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Measurement of rainfall with the aid of weather radar
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ABSTRACT. The theory of the radar reflectivity factor and how to determine the radar parameters must
be clearly known for an accurate measurement of rainfall with the help of a weather radar. Procedures for
achieving these ends are presented first. Kinematic and microphysical influences on Z-R relationships and
the effect on the rainfall estimates are pointed out. Consideration of radar areal estimates of rainfall utilizing

gauges for calibration indicates a significant reduction in per cent error when adjustments are made on a storm
basis and thus suggesting an improved technique. Factors affecting such measurements are finally outlined,

1. Introduction

The difficulties of rainfall measurement over a wide
area are well recognised. Due to the small scale spatial
variability of rain, a network of gauges has severe
limitations in sampling representatively. On the other
hand, a radar suffers from some basic uncertainties
primarily due to the fact that the measured quantity,
viz., the equivalent radar reflectivity factor is not uni-
quely related to the rainfall rate. Although radar has
been used experimentally for over 30 years for measuring
precipitation, operational implementation has been
slow. Now we find that the data available are under
utilized and both misunderstanding and confusion exist
about the accuracy of the results. However, imple-
mentation of digital recording and processing of weather
radar data, in recent years, has largely removed this
obstacle. For operational forecasting of river flow and
flash floods, dense raingauge observations are desirable,
no doubt, but their installation has not been practical.
Thus, there has been a considerable interest to wuse
weather radar as it provides spatially and temporally
continuous measurements available immediately in
one location. Both scatter and attenuation of micro-
waves are based on precipitation estimated. Presently
reflectivity data are considered practical for operational
measurement of rainfall over large areas,

2. Theoretical considerations

The backscattered radar power due to precipitation
particles is directly proportional to the sixth power of

particle diameters (Di6 ) per unit volume illuminated by

radar beam. If N; denotes the number of drops in a
unit volume of air with diameter D; then the radar
reflectivity factor Z can be mathematically expressed as:

z =ZM D,°=j‘e N (D) D* dD )
i 0

where N(D) is the number of drops with diameters
between D and (D-+dD) in a unit volume of air. If the
vertical air motions are absent then the rainfall rate R is
related to D by an equation,

R= %J.N(D)D’ V,(D)dD (2)
0

where V(D) represents the terminal velocity (in cm s—1)
of a drop of diameter D that is approximated by :
V,=1400 D)2 (Spilhaus 1948) 3

(45)
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Substituting the Marshall-Palmer (1948) exponential
drop size distribution into Eqns. (1) and (2) and using
the empirical relation between ¥, and D, one may get
a relation between Z and R which is of the form :

Z=AR> 0

Hence, if the drop size distributions are exponential
and also the vertical air motions are small relative to the
drop terminal velocities, then no fundamental limitation
arises for the accurate estimates of rainfall using radar.
But in practice, the drop size distribution is rarely
known and it varies in time and space. Furthermore,
the vertical air motions are frequently of the same
magnitude as the terminal velocities, particularly in
cases of thunderstorms. Thus, "the Z-R relation is not a
unique one and we are compelled to rely on average
empirical relations. Battan (1973) has presented a
comprehensive list of Z-R relationships as established
by different investigators. A frequently used relation
is of the form :

Z=200 Rt-¢ (%)
2.1. Determination of radar parameters

The average power received p, at range r can be
expressed as :

f_:',z P'_G.;)'g h 22, Z o; (6)

where,
P,=peak transmitted power in the pulser
G'=antenna gain
h=pulse length in space
A=wave length
§=beam width between half power points
r=range
Again,
3 | E'-’
o= A_i rk ‘ Dga (7)

where k)2 is a function of the dielectric constant of the
targets and is approximately 0.93 for water and 0.179
for ice in the microwave band. By Eqns. (6) and (7),

=i P,GEh&® a3 | |2 6
Po= i | k| Z D,
Vol
_ P,G2h 62 md kP2
= "Snee £ (8)

The quantity £ Df commonly designated by Z, is
Vol

0
known as reflectivity factor.

In practice the gain G is realized only at the centre of
the beam and the intensity tapers off with increasing
axial angle. If the antenna is acircular paraboloid, the
distribution of intensity in the main beam is closely
approximated by Gaussian function of the axial angle
« and is expressed as :

G(a) = G exp — [4 (Inz) «2/67) (9)
An effective beam width g, can be found by integrating
the actual beam intensity pattern for two-way trans-
mission out to some axial angle «,; which is considered
large enough to include all the scatterers which contri-
bute to the signal. Then,

G2 [ '3‘ ]" = | G*(a) 2a da (10)
0

Integration of Eqn. (10) yields :
6.2=0.69 62 for a,— 30
and
=0.72 ¢* for a; = 6

So the choice of «, is not critical and can be set equal
to 0.7 £2 with very little error. For & conical beam
Eqn. (8) then becomes :

PG h6? @3 k]2
Pr= 03002 2
In log form the above equation reduces to,
Z, (dBz2)=p, (dBm)—10 log P,--20 log r--C (12)
where,
Z,(dB 2)=10log Z, (mm® m—¥) (13)

(1D

and
C=radar constant.

