp (i) (3.52)
=1
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The actual atviosphere consists of multi-laver media (aggregate. graupel, rain ete.).

When radar propagates through M-layers, Equation 3.52 becomes:

PIAL(n) ~ 20)d> k(i) +2ad 3. kp (i)
=1

ES T
n

e 2(1-_.~,,r()f Z ;‘;h (‘5}

=y bl

M fyn
~ 24 am{ Y kf,(i)} {3.53)
m=1

e TP |

where a,, is the coefficient of Eguation 3.48 for m-th layer and n,, is the bin num-
ber between mth and m-+1th layers. From Equation 3.51 specific attenuation &(n)

1s obtained by:

no-1

ki) = TG~ 30 k)
i=| 4=:1
PiAln) PIA(n-1)

2d 2d
_ PIA(n) - PlA(n—1)
= 5 (3.54)
Finally,
%4 e
PiAg(n) =~ deam{ > kh(i}}
=1 g1 41
Af Thn
~ Zam[ S {PIA;(3) ~ PIA,( ~-1)}} (3.55)
m=] li=nm 1]
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Table 3.5 provides an itemized list of the figures of the scatter plot of specific
attentation through aggregate, wet graupel. spow, and rain af 13.8 GHz, 28.0 GHz
and 35.0 GHz. In these figures the circle shows the result of scatter while the solid

line shows the result of linearly fitting.

Figure Number Title Deiscription
Figure 3.30 aggregate with 0.1 density at 13.8 and 28.0 GHz
\ Figure 3.31 aggregate with 0.1 density at 13.8 and 35.0 GHz
" Figure 3.32 | aggregate with 0.2 density at 13.8 and 28.0 GHz
" Figurc 333 | aggregate with 0.2 density at 13.8 and 35.0 GHz |
Figure 3.34 aggregate with 0.3 density at 13.8 and 28.0 GHz
Figure 3.35 aggregate with 0.3 density at 13.8 and 35.0 GHz
Figure 3.36 aggregate with 0.4 deusity at 13.8 and 28.0 GHz
Figure 3.37 aggregate with 0.4 density at 13.8 and 35.0 GHz
Figure 3.38 aggregate with 0.5 density at 13.8 and 28.0 GHz
Figure 3.39 aggregate with .5 density at 13.8 and 35.0 GHz
" Figure 3.40 wet graupel at 13.8 and 28.0 GHz

~ Figure 3.41 wet graupel at 13.8 and 35.0 GHz
Figure 3.42 " Tsnow at 13.8 and 28.0 GHz
Figure 3.43 snow at 13.8 and 35.0 GHz
+  Figure 3.44 rain at 13.8 and 28.0 GHz
 Figure 3.45 rain at 13.8 and 35.0 GHz

Table 3.5: Figure Number List of Scatter Plot of Attenuation.
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Figure 3.31: Scatter plot of specific attenuation for aggregate with density 0.1 at
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Figure 3.34: Scatter plot of specific attenuation for aggregate with density 0.3 at
13.8 and 28.0 GHz.
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Figure 3.42: Scatter plot of specific attenunation for snow at 13.8 and 28.0 GHz.
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Figure 3.43: Scatter plot of specific attenuation for snow at 13.8 and 35.0 GHz.
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Figure 3.44: Scatter plot of specific attenuation for rain at 13.8 and 28.0 GHz.
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‘Table 5.3 shows the attenuation relatiouship between 13.8 GHz {Ku-band}.28.0

Glz. and 35 GHz (Ka-band).

" Hydrometeor Type | 13.8 and 28.0 | 13.8 and 35.0
Aggregate with 0.1 density 12.87 . 26.98
Aggregate with 8.2 density 13.58 ] 28.69
Aggregate with 0.3 density 14.05 : 29.89
Aggregate with 0.4 density 14.47 ; 30.97
Aggregate with 0.5 density 14.50 ' 32.08
Wet graupel with 0.4 density 6.51 i 10.39
Snow with 0.1 density 13.28 28.36
Rain with 1.0 density 3.39 i 5.31

Table 3.6: Parameter of k(K o) = ck(Ku) for Aggregate. Wet graupel, Snow and
Rain.

Table 3.7 provides an itemized list of the figures of the scatter plot of reflec-
tivity through aggregate, wel graupel, snow, and rain at 13.8 GHz. 28.0 GHz and
13.8 GHz, 35.0 GHz. In these figures the circle shows the result of scatter while

the solid line shows the result of fitting these figures.
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Figure Number

Title Description

Fignre 3.46

aggregate with 0.1 density at 13.8 and 28.0 GHz

Figure 3.47

aggregate with 0.] density at 13.8 and 35.0 GHz

Figure 3.48

aggregate with 0.2 density at 13.8 and 28.0 GHz |

Figure 3.49

aggregate with 0.2 density at 13.8 and 35.0 GHz

Figure 3.50

aggreg:&t_.;e with 0.3 density at 13.8 and 28.0 GHz

Pigure 3.51

aggregate with 0.3 deusity at 13.8 and 35.0 GHz

Figure 3.52

agoregate with 0.4 density at 13.8 and 28.0 GHz

Figure 3.53

aggregate with 0.4 density at 13.8 and 35.0 GHz

Figure 3.54

aggregate with (1.5 density at 13.8 and 28.0 Glz

Figure 3.55

aggregate with 0.5 density at 13.8 and 35.0 GHz

Figure 3.56

wet graupel at 13.8 and 28.0 GHz

Figure 3.57

wet graupe} at 13.8 and 35.0 CHz

Figure 3.58

snow at 13.8 and 28.0 GHz

Figure 3.59

snow at 13.8 and 35.0 GHz

Figure 3.60

rain at 13.8 and 28.0 GHy

Figure 3.61

rain at 13.8 and 35.0 GHz

Table 3.7: Figure Number List of Scatter Plot of Reflectivity.
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Figure 3.46: Scatter plot of reflectivity for aggregate with density 0.1 at 13.8 and
28.0 GHz.
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Figure 3.48: Scatter plot of reflectivity for aggregate with density 0.2 at 13.8 and
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Figure 3.49: Scatier plot of reflectivity for aggregate with density 0.2 at 13.8 and
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Figure 3.50: Scalter plot of reflectivity {or aggregate with density 0.3 at 13.8 and
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Figure 3.54: Scattey plot of reflectivity for aggregate with density 0.5 at 13.8 and
28.0 GHz.

30r} y = 0.93x ' i ' i j j

n
(&)
]

N
(=)
T

L

s
(423
T

2

5S¢

Rellectivity Factor Z[dBZ] at 35 GHz
)

o
I
L

b : - T o = o
Refleciivity Factor Z(dBZ] at 13.8 GRHz

Figure 3.55: Scatter plot of reflectivity {or aggregate with density 0.5 at 13.8 and
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Figure 3.57: Scatter plot of reflectivity for wet graupel at 13.8 and 35.0 GHz.
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Figure 3.58: Scatter plot of reflectivity for snow at 13.8 and 28.0 GHz.
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Figure 3.59: Scatter plot of reflectivity for snow at 13.8 and 35.0 GHz.
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Figure 3.60: Scatter plot of reflectivity for rain at 13.8 and 28.0 GHz.
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Table 3.8 shows the veflectivity relationship between 13.8 GHz (Ku-band) 28.0

GHz. and 35 GHz (Ka-band).

Hydrometeor Type '13.8 GHz and 28.0 [ 13.8 and 35.0 |
Apoyegate with 0.1 density 0.96 0.92 |
" Ageregate with 0.2 density 0.96 0.92
Aggregate with §.3 density .96 0.93
Aggregate with 0.4 density | 0.96 0.93
Aggregate with 0.5 density 0.96 0.93
Wet graupel with 0.4 density ) 0.87 0.81
~ Snow with 0.1 density .99 0.99
" Rain with 1.0 density —0.0039z% + 1.1*MM_H:O.D{}@;‘E—;&T

Table 3.8: Parameter of Z(Ka) = ¢Z(Ku) for Aggregate, Wet graupel, Snow and
Raiu.

The results from Figures 3.30 to 3.45 show that the specific attenuation at
Ka and Ku band frequencies ave nearly linearly related. Therefore, the same
relationship holds for cumulative attennation also. For results from Figures 3.46
to 3.61 a linear fit 15 made to the veflectivities for aggregate, wet graupel, and snow

while a second order polynomial fit is made for rain.
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Chapter 4

GLOBAL MAP OF ATTENUATION AND REFLECTIVITY

4.1 Introduction

This chapter describes the microphysical model, which was developed iu or-
der to estimate the attenuatiou as well as the observed reflectivity pattern at Ka
band. This chapter also presents the results of attennation map computation over
the globe. With the methodology described in chapter 3, the basic cancept of
attenuation mapping is shown by using vertical profiles. Finally, global maps (hor-
izontal sections) of cumulative attenuations. reflectivities and reflectivity ratios ave

presented.

4.2 Microphysical Model

In order to esthnate the attenuation as well as the observed reflectivity pattern
at Ka-band the {ollowing microphysical model was developed. While this model
may not provide an accurate description of the space-time microphysical structure
of precipitation, it is sufficient for studying the bulk of attenuation properties. The
2A23 PR data product classifies precipitation into 2 main categories: stratiform
and convective as mentioned in Chapter 2. Therefore. the microphysical model
which 18 developed here is also classified into two models: namely convective and

stratiform.
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Top of precipitation
'

Aggregate

f |
L.5km | Wet graupel Melting Layer

¥

Rain

To ground

Figure 4.1: Microphysical model of convective precipitation.
4.2.1 Convective Model

Figure 4.1 shows the schematic of the microphysical model for convective

precipitation. The microphysical convective model is based on the following:

e Region below the melting layer is rain.

L]

Region above the melting laver is aggregate with densitias from 0.1 to 0.4.

Region in the melting Jayer is wet granpel with 0.4 density.

e The thickness of the melting layer is 1.5 km.

The middie of the melting layer is located at the estimated freezing height

(0°CY).

4.2.2 Stratiform Model

Figure 4.2 shows the schematic of the microphysical model for stratiform pre-

cipitation. The microphysical stratiform model is based on the following:
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Top of precipitation
i

Snow

f 3
1.0km ' Wet Aggregate Melting Layer

Rain

Y
To ground

Figure 4.2: Microphysical model of stratiform precipitation.

Region below the melting layer is rain.
e Region above the melting layer is snow with 0.1 densiiy.

‘e Region in the melting layer is wet aggregate with 0.5 density.

The thickness of the melting laver is 1.0 km.

The middle of the melting layer is located at the center of the estimated

bright band {BB).

4.3 Vertical Profile of Attenuation

The earth’s surface produces a strong echo compared to those of the pre-
cipitation scatters, especially close to ground. This problem is more pronounced
at off-nadir angles in comparison to nadir angles. In order to ensure that sur-
face clutter does not contaminate the data that is used in this regearch. a surface
clutter free region (“clutter free certain” according to TRMM PR documentation

(TRMAM, 2000)) is determined and only data in clutter free regions are considered
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Figure 4.3: Schematic showing the variable clutter free region around the globe.

for analysis. Figure 4.3 shows the sketch of variable clutter free altitude as a func-
tion of position around the globe. The difference between measured reflectivity
and attenuation corrected reflectivity at a specified yange fromn the radar yields
the cumulative attenuation on the earth-space path. The range profile of attenua-
tion in TRMM is obtained as a combination of the HB algorithm and the surface
reference technique as explained in Chapter 3.

A vertical profile of reflectivity is shown in Figure 4.4, for data taken over
Melbourne, 'L on August 13, 1998. Range bin &0 is mean sea level (MSL) for this
data set. The distance between the consecutive bins is 250 m. Figure 4.5 shows
the measured reflectivity Z,, [dBZ] (1C21 TRMM PR) and corrected reflectivity
Z, [dBZ] (2425 TRMM PR) along ray numher 42 of Figure 4.4. In this data set
the clutter free height is estimated to be about 1.5 km altitude. Therefore, Lhe
measurements below this altitude are discarded; however, the data immediately
above is linearly extrapolated down to the surface as shown in Figure 4.5. This
vertical profile is classified as convective precipitation by the 2A23 data produet;

therefore, the convective microphysical model was applied to this profiie. Figuie
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Figure 4.4: Storm over Melbourne, FL August 13, 1998 scan: 4085 22:30.

4.6 shows the path integrated attenuation at 13.8 GHz and the estimated path
integrated attennation at 35 GHé. The results of Figure 4.6 show cumulative
attenuation of the order of 5 dB at 13.8 GHz and of the order of 35 dB at 35
GHz for the specific case presented here. Figure 4.7 shows estimated measured
reflectivity at Ka-band for the data shown in Figure 4.4. It can be seen that
the cstimates of attenuation at 35 GHz are in the range of values reported in the
literature (Pruppacher and Klett, 1997). In addition, the observed reflectivity at
35 GHz is severely attenuated due to the enhanced attenuation through rain and

the melting layer at 35 GHz.

4.4 Monthly Maps of Global Attenuation at Ku- and Ka-Band

The pracedure developed in this chapter is extended {o observations around

the globe using TRMM data and are presented as monthly maps here. In this
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Figure 4.4,

section, TRMM PR ohservations data arc used to develop monthly maps of at-
tenuation at Ku- and Ka-bands. The maps at Ku-band are direct measurements
whereas those at Ka-band are estimnates based on the model developed in the
previous section.

