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ABSTRACT

The measurement of the vertical profiles of rainfall parameters such as drop size distribution,

rain rate, liquid water content, fall velocity and radar reflectivity were carried out by using Micro

Rain Radar in 2006 and 2008 at Akure (Lat 5° 15'E, long 7" 15'N) in South- Western Nigeria. The

vertical distributions of these parameters with heights are presented for 0 - 4800 m. The range

gates for the measurement are 30 with a height step of 160 m. The variation of the drop size

distribution, rain rate and liquid water content with height were evaluated. The highest rain rate

and liquid water content were observed within-the height range 0-160 m. For the all cases

considered, the largest concentration of drop size with a diameter of 0.246 mm occurred in the

height range 0-160 m. Empirical relations in the formY = aRh have been obtained for the

rainfall rate, the radar reflectivity factor Z. and liquid water content using the least square power

law' regression. The results show that the relationship obtained for height range 0-160 m for the

two years were in good agreement with the values available in the literatures. For all cases

considered, there is a good correlation between the parameters. The measured rainfall rates were

divided into classes using the same criteria as described in Joss et at (1968) for stratiform rain

type, rain rate R< 50mm/h and convective rain type, rain rate R> 50 mm/h. These empirical

relations were compared with results obtained at other locations. Though there is a good

agreement between the relationships Z-R in stratiform rain type with those in the literatures,

however there is a slight difference with that of convective rain type. These parameters are then

used to calculate specific attenuation due to rain at different rain types and rain rates. The

specific attenuation was then evaluated for frequencies from 1 - 100 GHz. Results obtained

show that speci fie attenuation increases with increasing frequency for both rain types; at a

critical frequency (around 31 GHz), the increasing specific attenuation starts to decrease.
x ,



CHAPTER ONE

1.0 INTRODUCTION

Accurate measurement and prediction of the spatial and temporal distribution of rainfall are

basic issues in ,communication. The measurement of various rainfall parameters have been

carried out by many researchers using different instruments such as the rain gauge, used in

the measurement of rain rate, and the disdrometer, used for drop size distribution

measurement. With a known relationship, others parameters such as reflectivity and liquid
I

I
water content are calculated from other measured parameters.

I "
As a result of the gradual development of radar technology over the last 50 years, ground-

. \

based. weather radar is now finally becoming a tool for quantitative measurement of rainfall

parameters instead of merely using it for qualitative rainfall estimation.

- .
Potential areas of application of ground-based weather radar systems in operational hydrology

include storm hazard assessment and flood forecasting, warning, and control (Collier, 1989).

The term propagation IS used to describe the transfer of energy without necessarily

transferring matter. The transfer of energy between two points in certain media is a result of

changes with time in the spatial distribution of the non-static field in that medium (this could

be the electric or magnetic or both) but must change with time. The propagation medium has

a great influence on the success of any telecommunication system. The International

Telecommunication Union (ITU) has limited the term radio wave to electromagnetic waves

with frequencies lower than 3000 GHz (Hall, 1991).

The concept of frequency is the key to the understanding of radio frequency because almost

everything in the radio frequency world is frequency dependent. A signal is distinguished on

the basis of its frequency. The range of frequencies, used is also the most common way to

1
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distinguish a wave from another. This is achieved by using the concept of frequency bands,

i.e. the standard way to name specific range of frequencies. The list of radio frequency bands
\'"
I.'

"I""
of common use to radio wave propagation is shown in Table 1.1

.
\

This study deals with the analysis of rainfall parameters measured by the vertically looking

micro rain radar. The parameters measured include the drop size distributions, rain rate, liquid

water content, fall velocity and the radar reflectivity factor. Some of these parameters are then

used to calculate the attenuation due to rain when radio signal passes through the measured

rain types. The frequency range of interest is from 3 GHz to 100 GHz. For the calculation of

attenuation due to different rain types, the power law relationship between attenuation and
"

rain rate as rec'ommended by International Telecommunication Union were used with the,
power law constant "a" and "b" for frequencies of 3 - 100 GHz calculated using regression

analysis developed by Ajewole et aI., (1999) for Nigeria.

1.1 OBJECTIVES OF THE RESEARCH:

The specific objectives of the present work are to:

"

a. measure the vertical distribution of rainfall parameters (rain drop - size distributions, radar

reflectivity, rain rate and liquid water content);

b. use the data obtained to validate the hitherto theoretically obtained power law constants of

radar reflectivity, rain rate and liquid water content and rain rate and;'

c. compute the specific attenuation due to rain at microwave frequencies.

2



1.2 MOTIVATION FOR THE STUDY

There have been extensive works done on the measurement of rain drop size distributions,

. radar reflectivity and rain rate for the investigation of rain-induced impairment to radio

signals at super high frequencies. Table 1.1 shows the radio frequency spectrum and their

applications. Most of these works were carried out in the temperate regions. However, some

researchers have carried out similar studies in tropical locations. Such studies include the

measurement of rain drop size distributions at Ile-Ife by Ajayi and Olsen (1985), Adimula and

Ajayi (1996) at Ilorin, Zaria and Calabar using the disdrometer, while the measurement of

rainfall intensity was done by a rain gauge.

Until the present study, there has not been any measurement of the vertical profile of rainfall

parameters in Nigeria. Previous measurements of the drop size distributions were done using

the disdrometer usually placed at the ground level. Therefore, the uniqueness of this study is

in using micro - rain radar, to measure the vertical profile of the drop size distributions, rain

rate, liquid water content, fall velocity and the radar reflectivity factor simultaneously during

a rain event.

3
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Table 1.1: Radio frequencies and their applications.

Name Designation Frequency band Wavelength Applications

Extremely ELF 3-30 Hz 10,000- Directly audible when converted

low 100,000 km to sound, communication with

frequency submarines

Super low SLF 30-300 Hz 1,000-10,000 Directly audible when converted

frequency km to sound, AC power grids (50-60

Hz)

Ultra low ULF 300-3000 Hz 100-1,000 km Directly audible when converted

frequency to sound, communication with

rmnes

Very low VLF 3-30 kHz 10-100 km Directly audible when converted

frequency to sound ( ultrasound)

Low LF 30-300 kHz 1-10 km AM broadcasting, navigation

frequency beacons

Medium MF 300-3000 kHz 100-1000 m AM broadcasting, navigation

frequency beacons, maritime and aviation

communication

High HF 3-30 MHz 10-100 m Shortwave, amateur radio,

frequency citizens' band radio

Very high VHF 30-300 MHz 1-10 m FM broadcasting, amateur radio,

frequency broadcast television, aviation,

GPR

Ultra high UHF 300-3000 MHz \0-\00 ern Broadcast television, amateur

frequency radio, mobile telephones,

cordless telephones, remote
.

keyless entry for mobiles, GPR

Super SHF 3-30 GHz \-10 em Wireless networking, satellite

high links, satellite television,

frequency microwave links

Extremely EHF 30-300 GHz 1-10 mm Microwave data links, radio

high astronomy, remote sensing,

frequency advanced security scanning

4



CHAPTER TWO
;.

LITERATURE REVIEW

2.1 WEATHER RADAR

A weather radar is used to locate precipitation, calculate its motion, estimate its type (rain,

snow, hail and so on), and forecast its future position and intensity. Modem weather radars

are mostly Doppler radars, which are capable of detecting the motion of rain droplets in

addition to the intensity of the precipitation. Both types of data can be analyzed to determine

the structure of storms and their potential to cause severe weather.

2.1.1 How Weather Radar Works

A radar beam spreads out as it moves away from the transmitter, covering an increasingly

large volume. Weather radars send directional pulses of microwave radiation, of periods of

about the order of a microsecond, using a cavity magnetron or klystron tube connected' to a

waveguide to a parabolic antenna. Rayleigh scattering occurs at frequencies where the rain

drops size is within 2 mm. For wavelengths that are approximately ten times this size, part of

the energy of each pulse will bounce off these small particles, and come back in the direction

of the radar station. Shorter wavelengths are useful for smaller particles, but the signal is

more quickly attenuated. Thus 10 ern (S-band) radar is preferred but is more expensive than a

5 ern C-band system. 3 em X-band radar is used only for very short distance purposes, and 1
. '.

ern Ka-band weather radar is used only for research on small-particle phenomena such as

drizzle and fog. Radar pulses spread out as they move away from the radar station. This

means that the region of air any given pulse is moving through is larger for areas farther away

from the station. and smaller for nearby areas, thereby decreasing resolution at far distances.

At the end of a 150-200 km sounding range, the volume of air scannedby a single pulse

5



might be of the order of a cubic kilometer. The volume of air that a given pulse takes up at

any point in time may be approximately calculated by the formula

(2.1 )

where v is the volume enclosed by the pulse, h is pulse width (metres), and calculated from

the duration in seconds of the pulse times the speed oflight, r is the distance from the radar

that the pulse has already traveled (metres), and () is the beam width (radians). This formula

assumes that the beam is symmetrically circular; "r" is much greater than "h" so "r" taken at

the beginning or at the end of the pulse is almost the same, and the shape of the volume is a
"

cone frustum of depth "h".

2.1.2 Calibrating Intensity of Return

Since the targets are not unique in each volume, the radar equation has to be developed

beyond the basic one:

(2.2)

where P, is the received power,p, is the transmitted power,G, is the gain of the transmitting

antenna, A.is the radar wavelength,a is the radar cross sections of the target andR is the

distance from transmitter to target. In this case, we have to add the cross section of all the

targets:

(2.3) .

6



v = scanned volume

= pulse length x beam width (2.4)

where C is the light speed. r is temporal duration of a pulse and0 is the beam width in

radians. In combining the two equations:

(2.5)

(2.6)

This leads to:

(2.7)

Note: The return signal now varies inversely asR2 instead of R4 . In order to compare the data

coming from different distances from the radar, they have to be normalized with this ratio.

2.2 THE MICRO RAIN RADAR

Most meteorological radars are non-coherent type and are therefore used to observe the

location and pattern of echoes and to measure the intensity of the backscattered signals. The

Micro Rain Radar (MRR) is used to measure the vertical profiles of rain rate, liquid water

content and drop size distribution. The Micro Rain Radar is an FM-CW (Frequency

Modulated ContinuousWave) Doppler radar with a parabolic offset dish with 0.5 m efficient

aperture diameter and 24.1 GHz transmit frequency. The CW-operation makes optimum use

7



of the available transmit power. Thus a stable and reliable Gunn oscillator with only 50IpW

output power can be used for the transmitter. The retrieval of range-resolved Doppler spectra

follows the method described by Strauch (1976).