The power transmitted P, is not included in the constant
as it varies somewhat with transmitter age etc and so to
be monitored regularly. In Eqn. (11) # and A can be
accurately determined with standard test instruments,
Beam patterns at the desired frequencies are usually
manufactured at the factory and the beam width can
be accurately obtained directly from them. By compar-
ing with a standard horn, the gain is also manufactured
in the factory but the value is not adequate for the
field. Two-way losses like waveguide, rotary joint and
radome losses must also be taken into considera-
tion.

2.1.1. Reflectivity factor

The most important parameter that is measured by
using metecrological radar is the reflectivity of the
the scattering volume. From a knowledge of reflecti-
vity by using suitable empirical relations one may de-
duce useful meteorological quantities like rainfall rate
and liquid water content, Moreover the severe storms,
hail storms, in particular, can often be identified by their
high reflectivities (Mazur 1986).

In order to determine reflectivity, the quartity which
is to be measured is the power received. From the
average power received P, and the radar equation the
volume reflectivity can be calculated. If it is then
normalized for wavelength we can get reflectivity factor
Z,. By definiticn Z is equal to the summation cver the
sixth power of the drop diameters but when it is obtained
from radar measurements with the radar equation it is
called equivalent Z and denoted as Z,. The accuracy
of Z, depends on how accurately one can measure P,
and also how well we know the parameters in the radar

equation.

2.1.2. Signal averaging

The power received from a radar volume at any
instant (P,) depends mainly on the configurati on of
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TABLE 1

Kinematic and microphysical influences on Z-R relationships and the effect on rainfall estimates

Process Change in Z(:AR" ) Probable effect Probable region
—— —— — on radar rainfall  of maximum
A b (when Z-R is not influence
adjusted)
Kinematic
Size sorting Increase Decrease Tendency to Regions of
overestimate strong inflow
and outflow
Vertical motion
Updraft Increase Decrease Overestimate
Downdraft Decrease Increase Underestimate
Microphysical
Evaporation Increase Decrease Overestimate Inflew regions,
fringe areas
Accretion of
cloud particles Decrease Increase Underestimate Downdraft
Collision,
coalescence Increase Decrease Overestimate Reflectivity core
Break up Decrease Decrease Underestimate Reflectivity core

scatters at that moment, By averaging P, either in
time or in range or both, the desired quantity P, can
be achieved. In general, the time integration is ob-
tained by digital sweep integrators. The signal from the
receiver ( a log receiver usually, for accommodating the
large dynamic range involved) is digitized in a number of
range bins, a few hundred generally, and finally summed
over a number of transmitted pulses of the order of
16 or 32. Range averaging is obtained either digitally
by combining range bins or analogwise by some sort of
smearing (e.g., RC or tapped delay line). Each inte-
gration cycle should be completed in about a beam
width but it is not desired to turn the antenna too
slowly. In practice 30 or 40 samples are averaged
which results in a standard deviation of less than a dB
in the fluctuations of the signal. But for an unaveraged
signal the standard deviation is about -6 dB. The
performance of the receiver also affect the measurement

of P,. One source of variation is drift in the D.C. level.
It is important to note that this either be held to a few
millivolts or to be compensated by some means.

2.1.3. Antenna gain

There are two ways of measuring antenna gain in the
field : (/) to measure the backscatter from a standard
target and (/i) to measure the power received by a stan-
dard gain horn in the far field. The ‘horn’ method is
superior to the standard target cne due to its steadiness
and reliability of measurement and also its error-cancel-
ling characteristics (Smith 1974). If Py is the power
received by an antenna of gain G, then in the far field
of an antenna of gain G, and transmitting a power P,
one can write,

P, G G, A

Pr= "Gyt 19

P, is measured through a directional coupler at the same
place where the receiver is calibrated by signal generator;
G, is precisely known as the receiving antenna in a
calibrated standard gain horn, Py is measured with the
same power meter used to measure P,. From a know-
ledge of wavelength and range accurately, the effective
gain G, can be computed.

3. Z-R relationships

Measuring the drop size distributions in many types
of rains, the characteristic Z-R relationships have been
reported by many investigators (Srivastava 1971, Wilson
and Brandes 1979). With increasing convective inten-
sity the coefficient of Eqn. (4) increases and the exponent
decreases, in general. The variations in the reported
Z-R relationship are thought to reflect the predomi-
nance of one or another physical process that influences
the drop size distribution. In Table 1, the physical
mechanisms that may alter the drop size distributions
are listed. The table also indicates the probable in-
fluence on radar-estimated rainfall and the storm region
where the effect is probably at a maximum.