In the monthly 1ap plots, the data area is from 35N to 35S and from 180W
to 180E. So, the plots are restricted to the latitudes of +335° coinciding with the
coverage of TRMM. The color scales are adjusted to the full scale of each map.
Each pixel in the plot is {0.5° x (1.5°) area and therefore of fairly high resclution.
The resolution cells consist of 148 x 720 latitude-longitude elements. Attenuation
data s allocated into a resolution cell specified by its geolocation data. Then all
allocated data in the cell are accumulated and divided by the total nuwmber of

data in the cell as the monthly average. On calculation, missing data are ignored
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Figure Number | Title Description o ]
Fignre 4.8 Atftenuation map at Ku-band for January 2000
Figure 4.9 Attenuation map at Ka-band for January 2000
Filéﬁgc_:m:fi 0 | Attenuation rhap at Ku-band for February 2000
Figure 4.11 Attenuation map at Ka-band for February 2000
Figure 412 | Atienuation map at Ku-band tor March 2000

CFigure £.13 [ Attenuation map at Ka-band for March 2000
Figure 4.14 Attenuation map at Ku-band for April 2000

i Figure 4.15 Attennation map at Ka-band for April 2000

{ Figure 4.16 Attenuation map at Ku-band for May 2000

' Figure 4.17 Attenuation map at Ka-band for May 2000
Figure 4.18 Attenuation map al Ku-band for June 2000
Figure 4.19 Attenuation map at Ka-band for June 20600
Figure 4.20 Attenuation map at Ku-band for July 2000
Figure 4.21 Attenuation mayp at Ka-band for July 2000
Figure 4.22 Attennation map at Ku-band for August 2000
Figure 4.23 Attenuation map at Ka-band for Aungust 2000

| Fignre 4.24 Attenuation map ai Ku-band for September 2000
Figure 4.25 Attenuation map at Ka-band for September 2000
Figure 4.26 Atfenuation map at Ku-band for October 2000
Fignre 4.27 Attenuation map at Ka-band for October 2000
Figure 4.28 Attenuation map at Ku-band for November 2000 |
Figure 4.29 Attenuation map at Ka-band for November 2000 |
Figure 4.30 Attenuation map at Ku-band for December 2000 |

| Figure 431 | Attenuation map at Kuband for December 2000 |

Table 4.1: Figure Number List of Monthly Average PIA.

and not counted. The overlay shows the standard map of land/ocean houndaries.

Table 4.1 provides an itemized list of figures.
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Figure 4.8: Attenuation map at Ku-band for January 2000.

Figure 4.9: Atienuation map at Ka-band for January 2000.
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Figure 4.10: Attenuation map at Ku-band for February 2000.

Figare 4.11: Attenuation map at Ka-band for February 2000.
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Figure 4.12: Attenuation map at Ku-band for March 2000.

Figure 4.13: Attenuation map at Ka-bard for March 2000.
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Figure 4.14: Attenuation map at Ku-band for April 2080.

Figure 4.15: Attenuation map at Ka-band for Apni 2000.
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Figure 4.16: Attenuation map at Ku-band for May 2000.

Fignre 4.17: Attenmation map at Ka-band for May 2000.
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Figure 4.18: Attenuation map at Ku-band for June 2000.

Figure 4.19: Attenuation map al Ka-band for June 2000.
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Figure 4.20: Attenuation map at Ku-band for July 2000.

Figure 4.21: Attenuation map at Ka-band for July 2000.
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Figure 4.22: Attenuation map at Ku-band for August 2060.

Figure 4.23: Attenuation map at Ka-band for August 2000.
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Figure 4.24: Attenuation map at Ku-band for September 2000.

Figure 4.25: Attennation map at Ka-band for September 2000.
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Figure 4.26: Attenuation map at Ku-band for October 2000.

Figure 4.27: Attenunation map at Ka-band for October 2000.
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Figure 4.28: Atienuation map at Ku-band for November 2000.

Figure 4.29: Attepuation map at Ka-band for November 2000.
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Figure 4.30: Attenuation map at Ku-band for December 2000.

Figure 4.31: Attenuation map at Ka-band for December 2000.
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Some features are obvious from these figures. Tor example, from Figures 4.8
and 1.9 we can see that the soutbern hemisphere experienced large attenuation in
Januarv compared to the northern hemispliere, because of the seasonal nature of
precipitation. In addition, the attenuation over the land surface 1s on average much
larger that that of the ocean, except in the iuter-tropical convergent zone. The
results of Figures 4.8 and 4.9 show that the attenuation at the surface averaged
aver {{.5° x 0.5°) area can be of the order of 30 dB at Ka-band. It should be noted
that within the {0.5° x 0.5°) area the Ka-band attenuation could peak higher than
the average value. Figures 4.12 and 4.13 show similar maps for March, 2000, which
is spring time in the northern hemisphere and fall in the southern hemisphere. The
results of Figures 4.12 and 4.13 show an increase in attennation in the lower latitude
over North America while the Amazon and Central Africa remain active. Figures
4.20 and 4.21 show the attenuation maps of Ku-and Ka-band for the month of July
(summer fime in the northern hemisphere). Figures 4.20 and 4.21 show expected
contrast with the attenuation maps of January, 2000.

The next important application of the analvsis developed here is the feasibility
of using 35 GHz radar for global precipitation measurement purposes, in a dual-

frequency mode of operation.

4.5 WMonthly Maps of Global Reflectivity at Ku- and Ka-Band

Among the various technologies considered for space borne observation of
precipitation observation, dual-freguency at Ku- and Ka-band provide the great
promise of being able to yield better rainfall estimates as well as deriving the
vertical structure of the drop size distribution parameters {Meneghini and Koz,
1990). Several airborne experiments have validated the potential of the dual-
frequency technigue. It is obvious from the attenuation maps shown in the previous

section that the cumulative attenuation along a path can exceed many fens of dB
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at 35 GHz. The space-borne weather radar design for TRMM has a noise floor such
that the minimum detectable reflectivity {actor in precipitation is about 17 dBZ.
Similar considerations can also be assumed for Ka-band. In order to utilize the
dual-frequency radar observations at 14 and 35 GHz for precipitation estimation
{as well as RSD retrieval), it is important the 35 GHz radar returns stay above the
noise foor. For quantitative applications such as RSD retrieval. a reflectivity level
of 3 dB above the noise floor (20 dBZ) can be assummed as this threshold. The results
of Chapter 3 showed that the reflectivity at Ka-band could be different from the
Ku-band, especially at intense precipitation. In addition, the observed reflectivity
Zm 18 reduced due to attenuation. Using a combination of parameterization for Ka-
band reflectivity and attenuation, maps of “observed” reflectivity at Ka-band can
be created. Cross validation of TRMM observed reflectivities with ground based
radar indicate that only about 2% to 3% under estimate the precipitation intensity
due to the lower limit of 17 dBZ {Bolen and Chandrasekar. 2000). However, that
is definitely not going to be the case for Ka-band observation.

In this section, global maps of reflectivity as observed in year 2000 are pre-
sented. For each month, four maps are presented: measured reflectivity (1C21)
al 13.8 GHz and its mapped reflectivity at 35 GHz, also the corrected reflectivity
(2A25) at 13.8 GHz. and its mapped reflectivity at 35 GHz. The same mapping
algorithm in the previous section for attenuation is used to obtain the global maps
of reflectivity, except that the monthly average is at 2 km above mean sea level.
Table 4.2 provides an itemized list of the figures of monthly average 1C21 reflec-
tivity at Ku- and Ka-band while Table 4.3 provides an itemized list of the figures

of monthly average 225 reflectivity at Ku- and Ka-band.
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Figure Number | Title Description

" Tigure 4.32 1C21 reflectivity map at Ku-band for January 2000
Figure 4.33 1C21 reflectivity map at Ka-band for January 2000
Figure 4.34 JC21 reflectivity map at Ku-band for Februarvy 2000

| Figure 4.35 1C21 reflectivity map at Ka-band for February 2000
Figure 4.36 1C21 reflectivity inap at Ku-band for March 2000
Figure 4.37 1C21 reflectivity map at Ka-band for March 2000
Figure 4.33 1C21 reflectivily map at Ku-band for April 2000
Figure 4.39 121 reflectivity map at Ka-band for April 2000
Figure 4.40 1C21 reflectivity map at Ku-band for May 2000
Figure 4.41 1C21 reflectivity map at Ka-band for May 2000
Figure 4.42 1C21 reflectivity map at Ku-band for June 2006
Figure 4.43 1C21 reflectivity map at Ka-band for June 2000
Figure 4.44 1C21 reflectivity map at Ku-band for July 2000
Figure 4.45 1C21 reflectivity map at Ka-band for July 2000
Figure 4.46 1C21 reflectivity map at Ku-band for August 2000
Figure 4.47 1C21 reflectivity map at Ka-band for August 2000
Figure 4.48 1C21 reflectivity map at Ku-band for September 2000
Figure 4.49 1C21 reflectivity map at Ka-band for September 2000
Figure 4.50 1C21 reflectivity map at Ku-band for October 2000
Figure 4.5] 1C21 reflectivity map at Ka-band for October 2000
Figure 4.32 1(23 reflectivity map at Ku-band for November 2000
Figure 4.53 1C21 reflectivity map at Ka-band for November 2000
Fignre 4.54 1C21 reflectivity map at Ku-band for December 2000 |

| Figure 4.55 1C21 reflectivity map at Ka-band for December 2000

Table 4.2: Fignre Number List of Monthly Average 1C21 Reflectivity at Ku- and
Ka-band.
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Figure Number

Title Description

Figure 4.56

2A25 reflectivity

map at Ku-band for January 2000

Figure 4.57

2425 reflectivity

map at Ka-baud for January 2000

Figure 4.58

2A25 reflectivity

map at Ku-band for February 2000

Figure 4.59

2A25 reflectivity

map at Ka-band for February 2000

| Figure 4.60

2A25 reflectivity

map at Ku-band for March 2000

Figure 4.61

2A25 reflectivity

map al Ka-band for March 2000 |

Figure 4.62

2425 reflectivity map at Ku-band for April 2000

Figure 4.63

2425 reflectivity

map at Ka-band for April 2000

Figure 4.64

2A25 reflectivity

map at Ku-band for May 2000

Figure 4.65

2A25 reflectivity

map at Ka-band for May 2000

Figure 4.66

2A25 rellectivity

map at Ku-band for June 2000

Figure 4.67 2A25 reflectivity map at Ka-band for June 2000
Figure 4.68 2A25 reflectivity map at Ku-band for July 2000

Figure 4.69
Figure 4.70

2425 reflectivity

map at Ka-band for July 2600

2425 reflectivity

map at Ku-band for August 2000

Figure 4.71

2A25 reflectivity

map at Ka-band for August 2000

Figure 4.72

2A25 reflectivity

map at Ku-band for Septeraber 2000

Figure 4.73

2A25 reflectivity

map at Ka-band for September 2000

Figure 4.74

2A25 reflectivity

map at Ku-band for October 2000

Figure 4.75

2A25 reflectivity

map at Ka-band for October 2000

Figure 4.76

2A25 reflectivity

map at Ku-band for November 2000

Figure 4.77

i 2A23 reflectivity

map at Ka-band for November 2000

“Figure 4.78

2A25 reflectivity

map at Ku-band for Decernber 2000

Figure 4.79

2425 reflectivity

map at Ka-band for December 2000

Table 4.3: Figure Number List of Monthly Average 2A25 Reflectivity at Ku- and
Ka-band.
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Figure 4.32: 1C21 reflectivity map at 13.8 GHz for January 2000.

Figure 4.33: 1C21 reflectivity map at 35.0 GHz for January 2000.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 4.34: 1C21 reflectivity map at 13.8 GHz for February 2000.
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Figure 4.35: 1C21 reflectivity map at 35.0 GHz for February 2000.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110

Figure 4.36: 1021 reflectivity map at 13.8 GHz for March 2000.
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Figure 4.37: 1C21 reflectivity map at 35.0 GHz for March 2000.
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Figure 4.38: 121 reffectivity map at 13.8 GHz for April 2060.
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Figure 4.39: 1C21 refiectivity map at 35.0 GHz for April 2000.
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Figuve 4.40: 1C21 reflectivity map at 13.8 GIiz for May 2000.
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Figure 4.41: 1C21 refectivity map at 35.0 GHz for May 2000.
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Figure 4.42: 1C21 reflectivity map at 13.8 Gllz for June 2000.
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Figure 4.43: 1C21 reflectivity map at 35.0 GHz for June 2000.
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Figure 4.44: 1C21 reflectivity map at 13.8 GHz for July 2000,

Figure 4.45: 1C21 reflectivity map at 35.0 GHz for July 2000.
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Figure 4.46: 1C21 reflectivity map at 13.8 GHz for August 2000.

Figure 4.47: 1C21 reflectivity raap at 35.0 GHz for August 2000.
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Figure 4.48: 1C21 veflectivity map at 13.8 GHz for September 2060

Figure 4.49: 1C21 reflectivity map at 335.0 GHz for September 2000.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 4.50: 1C21 reflectivity map at 13.8 GHz for October 2000.
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Figure 4.51: 1C21 reflectivity map at 35.0 GHz for October 2000.
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Figure 4.52: 1C21 reflectivity map at 13.8 GHz for November 2000.
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Figure 4.53: 1C21 reflectivity map at 35.0 GHz for November 2000.
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Figure 4.54: 1C21 reflectivity map at 13.8 GHz for December 2000.
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Figure 4.55: 1C21 reflectivity map at 35.0 GHz for December 2000.
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Figure 4.56: 2A25 reflectivity map at 13.8 GHz for January 2000.

Fignre 4.57: 2A25 reflectivity map at 35.0 GHz for Jauuary 2000.
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Figure 4.58: 2425 reflectivity map at 13.8 GHz for February 2000.

Figure 4.59: 2A25 reflectivity map at 35.0 GHz for February 2000.
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Figure 4.60: 2A25 reflectivity map at 13.8 GHz for March 2000.

Figure 4.61: 2A25 reflectivity map at 35.0 GHz for March 2000.
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Figure 4.62: 2A25 refleciivity map at 13.8 GHz for April 2000.

Figure 4.63: 2A25 reflectivity map at 35.0 GHz for April 2000.
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Figure 4.64: 2A25 reflectivity map at 13.8 GHz for May 2000.
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Figure 4.65: 2A25 reflectivity snap at 35.0 GHz for May 2000.
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Figure 4.66: 2A25 reflectivity map at 13.8 GHz for June 2000.