Strauch (1976) demonstrated that Doppler radars based on the frequency modulated

continuous wave (FM-CW) technique are able to measure height-resolved rain drop size

distributions. The Micro Rain Radar is a highly reliable system suitable for use in remote and

extreme environments, requiring minimal maintenance and is suited for long-term unattended

operation. The Micro Rain Radar provides information for now-casting of precipitation; it

will detect the start of rain from ground level to high above the radar level several minutes

before the start of rain at ground level.

Unlike conventional weather Radars, the MRR does not provide areal coverage as it is

operated only as a vertically looking profiler. The advantage of this operation mode is that the

measured Doppler spectra can be transformed into number concentration versus drop size

using the known relation between drop size and terminal fall velocity as suggested by Atlaset

al. (1973).

The Micro Rain Radar output includes the rain rate, RR (mmIh), vertical structure of the radar

reflectivity, z (dBZ), liquid water content, (glm3), and falling velocity, v (mls).

2.2.1 Radar-Frontend

The core. component of the radar is a frequency modulated Gunn-diode-oscillator with

integrated mixing diode. The nominal transmit power is 50 mW. The assembly and function

of the radar frontend is explained with reference to the block diagram in FigureI. The linear

polarized radio - frequency -power is fed through a wave - guide and a horn, which represents

the feed of an offset parabolic dish of 60 em diameter. The backscattered signal is received

8



with the same antenna assembly. The received signal is then detected by a mixing diode,

which is mounted in the wave guide between the Gunn-oscillator and horn. This diode, which

is biased with a fraction of the transmit signal, acts as mixer. This simple configuration

cannot be operated in pulsed mode because during the shut off of the transmitter; the receiver

does not work either. When operated in continuous wave mode, a voltage appears at the diode

output, which depends on the phase difference between the transmitting and receiving signal,

and which is used for further signal processing (Metek, 2005).

2.2.2 Radar Frequency

The backscatter cross - section of rain drops increases with the fourth power of the radar

frequency if the target diameter is small compared to the wavelength (Rayleigh scattering).

This is why a high frequency is useful in order to increase the radar sensitivity with respect to

small rain drops. At very high frequencies the quantitatively interpretable height range

becomes limited due to attenuation at moderate and higher rain rates. At 24 GHz. which is

used. attenuation effects may be noticeable but should be weak enough to be correctable with

sufficient accuracy.

2.2.3 Radar Constant

The radar constant refers to the combination of radar system parameters and the physical

constants that determine the proportionality factor between the reflectivity of a radar target at

a given range and the power measured at the receiving antenna (America meteorological

society glossary. 2007). The derived volume reflectivity, drop size distribution and all integral

parameters depend on the proportionality of the radar calibration constant.

9



Mixing Diode

VCO

Modulation Signal

Sawtooth
LNA Generator

Clock Frequency Deviation

16 Bit Digital Signal Processor
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RS 232 Serial Interface

Output of Spectra, Liquid Water Content, Rain Rate
Input of Height Resolution, Averaging Time
and Selection of Measured Parameters

Figure 1:Block diagram of:MRR
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Due to the limited data rate of the serial interface of the MRR the minimum measuring cycle

time has been set to 10 s. Issuing the spectra via the interface takes about 4 s, during this time

no measurement is possible due to spurious interferences from the active data port to the low

noise receiving amplifier. Thus 6 s measurement time is available with this setting of cycle

time. 23 spectra per second are calculated and averaged incoherently which represent a mean

of a minimum of 138 single spectra. The statistical fluctuations are reduced to about 9% of

their mean values (METEK, 2005).

f

The Micro Rain Radar has the ability to measure drop spectra and rain intensity

quantitatively by using the radar-retrieved data without any corrections produced ram

intensities up to a factor of 3, which is considered too high, Loffler-Mang, et aI., (1999).
\

Due to this inconsistency, Loffler-Mang et aI., (1999) did several corrections. The electronic

noise correction of the spectrum below 0.7 -mm drop diameters· decreased the rain intensity up

to 20%. it was also shown that proper treatment of scattering by Mie theory decreased the rain

intensity between 5% and 30%, depending on the spectrum width. The Micro Rain Radar was

recalibrated by applying these improvements, and comparing the rain intensities of the Micro

Rain Radar and a Joss - Waldvogel disdrometer for two days of stratiform rain, these led to

new radar constant and to a decrease of rain intensity of 49%. A correlation coefficient of

0.94 was obtained. for the comparison of Micro Rain Radar and disdrometer rainfall data for

a case study of one day.

2.2.4 Radar Resolution

Radar resolution is the radar's ability to display targets correctly. Both the azimuthal

resolution and range resolution are problems that commonly affect all radars. Range

resolution is the radar's ability to display in-line targets separately. Range resolution affects

11



targets along the beam, oriented behind one another. Targets must be more than one-half

pulse length apart or they occupy the pulse together; their returned energy is merged making

it impossible for the radar to see their separation. Targets closer together appear as one and

are displayed accordingly (stretched along the beam axis). Range resolution

is solely a function of pulse length and the pulse length is unaffected by distance, therefore

the separation criteria remains constant.

Peters et al., (2002:hfound that the Micro Rain Radar could measure a rain rate of 0.1 mm h-1

comfortably and with reasonable accuracy within I min time-resolution, while the rain gauge

would need Ihour to collect sufficient water for just one impulse. In reality, the rain gauge

output would still be meaningless in such a situation.

Azimuthal resolution is often called bearing or directional resolution. It is radar's ability to

display side-by-side targets correctly. Azimuthal resolution is controlled by beamwidth as

only targets separated by more than one beam-width can be displayed separately. As the radar

antenna rotates. targets too close together occupy the beam simultaneously. This causes them

to be displayed as one wide target. stretched azimuthally (sideways). Since Azimuthal

resolution depends on beam-width, which changes with distance, targets near the antenna

require less separation than those further away. Near the antenna, a narrower beam allows the

radar to recognize tighter gaps and display targets separately.

Diederich et al., (2004) found that the correlation with other instruments in drop numbers for

drops smaller than Imm remained low for Micro Rain Radar and the disdrometer in all

situations, the reason being an extremely high noise level for Micro Rain Radar and probably

horizontal wind for the Disdrometer. For drops larger than 1 mm, all instruments showed

good correlation when rain variability and wind advection created similar conditions within

the averaging time. The fact that the correlation was lowered noticeably when introducing

12



temporal offsets of± 1 mrn suggests that instrument precision is good enough to resolve

temporal variability of rain contained in' one minute. Longer averaging intervals smooth out

variability, making it immeasurable for instruments with low sensitivity and long aggregation

time such as rain gauges.

2.3 SHAPE OF FALLING RAINDROPS.

The size of raindrops ranges from very small to fairly large ones. The smallest drops may be

equivalent to those found in clouds while the largest drops will not exceed 4 mm in radius

since the drops with radii greater than 4mm are hydro-dynamically unstable and breakup

(Oguchi, 1983t

The exact shape of a raindrop at any instant of time is influenced by a complex mixture of

surface tension and aerodynamic forces as they fall to the ground. Four types of rain shapes

have been recognized; spherical, elliptical, spheroidal and Pruppacher-Pitter (Ajewole, 1997).

The raindrop size observed in this study ranges from 0.25 - 5.82 mm.

2.4 Drop Size Distribution

This refers to the rate of occurrence of raindrops sizes of a particular range in a rain event. It

is an estimation of the proportion of raindrops per unit volume reaching the ground,

contributed by raindrops of diameter interval"0" (Ajewole, 1997).

The raindrop size distribution can also be defined as the mean number of raindrops in a

particular diameter interval present per unit volume of airN,{D) (rnm' m"). However, there

exists a second form of the raindrop size distribution, written asNAD) (the subscript A

standing for area), which can be defined as the mean number of raindrops in a particular

diameter interval arriving at a surface per unit area and per unit time (Uijlenhoet and Stricker,

1999).
13



The corresponding units ofNACD) are mm' m-2 S-I. The distinction betweenN, (D) and NACD)

is fundamental to a proper understanding of the concept of raindrop size distributions, Using

the terminology of S'mith (1993),Ni(D) is the raindrop size distribution pertaining to the

sample volume process andNAD) that pertaining to the raindrop arrival process.

The knowledge of the drop size distribution (OSO) is of critical importance for the accurate

retrieval of all rainfall parameters from weather radar data (Laura et aI., 2006). Different

models of raindrops size distribution were previously developed based on conditions in the

temperate regions, but distributions most suited to tropical rainfall patterns were later

developed. The earliest models developed include;

2.4.1 Laws and Parsons Distribution

In this method, Laws and Parsons (1943) made use of flour method, by exposing a pan

. containing fine flour to rain and the pellet formed by the raindrops was measured. A known

relationship between the size of the dried pellet and the size of raindrops are used. They made

extensive measurement in Washington DC for various rain types and found out that even for

the same rain rate. the size distribution vary considerably from rain to rain, and hence they

averaged the distribution for each rain rate.

The resulting drop size distribution obtained from the various volume distributions with a fall

velocity V(D) is

N(D) = 10
3

RfJ(m)dD m-3
4 .871'Q 3v(D). .

(2_8)

Where R is the rain rate in mm/h,fJ(m)dD is the volume percentage,'D' is drop diameter,

dD represents the size interval fromD - dIJi to D + dIJi
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The Laws and Parson Distribution suitably represents actual condition m continental

temperate region at the lower rain rate (50mmlh).

Measurement of raindrops recorded on dyed filter papers were made for correlation with

radar echoes (Marshall et aI., 1947). These measurements were analyzed to give the

distribution of drops with size; the distributions were in fair agreement with those of Laws

and Parsons (1943).

Ajayi (1984), compared the raindrop size characteristics for one hour during the passage ofa

West Africa thunder squall system over Ile-Ife on 16th April 1982 to the monsoon rainfall on

ih September 1981 and found that raindrop size distributions at the beginning of the storm

are remarkably different from those at the middle of the storm for equal rain rates. In

addition, the drop size at the onset of the ~torm was characterized with greater number of

large diameter drops, when compared with the distribution existing later in the storm. The

observed differences can not be explained only in terms of the unequal terminal velocity of

the small and large drops, but also as a result of the differences in the updraft velocities in the

different parts of the storm. Such variation in the drop size distributions were absent during

the monsoon rainfall.

Diederich et aI., (2004) studied the variability in the drop size distribution inside an area of

200 by 600 m2. Analyzing with a temporal resolution of30 sees using 3 Micro Rain Radars,

and 2 D- Video disdrometer, they found that the total Drop Size Distribution (DSD)

accumulations as well as single radar reflectivity and rain rate values were calculated from

DSDs obtained with, one minute integration time in22 drop size classes with0.2 mm interval.