Figure 4.67: 2A25 reflectivity map at 35.0 GHz for June 2000.
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Figure 4.68: 2A25 reflectivity map at 13.8 GHz for July 2000.
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Figure 4.69: 2A25 reflectivity map at 35.0 GHz for July 2000.
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Figure 4.70: 2A25 reflectivity map at 13.8 GHz for August 2000.

Figure 4.71: 2A25 reflectivity maap at 35.0 GHz for August 2000.
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Figure 4.72: 2A25 reflectivity map at 13.8 GHz for September 2000.

Figure 4.73: 2A25 reflectivity map at 35.0 GHz for September 2000.
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Figure 4.74: 2A25 reflectivity map at 13.8 GHz for October 2000.

Figure 4.75: 2A25 reflectivity map at 35.0 GHz for October 2000.
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Figure 4.76: 2A25 reflectivity map at 13.8 GHz for November 2000.
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Figure 4.77: 2A25 reflectivity map at 35.0 GHz for November 2000.
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Figure 4.78: 2A25 reflectivity map at 13.8 GHz for December 2000.
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Figure 4.78: 2A25 reflectivity map at 35.0 GHz for December 2000.
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4.6 Global Map of Missed Data at Ka-band

In order to provide a quantitative measure of missed precipitation observation,
monthly maps of the percentage of missed precipitaiion at Ka-band, under the
condition that it is observed at Ku-band, are constructed. In this section, global
maps of percentage of missing reflectivity at Ka-band are presented. For each
month there are three maps. The first map shows the percentage of the observed
reflectivity > 20 dBZ at Ku- and Ka-band. The second map shows sarmilar results
when the observed reflectivity at Ku-band is > 20 dBZ and at Ka-band is < 20
dBZ. The last map shows the percentage of missing reflectivity at Ka-band given
it is ohserved at Ku-band. The data are presented as monthly averages at 2 km
above the mean sea level. The same mapping algorithin iu the previous sections
is used to obtain the global maps missing data at Ka-band, Table 5.2 provides an

itemized list of the figures.
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| Figure

Title Description

' Figure 4.80

Jan.:Percentage of reflectivity > 20 at Ku- and Ka-bapd

e,

f Figure 4.81

Jan. PCIL(’UtdﬂP of 1(‘ﬂcctn1t\ > 0dBZ at K- and <

Figure 4.82

Jan.:Percentage of missing reflectivity at Ka-band

- WMdBZ at Ka-band !

Figure 4.83

Feb.:Percentage of reflectivity > 20 at Ku- and Ka-band

Fignre 4.84

| Feb.:Percentage of reflectivity > 20dBZ at Ku- and < 20dBZ at Ka-band

| Figure 4.8

Feb.:Percentage of missing zeﬂectn ity at Ka-band

Figure 4.86

Mar.:Percentage of reflectivity > 20 at Ku- and Ka-band

Figure 4.87

Mar.:Percentage of reﬁe(,tlvltw > 20dBZ at Ku- and <

20dBZ at Ka-band

Figure 4.88

Mar.:Percentage of missing reflectivity at IKa-band

i Figure 4.89

Apr.:Percentage of reflectivity > 20 at Ku- and Ka-band

Figure 4.90

Apr.:Percentage of refiectivity > 20dBZ at Ku- aud < 20dBZ at Ka- band

Figure 4.91

Apr.:Percentage of missing reflectivity at Ka-band

Figure 4.92

May:Percentage of reflectivity > 20 at Ku- and Ka-band

Figure 4.93

| Figure 4.94

I\Lr, Petccmage of missing reflectivity at Ka-band

May:Percentage of reflectivity > 204BZ at Xu- and < 20dBZ at Ka-band |

Figure 4.95 |

Jun.:Percentage of reflectivity > 20 at Ku- and Ka-band

Figure 4.96

Jun.:Percentage of reflectivity > 20dBZ at Ku- and < 20dBZ at. Ka-band

Figure 4.97

Jun.:Percentage of missing reflectivity at Ka-band

Figure 4.101

Jul.:Percentage of reflectivity > 20 at Ku- and Ka-band

Figure 4.102

Jul.:Percentage of reflectivity > 20dBZ at Ku- and < 20dBZ at Ka-band

Figure 4.103

Jul.:Percentage of missing reflectivity at Ka-band

[
| Figure 77

Aug.:Percentage of reflectivity > 20 at Ku- and Ka-band

| Figure 77

Ang. Per{.e‘mdge of reflectivity . > 20dBZ at Ku- and < 20dBZ at Ka-band

Aug.Percentage of missing reflectivity at Ka-hand

Flgme 4.104

Sep.:Percentage of reflectivity > 20 at Ku- and Ka-band

Figure 4,105

Sep.:Percentage of reflectivity > 20dBZ at Ku- and < 20dBZ at Ka-band

Figure 4.106

Sep.:Percentage of missing reflectivity at Ka-band

Figure 4.107

QOct.:Percentage of reflectivity > 20 at Ku- and Ka-band

Figire 4.108

Oct.:Percentage of reflectivity = 20dBZ at Ku- and < 20dBZ at Ka-hand

Figure 4.108

Oct.:Percentage of missing reflectivity at Ka-band

Figure 4.110

Nov.:Percentage of reflectivity > 20 at Ku- and Ka-band

Figure 4.111

Nov. P(‘I'C(‘nt.d"(‘ of leflectlwty > 20dBZ at Ku- and < 20dBZ at Ka-band

| Fignre 4.112

Nov.:Percentage of missing reflectivity at Ka-band

Figure 4.113

Dec.:Percentage of reflectivity > 20 at Ku- and Ka-band

Figure 4.114

Dec.:Percentage of reflectivity > 20dBZ at Ku- and < 20dBZ at Ka- band

i Figure 4.115

| Dec.: P@rcentaoe of missing reflectivity at Ka- band

Table 4.4:
Ka-band.

Figure Number List of Monthly Percentage of Missing Reflectivity at
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Figure 4.80: Percentage of reflectivity > 20 at Ku- and Ka-band for January 2000.

Figure 4.81: Percentage of reflectivity > 20 dBZ at Ku-band and <« 20 dBZ at
Ka-band for January 2000.

Figure 4.82: Percentage of missing reflectivity at Ka-band for Janwary 2000.
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Figure 4.84: Percentage of reflectivity > 20 dBZ at Ku-band and < 20 dBZ at
Ka-band for February 2000.

Figuve 4.85: Percentage of iuissing reflectivity at Ka-band for February 2000.
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Figure 4.87: Percentage of reflectivity > 20 dBZ at Ku-band and < 20 dBZ at
Ka-band for March 2000.

Figure 4.88: Perceuntage of missing reflectivity at Ka-band for March 2000.
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Figure 4.89: Perceniage of reflectivity > 20 at Ku- and Ka-band for April 2000.

Figure 4.90: Percentage of reflectivity > 20 dBZ at Ku-band and < 20 dBZ at
Ka-band for April 2000.

Figure 4.91: Percentage of missing reflectivity at Ka-band for April 2000.
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Fipure 4.93: Percentage of reflectivity > 20 dBZ at Ku-band and < 20 dBZ at
Ka-band for May 2000.

Figure 4.94: Percentage of missing reflectivity at Ka-band for May 2000.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



139

Figure 4.96: Percentage of reflectivity > 20 dBZ at Ku-band and < 20 dBZ at
Ka-band for June 2000.

Figure 4.97: Percentage of missing reflectivity at Ka-band for June 2000.
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Figure 4.98: Percentage of reflectivity > 20 at Ku- and Ka-band for Juty 2000.

Figure 4.99: Percentage of reflectivity > 20 dBZ at Ku-band and < 20 dBZ at
Ka-band for July 2000.

Figure 4.100: Percentage of missing reflectivity at Ka-band for July 2000.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



141

Figure 4.102: Percentage of reflectivity > 20 dBZ at Ku-band and < 20 dBZ at
Ka-band for August 2000.

Figure 4.103: Percentage of missing reflectivity at Ka-band for August 2000.
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Figure 4.105: Percentage of reflectivity > 20dBZ at Ku-band and < 20dBZ at
Ka-band for Sep. 2000.

Figure 4.106: Percentage of missing reflectivity at Ka-band for Sep. 2000.
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Figure 4.107: Percentage of reflectivity > 20 at Ku- and Ka-band for Oct. 2000,

Figure 4.108: Percentage of reflectivity > 20dBZ at Ku-band and < 20dBZ at
Ka-band for Oct. 2000.

gegareEsLe:

Figure 4.109: Percentage of missing reflectivity at Ka-band for Oct. 2000.
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Figure 4.111: Percentage of reflectivity > 20dBZ at Ku-band and < 20dBZ at
Ka-band for Nov. 2000.

Figure 4.132: Percentage of missing reflectivity at Ka-band for Nov. 2000.
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Figure 4.114: Percentage of reflectivity > 20dBZ at Ku-band and < 20dBZ at
Ka-band for Deec. 2000.

Figure 4.115: Percentage ol missing reflectivity at Ka-band for Dec. 2000,
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Chapter 5

ESTIMATION OF RAINDROP SIZE DISTRIBUTION

5.1 Iantroduction

The raindrop size distribution {(RSD} model was described in Chapter 3. In
order to compare the size distribution of hvdrometeors under widely varying pre-
cipitation rates, the concept of scaling the drop size distribution and normalization

has been used by several authors. A general expression of normalized distribution is
N{(D) = N,F(D/D,,) (5.1)

where N, (mm™tm %) is the scaling parameter and F(D/D,,) is the normalized

function. The normalized/scaled Gamma RSD can be expressed as

N(D) = N, f(1) (b‘%)uez‘ﬁ (~AD) (5.2)

The normalized RSD can be used to relate any two wmoments of the RSD
(Bringi and Chandrasekar, 2001). The concept of normalized Gamma RSD has

been nsed by Bringd and Chadrasekar {2001) and Testud et al. (2001} to provide
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a physical basis for the o adjustment method. This chapter develops an algo-
rithm for estimating path integrated N, and a profile of Dy obtained using data
from a adjnstment method {Iguchi, 2000}. Ground based polarunetric radar (GR)
measurements can be used to estimate the parameters of Gamma RSD (Gorgucci,
2002). and comparison of RSD retrievals obtained from PR and GR data from

several coincident overpasses are presented.

5.2 Estimation of Raindrop Size Distribution (RSD) Parameters from
TRMM Measurements

The relationship between the specific attennation and reflectivity can be ap-

proximated by a power law of the form,

k=aZ’ {5.3)

The o and 3 can vary depending on the RSD. Based on the concept of normalized
RSD, the normalized attenuation and reflectivity can be related as (Bringi and

Chandrasekar, 2001}

Figure 5.1 shows a scatter plot of logyo(k/N,) versus logo(Z/N,,) for widely vary-
ing RSD parameters. It can be seen that log;o{k/Ny) versus logo{ Z/N,} can be

approximated by a straight line. Equation 5.4 can be rewritten as

k=a(N Y720 (5.5)
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__4 1 i . L ..
0 1 2 3 4 5 6

Iog(Z/Nw)

AY
Ay

Figure 5.1: Scatter plot of k/N,. versus Z/N,, for widely varying RSD:3< log{Ny)
<5, 05< Dy < 25and -1< p < 4.

Fquation 5.5 shows that changes in o can be attributed to changes in Ny, { a path

integrated value), where a and & are related by

a = & {Nw) (5.6)

and

2
i
TN
.~
AR
N
=
[
\;\1'_
——
(3]
)
S—

Equation 5.6 provides the phvsical basis for attributing changes i « to changes in
] p \ s & g

N, while keeping 8 fixed. TRMM program uses a combination of the & adjustment
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procedure and Hitschield-Bordan algorithins (Hitschield, 1954} to determine the
attennation correction. The surface reference technique (SRT) is used to deter-
mine the path integrated attennation [PIA]. Subsequently using the o adjustment
procedure, the PIA is distyibuted atong the path. However, when the swface rel-
erence is not reliable (due to fuctuation in the surface backscatter, o°), then the
Hitschfeld-Bordan algorithm is used. TRMM uses a smooth transition between
the two algorithims by performing attenuation correction as a weighted average of
o adjustment and Hitschfcld-Bordan methods. The attenuation correction starts
with an initial ai; to estimate PIA. Subsequently, based on comparison with the

surface reference fechnique. the aj; is adjusted as

Diadj = Wini€y (58)
whete

9 1_Ef] .

€ = 1 [ 7 {5.9}

¢; is the final correction factor for SRT aud W is the weight factor and these
parameters are given in TRMM data (2A25). Once .y is calculated, then N,
can be retrieved from Equation 5.7. The median volume diameter, Dy, can be

subsequently obtained as
Z bl
Do= |37 (5.10)

where C is given by
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Parameter | Stratiform | Convective | Other
Cint 2.85E-04 417E-04 T 417E-04
& 1.50B-05 4.31E-05 | 4.31E-05
G 0.7923 1 0.7713 0.7713

A R N 3

(5.11)

Table 5.1 shows the values of ay,;. 4. /3, and g used in this research as a function
of precipitation tvpe. Note that g, is given by Iguchi et al. (2000} for different
precipitation types while & and 3 were calculated from the simulation.

5.3 Estimation of Raindrop Size Distribution {(RSD) Parameters from
Ground Radar Measurements

Determination of the RSD is of central importance in deseribing thie propertics
of the rain medium. As mentioned before. radar measurements such as reflectiv-
ity (Z,). differential reflectivity (Zz ). and specific differential propagation phase
{Ky,) are influenced by the undertying RSD and the mean shape of raindrops, and
weight the RSD differently (Gorgucei et al. 2002). The radar measurements can

be expressed in terms of RSD as follows:

It , _
7, = ;W/ah(l)}!\ (D)dD (5.12)
_ JaD)N(D)D i
20 = Fo,(D)N(D)AD (5.13)
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% [ 1u(D) -~ 14D)] ¥(D)D (514

Koy = —

7

o1, 15 the radar cross-section at hotizontal and vertical polarization states, respec-
tivelv, A is the wavelength, and & = (e, ~ 1) / (e, + 2) where ¢, is the dielectric
constant of water. R refers to the real part of a complex number and f, and f,
are the forward scattering amplitudes at h and v polarization states, respectively.
With the Gamma RSD model, the median volume drop diameter (D}, nor-
malized infercept (V,,}, and shaping parameter (z) can be derived from polarimet-

ric observations as (Gorgucei et al. 2002):
Dy = a Zp* {€ar)" (5.15)

where &g, = 109129 g, = 0.5053%9553 p == 0.0242379%% and ¢; = 0.1033°%% in

which the slope of the shape-size relationship (3) is given as 3 = Q.OSZ};’")'%:‘Kgi‘ff‘.fgfﬁ"’.

logio (Ny) = ay Z1% (€407 (5.16)
where a; = 3.128%920% b, = (.1763%%C. and ¢, = —(0.1013 %7,

) ‘ o

o= (;"3 _U 1 cs (Edr)™ (5.17)

where a3 = 2005 by = 2238099 0 = 3163799 and dy = 0.37459%
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Equations {5.15-5.17) are valid for Z), > 35 dBZ, Zy. > 0.2.dB, Ay, = 037 k™,
andd rain rate < 300 mmhr .

At low rain rates, measurements of Ky, and sometimes Zy, are noisy at long
wavelengths (such as at S-band), which require some areal averaging to reduce

measurenment fluctuations. Bringi et al. (2002} extended the RSD estimates to

lower rain rates for 2, < 35 dBZ and 7, < 0.2 dB as follows:

Da = 1.68 (é)U.S{i& (Zh)l}.]:}ﬁ ((-)18)

where a = (Z4) / {Z2%7)

N, = (]__51351.4‘;,)7-35 {5.19)

i <10 268 . . A AT
where 4 = 1.68 (a)" *". The RSD estimates lower rain rates for Z, < 35 dBZ, and

Za > 0.2 dB as follows:

Dy = 1.6%8 (Zdr)o‘%g, for D, < 1.5man

= L74(Z4)"%, for D, > L5mm (5.20)
217, .
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Figure 5.2: Location of case 1: Brazil 2/25/1999.
5.4 Data Analysis and Comparison Between PR and GR

RSD from ground radar (GR) observations can be obtained using the algoe-
rithms described by Gorgucel et al. (2002) and Bringi et al. (2002). ';I’ ke following
comparces RSD estimates obtained from GR and PR on simultaneous overpass
cases. A total of about 32 overpass cases were studied from Brazil and Florida.

Eight specific case studies are presented in detail.
5.4.1 Case 1: 25 February 1999

At this time the TRMM was over Brazil as it is shown in Figure 5.2. The cell
analyzed here was part of wide spread precipitation occurring on that day and was
perhaps in growth phase. Figures 5.3 and 5.4 show the estimates of N, and [
from 2 to 4 kin altitude from both radars. The results of Figure 5.3 show fairly
zood agreement between the RSD retrieved from TRMM PR and the ground radar

based estimates.
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Figure 5.3: D and N, from PR and GR for case 1 (orbit 7174, scan 7376 and ray
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Figure 5.4: Dy and N, from PR and GR for case 1 (orbit 7174, scan 7359 and ray
13).
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Figure 5.5: Location of case 2: Melbourne, Florida 8/13/1998.
5.4.2 Case 2: 13 Augnst 1998

The cell analvzed here was part of a convective storm over Melthourne, Florida
as it is shown in Figure 5.5. Figures 5.6 and 5.7 show the estimates of N, and Dy
for altitudes between 2 to 4 km from both radars. The results of cross-validation
in Figure 5.6 show fairly good agreement with the RSD parameters retrieved from

TRMM PR and the ground radar based estimates.
5.4.3 Comparison Between PR and GR

A total of 16 ray profiles from Brazil (TRMM/LBA experiment) and 16 ray
profiles from Florida (TRMM/TEFLUN experiment) were studied. Figure 5.8 and
Figure 5.9 show scatter plot of N, and Dy obtained from PR and GR. It should
be noted that N, 1s a single path integrated from PR whereas [Jy is available as a

profile.
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Figure 5.6: Dy and N, from PR and GR for case 2 {orbit 4085, scan 5419 and ray
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Figuve 5.7: Dy and N, {rom PR and GR for case 2 (orbit 4085, scan 5420 and ray
39).
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4

5.5 Monthly Maps of RSD Parameters

TRMM PR observations are used to develop monthly inaps of RSD parameters
at Ku-bands. The map results for N, and Dy are estimates based on the model
developed in section 5.2. Table 5.2 provides an itemized list of the figures of
monthly average of A, and monthly maximum of Dy at altitude 2 ki for the year

2000,

Figure Number | Title Description
Figure 5.10 Estimated N, for January 2000
Figure 5.11 Estimated Dy for January 2000 |
Figure 5.12 Estimated A, for February 2000 |
Figure 5.13 Estimated Dy for February 2000
Figure 5.14 BEstimated N, for March 2000
Figure 5.15 Estimated Dy for March 2000
Figure 5.16 Estimated N, for Apri] 2000
Figure 5.17 Estinated Dy for April 2000
Figure 5.18 Estimated N, for May 2000
" Figure 5.19 Estimated D for May 2000
Figure 5.20 Bstimated N, for June 2000
Figure 5.21 Estimated Dy for June 2000
Figure 5.22 Estimated N, for July 2000
Figure 5.23 Estimated Dy for July 2000

Figure 5.24

Estimated N, for August 2006

Figure 5.25

Estimated Dy for Augusi 2000

Figure 5.26

Estimnated N, for September 2000

Figure 5.27

Estimated Dy {or September 2000

Figure 5.28

Estimated N, for October 2000

Figure 5.29

Estimated Dy for October 2000

Figuve 5.30

Estimated &, for November 2000

Figure 5.31

Estimated 1) for November 2000

Figure 5.32

Estimated N, for December 2000

Figure 5.33

j Estimated Dy for December 2000

Table 5.2: Figure Number List of Monthly Average N, and Maximum Dy for
(Clases Only When o Adjustment 1s Made.
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Figure 5.10: Estimated N, for Janunary 2000.

Figure 5.11: Estimated Dy for January 20060.
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logltiv)

Figure 5.12: Estimated N, for February 2000.

Figure 5.13: Estimated Dy for February 2000.
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Figure 5.14: Estimated N, for March 2000.

Figure 5.15: Estimated Dy for March 2000.
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Figure 5.16: Estimated N, for April 2000.

Figure 5.17: Estimated Dy for April 2000.
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Figare 5.18: Estimated N, for May 2000.

Figure 5.19: Estimated Dp for May 2000.
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Figure 5.20: Estimated N, for June 2000.

Figure 5.21: Estimated Dy for June 2000.
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Figure 5.22: Estimated N, for July 2000.

Figure 5.23: Estimated Dy for July 2600.
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Figure 5.24: Estimated N, for August 2000.

Figure 5.25: Estimated Dy for August 2000.
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Figure 5.26: Estimated N, for Septernber 2000,

Figure 5.27: Estimated Dp for September 2000.
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Figure 5.28: Estimated N, for October 2000.

Figure 5.29: Estimated Dy for October 2000.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



169

Figure 5.30: Estimated N, for November 2000.

Figure 5.31: Estimated Dy for November 2000.
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TFigure 5.32: Estimated N, for December 2000.

Figure 5.33: Bstimated Dy for December 2000.
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The scales are adjusted to the full scale of each map. Each pixel in the plot
is {0.5” x 8.5%) area and therefore of fairly high resolution. The overlay shows the
standard map of land/ocean boundaries. The plots are restricted {o the latitude
of £33° coinciding with the coverage of TRMM PR.

Note that these maps were generated onlv for o adjustment cases. However,
when ¢ adjustment is not reliable, an alternate estimate for ¥, and Dg was com-

puted as
L
Ny = [“—} wA (5.22)

The estimate provided for Equation 5.22 will be as accurate as the choice of ¢y,
for the specific storm. Table 5.3 provides an itemized hst of the figures of monthly
average of N, and monthly maximum of Dy at altitude 2 km for 2000 by using

both Equations 5.7 and 5.22 for cases with o adjustment and without.
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Figure Number | Title Description

Figure 5.34 Estimated N, for January 2000
Figure 5.35 Estimated Dy for January 2000
Figure 5.36 | Percentage of & corrected for January 2000
Figure 5.37 Estimated N, for Febrnary 2000 _
Figure .38 Eistimated D() for I*(,bruan 2000
Figure 5.39 Percentage of o corrected for February 2000
Figure 5.40 Estimated N, for March 2000
Figure §5.41 Estimated Dy for March 2000
Figure 5.42 Percentage of « corrected for March 2000
Figure 5.43 Estunated N, for April 2000
Figure 5.44 Estimated Dy for April 2600
Figure 5.45 Percentage of a corrected for April 2000
Figure 5.46 Estimated .V, for May 2000
Figure 5.47 Estimated Dy for May 2000
Figure 5.48 Percentage of o correcied for May 2000
Figure 5.49 Estimated N, for June 2000
Figure 5.50 Estimated Dy for June 2000
Figure 5.51 Percentage of o corrected for June 2000
Figure 5.52 Estimated &, for July 2000
Figure 5.53 Estimated Dy for July 2000
Figure 5.54 Percentage of « corrected for July 2000
IMigure 5.55 Estimated A, for August 2000~
Figure 5.56 Estimated Dy for August 2000
Figure 5.57 Percentage of a corrected for August 2000
Figure 5.58 Estimated N, for September 2000
Figure 5.59 Estimated Do for September 2000
Figure 5.60 Percentage of « corrected for September 2000
Figure 5.61 Estimated &, for October 2000
Figure 5.62 Estimated Dy for October 2000
Figure 5.63 Percentage of o corrected for October 2000
Figure 5.64 Estimated N,, for November 2000

| Figure 5.65 Estimated Dy for November 2000
Figure 5.66 Percentage of o corrected for November 2000
Figure 5.67 Estimated ¥, for December 2000
Figure 5.68 Estimated /g for Decernber 2000
Figure 5.69 Percentage of o corrected for December 2000

Table 5.3: Figure Number List of Monthly Average N, and Maximum Dy for
Cases with ¢ Adjustment and Without.
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Figure 5.34: Estimated N, for January 2000.

Figure 5.35: Estimated Dy for January 2000.
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Figure 5.36: Percentage of o corrected for January 2000.
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Figure 5.37. Estimated N, for February 2000.

Figure 5.38: Estimated Dy for February 2000.
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Figure 5.39: Percentage of « corrected for February 2000.
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Figure 5.40: Estimated N, for March 2000.

Figure 5.41: Estimated Dy for March 2000.
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Figure 5.42: Percentage of o corrected for March 2000.
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Figure 5.43: Estimated N, for April 2000.

Figure 5.44: Estimated Dy for April 2000.

Figure 5.45: Perceutage of o corrected for April 2000.
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Figure 5.46: Estimated N,, for May 2000.

Figure 5.47: Estimated Dy for May 2000.

Figure 5.48: Percentage of & corrected for May 2000.
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Figure 5.49: Estimated N, for June 2000.
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Figure 5.50: BEstimated Dg for June 2000.

% of Correcied sipho

Figure 5.51: Percentage of « corrected for June 2000.
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Figure 5.52: Estimated N, for July 2000.

Figure 5.53: Estimated Dy for July 2600.

Figure 5.54: Percentage of a corrected for July 2000.
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Figure 5.535: Estimated N, for August 2000.

Figure 5.56: Estimated Dy for August 2000.
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Figure 5.57: Percentage of o corrected for August 2000.
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Figure 5.58: Estimated N, for September 2000.

Figure 5.59: Fstimated Dy for September 2000.

Figure 5.60: Percentage of & corrected for September 2000.
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Figure 5.61: Estimated N, for Qctober 2000.

Figure 5.62: BEstimated Dy for October 2000.

% oF SoRted. Jigthd

Figure 5.63: Percentage of o corrected for October 2000.
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Figure 5.64: Estimated N, for November 2006.

Figure 5.65: Estimated Dy for November 2000.

Figure 5.66: Percentage of a corrected for November 2000.
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Figure 5.67: Estimated N, for December 2000.

Figure 5.68: Estimated Dy for December 2000.

Figure 5.69: Percentage of o corrected for December 2000.
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5.6 Area Analysis

The algorithm, which was developed in this chapter. was used to estimate

the RSD parameters for six different places for July 2000. Table 5.4 shows an

itemnized list of the location of these places, the scatter plots of Dy versus N, and

the histograms of I and the N,. Note that the analysis for each case was done

within 300 ki by using data from July 2000.