The MRR DSDs were interpolated onto the same resolution for comparison, the calibration

I

differences in the MRRs became apparent, as well as a large disagreement in the smallest

drop classes. This disagreement between the MRRs was found to be caused by their different
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noise levels and calibration. Noise subtraction affects mostly drop numbers in "slow" Doppler

bins. The video Disdrometer counts significantly fewer drops at diameters between 0.2 mm

and 0.6 mrn, and more between 0.6 mm and 0.8 mm. A similar behavior was found for

shorter integration times of a few hours, except that the disdrometer did not give realistic drop

numbers lower than 10 m-3mm-I, whereas the MRRs continued to show agreeable drop

numbers below 0.01 m-3mm-'. The disagreement for small drops was substantial enough to

influence integral rain rate, Z/R ratio, total drop number and mean drop diameter, as well as

-
the first Doppler moment (mean falling velocity) during the absence of larger drops.

2.4.2 Marshall and Palmer (Negative Exponential) Distribution

/"

Marshall and Palmer (1948) proposed a simple negative exponential parameterization for the

raindrop size distribution N, (D) as a fit to filter paper measurements of raindrop size spectra

for rain rates between I and 23mmlh,

(2.9)

where, i\. (mm') is the slope of the N,,(D) curve on a semi logarithmic plot.An alternative

interpretation of i\. is the inverse of the mean diameter of raindrops present in a volume of air

(Uijlenhoet and Stricker, 1999). Marshall and Palmer found thatNo was approximately

constant for any rain rate, that is,

(2.10)

and that i\. decreased with increasing rain rateR(mm / h) according to the power law,

A=4.1R-021 (2.11 )
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Although the filter paper raindrop size measurements to which it was adjusted corresponded

to rain rates not exceeding 23mmlh, the Marshall-Palmer parameterisation has been found to

I

remain a realistic representation of averaged raindrop size distributions for much higher rain

rates (e.g. Hall and Calder, 1993) in temperate regions of the world.

Marshall and Palmer's exponential parameterization for the raindrop size distribution bears a

functional dependence on only one variable, namely the rain rateR. In accordance with the

terminology. introduced by Sempere et a!., (1994. 1998),. this variable will be called the

reference variable. The fact that the effective number of degrees of freedom of the raindrop

size distribution equals one is fundamental to rainfall estimation using conventional (i.e.

single-parameter) weather radar. If this were not the case, then Z would never contain enough
\

information about the raindrop size distribution to yield a one-to-one power law relationship

with (that is, a direct functional dependence on)R.

Sempere et aI., (1994), proposed a general formulation for drop size distribution in terms of a

scaling law that is able to reproduce and interpret all previous studies dealing with drop size

distribution. This provides a general frame work where the classical role of the rain intensity

as the reference variable can played by any integral rainfall variable without the generality of

the expression being modified.

This distribution is especially in agreement with the Laws and Parson (1943) distribution that

was obtained experimentally. It however tends to overestimate the density of raindrop size

below 1.5 mm diameter due to the exponential increase in the density as the raindrop radius

'a' tends to zero.
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2.4.3 Modified Gamma Distribution

Deirrnendjian (1969) proposed a modified forrn of the negative exponential distribution

expressed in the form

n (D) NoD ~me - !\ D P (2.12)

where No, m, A. f3 are positive real constants.

This distribution corrects the tendency of n (D) to blow up as "0"· tends to zero. Obtaining the

constants No. A, m, and P from practical experiment is however difficult.

When the value of m is the range 3-5. the modified gamma distribution tends to
\

underestimate both large and small ends of the drop size spectrum (lTU-R., 1995).

2.4.4 Joss et al Distribution

Joss et al., (1968) took measurement at Loreano, Switzerlandusing disdrometer. They

observed a significant variation in the distribution across the different ram types. The

parameters of the average exponential distribution have been obtained for different types of

rain. These are as shown in Table 2. I
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Table 2.1: The parameters of Negative Exponential Rain drop size Distributions of Joss et aI.,

( 1968)

I .

Types of rain No(mJmm-l) J\. (rnm")

Drizzle 6x 104 II.4R-uil

Widespread 1.4x 104 8.2R-uLI

Thunderstorm 2.8x IOJ 6Kuil

.

I.

I
I

(
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2.4.5 Lognormal Distribution.

A number of investigators of raindrop size proposed the lognormal distribution model. Ajayi

and Olsen (1985), using the lognormal function theoretically fit data collected at I1e-Ife,

Nigeria by the use of moment regression technique to obtain,

_(In(D)-Jl)2

N(D) = NT e 2a
(JD.../2Jr (2.13)

where Jl is the mean of In(D), o is the standard deviation of In(D), 0 is the rain drop diameter

and NT is the total number of drops of all sizes. The parametersJl, o and NT are dependent on

climate. geographical location and rain type.

Maitra and Gibbins, (1999) used the lognormal and gamma distribution techniques for

modeling the distribution of raindrops size for the measurement of rain attenuation at two

frequencies and rain rate. The lognormal distribution is compared with the two-parameter

gamma distribution with a fixed value of index obtained from measurements of rain

attenuation at infrare? wavelength and rain rate. From the analysis of the two rain events, it

was found that the agreement between measured attenuation and calculated attenuation using

lognormal distribution is good and some better than that using the gamma distribution. The

gamma distribution yields higher number densities for small drops than those given by the

lognormal distribution, which may not be realistic.

2.4.6 Spatial and Temporal Variability of the Drop Size Distribution.

Curtis et aI., (1999) consid~red two case examples; one for North Palm Beach, Florida, USA

for January 2. 1999, and the other one for San Diego. Rainfall topologies were derived using

inverse distance squared weighting, the Kriging and Radar methods. The inverse distance
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squared weighting technique provided contours that are strongly circular in nature,

particularly in the immediate vicinity of the local maxima and minima. While the other

procedures used for grid-based rainfall estimation is that of Kriging (Kitandis, 1997), which

produces contours that are somewhat less artificial looking than the inverse distance squared

method. While the Radar analysis showed rainfall contours elongated along a line from the

Southwest to North East with a significant side lobe to the South East of the storm centre.

Animation of t~e entire storm event shows that during the early stages of the event, rain cells

migrated from the South East to the general location of the storm centre, stalled, then

exploded in intensitybefore drifting off to the North East. None of this is indicated from the

analysis of rain gage data from the same locations.

2.5 RAINFALL TYPES

There are two main types of rainfall; these are stratiform and convective. Stratiform rainfall

consists of the drizzle and widespread rain while convective rainfall consists of the shower

and thunderstorm rain (Joss et aI., 1968). The difference between these types usually lies in

the maximum rain rate to be associated with the rain process but not with the difference in

spatial and variability (lTU-R, 1995).

The drizzle is a low intensity rainfall of about 5mmlh, it is associated with drops of diameter

of the order ofLa mm. They may be generated by the stratus cloud (Adediji, 2003).

Widespread rainfall has intensity of about 50 mmlh and the duration is usually long and

greater than an hour: Widespread rain consists of raindrops with diameters in the range of 1.0-

3.5 mm; it occurs fairly steadily and uniform over relatively large areas.

Shower rainfall is often called warm rain and consists of extremely few raindrops above 2.0

mm diameter. It occurs suddenly with small duration of between 10-15 minutes. It originates
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very well from below the O°C isotherm height and so they do not involve the ice phase. It is

. characterized by high rainfall intensity of about150 mmlhr and is generated within the

Cumulus cloud.

The thunderstorm ram is generated within the cumulonimbus cloud (high rising clouds).

Thunderstorm rain is characterized by high rainfall intensity sometimes in excess of 120

mnilhr with relative high concentration of large drops typically greater than 3.00 mm.

Thunderstorm rain is sometimes accompanied by thunderstorm activities especially in the

tropics.

2.6 RAINFALL RATE

This is a measure of the intensity of rainfall by calculating the amount of rain that would fall

over a given interval of time if the rainfall intensity were constant over that period of time.

The rate is typically expressed in terms of length (depth) per unit time, for example,

millimeters per hour. or inches per hour (AMS, 2007).

Battan (1973) gave the contribution of water or ice particle of mass M, to the precipitation

rate, R, as;

R, = M, (w, - Wu ) (2.14)

where w, is the terminal velocity of the drop andWu is the updraft rate. Computing the

precipitation rate from a unit volume of air, the value ofR, is integrated over all drops in the

yolume, When all particles have the same size. the precipitation rate can be written as

4 1

R = -ifpa Nt w> u: )3 1/

(2.15)

Where N is the concentration of particles of densityp , In general

22



4 a=7J •

R = 37rP f aJN(a)(wa - wJda
a=O

(2.16)

r
where Wa is a fraction of raindrop radiusa , N(a) da is the number of particles of radius

between a and a + da per unit volume.

The rain rate calculated from the Micro Rain Radar Doppler spectrum agrees better with in-

situ precipitation measurements than any constant Z-R power law, Diederich, (2004). This

was tested by deriving precipitation sums with one hour integration time, and calculating the

correlation coefficient between rain gauges and Micro Rain Radar for Drop Size Distribution

and Z-R rain rates. The correlation with gauges was 0.98 for rain rates derived from the Drop

Size Distribution, and 0.94 for the best Z-R relation.

Diederich et al., (2004), showed that for total rainfall accumulations over periods longer than

several days, three rain gauges showed smaller deviations from each other (below 5%) than

three Micro Rain Radars (more than 10%). This was not only caused by calibration errors but
,

also by the dissimilar behaviours of different Micro Rain Radars in the noise correction at the

"slower" end of the Doppler spectrum.

Loffler-Mang et al.. (1999). showed that the Micro Rain Radar reliability was good for the

first year of operation. only a few minutes of data were lost when saturation occurred at high

rainfall intensities above 50 mmh-I. Furthermore, the daily rain sums between November

1996 and April 1997 derived from the Micro Rain Radar at a measurement height of 100 m

above ground were on average 12% higher than measurements with a conventional

Hellmann-type rain gauge. A comparison of the daily sums of precipitation for this I-yr

period confirms and strengthens the result of the case studies: the Mie correction substantially

reduces the errors of the radar. measurements, resulting in an excellent performance in

measuring daily rainfall with the Micro Rain Radar.
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2.7 RADAR REFLECTIVITY

This is a measure of the efficiency of the radar target in intercepting and returning radio

energy. It depends upon the size, shape, aspect, and dielectric properties of the target.