Figure Number

Title Description

Figure 5.70

Locations of case studies

Figure 5.71

Scatter plot of Dy vs. N, for case 1,

only with « adjustment

Figure 5.72

Secatter plot of Dy vs. N, for case 1,

with and without « adjustment

Figure 5.73

Histograms of Dy and N, for case 1,

only with « adjustment

Figure 5.74

Histograms of Dy and N, for case 1,

with and without & adjustment

Figure 5.7

Scatter piot of Dy vs. IV, for case 2,

only with « adjustment

Figure 5.76
Figure 3.77

Scatter plot of Dy vs. N, for case 2,
Histograms of Dy and N, for case 2,

with and without o adjustment
only with « adjustment

Figure 5.78

Histograms of Dy and N, for case 2,

with and without o adjustment

Figure 5.79

Scatter plot of Dy vs. N, for case 3,

only with o adjustinent

Figure 5.80

Scatter plot of Dy vs. N, for case 3.

with and without o adjustment

Figure 5.81

Histograms of Dy and &, for case 3,

onlv with o adjustment

Figure 5.82

Histograms of Dy and N, for case 3{

with and without o adjustment

Figure 5.83

Scatter plot of Dy vs. N, for case 4,

only with a adjustment

Figure 5.84

Scatter plot of Dy vs. N, for case 4,

with and without o adjustment

Figure 5.85

Histograms of Dy and N, for case 4.

only with o adjustment

Figure 5.86

Histograms of Dy and N, for case 4,

with and without o adjustment

Figure §.87

Scatter plot of Dy vs. N, for case 5,

only with o adjustment

Figure 5.88

Scatter plot of Dy vs. N, for case 5,

with and without o adjustment

Figure 3.89

Histograms of Dy and N, for case 5,

only with o adjustment

Figure 5.90

Histograms of Dy and N, for case 5,

with and without o adjustment

Figure 5.91

Scatter plot of Dy vs. N, for case 8,

only with o adjustment

Figure 5.92

Scatter plot of Dy vs. :V, for case 6,

with and without o adjustment |

Figure 5.93

Histograms of Dy and N, for case 6,

only with o adjustment

i Figure 5.94

Histograms of D)y and N, for case 6,

with and without o adjustment

Table 5.4: Figure Number List of Area Analysis of RSD.
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Figure 5.70: Location of case studies: a) Pacific Ocean, b) North America, ¢)
South America, d}North Atlantic Ocean, e) South Atlantic Ocean and f)Australia.
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Figure 5.71: Scatter plot of Dy vs. Ny for case 1, only with o adjustment.
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Figure 5.72: Scatter plot of )y vs. N, for case 1, with and without o adjustment.
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Figure 5.74: Histograms of Dy and N, for case 1, with and without « adjustment.
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Figure 5.76: Scatter plot of Dy vs. N, for case 2, with and without o adjustment.
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Chapter 6

EXAMINATION OF SURFACE CROSS SECTION STATISTICS
OVER OCEAN AND LAND

6.1 Introduction

Weather radars that operate at frequencies higher than ahout 5 GHz can
be affected adversely by rain attenuation. However, for spaceborne applications,
where the size and mass of the antenna are limited, adeguate spatial resolution can
be obtained only by increasing the frequency. For the Tropical Rainfall Measuring
Mission (TRMM) precipitation radar (PR), the use of 13.8-GHz radar frequency
with a 2-m antenna size represents a compromise between the desive to minimize
the antenna size and rain attenuation and maximize the spatial resolution. As
demonstrated by Hitschfeld and Bordan {1954) in their classic study, estimates of
rain rate from a single-attenuating wavelength radar are unstable when the path
attenuation is large, unless the radar constant and the drop size distiibution are
known to a high degree of accuracy. Because these conditions are seldom met. an
alternative strategy is needed to complement the Hitschfeld-Bordan method for
moderate and high rain rates. One of the proposed ways of estimating attenuation
is the surface reference technique (SRT).

In this chapter, the data from TRMM PR is used to study the statistical char-
acteristics of the surface return {(¢°) as a function of the surface tvpe (ocean/land)
and incident angles during rain and rain-free times. Note that this work is further

extended to the preliminary studies of Meneghini et al. (2000).
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6.2 Background

Airborne mcteorological radars typically operate at attenunating wavelengths.
Correction for attenuation along the propagation path, therefore, is required to
retrieve a reflectivity factor for accwrate estimation of the rainfall rate. The sur-
face reference technique (SRT) to correct the observed reflectivity for the effects of
attenuation has been developed for down-looking radars {Meneghini et al.;1983).
The SRT algorithm uses the radar cross section of the ocean swiface as a means of
estimating the path integraied attennation. In the SRT, an initial value is deter-
mined for the radar cross section of a rain-free area in relagively close proximity to
the rain cloud. During subscquent observations of precipitation, any decrease in
the observed surface cross section from the reference value is assumed to be a result
of the two-way attenuation along the propagation path {PIA). The PIA for each
beam is then vsed as 2 limiting condition in an attenuation correction algorithm
(Iguchi and Meneghini, 1994). A number of studies have evalnated the SRT with
airborne radar observations (Meneghini et. al, 1992). In these studies, the SRT has
been used on observations at a variety of incidence angles acquired during flights
over the ocean. Development of the SRT has focused on cases over water because
the ocean surface presents a well-known, and relatively constant. microwave re-
fliection. In addition to airborne applications. the SRT is used for processing the
reflectivity profiles from the spaceborne precipitation radar launched in 1998 on
the Tropical Rainfall Measuring Mission (TRMM). The SRT has been developed
over a number of years and extensively tested by airborne weather radar data
(Durden and Haddad 1998; Fujita 1983; Iguchi and Meneghini 1994; Iguchi et al.
2000; Kozu and Nakamura 1991; Marecal et al. 1987; Marzoug and Amayenc 1994;
AMeneghini et al. 1983, 1892},
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6.3 Surface Cross Section

The key parameter in the surface reference technigues {SRT) is the normalized
surface scattering cross section, ¢. This can be defined in terms of the surface

return power P and the radar range to the surface ry by the equation:
P = (C_qo“.;.; '2) exp {uO.ZZ-nlO/ ’ kds] (6.1)
0

where in general, C; is a function of the radar parameters. the range, and the inci-
dent angle {Meneghini and Kozu. 1990). The last texm in Equation 6.1 represents
the two-way path attepuation frow the radar to the surface and & s the specific
attenuation (dB km™') due to atmmospheric gases, clonds, and preeipitation.

As mentioned above, SRT estimates the PIA through rain from the decrease
in the sumiface return. In particular, an estimate of the attenuation factor at r = 7y
is obtained from a ratio of the surface return power measured in rain to that mea-

sured in adjacent rain-free arcas:

A(ry) = L lrsirain) (62)

P, (rs: no rain)

In the presence of rain, the apparent normalized radar cross section (NRCS) of
the surface (dB), o°(R. 6}, is related to the NRCS that would exist in the absence

of rain, c"(NR, 8). by:

o' (R.0) = oY NR.O)— A+« (6.3)
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where the parameter € is used to represent the change in the surface cross section
caused by rain on the surface. The two-way path attennation, A. is related to
the specific attennation, A(dB km '), and the extinction cross section, g4, of the

scatters by:

o
3
1

Z/k(s)ds
= / / Gest(N, DYN(D, s)dD ds (6.4)

where the integral over the slant range “s” runs from the radar to the surface.
N(Dj} ) is the drop size distribution, and D is the equivolume diameter.

Because the quantity o?(N R, 6) in Equation 6.3 is not measurable, it is re-
placed by a reference value, (¢°{ N R, #)), which leads to the attenuation estimate,

Alrg):
A(r,) = (0"(NR.8)) - 0°(R,8) (6.5)

The only requiremeni made on the reference estimate {c%(/VR,8)) is that it be

obtained from an average over a rain-free area.
6.4 Data Analysis: ¢ Over Ocean

The SRT is expected to work well with negligible error when the rain atien-
uation is much larger than the inherent variability of the NRCS of the surface
{Meneghini et al., 2000). However, because NRCS varies with surface type, and

incident angle, the characterization of ¢? is not simple. In this section, data from
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Figure 6.1: Location of case study 1: Atlantic Ocean, 25°N to 27°N and —41°E to
~-39°E .

the Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar {PR) 2A21
are used to develop statistics of ¢ over the ocean during the rain and in the

absence of the rain.
6.4.1 Case Study 1: Area Analysis

In this case study. a 2 area over the Atlantic Ocean was selected as an example
of o° over ocean during rain and rain [ree time. Figure 6.1 shows the location of
this case study. The square box in Figure 6.1 represents 25°N to 27N and —41°E
to —39°E where the location that corresponds to the midpoint of this area is 26°N
and —40°E. Tables 6.1 and 6.2 show the sminmary of data that was used in this
case study for raly aund rain-free cases, respectively.

Figures 6.2 and 6.3 show the histogram of ¢” at nadir for a 2° area over the
Atlantic Ocean during rain and rain-free time; respectively. It is clear from these
figures that the mean value of ¢ for this specific location is 11.4 dB in the case
of rain, while it is 12.24 dB for the rain-frce case (there is ~{ dB diflerence in o°
between rain and rain-free time). Also the standard deviation of o¥ in the rain-free
case is more stable compared to rain time (standard deviation of ¢” for rain-free

is 0.8877 dB while for rain is 1.4 dB).
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Date Orbit Number | Scan Number | R {(mm/hr)
02/02/1998 6812 3569-3626 12
04/14/1999 7027 3582-5645 10.5
11/24/1999 11458 3506-3570 11

| 01/11/2000 12218 5545-5608 25
01/15/2000 | 12276 3487-3551 35
03/18/2000 13264 3550-3610 6.5
03/03/2001 18790 3575-3632 5
10/28,/2001 22543 3538-3602 11

| 11/19/2001 22894 3573-3637 8

Table 6.1: Summary of Data Used in Case Study 1 for Rain Cases.

Date Orbit Number | Scan Number
01/18/1999 | 6565 3544-3607
T03/14/1999 | 7433 5548-5611

05/10/1999 8340 3517-3379
0171772000 12307 3553-3613
61/27/2000 12465 5560-5623
02/25/2000 12928 5527-5586
02/25/2001 18701 5561-5624
03/13/2001 18948 B576-5640
04/11/2001 19411 5541-5604

Table 6.2: Summary of Data Used i Case Study 1 for Rain-Free Cases.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

% of occurrences

¢

20¢

10}

Atlantic Ocean, rain

205

orbit:8812
date: 9906202
mean=11.2545
std=1.486

-2

t]

30

20

10t

orbit: 13264
date:000318
mean=11.2434
std=1.7683

0
-2

30

20

20

10

0
-2

date: 0001 11
mean=12,7853
std=1.4126

5 .

30

207

1071

orbit:22894
date:01111¢

mean=11.6851
std=0. 96249

% of occurrences

¢
-2

-1
&
1

0
0 (dB)

Figure 6.2

40

% of occurrences

% of occurrences

Allantic Ocean, rain

30
201 orbitg727
date:980414
i0 mean=15.9309
0 std=1.6802
~20 0 40
30 -
20} orbit: 12276
date:000115
10f mean=12.4188
std=0.971 11
o 4 "
~20 20 4¢
20
10} Orbit:22543
date: 011028
mean-1 0 631 1
sid=1.
0 N
-20 20 40
40
orbit: 18720
201 date:010303
mean=10.5533
L s=10195
=20 20 40

o° (dB)

: Histogram of 6° at nadir for the Atlantic Ocean 2° area: rain cases.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Atlantic Ocean, rain-free

206

Atlantic Ocean, rain-free

3 60 - @ 30
e O
& 40} o 20+ ,
5 orbit:6565 5 orbit:7433
8 date'9901148 8 date: 890314
S 200 mean=12.557 S 10} mean=12.2005
a‘g oL_5td=0.75219 ; o 510=0.98548 ‘
-20 40 -20 0 20 40
20 30
orbit:12307 201 orbit12465
1G+ Orpi.
date:000117 date: 000127
mean=11.7249 107 mean=11.388
oL_51d=098573 o std=0.9161
-20 40 -20 0 20 40
60 40
40t orbit 18701
orbit: 12928 o0 | date:012625
20} date:000225 mean=12.1378
oL TS {socoszsns |
-20 40 -20 0 20 40
2 30 2 60
2 Q
& oo} orbit:18348 $ a0l
3 date:010313 5 | orbit1oats
s} | mean=12.6797 bas | date:010411
° 10 & 20| mean=12.7797
5| std=1.1029 5 | std=0.86886
2 0 ¥ 0 . N
-20 40 -20 0 20 40

o° (dB)

Figure 6.3: Histogram of ¢° at nadir for the Atlantic Ocean 2° area: rain-free

cases.

o° (aB)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



267

20 T T R T T ——

51 b — oma 7233
{ ——_orbitk- 8340 |

&% (dB)

-15 * ; - " - e .
~-20 -15 -10 ~5 0 5 10 18 20

Angle {degree)

Figure 6.4: Mean of ¢¢ as a function of incident angle for different orbits over the
Atlantic Ocean for the year 1999; solid lines represent rain-free cases while dashed
lines represent rain cases.

Figures 6.4 to 6.6 show the mean of ¢® as a function of incident angle for
different orbits for the location shown in Figure 6.1 for the years 1989. 2000, and
2001, respectively, while Figures 6.7 to 6.9 show the standard deviation of «® as a
function of incident angle for the vear of 1999, 2000, and 2001, respectivély.

We can conclude the following results from these figures:
e The maximum values of ¢* always occurred at nadir.

» The maximum diffcrence between ¢ in the presence of rain and in its absence

st nadir for the cases consider here is 2.3 dB.

e The standard deviation of ¢” iu the rain-free case is more stable compared

to the rain case { Fiures 6.7-6.9).

Figures 6.10 and 6.11 show profiles of ¢" during the rain-free and rain time
over the location of Case Study 1, respectively. It is clear that o” decreases in case

of rain compared o rain-free time.
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Figure 6.10: o° over the Atlantic Ocean during rain-free: Orbit 16027 on 8/9/2000.
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6.4.2 <Case Study 2: Orbit Analysis

In this case study, TRMM PR data was used to examine ¢? within the whole
orbit over the ocean during rain and rain-free time. Table 6.3 shows the summary

of the data that was used for analysis in this case study.

Date Orbit Number
01/18/1999 06565
01/17/2000 12307
$3/18/2000 13264
10/28/2001 22543

Table 6.3: Summary of Data Used in Case Study 2.

Figure 6.12 shows the location of orbits for this case study. Figures 6.13 and
6.14 show the histogram of ¢° at nadir over the ocean for different orbits during
rain and rain-free time, respectively. It 1s clear from these figures that the mean
value of ¢ for these orbits is 11.86 dB in the case of rain, while it is 12.91 dB for
rain-free cases (there is =1 dB difference in 0¥ between rain and rain-free time).
The standard deviation of ¢ in the cases of rain-free and rain are close to each
other (standard deviation of o® for rain-frec is 1.89 dB, while for rain it is 1.93
dB).