It includes not only the effects of reflection but also scattering and diffraction. In particular,

the radar reflectivity of a meteorological target, depends upon such factors as; the number of

hydrometeors per unit volume, the size distribution of the hydrometeors, the physical state of

the hydrometeors (ice or water), the shape or shapes of the individual elements of the group,

and if asymmetrical, their aspect ratio with respect to the radar (America meteorological

society glossary. 2007).

The weather radar equation describes the relationship between the received power, the

properties of the radar, the properties of the targets and the distances between the radar and

the target. In this treatment, the targets are assumed to be raindrops. At non-attenuated

wavelengths (Battan, 1973). the weather radar equation becomes

- IKI~r = C --zr ,
r-

(2.17)

whereP, is the mean power received from raindrops at ranger (krn), C is the so-called radar

constant, IKI2 is a coefficient related to the dielectric constant of water (- 0.93) and Z (mm"

m") is the radar reflectivity factor, hereafter simply referred to as radar reflectivity. All radar

properties are contained in C, and all raindrop properties inIKI2 and Z. Z is related to the size

distribution of the raindrops in the radar sample volume according to Battan, (1973) as

"z = f D 6 N ,.(D) dD
o

,(2.18)
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where N,,(D)dD (the subscript v stands for volume) represents the mean number of raindrops

'•..~-

with equivalent spherical diameters betweenD and D + dD (mm) present per unit volume of

air. The corresponding units ofN" (D) are mm'l m". Hence, although Z is called the radar,.

reflectivity factor, it is a purely meteorological quantity that is independent of any radar

property. The radar reflectivity11has dimensions of area per unit volume (e.g., cm/m-3, or,

more commonly, cm-I or-m-I) and is defined by

(2.19)

where N, is the number of hydrometeors per unit volume with backscattering cro~s sectiono,

and the summation is over all the hydrometeors in a unit volume. For spherical hydro meteors

\

small enough compared with the wavelength or under the so-called Rayleigh scattering

approximation, the radar cross section is related to particle size by

(2.20)

where A is the wavelength, D the diameter of the hydro meteor, andK the dielectric factor

defined as

K = "," -I
m ~+ 2

(2.21 )

I
where In is the complex index of refraction of the hydrometeor.

Diederich et al., (2004), compared the vertical reflectivity profiles measured by the Micro

Rain Radars to that of weather radar volume scans at different beam heights, as well as that

of vertically pointing 35 GHz cloud radar and Transportable Atmospheric Radar. All Micro

Rain Radars displayed a loss in intensity of about -2 dBZ per kilornetre altitude, relative to

the 35 GHz cloud Radar and weather radar volume scans, which is in agreement with the
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The radar effective reflectivity, (Ze) varies as the 6th power of the rain droplet diameter (D),

the square of the dielectric constant (K) of the target and the drop size distribution (e.g.

N[ D] of Marshall-Palmer) of the drops. This gives a truncated Gamma function, of the form:

f) m ax

Z" = f IKI2 Noe-Af)D6dD
o

(2.22)

Since variation in diameter and dielectric constant of. the targets can lead to large variability

in power return to the radar, reflectivity is expressed indBZ (10 times the logarithm of the

ratio of the echo to a standard 1 mm diameter drop filling the same scanned volume) (Battan,

1973) .

. Therefore reflectivity indBZ is given by the expression:

Z = 10Lo (Z(mm
6

Im
3

J
glo l( 6 I lmm m:

(2.23)

2.7.2 Vertical Variation of Reflectivity

Profiles of the radar reflectivity factor Z as a function of height for a given value of Z at the

surface display little change below a certain transition height (ITU-R, 1995).

The region below the transition height is predominantly rain and contributes to both

attenuation and scattering. For stratiform rain a distinct narrow layer of enhanced reflectivity

exists at around the transition height; the dimension of this layer is on average about 300 m

but can some time reach values of up to I km (Hines et aI., 1983). This layer is known as the

melting layer or the bright band. Profile of the reflectivity Z above the transition height; show

a decrease with height that appears to depend on climate. The slope just above the transition

height varies between about 3 - 9 dBlkln. The slope is expected to become steeper at higher
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results of a previous cornpanson between Micro Rain Radar and weather radar of the

Deutsche Wetterdienst (DWD). During separate test runs, 2 Micro Rain Radars were operated

~,- with different range resolutions, which led to a bias of about I dBZIkm, if the range

resolution of one was doubled. The profiles showed a bias of less than 0.3 dBZIkm when

operating at identical range resolution.

Ulbrich et aI., (1998), compared the extent to which variations inZ-R (reflectivity factor-

rainfall rate) relations can explain the systematically large offsets of radar-measured rainfall

from rain gauge measurements as observed with some National Weather Service Project

WSR-88D radars. They compared the reflectivity factors found from disdrorneter data with

those measured by the National Weather Service (WSR-88D) radar at Greer. The work. \

demonstrated that the latter radar measured reflectivity factors that are at least 3.5 dB too

small when compared with the disdrometer data. This systematic offset in radar-measured

reflectivity factors is shown to be consistent with the factor of 2 underestimation of rainfall

amounts commonly observed with the Greer radar when compared with a well maintained

network of rain gauges. Since similar deviations of radar-measured rainfall amounts from rain

gauge data have been observed with National Weather Service (WSR-88D) radars at several

other locations, this work suggests that these differences are probably due to calibration

,. . offsets.

2~7.1 Reflectivity in decibel or dBZ

-
The Return echoes from targets, are analyzed for their intensities in order to establish the

i

precipitation rate in the scanned volume. The wavelengths used (I to 10 ern) ensure that this

return is proportional to the rate because they are within the validity of Rayleigh scattering

which assumes that the targets must be much smaller than the wavelength of the scanning

wave (by a factor of 10).
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"\

The radar effective reflectivity, (Ze) varies as the 6th power of the rain droplet ~iameter (D),

the square of the dielectric constant (K) of the target and the drop size distribution (e.g.

N[ D] of Marshall-Palmer) of the drops. This gives a truncated Gamma function, of the form:

f) rnax

z, = J IK 12 N oe-t.l) D6dD
o

(2.22)

Since variation in diameter and dielectric constant of the targets can lead to large variability

in power return to the radar, reflectivity is expressed indBZ (10 times the logarithm of the

ratio of the echo to a standard 1 mm diameter drop filling the same scanned volume) (Battan,

1973) .

. Therefore reflectivity indBZ is given by the expression:
~,,

(2.23)

2.7.2 Vertical Variation of Reflectivity

Profiles of the radar reflectivity factor Z as a function of height for a given value of Z at the

surface display little change below a certain transition height (ITU-R, 1995).

The region below the transition height is predominantly ram and contributes to both

attenuation and scattering. For stratiform rain a distinct narrow layer of enhanced reflectivity

exists at around the transition height; the dimension of this layer is on average' about 300 m

but can some time reach values of up to 1krn (Hines et aI., 1983). This layer is known as the

melting layer or the bright band. Profile of the reflectivity Z above the transition height; show

a decrease with height that appears to depend<;m climate. The slope just above the transition

height varies between about 3 - 9 dBIkm. The slope is expected to become steeper at higher
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altitudes. The transition height is expected to be closely related to the height of the O°C

isotherm, which depends on the latitude. climate and season.

For stratiform precipitation seasonal variation of this height has been seen to be correlated

with ground temperature (Fujita et al., 1979).

2.7.3 Reflectivity on a Radar Display

Radar returns are usually described by colour or level. The colours in a radar image normally

range from blue or green for weak returns, to red or magenta for very strong returns. The

numbers in a verbal report increase with the severity of the returns (America meteorological

society glossary 2007).

For example, the U.S. National Doppler Radar sites use the following scale for different

levels of reflectivity:

(A) Magenta: 65 dBZ (extremely heavy precipitation).

(B) Red: 52 dBZ

(C) Yellow: 36 dBZ

(D) Green: 20 dBZ (light precipitation)

Strong returns (red or magenta) may indicate not only heavy rain but also thunderstorms, hail,

strong winds. or tornadoes. but they need to be interpreted carefully.

2.8 Z-R RELATIONSHIP

Remote measurement of the rainfall rate R is of considerable practical interest. For many

years meteorologists have attempted to find a useful relationship between the radar
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reflectivity factor Z and the rainfall rate R. Unfortunately, there is no single relation that can

satisfy all meteorological phenomena.

Battan (1973) lists no fewer than 69 separate Z-R relationships that have been proposed by

various investigators. More importantly, observed drop size distributions of which both Z.and

R are functions could be expressed in an indefinite number of parameters. Single parameter

measurement of rainfall constrains the DSD to one free parameter, which may vary strongly

in both space and time. Droplets of natural clouds and precipitation satisfy the condition of

Rayleigh approximation, namely that the diameter is much smaller than the wavelength, for

wavelengths used in weather radars (Sauvageot, 1992). If it is assumed that a radar can

monitor certain atmospheric phenomena, then the radar reflectivity factor (Z) can be related to
\

the relevant physical quantities. Many works were performed relating rainfall rates(R) and Z,

resulting in a general function of the form:

(2.24)

where Z is given in mm6 m -3 , R in mm h-
t

and a and b are coefficients which depend on

the raindrop number distributionN(D) as function of the drops diameter(D) and type of

precipitations (rain), (convective or stratiform). Several methods have been proposed to

establishing theZ-R relationship. One of them requires a disdrometer for measuring a set of

N(D) (Joss and Waldvogel, 1967 and 1969; Campistron, et aI., 1987). In others, Z andR are

measured simultaneously and independently' by radar (Z) and rain gage network(R).

Theoretical values of a and b coefficient can be either computed using. theN(D)

distributions or taken from literature with certain restrictions.

As the antenna scans the atmosphere, on every angle of azimuth it obtains a certain number of

returns from each target encountered. Reflectivity is then averaged for that target in order to

have a better data set.
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2.9 ATTENUATION BY RAIN

Attenuation IS an important consideration In the modern world of wireless

telecommunication. People are daily affected by it, as they rely more and more on mobile

phones, television, 'satellite communication, and wireless internet. Attenuation limits the

range of radio signals and is affected by the materials a signal must travel through (e.g. air,

wood, concrete, rain).

Attenuation by Rain is one of the major problems in utilization micro wave and millimeter

wave band for terrestrial and space communication purposes. Rain drops can absorb and

scatter electromagnetic energy and attenuation thus introduced can often exceed the

acceptable level of the communication systems Oguchi (1983).