Figure 6.15 shows the mean of ¢® as a function of incident angles for different
orbits over the ocean, while Figure 6.16 shows the the standard deviatien of o9 as
a function of incident angles. It is clear from these figures that the mean of o" is
maximum at the nadir and the difference during rain and rain-free is about 2.5 dB,
while the standard deviation of 0% during the rain and raiv-free time is minimuro
at the mncident angle between —5” to 5% and maximum at +£17°. From Figure §.16
it is clear that over the ocean, the smallest standard deviations pccur at incident
angles 4.26° during rain-free {a similar result was mentioned in Meneghini et al.,

2000).
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Figure 6.12: Location of orbits for Case Study 2: a) orbit no. 6585, b) orbit no.
12307, ¢) orbit no. 13264 and d) orbit no. 22543,
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6.4.3 Case Study 3: ¢" for the Ocean Before Crossing/After Crossing
Land

In this case study. TRMM PR data was used to examine 6% over the ocean
betore and after the land during rain-free time. Table 6.4 shows the summary of

the data used for analysis.

Date Orbit | Scan before land | Scan after land
01/18/1999 | 6565 2152-2452 2759-3059
01/17/2000 | 12307 2157-2457 2761-3061
03/18/2000 | 13264 2155-2455 2760-3060
10/28/2001 | 22543 21662466 | 27/8-3078

Table 6.4: Sunmmary of Data Used in Case Study 3.

Figure 6.17 shows the location of this case study. Note that the square boxes
in Figure 6.17 represent 300 scans. Figures 6.18 10 6.21 show the histogram of ¢
at nadir over the ocean before and after crossing the land during rain-free time,

% at nadir before and after the land

while Figure 6.22 shows the histogram of o
when all four previous orbits are combined together. Figures 6.23 and 6.24 show
the mean and the standard deviation of ¢ as a function of incident angles over
the ocean before and after crossing the land for the location shown in Figure 6.17.

The following is clear from these figures:

e The mean value of ¢” at nadir during rain-free over the ocean before crossing
the land s always higher than after crossing the land (before the land is 13.8

dB, while after the land is 11.93 dB).

e The standard deviation of ¢* at nadir over the ocean before and after crossing
the land are similar (befove crossing land is 1.524 dB. while after cossing land

is 1.152 dB).
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e The standard deviation of 0% at. off-nadir hefore crossing the land is much

higher compared to after crossing the land.

e The standard deviation of a° does not change much as a function of incident
angles after crossing the land, while it does change a lot before crossing ihe

fand.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



218

Figure 6.17: Location of Case Studyv 3: a) orbit no. 6365, b} orbit no. 12307. ¢)
orbit no. 13264 and d) orbit no. 22543.
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Figure 6.18: Histogram of ¢® at nadir a) for the ocean before crossing the land
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Figure 6.19: Histogram of ¢® at nadiy a) for the ocean before crossing the land

and b) for the ocean after crossing the land, Orbit 12307, 01/17/2000.
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Figure 6.21: Histogram of ¢ at nadir a) for the ocean before crossing the land
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Figure 6.22: Histogram of ¢ at nadir a} for the ocean before crossing the land
and b} for the ocean after crossing the land. all four orbits together.
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Figure 6.23: Mean of ¢° as a function of incident angle for Case Study 3.
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6.5 Data Analysis: ¢° Over Land

In this section, TRAMM data was used te examine the characteristics of ¢¢

over land. Three different locations were selected as an example of 6® over land.
6.5.1 Case Study 1: Amazon Rin Forest, Brazil

Figure 6.25 shows the location of this case study. The square box in Figure 6.25
represents 0°N to 2°N and ~64°F to —62°E where the location that corresponds to
the midpoint of this area is 1”N and —63°E. Tables 6.5 and 6.6 show the summary
of data used in this case study for rain and rain-free cases, respectively.

Figures 6.26 and 6.27 show the histogram of ¢® at nadir over the location
shown in Figure 6.25 during rain and rain-free times, respectively. The mean value
of o® for this specific location is 9.8 dB in the case of rain, while it is 9.4 dB for
rain-free cases. The standard deviation of 0¥ in the case of rain is 10.61 dB and it
is 10.45 dB for rain-free cases.

Figures 6.28 and 6.29 show the mean and the standard deviation of 0% as a

function of incident angle over the location shown in Figure 6.25, yespectively.
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Figure 6.25: Location of Case Study 1: Amazon rain forest,
and —64°E to —62°E .

Brazil , 0°N to 2°N

. Date Orbit Number | Scan Number | R {mm/hr)
0370872000 13116 6784-6856 75
04/33/2000 13680 2296-2368 55
06/15/2000 14675 6778-6850 8
06/28/2000 14884 | 2302-2374 8

Table 6.5: Summary of Data Used in Case Study i for Rain Cases.

Date Orbit Number | Scan Number
01/05/2000 12121 2298-2370
(41/28/2000 12476 2288-23860
02/12/2000 12723 2302-2374
07/01/2000 14922 6795-6867

Table 6.6: Summary of Data Used in Case Study 1 for Rain-free Cases.
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Figure 6.26: Histogram of ¢° at nadir over Amazon rain forest, Brazik: rain.
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Figure 6.27: Histogram of ¢ at nadir over Amazon rain forest, Brazil: rain-free.
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Taln Cases.
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6.5.2 Case Study 2: Darwin, Australia

Figure 6.30 shows the location of this case study. The sguare box in Figure
6.30 represents — 11.25°N to —13.25°N and 130.04°E to 132.04°E where the location
that corresponds to the midpoint of this arca is —12.25°N and 131.04°E. Tables
6.7 and 8.8 show the summmnary of data used in this case study for rain and rain-free
cases, respectively.

Figures 6.31 and 6.32 show the histogram of ¢° at nadir over the location
shown in Figure 6.30 during rain and rain-free times. respectively. The mean value
of o for this specific location is 16.3 dB in the case of rain, while it is 18.3 4B for
rain-free cases. The standard deviation of o¥ in the case of rain is 6.5 dB and it is
6.3 dB for rain-free cases.

Figures 6.33 and 6.34 show the mean and the standard deviation of % as a

function of incident angle over the location shown in Figure 6.30, respectively.
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Figure 6.30: Location of Case Study 2: Darwin, Australia , —11.25°N {0 —13.25°N
and 130.04°E to 132.04°E .

! Date Orbit Number | Scan Number | R (mm/hr)

1 01/20/2000 12352 7323-7392 13
0270372000 12575 1718-1787 51
0271172000 12707 7316-7385 12
03/03,/2000 13038 1681-1750 6.5

Table 6.7: Summary of Data Used in Case Study 2 for Rain Cases.

Date Orbit Number | Scan Number
01/06/2000 12136 7377-7446
01,/29/2000 12491 73647433
03/07/2000 13093 7373-7442

06,03 /5000 14489 1702-1771

Table 6.8: Summary of Data Used in Case Study 2 for Rain-[ree Cases.
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Figure 6.32: Histogram of ¢ at nadir over Darwin, Australia: rain-free.
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Figure 6.33: Mean of ¢® as a function of incident angles over Darwin, Australia:
solid lines represents rain-free cases while dashed lines represent rain cases.
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6.5.3 Case Study 3: Melbourne, Florida

Eigure 6.35 shows the location of this case study. The square box in Figure 6.35
represents 27°N to 29°N aud —81”E to —T9°E where the location that corresponcds
to the midpoint of this avea is 28°N and —8(°E. Tables 6.9 and 6.10 show the
summnary of data nsed in this case study for rain and rain-free cases, respectively.

Figures 6.36 and 6.37 show the histogram of ¢ at nadir over the location
shown in Figure 6.35 during rain and rain-free {imes, respectively. The mean value
of o for this specific location is 17 dB in the case of rain. while it is 15.7 dB for
rain-free cases. The standard deviation of 0¥ in the case of rain is 8.1 dB and it is
7.95 dB for rain-free cases.

Figures 6.38 and 6.39 show the mean and the standard deviation of ¢ as a

function of incident angle over the location shown in Figure 6.35, respectively.
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Figure 6.35: Location of Case Study 3. Melbourne, Flonda

—81°E to ~73°E .

i Date Orbit Number | Scan Number | R (mm/hr)
I 01/24/2000 15417 3681-3715 10.7
04/14/2000 13608 3599-3633 8.7
' 07/15/2000 15149 3622-3656 5.2

, 27°N to 29°N and

Table 6.9: Summary of Data Used in Case Study 3 for Rain Cases.

Table 6.10): Summary of Data Used in Case Study 3 for Rain-free Cases.
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i Date Orbit Number | Scan Number

" 06/14/2000 14652 7376-7410
10/28 /20060 16804 5449-5483

1073172000 16847 3660-3694
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6.5.4 Discussion

The over land o is more complex than over the ocean. We can conclude the

following results from the previous sections:

» The standard deviation of ¢ at nadir over land is higher than it is over the
ocean. Over land. the standard deviation at nadir is in excess of 8 dB on
average while it is below 2.5 dB over the ocean (Meneghini et al. (2000).
Contributing to the large standard deviation is the frequent occuirences of
extremely high cross sections. For example, under rain-free conditions, about
10% of the ¢ data exceed 20 dB3. and about 2% exceed 25 dB. In contrast, at
nadir incident over the ocean, only about 1.4% of the data exceed 20 dB and
2% exceed 25 dB (Meneghint ¢t al., 2000). Table 6.11 shows the percentage
of 0¥ exceeding 20 and 25 dB under rain and vain-free conditions for the

locations which were selected as an example of ¢¥ over land.

Location Rain Rain-free
0> 20dB | o> 25 dB [ "> 20dB | o> 25 dB
Amazon rain {orest 17.46% 10.61% 18.15% 12.32%

Darwin 23.57% 13.92% 32.5% 18.21%
Melbourne 40.57% 13.04% 2/1_4%~ i 14.07%

Table 6.11: Percentage of ¢ exceeding 20 and 25 dB under rain and rain-free
conditions.

e Maximum of o occurs at the nadir, and in moving to off-nadir angles. it

decreases rapicdly.

o Maximum of the standard deviation of ¢" occurs at nadir, and in moving to

off-nadir angles. it decreases rapidly.
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6.6 o" Related Observation over a Hurricane

The PR measurements were taken on 25 August 1998 over Hurricane Bonnie
located off the southeast coast of the Upited States. Figure 6.40 shows the location
of this hurticane., The square box represents 28.16°N to 33.03°N and —77.33°E
to —67.54°E where the location that corresponds to the midpoint of this area is
30.59°N and —72.43"FE and the overpass occurred at 1114 UTC. Figure 6.41 shows
the apparent ¢° over Hurricane Bonnie. The horizontal scale represents an 860
km segment along the satellite track, while the vertical scale which is egual to the
swath of the PR is 215 km. Figures 6.42, 6.44, 6.46, 6.48, and 6.50 represent. the
profile of the radar return power {dBm) at 0. 3.548%, 7.0877, 10.648%, and 17.032°,
respectively. while Figures 6.43, 6.45. 6.47, 6.49, and 6.51 show the corresponding
apparent o”. Two sets of broken horizontal lines are shown at the bottom of the
figures, where a blue line indicates the presence of rain (as detected by the PR} and
the black line indicates the correction for the surface reference. €. Note that the
regions of strong attenuation in these figures correspond to a loss of the mirror-
image signal. This result is not suprising, because the mirtor-image return is
proportional to the four-way rather than the two-way attenunation and is normally
not detected over heavy rain {Liao et al., 1999). Table .12 shows the percentage
of rain. correction surface reference, and finally the ratio of correction surface
reference to the rain as a function of incident angles over Hurricane Bonnie. Table
6.13 shows the mean and the standard deviation of ¢° as a function of incident
angles in the Hurricane Bonnie region during rain-free conditions. It is cleax from
Table 6.13 as the angle increases, the surface returm is broadened in range and

rain-free o° decreases.
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Figure 6.40: Location of Hurricane Bonnie, 25 Aungust 1998, orbit 4267.
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Figure 6.41: The apparent ¢” over Hurricane Bonnie, vertical and horizontal scales
represent distances of 215 and 860 k.
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Figure 6.42: Range profile of the radar return power (dBm) at an incident angle
of 0¢ over Hurricane Bonnie.
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Figure 6.43: ¢¥ at an incident angle of 0¢ over Hurricane Bonnie.
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Figure 6.44: Range profile of the radar return power (dBm) at an incident angle
of 3.55° over Hurricane Bonnie.
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Figure 6.45: ¢% at an incident angle of 3.55° over Hwricane Bonnie.
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Figure 6.46: Range profile of the radar return power (dBm) at an incident angle
of 7.1¢ over Hurricane Bonnie.
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Figure 6.47: a® at an incident angle of 7.1° over Hurricane Bonnie.
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Figure 6.48: Range profile of the radar return power {(dBm) at an incident angle
of 10.65° over Hurricane Bonnie.
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Figure 6.49: 00 ai an incident angle of 10.65” over Hurricane Bonaie.
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Figure 6.50: Range profile of the radar return power {dBm) at an incident angle
of 17.03° over IHurricane Bonnie.
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Figure 6.51: ¢° at an cident angle of 17.03% over Hurricane Bounie.
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Angle (degree) | Rain% | % | ¢/rain
0.000 76.61 | 27.36 | 0.3571
0.711 7.11 [ 25.37 | 0.3200
1.420 7860 | 30.84 | 6.3924 |
2129 7562 | 29.85 | 0.3947
2.841 75.12 | 36.31 | 0.4834
3.548 74.13 | 32.83 | 0.4429
1.258 73.63 | 31.84 | 0.4324
4970 72.63 | 31.34 | 0.4315
5677 72.63 | 34.327 04726

389 7413 3731 05033

7097 | 75.62 | 3333 0.4107
7.810 73.63 | 31.84 | 0.4324
8317 7263 | 30.84 | 0.4246
§.231 7112 | 32.83| 0.4429
9.937 72.63 | 29.35 | 0.4041
10.648 72.13 | 31.34 [ 0.2344
11.359 7263 | 27.36 | 0.3835
12.068 70.64 127.86 | 0.3943
12777 | 71.14 | 30.34 | £.4265
13.487 66.16 | 30.34 | 0.1586
14.195 66.66 | 26.36 | 0.3955
14.904 60.69 | 2437 | 6.4016
15.613 55.22 | 24.80 | 0.4504
16.328 58.70 | 26.36 | 0.4491
17.032 5920 | 22.83 | 0.3865