Ryde (1944) developed a general procedure of obtaining theoretical relationship between

attenuation and rain rate. The equation governing the variation of wave intensityI along a

direction Z for a plane wave propagating in a rain medium is given by the equation:

ell "
d: = -(~O,)1 (2.25)

where IO, is the sum of the total cross section of all the raindrops in a unit volume in

space. This implies that the rate of decrease of wave intensity in a thin slab of thicknessdz is

proportional to the energy absorbed in and scattered from the raindrops in the slab.

Therefore the intensity 1 IS:

I . 1- 1e-(L{!,):
- 0 (2.26)

where 10 is the intensity at "Z = 0

IO, = fO, (a)n(a)d~ (2.27)
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where n(a)da is the drop size distribution and is a function ofrain rate R. Thus attenuation of

the wave intensity A, when the wave passes though a rain slab of 1 km thickness is given by: .

I,

A = 4.343X 103 x fQ,(a)n(a)da (dBIkm) (2.28)

whereA is given in positive decibel value.

Ajayi et aI., (1984), analyzed rainfall attenuation using rainfall intensity measurement at Ile-

Ife, southern Nigeria. The results obtained with three different expressions for rain height

showed that a rain height of 3 km is a reasonable assumption for estimating earth-space

rainfall attenuation at the location. They also found that for frequencies above 200 GHz, the

polarization dependence of the specific attenuation due to rainfall becomes negligible.
\

The specific rain attenuation model for prediction methods has been recommended by the

ITU-R. The specific attenuationj-, (dBIkm) for rain was recommended to be obtained from

the power-law relationship:

(2.29) ,

where "a" and "b" are power-law parameters, andR is the rain rate in mmIh.

Wei-Zhang et aI., (2000), recommended the usage of an expanded set of power-law

parameters in calculating the specific attenuation due to rain. This expansion is needed to

accommodate an expanded set of raindrop size distributions, because the raindrop size

distribution changes with geographical location and can strongly influence rain attenuation.

Generally, the power-law parameters for Laws and Parsons (L - P) and Marshall and Palmer

(M - P) distributions are used for estimating specific attenuation due to rain. It was suggested,
"..;t
~

however, that it is more reasonable to use a gamma raindrop size distribution for high latitude

locations and a lognormal raindrop size distribution for tropical regions. It was further shown
31



that the specific attenuation for Laws and Parsons Raindrop size distribution is nearly the

same as the specific attenuation obtained from power-law parameters of the ITU-R model,

Wei-Zhang (2000).
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CHAPTER THREE

PROJECT SITE, INSTRUMENTATION AND METHODOLOGY

3.1 PROJECT SITE

The measurement site chosen for the study is the Federal University of Technology Akure

Ondo State Nigeria (7' IS'N, 5° 15'E) (fig.3.1). The measurement was taken for a period of two

years 2006 and 2008.

3.2 INSTRUMENTATION

The instrument employed in taking the measurement is the Micro Rain Radar shown in

Figure 3.2. The antenna is simultaneously used for the transmission of the RADAR signals

and receiving of back scattered signals from the raindrops. It is designed as an offset parabolic

dish. The angular aperture is approximately 2°. The parabolic dish is fastened together with

the electronics unit 'and the RADAR module through the antenna mounting. The use of a

parabolic dish allows a vertical alignment of the antenna beam without the need of a

horizontal alignment. The antenna is positioned so as to allow rainwater drain off without

retaining it.

, I

The electronics unit shown in Figure 3.3 generates the ~DAR transmitting signal and passes

it to the RADAR module. It analyses the backscattered received signal and transfers the data

to the connected control and evaluation computer, where the Doppler spectra are computed.

The electronics unit is located in a water protected IP65 housing, which is fixed to the

antenna mounting. At the bottom side of the electronics unit there is a socket for the cable

leading to the connection box/power supply.
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The connection box shown in Figure 3.4 with the aid of a 25-pin D-sub-miniature socket

female type (fig. 3.5) is used to pass the data through to the controlling computer. A flanged

socket (fig. 3.6) is used for connecting RADAR electronics unit box (fig. 3.3) to the

connection box. the power supply is also integrated in the connection box.

The vertical profile of the rain rate, liquid water content, fall velocity, radar reflectivity factor

and drop size distribution up to 4800 m-height above sea level were then measured using the

Micro Rain Radar at height levels 160 m steps above the radar.

The rain events were sampled with one minute time resolutions and stored subsequently as

one minute averages for all the measured parameters.

. \

3.3 PRINCIPLE OF MEASUREMENT OF THE MICRO RAIN RADAR

The measuring principle of the Micro Rain Radar is based on electromagnetic waves of a

frequency of 24 GHz. In contrast to normal rain-radar devices, the signals are emitted

vertically into the atmosphere. A part of the emitted signal is scattered back to the parabolic

antenna by the rain drops. The output signal is transmitted continuously (continuous wave,

CW mode in contrast to pulsed radars). The Micro Rain Radar is a Doppler radar, that is,

when falling to the ground the rain drops move relatively to the antenna on the ground, which

act as both transmitter.and receiver. Due to the falling velocity of the rain drops relative to the

stationary antenna there is a frequency deviation between the. transmitted and the received

signal known as Doppler frequency. This frequency is a measure of the falling velocity of the

rain drops. Since rain drops of different diameter have different falling velocities (Atlas et aI.,

1973), the backscattered signal consists of a distribution of different Doppler frequencies. The

spectral analysis of this signal yields a wide distribution of lines corresponding to the Doppler

frequencies of the signal.
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The Radar electronics determines this spectrum with a high time resolution of 10 seconds and

sends it to the connected control and data acquisition system. where the drop spectrum is

calculated from the Doppler spectrum considering the transfer function of the radar module.

The integration over the entire drop spectrum, considering further correction terms, followed

by an averaging for 30 seconds, results in the actual rain rate and the liquid water content.

The Micro Rain Radar measures the Doppler spectrum from 0 to 12mls. The standard real-

time processing uses the relation given by Atlas et aI., (1973) to attribute drop diameters to

Doppler velocities.

Mie theory is then used to calculate the ram drop numbers from the spectral volume

reflectivity. Corrections for oblate rain drops and lower air densities leading to higher falling

velocities in high altitudes are applied. The Rain Drops Size Distribution (DSD) is then

calculated for falling velocities from 0.78 to 8.97mls in 43 intervals, corresponding to drop

diameters from 0.245 to 4.530 mm, which is the range where the signal to noise ratio is

considered adequate. Appropriate attenuation correction for moderately high rain rates is

done by calculating Mie extinction from the derived DSD. Rain rate, Liquid water content

L We. and Rayleigh reflectivity Z are calculated from the DSD. while the mean falling

velocity (first Doppler moment) and integral reflectivity (zeroth Doppler moment) are

calculated directly from the measured Doppler spectrum. The Micro Rain Radar range

resolution can be set from 10 to 200 m in 30 height intervals. Attenuation at 24 GHz prevents

the use of ranges higher than 6 km. The averaging time for one measurement can be set from

10 s up to several hours (3600 s).I
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3.4 DATA SOURCE

In-situ measurements of the rainfall parameters were made in 2006 and 2008. The data were
,
, '-'

collected for 30 different range gates, from 0-160 metres above sea level (sea level height in

Akure is 350 m) in a step of 160 m up to 4800 m. A typical measured data is shown in Table

3.1.

3.5 DERIVATION OF RAIN DROPS SIZE DISTRIBUTION.

The drop size distribution was derived from the raw power received by the radar given as

(3.l)

where !1h is the range (height) resolution, ,. is the number of the range gate,e(r) is a

calibration function containing radar specific parameters, and'1(fu)!1fu is the spectral

reflectivity density, that is, the backscatter cross section per volume and per frequency.!1fD

is the frequency resolution. The Doppler Spectra are resolved into 64 lines as

(3.2)

where "nn" indicates the line number (0:s nn :s 63). F"" is called "logarithmic spectral

volume reflectivity. The "spectral reflectivity" density is then defined as:

( I" ) n:
'I j /J,nn = !11"

!If)

(3.3)

where !1ff) = 30.52Hz

using the generalized form, in which a height dependent density correction for the fall

velocity dv(h) Atlas (1973) is defined as:

,'(D)m / s = (9.65 -10.3 exp(-0.6D))ov(h) for 0.109 sD $; 6mm (3.4)
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Using the America Standard ~tmosphere conditions for the height dependence of air density

and making use of the relation of Foote and duToit (1969),ol'(h) under these assumptions is,

defined as:

ov(h) = [I+3.68x 10-5h + 1.71X 10-9 h2 ] (3.5)

The spectral reflectivity can be calculated from the drop diameter using the expression:

, (D - , ( r ) off) Ol' (3 6)
1 ",,) - 7 .I t rnn OV oD .

where

of/) = 160. 1973m-'
m'

(3.7)

and

m' (ms-Imm-I) = 6.18xexp(-0.6D)ov(h)
aD

(3.8)

Substituting equation (3.7) and (3.8) into (3.6) gives:

'l(D"" )m-I mm' = '7(ff)."" ) x 990.02 x exp(0.6mm-' D) (3.9)

Dividing equation (3.9) bya(D",,) gives:

N(D",,) = 'l(D",,)
a(D"" )

(3. 10)

where N(D"J, is the' Drop size distribution anda(D"n) is the single particle backscattering

cross section of raindrop of diameterD"" .

3,6 . EQUIVALENT RADAR REFLECTIVITY FACTOR

The equivalent radar reflectivity factor is defined by

(3. II)

In the limit of small drops (Rayleigh approximation), Ze is equal to the 6th moment of the

drop size distribution
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YO

Z = f N(D)D6dD
o

(3.12)

Z is calculated on the basis of the drop size distribution measured by the Micro Rain Radar

using equation 3. I2.

3.7 RAIN RATE

This is the rate at which water reaches the ground or the rate of accumulation of water per

unit time (mm/h). The differential rain rate is equal to the' volume of the differential droplet

number density multiplied with the terminal falling velocityv(D).

(3.13) .

From this product the rain rate is obtained by integrating over the drop size using the formula:

RR = JI fN(D)D'V(D)dD
6 0

(3.14)

3.8 LIQUID WATER CONTENT (LWC)

The liquid water content is the product of the total volumeof all droplets with the density of

waterp; ,divided by the scattering volume. It is therefore proportional to the third moment of

the drop size distribution. This is calculated by using the formula given below:

JI .T

f
1

LlI'C=P"6 N(D)D-dD
o

(3.15)

3.9 CALCULATION OF RAIN ATTENUATION

Attenuation is calculated using the power law relation:

(3.16)
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where" a" and "b " are the power law parameters which have been studied and calculated

theoretically by many investigators. Ajewole et aI., (1999), calculated these power law

parameters for a tropical region, for the frequency range of 1-100 GHz. Using the rain rate

measured by the MRR, the specific attenuation was calculated for the frequencies 1 - 100

GHz.

3.10 Z-R AND M-R RELATIONSHIPS

Equation 2.24 was used to determine the relationship between rainfall rate(R), radar

reflectivity factor (2) and Liquid water content (M) by making rainfall rate the independent

variable. Naturallogarithrri is applied to both sides of the equation resulting in:

LnZ = Lna vbl.nk (3.17)

Comparing equation (3.17) with a straight-line function;

Y=a+/3X (3.18)

where a andp are the y-axis intercept and the slope respectively. The coefficientsa andb of

equation 2.24 were estimated by linear regression for Z versusR and M versusR.
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Fig. 3. I: Map of Ondo state, Nigeria showing where data was collected
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Fig. 3.2: Outdoor unit of the Micro Rain Radar installed in Physics Department, FUT A.
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Fig. 3.3: RADAR Electronics Unit

230 Volt;

Fig. 3.4: Connection Box
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Fig. 3.5: Connecting Cable to the Personal Computer
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Fig. 3.6: Connection Cable of the RADAR Electronics Unit
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Table 3.1: Typical output Data of the Micro Rain Radar.

MRR 0804231020 UTC+OI AVE60 STP 160 ASL SMP 125000

H 160 320 480 640 800 960 1120 4800

TF 0.0163 0.053 0.1147 0.1935 0.2845 0.389 0.4956 0.5811
..~

FOO -72.23 -85.21 -81.1 -79.95 -82.58 -80.93 -82.88 -92.71

FOI -74.63 -83.14 -81.22 -79.48 -78.54 -80.69 -79.88 -82.98

F02 -83.65 -85.98 -79.45 -78.6 -77.75 -76.95 -78.65 -78.32

F62 -86.22 -83.91 -79.64 -77.25 -75.78 -75.62 -76.95 -76.64

F63 -75.15 -84.73 -79.66 -77.61 -77.37 -79.07 -78.34 -79.3

N04 6.20E+03 I.IOE+05 1.70E+05 3.20E+05 5.00E+05 5.90E+05' 3.50E+05 4.00E+05

N05 2.30E+03 3.20E+04 5.30E+04 I.00E+05 1.70E+05 I.90E+05 9.30E+04 1.30E+05

N06 1.I0E+03 8.40E+03 2.IOE+04 4.00E+04 5.90E+04 7.40E+04 4.20E+04 5.20E+04

N48 o 0 000 0 a 0.001

N49 o 000 0 0 0 0.001

z 36.7 36.7 36.6 36.2 35.3 34.5 33.4 31.4

RR 15.62 18.62 17.65 15.37 11.81 11.15 10.29 7.91

LWC 0.96 1.2 1.12 1.01 0.85 0.87 0.73 0.64

FOO-F63: This position represents the spectral reflectivity, the index (00 - 63) stands for the corresponding number of

spectral line

NO.1- N49: The lines N04-N49 give the drop size distribution (number of drops per volume and class of size) with reference

to the height.
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CHAPTER FOUR

RESULT AND DISCUSSION

4.] DROPSIZE DISTRIBUTION

The rain events observed for the years of 2006 and 2008 were analyzed for the 32 different

range gates (0-4800 m, with a step of 160 m), Figs. 4.1 and 4.2 show that drop sizes measured

varies from 0.25 rnrn in diameter to about 3.26 mm, with the larger concentration of the

diameter around 0.250 - 0.559 mm (with an average diameter interval of 0.04 mm). As the

rain drop diameter increases the drop size concentration decreases. Rain drops in the diameter

bin of 0.25 mm which represent the drop spectrum N04 contributed most to the rain fall event

throughout this period.

4.2 . VERTICAL DISTRIBUTION OF RAIN RATE AND LIQUID WATER

CONTENT

The variation of the ram rate and liquid water content with height was evaluated and

presented in figures (4.3) - (4.6) for the 2-years. The highest rain rate and liquid water content

were observed along 0-160 m height for both cases considered. The implication of this is that

along this height. we expect to have more attenuation of radio wave due to rainfall compared

with the other height bins. This is because wind and hydrodynamic forces are lower at this

height than higher height levels.
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4.3 Z - R RELATIONSHIP

All values of Rand Z were considered in establishing the general equation for both years of

measurement considered (2006 and 2008). This gives two sets of equations,one for each

year, the height considered is from0 - 4800 m above sea level. The data were further divided

into units and the heights from0 - 160m were also considered for comparison.

The results obtained are

Z= 111.66R117 (2006)

Z = 208.5R1
21 (2008)'

with a correlation coefficients of0.71 and 0.76 respectively.

(4.1 )

(4.2)

Figures (4.7) and (4.8) show the regression lines obtained for the two years considered, as for

the height range0-4800 m. The data was also compared in the height range0 - 160m for the

two years. The results obtained are shown in figure(4.9) and. (4.10) for the regression line:

The relevant expressions are shown for the two years as

Z=268.71R1
)1 (2006J (4.3)

Z = 465.0JR132 (2008) (4.4)

The correlation coefficients are0.90 and 0.96 respectively. From equations (4.3) and (4.4),

we have good correlation coefficients as compared with those obtained in equations-(4.1) and

(4.2). This might be associated with the assumption made for the MRR that the measurement

is taken in stagnant air, (Metek(2005».
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4.3.1 Z-RRELATIONSHIP FOR STRATIFORM AND CONVECTIVE RAINFALL

The data were further divided into stratiform and convective rainfall, using the threshold rain

rate R < 50 mrnh for stratiform rain and R ~ 50 mmh·1 for convective rain event as

described in Joss et at., (1968).

Figures (4.11) and (4.12) show the regression line for stratiform rainfall while figure (4.l3)

and figure (4.14) shows that for convective rainfall; the height level in view is from

0- 4800 m.

The power law results are represented by the following equations

Stratiform rainfall

Z = 111.25R1I7 r (0.70) (2006)

(2008)

(4.5)

(4.6)Z = 206.99R120 r (0.75)

Convective rainfall

Z = 64.28R' 17 r (0.45) (2006)

(2008)

(4.7)

(4.8)Z = 90.35R' 39 r (0.40)

Correlation coefficients of the convective rain type are very low for the height range (0-4800

m) for the year 2008 and 2006 respectively, while for the height range of 0 - 160 m, there is a

good correlation above 0.90 for the year 2006 and 2008 respectively. This can be seen in

figures (4.15 - 4.18). The values ofa and b coefficients for the two years considered and for

different rainfall types are given in Table 4.1.
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Comparisons were made with other works done at the tropical locations, this is presented in

Table 4.2. though these works looked at the vertical profile of the parameters measured and

the relationships obtained were based on the vertical profile. This study represents the first of

such measurements in Nigeria.

I
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Table 4.1: Z-R Relationship and correlation coefficients for Convective and Stratiform

Rain types in 2008 and 2006 at different heights.

Year Z-R Relation and correlation coefficients (r)

Stratiform Convective Height range (metres)

2008
Z = 206.99Ri:0 Z = 90.35R13; 0-4800
r(O.75) r(O.40)

Z = 463.88R1 3: Z=717.67R1:S 0-160
-ro .95) r(O.94)

2006
Z = 1l1.2SRl 70 Z = 64.28Rl 17 0-4800

":0.70) r(0.45)
,

Z = 259.9-!R1 3C Z = 268.71R131 0-160

-ro .90) rIO.gO)
-Z is ill III mE m -r c all d R ill mm h -1; r is the coef f tctent of correl ati 011

Z is in mmm" and R in rnrnh"; r is the coefficient of correlation

f
"

I'
I
I
t
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Table 4.2: Comparison of Z-R Relationships with height at some locations

Rain type Source Location Z-R r

Stratiform Joss et al (1970) Locarno-mouti Z = 250R1=
Rain

Marshall and Palmer (1984) Switzerland , Z = 220Rlc:

CCIR (1982) Z = 400Rl';

Fujiwara (1965) Miami, USA Z = 2S0Rl';S

Fundacao et al (2004) Eastern coast, Brazil Z = 167 .8R1:E

Ajayi and Owolabi (1986) lle-lfe, Nigeria Z = 312R133

Present Study (2008)
(0-4800 m)

0.75

(0-160 m) Akure, Nigeria Z = 206.99R1:
0 0.93

Present Study (2006)
Z = 468.88R13~

(0-4800 m) Akure, Nigeria 0.70

(0-160 m) Z = 11'1.25Rl13 0.90

Z = 259.94R130

Convective Joss et al (1_970) Locarno - Monti, Austria Z = 500R1.5

Rain

Jones (1956) Illinois, USA Z = 486R1 r

Fujiwara (1965) Miami, USA Z = 450R1 3':'

Sekhon and Srivastava (1971) Cambridge, USA Z = 300R135

Fundac;ao et al (2004) Eastern coast, Brazil Z = 65.46R165

Diem (1966) Entebbe, Uganda Z = 278R1.3
Lwiro, Congo

Z = 240Rl.3

Ajayi and Owolabi (1986) lIe-lfe, Nigeria Z = 524Rl~-

Present Study (2008) Z = 90.35R13;
0.40

(0-4800 m) Akure, Nigeria 0.94

(0-160 m) Z = 717.67REf:

Present Study (2006) Akure, Nigeria Z = 64.28Rll~
0.45

(0-4800 m) 0.90

(0-160 m) Z = 268.71RB1

,.

Z is tll 1111716 171-3 and R in 111111h-1; r is thecoet ttaentof correlation

Z is in mm6m -3 and R in mmh -(;r is the coefficient of c~rrelation
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4.4 LIQUID WATER CONTENT

The values of liquid water content (M) and Rain rate (R) for the two years under

consideration were plotted and two sets of relationships were obtained,

M= O.106RCt;S r(O.94) 2006 (4.9)

M = O.093R106 r(O.94) 2008 (4.10)

r is the correlation coefficient

Figure 4.19 shows the scattered diagrams and the regression line for M-R for the height 0-

4800 m in the year 2006 while figure 4.20 shows that of 0-160 m for same year. Figure 4.21

shows the scattered plots for the height 0-4800 m in the year 2008 while figure 4.22 shows

the scattered plots for the height 0-160 m for the same year.

I

I There is a high degree of correlation in all cases considered, the coefficients of correlation are

better than 0.91 for most of the rain types. The power relationships obtained were comparable

for all the rain types.