Table 6.12: The Percentage of Rain, € and ¢/rain as a Function of Incident Angles.
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Angle (degree) | mean (¢°) | STD (69} |
0.000 10.93 1.43
0.711 10.89 129
1.420 10.95 128
2.129 10.86 1.30
2.841 10.78 112
3.548 1055 1.20
4.958 11039 1.20

4970 10.13 .93

677 9.85 0.91

6.339 9.46 0.86

! 7.097 9.57 0.78

7.810 .48 0.62

8517 830 0.65

§.231 7.80 0.74

9.937 7200 . 0865
10.648 1 654 071

T 11359 5.96 0.69
12.068 5.31 069
12.777 4.75 0.72
13487 490 0.84
14.195 3.60 0.58
14.904 3.02 0.79
15.613 2.40 0.82
16.328 2.01 0.77
17.032 149 T 0.96

Table 6.13: Mean and Standard Deviation of 6° as a2 Function of Incident Angles
in the Hurricane Bonnie Region During Rain-free Conditions.
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8.7 Monthly Maps of o°

TRMM PR observations are used to develop monthly maps of o at Ku-
bands. For each month there are three maps. The first map shiows ¢¥ at nadir,
the second map shows o at 5.68, while the last map shows 0% at 13.49°. Note
that these maps were generated only during rain-free time. In the monthly map
plots, the data area is froin 35N to 35S and from 180E 1o 180W. The color scales
are adjusted to the full scale of each map. Each pixel in the plot is (0.53° x 0.5°)
area and therefore of fairly high resolution. The overlay shows the standard map

of land/ocean boundaries. Table 6.14 provides an itemized list of figures.
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| Figure Title Description
Figure 6.52 | ¢ at padir for Jannary 2600
Figure 6.53 | o0 at nadir for February 2000

[Figure 6.54 | 09 at nadir for March 2000

: Fignre 6.55 | ¢° af nadir for April 2000
Figure 6.56 | o0 at nadir for May 2000
Figure 6.57 | 00 at nadir for June 2000
Figure 6.58 | ¢ at nadir for July 2000
Figure 6.59 | o at nadir for Angust 2000
Figure 6.60 | ¢° at nadir for September 2000
Figure 6.61 | o at nadir for October 2000

{ Figure 6.62 | 6" at nadir for November 2000

! Figure 6.63 | 69 at nadir for December 2060
Figure 6.64 |{ 0" at 5.68° for January 2000
Figure 6.65 | 0" at 5.68° for February 2000
Figure 6.66 | 0¥ at 5.68° for March 2000
Figure 6.67 | 0¥ at 5.68° for Apn] 2000
Figure 6.68 | 0¥ at 5.68° for May 2000

| Figure 6.69 | 07 at 5.68° for June 2000
Figure 6.70 | Y at 5.68° for July 2000

Figure 6.71

=
2
at 5.68° for August 2000

Figure 6.72

o9 at 5.68° for September 2000

Figme 6.73

g% at 5.68° for October 2000

Figure 6.74

ot at 5.68° for November 2000

| Figure 6.75

o at 5.68° for December 2000 |

Figure 6.76

o9 at 13.49° for January 2000

Figure 6.77

at 13.49° for February 2000

Figure 6.78

at 13.492 for March 2000

Figure 6.79

Figure 6.80

g
s
¥ at 13.49° for April 2000
o% at 13.49° for May 2000

Figure 6.81

ol at 13.49¢ for June 2000

Figure 6.82

U at 13.49° for July 2000

Figure 6.83

U at 13.49¢ for August 2000

Figure 6.84

! Figure 6.85

0 at 13.49° for October 2000

Figure 6.86

D at 13.49° for November 2000

Figure 6.87

o
a
o® at 13.49° for September 2000
a
a
2]

0" at 13.49° for December 2000

Table 6.14: Figure Number List of Monthly Average ¢°.
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Figure 6.52: Average 0% at nadir for January 2000: rain-free.

Figure 6.53: Average o at nadir for February 2000: rain-free.

Figure 6.54: Average o at nadir for March 2000: rain-free.
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Figure 6.55: Average ¢ at nadir for April 2000: rain-free.

Figure 6.56: Average ¢ at nadir for May 2000: rain-free.

Figure 6.57: Average o at nadir for June 2000: rain-free.
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Bl oo (48)

Figure 6.58: Average ¢¥ at nadir for July 2000: rain-free.

Samo_2eeo {48)

Figire 6.60: Average ¢° at nadir for September 2000: rain-free.
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Figure 6.61: Average 0° at nadir for QOctober 2000: rain-free.

Figure 6.62: Average ¢¥ at nadir for November 2000: rain-free.

Fgma.Zees {d8)

Figure 6.63: Average ¢° at nadir for December 2000: rain-free.
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Figure 6.64: Average o at 5.68° for January 2000: rain-free.

Figure 6.65: Average ¢ at 5.68° for February 2000: rain-frec.

Figure 6.66: Average ¢ at 5.68° for March 2000: rain-free.
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Figure 6.67: Average ¢¥ at 5.68° for April 2000: rain-free.

Slaro. Zave (28)

Siymo_Taso (d8)

Figure 6.69: Average o0 at 5.68° for June 2000: rain-free.
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Figure 6.70: Average ¢” at 5.68° for July 2000: rain-free.

Figure 6.71: Average ¢ at 5.68° for August 2000: rain-free.

Figure 6.72: Average 0% at 5.68° for September 2000: rain-free.
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Figure 6.73: Average o® at 5.68° for October 2000: rain-free.

Figure 6.74: Average ¢ at 5.68° for November 2000: rain-free.

Figure 6.75: Average ¢" at 5.68¢ for December 2000: rain-free.
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Figure 6.76: Average ¢" at 13.49° for January 2000: rain-free.

Figure 6.77: Average ¢¥ at 13.49° for February 2000: rain-free.

Figure 6.78: Average ¢¥ at 13.49° for March 2000: rain-free.
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Figure 6.79: Average ¢” at 13.49° for April 2000: rain-free.

Figure 6.80: Average ¢° at 13.49° for May 2000: rain-frec.

Figure 6.81: Average o° at 13.49° for June 2000: rain-free.
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Figure 6.82: Average ¢® at 13.49° for July 2000: rain-free.

Figure 6.83: Average ¢ at 13.49° for Angust 2000: rain-free.

Figure 6.84: Average o' at 13.49° for September 2000: rain-frec.
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Figure 6.85: Average 0¥ at 13.49° for October 2000: rain-free.

Figure 6.86: Average ¢° at 13.49° for November 2000: rain-free.

Figure 6.87: Average o° at 13.49° for December 2000: rain-free.
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Chapter 7

MELTING LAYER

7.1 Introduction

Radar observations of the melting layer of precipitation have been made since
the dawn of radar meteorology (Marshall et al., 1947; and, Cummingham, 1947).
It has been known since then that the melting of precipitation is often associated
with an enhancement of the reflectivity of weather targets. The primary cause
of the enhancement is a rapid increase in the dielectric constant of hydrometeors
at the top of the melting layer followed by an increase of the velocities of melt-
ing snowflakes toward the cnd of the melting process (Battan, 1973). The radar
bright band results mostly from melting of snowflakes as they fall through the
0°C isotherm. As the ice is gradually trapsformed to liquid, the refractive index
and, hence, the backscatiering cross section increase, and the radar echo intensity
increases to a maximum at = 200m below the 0°C isotherm. The decrease of echo
intensity below the bright band level is mostly the result of decreases of particle
coucentration caused by increages of terminal velocity as the particles melt. 2A23
data provides information about the height of bright band (HBB) as well as the
height of {freezing. HBB is gencrally close to the height of freezing (usually within
+ 2 k).

In general, the bright band height is obvionsly linked with the height of the

0¢C isotherin in the atmosphere and consequently dependent on the time of the
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vear and on the climate (and hence the location}. Therefore. it is very inportant
to develop global maps of height of bright band and height of freezing as monthly
maps. HBB is very important in the case of stratiforin, while the freczing height
is imnportant in convective cases.

In this chapter, data from: the TRMM PR are used to generaie monthly maps
of the height of bright band (HBB) over the globe for the year 2000, 3dB thickness
of BB is developed, HBB over ocean and land and during some events such as

hurricane are examined.

7.2 Global mapping of Height of Bright Band (HBB)

Table 7.1 provides an itemized list of the figures of the monthly average of
height of bright band for the year 2000. The scales are adjusted to the full scale of
each map. Each pixel in the plot is (0.5° x 0.5°) area, and therefore, of fairlv high
resolution. The overlay shows the standard map of land/ocean boundaries. The
plots are restricted to the latitude of +-35% degrees coinciding with the coverage of

TRAMM PR.
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Figure Number | Title Description
Figure 7.1 Height of bright band for Janvary 2000
Figure 7.2 Height of bright band for February 2000
Figure 7.3 Heaght of bright band for March 2000
Figure 7.4 Height of bright band for April 2000
Figure 7.5 Height of bright band for May 2000
Figute 7.6 Height of bright band for June 2000
Figure 7.7 Height of bright band for July 2000

[ Figure 7.8 | Height of bright band for August 2000
Figure 7.9 Height of bright band for September 2000
Figure 7.10 Height of bright band for October 2000
Figure 7.11 Height of bright band for November 2000
Figure 7.12 Height of bright band for December 2000

Table 7.1: Figare Number List of the Monthly Average of Height of Bright Band
{(HBB).
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Figure 7.1: Height of Bright Band (HBB) for January 2000.

Figure 7.2: Height of Bright Band (HBB) for February 2000.

Figure 7.3: Height of Bright Band (HBEB) for March 2000.
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Figure 7.4: Height of Bright Band (HBB) for April 2000.

Figure 7.5: Height of Bright Band (HBB} for May 2000.

Figure 7.6: Height of Bright Band (HBB) for June 2000.
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Figure 7.7: Height of Bright Band {(HBB) for July 2000.

Figure 7.8: Height of Bright Band {HBB) for August 2000.

Figure 7.9: Height of Bright Band (HBB) for September 2000.
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Figure 7.10: Height of Bright Band (HBB) for October 2000.

Figure 7.11: Height of Bright Band {HBB) for November 2000.

Figure 7.12: Height of Bright Band (HBB) for December 2000.
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7.3 3dB Thickness of Bright Band

Although the gualitative explanation of the reflectiviiy enhancement causing
the bright band was made earlier (Ryde, 1946). there s still no consensus after
50 vears as to a quantitative assessment because the bright band is usually more
intense than predicted. Early quantitative estimates {Austin and Bemis, 1950;
Wexler, 1955; Wexler and Atlas, 1956; Lhermitte and Atlas, 1963) and models
{Ekpenyong and Srivastave, 1970} either confirmed this observation or attempted
to explain the differences through shape effects {non-sphericity of snowflakes and
melting snowflakes, Atlas et al., 1953) or by growth of precipitation through con-
densation and aggregation at the top of the melting layer followed by breakup
below. This aggregation-breakup combination appeared essential in all cases to
explain the bright band intensity and several in-situ or aircraft measurements were
attempted to verify this claim. Recent models {Dissanayake and McEwan, 1978;
Klaassen, 198',8.; Hardaker et al., 1991) cither obtain correct reflectivity enhance-
ment or overestimate the bright band intensity by considering the bright band
enhancement to be caused by the melting of low-density snowflakes alone.

Figure 7.13 shows the schematic of the current TRMAM model for the bright
band thickness for the case of stratiform precipitation. From Figure 7.13, it is clear
that the current TRMM bright band thickness is considered to be 1km and this is
not accurate. Therefore. it is necessary to develop a model to estunate the bright
band thickness.

Figure 7.14 illustrates a smooth profile with bright band thickness and various
parameters that are related to it. Z,,,, 15 the maximuom reflectivity and occurred
at the peak of the bright band. hy, 1s the height of the bright band top, hye is
the height of the bright band bottom, and B is the bright band thickuess. The

following steps are used to estimate the 3dB thickness of BB:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



268

1. The first, step s to locate the maximum reflectivity (Za0)-

2. The second step is to locate the height of the bright band top (Ao, ). Klaassen
(1988) uses cither the height where the reflectivity reaches a value equal to
the reflectivity of the rain below the bright band or the height at which the
slope of the reflectivity profile is maximum. Fabry (1994) defined %y, as the
height at which the curvature in log{Z} is maximum. In this research, since
the TRMM data are nsed and these profiles are not smooth compared to
ground radar data, it was decided to define A, as the height at which the

Zynaz dropped by 3dB.

3. The third step is to locate the height of the bright band bottom (Z)-

Similar criterton to hy,, are used to define Zy,.

Once the bright band boundaries are determined, the 3dB thickness, B. of reflec-

tivity can be estimated as

B = hgop et ;?.L.O( (71)
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Figure 7.13: Schematic illustrating bright band thickness for TRMM stratiform.
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Figure 7.14: Schematic fllustrating bright band thickness.
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Figure 7.15: Ovbit path of Case Study 1: 13 August 1998, Orbit 4085.

7.3.1 Data Analysis

Using the dataset collected by the TRMM PR, the above algorithm was used
to estimate the bright band thickness for stratiform precipitation. Several cases
were studied; three specific case studies ave presented in detail. For each case
study. there are six vertical cases. scatterplot of B versus Z,,,, and finally the

histogram of B.
7.3.1.1 Case Study 1: 13 August 1998

In this case study, the data from the August 13 1998 orbit number 4085 is used
to examine the 3dB thickness of reflectivity by using the algorithin that has been
developed in the previous section. Figure 7.15 shows the location of this specific
orbit. Figures 7.16 to 7.21 show the vertical reflectivity profiles with estimated
3dB thickness and the bright band boundaries. Note that the De-noising wavelet
is firgt, applied to the vertical reflectivity profile in order to make it smooth and
then the bright band algorithin is used. The mean value of 3dB thickness is found
to be 0.87 km for this specific orbit. Figures 7.24 and 7.25 show the histogram of
3dB thickness of BB over land and the ocean at the incident angles between 59

from nadir.
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Figure 7.16: 3dB thickness of BB for Case Study 1, ray 12 and scan 1994.
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Figure 7.17: 3dB thickness of BB for Case Study 1, ray 13 and scan 1994.
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Figure 7.18: 3dB thickness of BB for Case Study 1, rav 13 and scan 2001.
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Figure 7.19: 3dB thickness of BB for Case Study 1, ray 35 and scan 2665,
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Figure 7.20: 3dB thickness of BB for Case Study 1. ray 12 and scan 2730.
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Figure 7.21: 3dB thickness of BB for Case Study 1, ray 13 and scan 2730.
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Figure 7.22: Scatterplot of Z,,,, versus 3dB thickness of BB for Case Study 1.
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Figure 7.23: Histogram of 3dB thickness of BB at the incident angles between £57
for Case Study 1.
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Figure 7.24: Histogram of 3dB thickness of BB for Case Study 1 over land at the
incident angles between £5°.
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Figure 7.25: Histogram of 3dB thickness of BB for Case Study 1 over the ocean at
the incident angles between £5°.
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Figure 7.26: Orbii path of Case Study 2: 25 February 1899, Orbit 7174.

7.3.1.2 Case Study 2: 25 February 1999

In this case study, the data from the February 25. 1999 orbit aumber 7174
is used to examine the 3dB thickness of reflectivity by using the algorithm that
has been developed in the previcus section. Figure 7.26 shows the location of
this specific orbit. Figures 7.27 to 7.32 show the vertical reflectivity profiles with
estimated 3dB thickness and the bright band boundaries. Note that the De-noising
wavelet is first applied to the vertical reflectivity profile in ovder to make it smooth
and then the bright band algorithum is used. The mean value of 3dB thickness is
found to be 0.78 km for this specific orbit. Figures 7.35 and 7.36 show the histogram
of 3dB thickness of BB over land and the ocean at the incident angles between

+5% from nadir.
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Figure 7.27: 3dB thickiress of BB for Case Study 2, ray 41 and scan 5078.
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Figure 7.28: 3dB thickness of BB for Case Study 2, rav 41 and scan 5120.
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Figure 7.29: 3dB thickness of BB for Case Study 2, ray 42 and scan 5120.
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Figure 7.30: 3dB thickness of BB for Case Study 2. ray 44 and scan 5120.
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Figure 7.31: 3dB thickness of BB for Case Study 2, ray 39 and scan 5125.
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Figure 7.32: 3dB thickness of BB for Case Study 2. ray 26 and scan 5231.
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Figure 7.33: Scatterplot of Z,,., versus 3dB thickness of BB for Case Study 2.
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Figure 7.34: Histogram of 3dB thickness of BB at the incident angles between +£5°
for Case Study 2.
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Figure 7.35: Histogram of 3dB thickness of BB for Case Study 2 over land at the
incident angles between +5°.
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Figure 7.36: Histogram of 3dB thickness of BB for Case Study 2 over the ocean at
the incident angles between 257,
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Figure 7.37: Orbit path of Case Study 3: 1 July 2000, Orbit. 14833.

7.3.1.3 Case Study 3: 1 July 2000

In this case study, the data from the July 1st 2000 orbit number 14933 is used
to examine the 3dB thickness of reflectivity by using the algorithm that has been
developed in the previous section. Figure 7.37 shows the location of this specific
orbit. Figures 7.38 to 7.43 show the vertical reflectivity profiles with estimated
3dB thickness and the bright band boundaries. Note that the De-noising wavelet
is first applied to the vertical reflectivity profile in order to make it smooth and
then the bright band algorithm is used. The mean value of 3dB thickness is found
to be (1.74 km for this specific orbit. Figures 7.46 and 7.47 show the histogram of
3dB thickness of BB over land and the ocean at the incident angles between £5°
[rom nadiz.

It is clear from these figures that 3dB thickness of reflectivity is very close to
what has been suggested by TRMM for the bright band of stratiform precipitation

{1 km.
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Figure 7.38: 3dB thickness of BB for Case Study 3. ray 3 and scan 1271.
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Figure 7.39: 3dB thickness of BB for Case Study 3, rav 44 and scan 1433,
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Figure 7.41: 3dB thickness of BB (o1 Case Study 3, ray 42 and scan 1436.
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Figure 7.42: 3dB thickness of BB for Case Study 3, ray 12 and scan 1477.
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Figure 7.43: 3dB thickness of BB for Case Study 3. rav 16 and scan 1481.
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Figure 7.44: Scatterplot of Z,,, versus 3dB thickness of BB for Case Study 3.
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Figure 7.45: Histogram of 3dB thickness of BB at the incident angles between +5°
for Case Study 3.
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Figure 7.46: Histogram of 3dB thickness of BB for Case Study 3 over land at the
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Figure 7.47: Histogram of 3dB thickness of BB for Case Study 3 over the ocean at
the iucident angles between £5°.
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7.4 Examination of HBB during Hurricane Events

Data from TRMM PR were used to examine HBB during huge events, such

as huricapes. Two different examples were selected as case studies.
7.4.1 Case Study 1: Hurricane Bonnie, 25 August 1938

The PR measurements were taken on 25 August 1998, orbit number 4267,
over Hurricane Bonnie located off the southeast coast of the United States as it
s shown in Figures 7.48 and 7.49. The overpass occurred at 1114 UTC where
the location that corresponds to the midpoint of the square box in Figure 7.48 is
30.53°N and —~72.43°F. Table 7.2 shows the summary of the data used for analysis
in this case study. Figure 7.50 shows histograms of HBB over the Hurricane Bonnie
location during the lrricane time and non-hurricane time. Note that the first plot
in Figure 7.50, a, corresponds to the HBB during the hurricane time, while the
rest of the plots, b to f, correspond to the same location but during normal rain.
It is clear from these plots that the HBB changes from season to season. while the

standard deviation keeps stays alinost the same.

Date Orbit Number | Scan Number
0872571998 1267 3760-3960
0172471998 902 3741-3941
05711719997 8345 5406-5606
04/16/2000 | 13729 3801-4091
09/29/2000 | 16353 | 3741-3941
1272872000 17776 5318-3518

Table 7.2: Sununary of Data Used to Examine HBB over the Hurricane Bonnie
Region.
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Figure 7.49: Huwricane Bonnie, 25 August 1998,
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7.4.2 Case Study 2: Typhoon Jelawat, 7 August 2000

The PR measurements were taken on 7 August 2000, orbit number 15514,
over Typhoon Jelawat located near the island of Minami Daito Jima, Japan in the
western Pacific as it is shown in Figures 7.51 and 7.52. The overpass occurred at
1701 UTC where the location that corresponds to the midpeint of the square hox
in Figure 7.51 is 26.74°N and 128.47°F. Table 7.3 shows the suimmary of the data
used for analysis in this case study. Figure 7.53 shows histograms of HBB over the
Tvphoon Jelawat location during the typhoon time and non-tyvphoon time. Note
that the first plot in Figure 7.53, a, corresponds to the HBB during the typhoon
time, while the rest of the plots, b to f, correspond to the same location but during
normal rain. It is clear from these plots that the HBB changes from season to
season while the standard deviation stays almost the same. Figure 7.54 shows the
histograms of HBB during the Typhoou Jelawat time and the normal rain but for
the same month. It is clear from this figure that the HBB for the same month
is almost constant for the same location even if there is a huge events such as a

typhoon.

Date | Orbit Number | Scan Number
08/07/2000 15514 5487- 5617
03/23,/2000 13353 5488-5618
04/01/2000 13492 5524-5654
05/22/2000 14291 3518-3648
07/30/2000 15387 3556-3686
07/31/2000 | 15406 5513-5643

Table 7.3: Summary of Data Used {0 Examine HBB over the Typhoon Jelawat
Region.
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Figure 7.51: Location of Typhoou Jelawat, 7 Angust 2000.

Figure 7.32: Typhoon Jelawat, 7 August 2000.
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Chapter 8

SUMMARY, CONCLUSION AND SUGGESTIONS FOR FUTURE
WORK

8.1 Summary and Conclusion
The following is the summary and conclusion of this research:

e The distribution of precipitation and its vertical structure dominates the
electromagnetic propagation properties of earth-space radio ﬁequenc,v (RF)
paths at frequencies bigher than S-band. Cumulative path attenuation due
to precipitation is the most significant effect. Using measarements from the
TRANM PR, monthly maps of attenuation are developed over the globe. The
variability of these attenunation maps is studied over a 12-month scasonal
cycle for the year 2000. The attennation maps showed the expected seasonal
variability of attenuation between northern and southern hemisphere. In
addition, the observation shows the conirast between land and ocean. A
simple microphysical model was developed to estimate the reflectivity and
attennation due to precipitation at Ka-band based on the observations at Ku-
band. This model incorporated the variability in the microphysical structure
between convective and stratiform precipitation that has been extensively
studied in the TRMM program. The estimation of attermation at Ka-band is

usetul for the design of space svstems at Ka-band. In addition, the estimation
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of obscrved reflectivity at Ka-band provides a basis to estimate the fraction
when Ka-band measurements will he completely lost due to attenuation,
mdicating that dual-frequency techniques cannot he used. Analysis over a
12 month seasonal cycle uging TRMM observations indicate that, using 2
ki altitude as a reference, the Ka-band observations are lost only for a
small fraction of the observations. Figure 8.1 shows the block diagram of
the summary of the procedures used to estimate PIA at Ka-band from the

TRMM PR observations data {Ku-band).

¢ Precipitation radar uses the surface reference method to estimate the attenu-
ation encountered in the observation of radar reflectivity. The cumulative at-
tenunation (4) measured from the surface reference method can he distributed
along the radar range using a power law relatiouship between the specific at-
tenuation (k) and reflectivity factor (Z) written as, k = aZ”%. A commonly
used approximation is that 3 is constant and a changes according to the drop
size distribution. More recently. physical interpretation of the « has been
provided with the normalized drop size distributions. Chapler 5 describes a
procedure to estimate the RSD parameters from the measured artenuation
and reflectivity values obtained from TRMM precipitation radar observa-
tions. The ¢ adjustment data is used to derive au equivalent Nw using the
concept of normalized Gamma RSD. Coincident data collected with ground
radar during the TRMM field campaigns have been used to cross-validate
the estimates of RSD parameters obtained from TRMM precipitation radar
measurements with those obtained fromn gronnd polariwetric radar observa-
tions. The results of cross-validation show fairly good agreement with the
RSD parameters retrieved from TRMM precipitation radar and the ground
radar based estimates, although a few of the comparisons were off. The pro-

cedure presented in this research provides a powertul scheme to study RSD

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



207

TRMM PR
f
L
Zm Ku}
Ze (Ku)

PIA(Ku)

A

stratiform B convective
preci pilat©~-——

type

| ———

Y

stratiform convective
model model

| A(Ka)= 0zt
A(Ka)= cA(Ku)

[ Z:{Ka)
i PIA(Ka)
[ Za(Ka)

Figure 8.1: Block digram of procedures to estimate PIA at Ka-band from the
TRMA PR (Ku-band).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IND
el
¥

parameters on a global scale: therefore, the algorithu is used to generate

monthiy global maps ol RSD parameters.

s An accurate estimate of rain rate from the TRMAL PR requires correction
for attenuation. Because the Hitschfeld-Bordan method tends to become
unstable at higher rain rates, the surface reference technique is used in the
PRMM PR algorithms to complement it. Despite the sunplicity of the basic
concept, an assessment of the reliability of the technique is difficult because
the statistical propertics of the surface return depend not only on surface
type (land/ocean) and incident angle, but also on the detailed nature of the
surface scattering. Using measurements from the TRMM PR. monthly maps
of 6% at different incident angles are developed over the globe. The variability
of these o naps is studied over a 12-month seasonal cyele for the vear 2000.
Also, TRAMM PR data was used to examine ¢ over land and ocean during
rain and rain-free time. It is induced from Chapter 6 that the incident
angle has the strongest effect on the backscattering coefficient rather than
other system parameters. The average standard deviation over land surface
is higher than the average standard deviation over the ocean. Finally, in
moving to off-nadir, 0% becomes more uniform. In addition. single orbit
data had lower standard deviation than historical data, there by providing

guidanee on the choice of data for surface reference.

¢ The radar bright band resnlts mostly from melting of snowflakes as they fall
through the 0°C isotherm. As the ice is gradually transformed to liquid.
the refractive index and, hence, the backscattering cross section increase,
and the radar echo intensity increases Lo a maximum at = 200m below the
0°C isotherny. In general, the bright band height is obviously linked with the

leight of the 0o C isotherm in the atmosphere, and consequently is dependent
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on the time of the year and on the climate (and hence the location). Using
measurcments from the TRMM PR, monthiy maps of HBB and the height
of freezing are developed over the globe. The variability of these HBB maps
15 studicd over a 12-month seasonal cvcle for the year 2000. Also. TRMM
PR data are used to examine the bright band widths as a function of 3dB of
peak veflectivity. The first analysis does not show any clear corvelation. The
mode value of 3dB width was 0.5 km. whereas the mean value is 1 km. This

issue mmust be studied further with type of melting.
8.2 Suggestions for Future Work
The following are suggestions for future work in thig area of research:

e Research is needed on how well this attennation computation can be used in
low earth orbit satellite communication and radar system designs in order to

change tlie way communication system designs are done.

s The simple microphysical model wsed in this research should be iinproved in
the future by considering a multilaver precipitation that includes different

types of aggregate and graupel such as dry and wet.

o " analysis must he extended over a much larger data set. especially over land
in order to examine the statistical properties of the surface return, specially

eriticallv exainine the role of 7?0 in the accuracies of tetrievals. .
¢ Study the reliability of the SRT during different types of precipitation.

e Alternate definitions of BB thickness specifically designed the PR should be

pursued.
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