Table 4.3 shows the comparison of the M-R relation obtained in Akure with other locations.
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Table 4.3: Comparison of M-R relations with height at some locations

Rain Type Source location M-R

Stratiform Marshall and Palmer (1984) Switzerland M = O.072R c 66

Rain "

Ajayi and Owolabi (1986) IIe-lfe, Nigeria M = O.059R o E'6

Present Study (2008) Akure, Nigeria

(0-4800 m) M = O.091RIC3
(0-160 m) :\f = O.072R o -=
Present Study (2006)

(0-4800 m)
.\f = O.lOlRt' 53

(0-160 m)
M = O.068R 0 -~

Convective Ajayi and Owolabi (1986) lle-lfe, Nigeria M = O.063R 065

Rain

Sekhon and Srivastava (1971) Cambridge, USA M = O,052R C 5.;

Jones (1956) Illinois, USA M = O.05'2R c 9~
"
;

Mueller (1965) Miami, USA .\f = O.053R C 5=

Present Study (2008) Akure, Nigeria

(0-4800 m)
M = O.132Ros-

(0-160 m)
M = O.020R 1 35

Present Study (2006)

(0-4800 m)
M = O.103Rl13

(0-160 m)
M = O.047R1t'3 ,

~
The units are .\{ill 9 m-' and R in;11111tc>
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4.5 SPECIFIC ATTENUATION

The frequency characteristics of specific attenuation for two ram types, stratiform and

convective are presented in Figs 4.23 and 4.24 respectively. The specific attenuation was

evaluated for frequencies of 1-100 GHz. Tables 4.4 and 4.5, also show the results of the

calculation. In general, specific attenuation increases with increasing frequency for stratiform

and convective rain types. At a critical frequency, which ranges from 31- 100 GHz, the

specific attenuation decreased slightly.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

The rainfall parameters measured for the two years considered have been analyzed for 'a
,

tropical station, Akure in Nigeria. It was observed that the drop diameters that contributed the

most to the rain fall event were in the diameter bin of0.246 to 0.559 mm (with a diameter

interval 0[0,04 mm). Rain drops of diameter bin0[0.246 mm contributed the highest number

of rain drops to the rain event and this is typical for drop size. distribution in the tropical

region.

It was also observed that the rain rate below 5 mmlhr contributed the most to the rain event in

the height range0-4800m while the height range of0-160m recorded the highest rain rate.
\

Empirical relations have been obtained among the rainfall rate, the radar reflectivity factor Z,

and liquid water content for the rain types using the least square power law regression. The

recorded rainfall rates were classified using the criteria described in Joss et at(1968), for

Str.atiform rain fall rate R< 50mmlh and convective rain R> 50 rnrn/h. These empirical

relations have been compared with the results obtained at other locations by other workers.

The empirical relations obtained in this analysis are intended to provide useful information

about the rainfall parameters in Nigeria for communication purposes.

The correlation coefficients of Z-R relationship for stratiform rainfall for both years and

height range considered are good; the values are above0.70,while that of convective rainfall

type is also very good for the height range of0-160 m with values more than0.89, but the

correlation coefficient for the height range0-4800 m is poor, with values below0.50, this

might be as a result of the large span of height considered(0-4800m).
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As the communication networks are growing In the country, it is required that extensive

research should be done using appropriate parameters and intensive data bank to obtain more

/ ....
data for planning effective communication networks for the nation .

. ,
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Table 4.4- specific attenuation due to strati-form rainill some rain rate.
Frequency 0.25 1.17 12.21 22.67 34.46 47.02
(GHz) rnrn/h mm/h mrn/h rnrn/h 'mm/h "mm/h
I 1.652E-07 6.558E-07 0.00036 0.0006148 ,0.000882 0.001154
2 6.397E-05 0.0002556 0.001574 0.0027527 0.004019 . 0.005322
4 0.0002597 0.0010630.010112 0.01948950.030384 0.042244
6 0.0006'07 0.0025712 0.047787 0.1066449 0.1836 0.274767 •...

8 0.0011299 0.0049768 0.13516 0.3140326 0.555579 0.848448
10 0.0018552 0.0084992 0.27' 0.6195668 1.086936 1.649569
12 0.0028088 0.01336 0.435344 0.970765 1.670358 2.498775
15 0.0046904 0.0234389 0.716995 1.5328406 2.563348 3.754343
20 0.0091486 0.0485916 1.247651 2.5427317 4.116736 5.886354
25 0.0153674 0.084702 2.802157 5.541653 8.791302 12.3819
30 0.0234711 0.1320912 .3.069649 5.9200449 9.233263 12.84132
35 0;0335613 0.1909581 3.459964 6.5072455 9.978005 13.70309
40 0.0457892 0.262267 3.851805 7.059657 10.63767 14.42092
45 0.0603212 0.347106 4.436931 7.9254245 11.7-3599 15.7055
50 0.0773397 0.4466864 4.945232 8.617951 12.55003 16.58791
55 0.0970945 0.5619091 5.371005 9.1469406 13.11449 17.13473
60 0.1198811 0.6932458 5.71678 9.532525 13.47355 17.41829
65 '0.1460792 0.8405819 5.992557 9.8049487 13.68215 17.52055
70 0.1760086 1.002386 6.20696 9.9856'326 13.77589 17.49156
75 0.2099775 1.1766201 6.371406 10.099089 13.79309 17.38326
80 0.2481849 1.3601515 6.492801 10.158013 13.75152 17.2176
85 0,2907474 1.5492782 6.581069 10.179545 13.6749 17.02404
90 0.3375244 1.7401048 6.642325 10.173075 13.57495 16.81579
95 0.3881741 1.9287588 6.682187 10.146478 13.46088 -16.60261
100 0.4422697 2.1114421 6.706243 10.107672 13.342.18 16.39495

~t

~



"--~.';,.;'f' .... -" C "'0f";
J~".

Table 4.5- specific attenuation due to convective-form rain at some rain rate.
Frequency 53.13 78.28 107.82 ]88.4] 276.37 327.85 459.55 675.08 825.91
(GI-Jz) mm/h mm/h mm/h mrn/h . mm/h mm/h mm/h mm/h I11m/h
I 0.001443 0.002074 0.002799 0.004728 0.006823 0.008036 0.011105 0.016051 0.019471
2 0.006453 0.009357 0.01272 0.02240] 0.032591 0.03852 0.053606 0.078101 0.09514
4 0.04236] 0.062894 0.087179 0.171094 0.25392 0.302792 0.42882 0.63737 0.784585
6 0.]9037 0.289] 82 0.408486 0.920207 ].38969 ].670092 2.40] 839 3.632956 4.513292
8 0.627508 0.975569 1.404684 3.25624 5.014387 6.078776 8.893743 ]3.71836 ]7.2]842
10 1.379044 2.159472 3.1279]2 6.814285 10.5]889 12.76544 18.7]664 28.93996 36.36978
]2 2.267048 3.53 ]627 5.093526 10.28484 15.75384 19.05256 27.74491 42.56762 53.27863
]5 3.585178 5.504868 7.84520] 14.78209 22.32038 26.82219 38.56906 58.32952 72.45807
20 5.9107]9 8.930131 12.55789 22.9673 34.27554 40.97386 58.31282 87.]5705 . 107.6022
25 8.72887] 13.10485 18.33262 32.93835 48.94924 58.40533 82.8126 123.253 151.8283
30 11.75661 . ]7.54204 24.41527 42.] 1861 -62.18556 73.98352 104.3003 154.2224 189.3276
35 14.46882 21.38573 29.53336 48.78282 71.3383 84.51106 118.1402 173.0152 211.3299
40 16.57753 24.20992 33.10333 52.25627 75.53867 89.0266 123.1899 178.3271 216.4957
45 ]8.02504 25.98432 35.15049 53.52724 76.49168 89.68899 122.8555 175.803 212.1441
50 18.95948 26.99243 36.13971 53.57] 83 75.77338 88.44095 120.0545 170.0333 204.0758
55 19.51912 27.47967 36.4532 53.09448 74.46218 86.58161 116.6527 163.8107 ]95.7293
60 19.85065 27.68124 36.43252 52.42663 73.02585 84.65372 113.3718 158.] 173 188.2495
65 20.03848 27.72419 36.25266 51.78725 71.75762 82.989] ] 110.6294 153.4818 182.2265
70 20.12999 27.6722 . 35.99287 51.15498 70.59156 81.49146 108.24]2 149.5518 ]77.1778

...•

75 20.17099 27.58601· 35.72829 50.59368 69.598 80.23203 106.2736146.371 173.1229
80 20.15549 27.44861 35.42649 50.06898 68.70753 79.11896 104.573143.6747 169.7146
85 20.11782 27.30404 35.14075 49.56 67.87634 78.09375 103.0404 141.2916 166.728
90 20.14591 27.26703 35.0]344 49.10268 67.14701 77.20187 101.7261 139.275 164.2159
95 19.98218 26.98261 34.58171 48.6627 66.4638] 76.37461 100.5274 137.4645 161.9766
100 19.89537 26.81441 34.31228 48.24952 65.83388 75.61715 99.44302 135.8458 159.9854

",.



Table 4.6: Typical output Data of the Micro Rain Radar for one minute.

MRR 804231020 UTC+Ol AVE 60 STP 160 ASL SMP 125000

H 160 320 480 640 800 960 1120 .............. .4800

TF 0.0163 0.053 0.1147 0.1935 0.2845 0.389 0.4956 ............ -0.5811

..
FOO -72.23 -85.21 -81.1 -79.95 -82.58 -80.93 -82.88 .............. -92.71

FOI -74.63 -83.14 -81.22 -79.48 -78.54 -80.69 -79.88 .............. -82.98

F02 -83.65 -85.98 -79.45 -78.6 -77.75 -76.95 -78.65 .............. -78.32

F03 -82.6 -79.76 -78.46 -77.49 -76.73 -78.51 -78.42 .............. -80.79

F04 -94.35 -82.34 -81.15 -79.24 -77.48 -77.11 -79.75 ................ -79.4

F05 -94.73 -83.87 -82.15 -80.1 -78.04 -78.03 -81.61 ................ -80.35

F06 -94.35 -86.18 -82.62 -80.67 -79.19 -78.79 -81.74 .............. -81.02

F07 -86.17 -84.65 -82.71 -81.67 -80.38 -79.67 -82.35 .............. -82.11

F08 -82.35 -82.28 -82.2 -81.86 -80.7 -79.99 -83.83 ............... -83.85

F09 -79.51 -79.94 -81.62 -81.78 -80.84 -79.76 -85.36 .............. -86.58
.. , -.-'

FI0 -77.03 -77.58 -81.11 -82.42 -81.85 -80.1 -86.64 .............. -88.13

Fll -74.91 -75.42 -79.36 -82.29 -83.13 -80.64 -85.67 ............... -85.79

FI2 -73.16 -73.51 -76.8 -79.82 -83.29 -81.34 -85.08 .............. -83.85



Table 4.6 Continues

F13 -71.39 -71.41 -74.27 -77.08 -82.98 -82.98 -86.08 ........... -82.78

F14 -69.38 -69.33 -72.29 -75.41 -82.94 -84.85 -83.2 ........... -80.25

F15 -67.37 -67.5 -70.79 -74.51 -82.86 -84.38 -79.22 ........... -77.19

F16 -65.89 -66.1 -69.46 -73.29 -81.41 -82.02 -76.6 ........... -74.95

F17 -64.89 -64.9 -67.85 -71.43 -78.65 -79.4 -74.83 ........... -73.45

F18 -64.04 -63.73 -66.07 -69.32 ' -76.14 -77.03 -73.35 ........... -72.37

F19 -63.08 -62.59 -64.32 -67.15 -73.74 -74.4 -71.62 ........... -71.25

F20 -61.89 -61.35 -62.68 -65.16 -70.94 -71.4 -69.27 ........... -69.29

F21 -60.42 -59.84 -61.13 -63.57 -68.3 -68.3 -66.47 ........... -66.67

F22 -59.06 -58.34 -59.75 -62.19 -65.99 -65.55 -63.67 ........... -64.25

F23 -58.19 -57.39 -58.52 -60.57 -63.63 -63.27 -61.39 ........... -62.33

F24 -57.49 -56.77 -57.64 -59.17 -61.47 -61.37 -59.9 ........... -61.02

F25 -56.56 -55.91 -56.66 -57.87 -59.91 -59.93 -59.1 ........... -60.37

F26 -55.6 -54.97 -55.65 -56.67 -58.57 -58.78 -58.61 ........... -60.21

F27 -54.91 -54.32 -55.07 -55.92 -57.3 -57.86 -58.29 ........... -60.34

F28 -54.32 -53.84 -54.55 -55.4 -56.37 -57.23 -58.32 ........... -60.82

F29 -53.93 -53,65 -54.13 -55.07 -55.9 -56.94 -58.64 ........... -61.63

F30 -53.71 -53.6 -53.84 -54.9 -55.7 -56.71 -59 ........... -62.58

F31 -53.47 -53.63 -53.69 -54.58 -55.43 -56.5 -59.33 ........... -63.24

'+'



Table 4.6 Continues

F32 -53.23 -53.86 -53.76 -54.18 -55.13 -56.76 -60.09 ........... -63.91

F33 -53.25 -54.16 -5).94 -54.09 -55.09 -57.32 -61.05 ........... -64.66

F34 -53.6 -54.86 -54.5 -54.62 -55.55 -58 -62.1 ........... -65.64

F35 -53.96 -55.93 -55.56 -55.66 -56.59 -59.16 -63.45 ........... -67.27
,

F36 -54.17 -56.92 -56.96 -57 -58.1 -61.04 -65.39 ........... -69.28

F37 -54.29 -57.8 -58.54 -58.69 -60.02 -63.3 -67.82 ........... -71.61

F38 -54.52 -58.82 -60.33 -60.59 -62.07 -65.48 -70.54 ........... -74.44

F39 -55.01 -59.95 -62.58 -62.8 -64.33 -67.95 -73.64 ........... -77.34

F60 -82.17 -78.98 -78.13 -76.25 -74.57 -75.76 -76.64 ........... -77.91

F61 -81.62 -78.93 -77.4 -75.79 -74.82 -76.1 -76.25 ........... -77.21

F62 -86.22 -83.91 -79.64 -77.25 -75.78 . -75.62 -76.95 ........... -76.64

F63 -75.15 -84.73 -79.66 -77.61 -77.37 -79.07 -78.34 .............. -79.3

-~\



Table 4.6 Continues

N04 6.20E+03 I. 1OE+05 1.70E+05 3.20E+05 5.00E+05 5.90E+05 3.50E+05 ................. 4.00E+05

N05 2.30E+03- 3.20E+04 5.30E+04 1.00E+05 1.70E+05 1.90E+05 9.30E+04 ................. 1.30E+05

N06 1.10E+03 8.40E+03 2.10E+04 4.00E+04 5.90E+04 7.40E+04 4.20E+04 ................. 5.20E+04
N07 3.50E+03 5.90E+03 1.00E+04 1.60E+04 2.20E+04 3.00E+04 1.80E+04 ................. 2.00E+04
N08 4.30E+03 5.20E+03 6.00E+03 7.80E+03 1.1OE+04 1.40E+04 6.70E+03 ................. 7.00E+03,
N09 4.50E+03 4.90E+03 3.80E+03 4.20E+03 5.50E+03 8.20E+03 2.70E+03 ................. 2.10E+03
NIO 4.40E+03 4.70E+03 2.50E+03 2.00E+03 2.40E+03 4.40E+03 1.20E+03 ................. 8.90E+02
NIl 4.20E+03 4.50E+03 2.20E+03 1.30E+03 1.10E+03 2.30E+03 8.70E+02 ................. 8.50E+02
NI2 3.80E+03 4.IOE+03 2.40E+03 1.50E+03 6.60E+02 1.20E+03 5.50E+02 ................. 7.40E+02
NI3 3.50E+03 4.IOE+03 2.60E+03 1.70E+03 4.70E+02 4.80E+02 2.70E+02 ................. 5.80E+02
N14 3.50E+03 4.20E+03 2.60E+03 1.60E+03 3.10E+02 2.00E+02 3.30E+02 ................. 6.80E+02
N15 3.50E+03 4.10E+03 2.40E+03 1.20E+03 2.00E+02 1.40E+02 5.30E+02 ................. 8.90E+02
N16 3.20E+03 3.70E+03 2.10E+03 1.10E+03 1.90E+02 1.70E+02 6.40E+02 ................. 9.80E+02
N17 2.70E+03 3.20E+03 2.00E+03 1.10E+03 2.30E+02 2.IOE+02 6.30E+02 ................. 9.00E+02
N18 2.20E+03 2.80E+03 2.00E+03 1.20E+03 2.80E+02 2.50E+02 5.80E+02 ................. 7.80E+02
N19 1.80E+03 2.40E+03 2.00E+03 1.30E+03 3.40E+02 3.10E+02 5.90E+02 ................. 7.10E+02
N20 1.60E+03 2.20E+03 2.00E+03 1.40E+03 4.50E+02 4.20E+02 7.IOE+02 ................. 8.00E+02
N21 1.60E+03 2.20E+03 2.00E+03 1.40E+03 5.70E+02 6.00E+02 9.40E+02 ................. 1.00E+03

r



Table 4.6 Continues

N22 1.50E+03 2.IOE+03 1.80E+03 1.30E+03 6.60E+02 7.60E+02 1.20E+03 ................. 1.30E+03

N23 1.20E+03 1.80E+03 1.70E+03 1.30E+03 7.60E+02 8.50E+02 1.40E+03 ................. 1.40E+03

N24 1.00E+03 1.40E+03 1.40E+03 1.20E+03 8.30E+02 9.00E~ 02 1.40E+03 ................. 1.30E+03

N25 8.60E+02 1.20E+03 1.20E+03 1.IOE+03 7.90E+02 8.80E+02 1.30E+03 ................. 1.00E+03

N26 7.30E+02 1.00E+03 1.00E+03 9.80E+02 7.30E+02 7.90E+02 9.80E+02 ................. 7.30E+02

N27 5.90E+02 8. IOE+02 8.20E+02 8.00E+Q2 6:80E+02 6.80E+02 7.30E+02 ................ .4.90E+02

N28 4.60E+02 6.20E+02 6:30E+02 6.20E+02 5.70E+02 5.40E+02 5.00E+02 ................ .3.00E+02

N29 3.40E+02 4.40E+02 4.80E+02 4.60E+02 4.30E+02 4.20E+02 3.20E+02 ................. 1.70E+02
N30 2.40E+02 3.00E+02 3.40E+02 3.20E+02 3. IOE+02 3.00E+02 2.00E+02 ................. 9.50E+Ol
N31 1.70E+02 2.00E+02 2.40E+02 2.30E+02 2.20E+02 2.20E+02 L30E+02 ................. 5.60E+Ol
N32 1.20E+02 1.20E+02 1.50E+02 1.70E+02 1.60E+02 1.30E+02 7.IOE+OI ................ .3.30E+OI

N33 7.80E+Ol 7.60E+Ol 9.80E+01 I. 1OE+02 1.00E+02 7.80E+01 3.80E+OI ................. 1.90E+OI
N34 4.70E+OI 4.30E+OI 5.60E+01 6.40E+01 6.70E+01 4.40E+01 2.00E+OI ................. 9.758
N35 2.80E+Ol 2.20E+OI 2.90E+Ol 3.30E+01 3.40E+01 2.20E+01 9.459 ......... '" .... .4.44

N36 1.70E+OI I.I0E+OI 1.40E+OI l.60E+OI l.60E+oi 9J45 3.978 ................. 1.833
N37 1.l0E+OI 6.045 6.164 7.043 6.629 3.647 1.493 ................. 0.701
N38 6.86 3.126 2.682 2.991 2.696 1.452 0.528 ................. 0.242

N39 4.003 1.577 1.047 1.177 1.042 0.538 0.171 ................. 0.082

N40 ... 2.082 0.747 0.378 0.417 0.354 0.162 0.044 ................. 0.027



"iV"".

Table 4.6 Continues

N41 0.975 0.325 6.124 0.125 0.104 0.042 0.007 ................. 0.008

N42 0.421 0.135 0.037 0.029 0.024 0.011 a ................. 0.002

N43 0.148 0.048 0.01 0.005 0.005 0.004 a ................. 0.002

N44 0.036 0.013 0.003 0.001 0.001 0.002 0.001 ................. 0.002

N45 0.007 0.002 0.001 0 a 0.002 0.001 ................. 0.002

N46 0.001 0.001 0.001 0 0 0.001 0 ................. 0.002

N47 0 0 0 0 0 0 0 ................. 0.001

N48 0 0 0 0 0 0 0 ................. 0.001

N49 0 0 0 0 0 0 0 .......... -....... 0.001

Z 36.7 36.7 36.6 36.2 35.3 34.5 33.4 ................. 31.4

RR 15.62 18.62 17.65 15.37 11.81 11.15 10.29 ................. 7.91

LWC 0.96 1.2 1.12 1.01 0.85 0.87 0.73 ................. 0.64

W 5.53 5.35 5.42 5.58 5.66 5.53 5.17 ................ .4.89