Some earlier results taken by the MIT (Cambridge)
group are cited here. The rainfall reflectivity points
are plotted in Fig. 1 (Austin and Geotis 1979). The
overall relation between Z (mm®m~%) and R(mm h—1),
as indicated by a line in the figure is given by :

Z=180 R1:% (15)

In a separate observation Garrison (1972) by consider-
ing three thunderstorms, found it as ;

Z=430 R4 (16)
and for two storms containing non-cellular rain,
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Fig. 1. Rainfall and reflectivity relationship (Afrer Austin
& Geotis 1979)
TABLE 2

1.0 1.5 2.0

Value of exponent

Fig. 2. Distribution of exponents for 22 storms

Radar estimates of rainfall using gauges for calibration

: Radar
Rain type Z-R = —
relation Mcm)/  Obser- Range
# (deg) ving (km)
fre-
quency
(min)
Showers 200R5 3/1.8 5 18-28
Showers 300R! -4 10/2 5 85-115
Showers 200 R 8 513 10 95-112
Thunder- 200R1- 6 10/2 5 45-100
showers
Showers 300R 10/1 3 10-100

Per cent error
Area ———+*————, Reference
size  Before After
(km?) adjust- adjust-

ment  ment

180 43 23 Jatila
&
Puhakka
(1973)

570 43 30 Woodley
er al
(1974)

170 49 22 Wilson
(1975)

3000 52 13 Brandes
(1975)

5300 55 27 Hull &
Towery

(1978)
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Z=110 Rt-#4 a7

The distribution of exponents for 22 storms was as
shown in Fig. 2.

3.1. Radar rainfall adjustment

Adjustments of the radar estimates can be made either
(i) changing the Z-R relationship or (ii) keeping the Z-R
relationship fixed and using raingauge observations. In
the simplest calibration technique a number of gauges
(N) are utilized and a multiplicative adjustment factor
(F), the ratio of gauge derived (G) and radar indicated
rainfall (R) are computed by :

F= B (18)

or by using :

N
S o

|
N
i=1

In Eqn. (18) observations receive a weight proportionate
to depth while in Eqn. (19) all gauge-radar comparisons
have equal weight., Indeed the relationship selected for
converting reflectivity to rainfall is of little importance
and has negligible impact on the corrected radar depth
estimate (Brandes 1975). Some radar areal estimates of
rainfall using gauges for calibration is presented in

Table 2 indicating that the error after adjustment were
lowered considerably.

The table clearly shows that there is a_significant
reduction in radar rainfall estimate error when adjust-
ments are made on a storm basis,

4. Factors affecting rainfall measurement

Numerous raindrop size measurements have shown
that drop sizes vary significantly from storm to storm
and also within storms. This variability introduces
uncertainty into the Z-R relation and some meteorolo-
gists assume it to be the major cause of uncertainty in
radar rainfall measurements. Inaddition, other factors
as discussed below have significant effects, at least as
much as those arising from variations in drop sizes
(Proctor 1983).

(i) Vertical variations in reflectivity

The spatial averaging at several stages in the recording
and processing of radar data tends to depress the peak
reflectivity in showers of small dimension. There is
evidence also that Z values and the corresponding values
of Z, are sometimes reduced by downdrafts associated
with rain shafts.

(if) Horizontal variation in rainfall

Small-scale variability of precipitation in the hori-
zontal plane creates some complications. Muller and
Sims (1975) and Riley and Austin (1976) found that

reflectivity gradients as great as 5 dB km—' are not
particularly unusual and they often occur in the vicinity
of heavy rain.

(iii) Time interval between radar maps

When the time interval between radar maps is larger
than the time necessary for small intense echoes to
move from one grid point to the next then the time
integrations of R will be in error unless the radar pat-
terns are advected along the motion vectors.

(iv) Sensitivity of the radar

A radar may fail to detect light rain at large ranges.
For example, it might indicate correctly a 2-hr accu-
mulation of 5 mm due to a short intense shower but
fail to detect most of a similar accumulation which
occurred as steady light rain. Clearly an adjustment
based on either of the above situations would be in-
appropriate for the other.

5. Conclusions

Measurement of reflectivity is affected by the atte-
nuation of the signal due to precipitation. Attenuation
most affects the shorter wavelengths. So a wavelength
which is not significantly attenuated by the precipi-
tation to be measured should be chosen. If light rain
is involved wavelengths as short as 3 cm may be satis-
factory but for the measurement of heavy rain and
extended areas, a wavelength of 10 cm is recommen-
ded.

Various factors, as discussed here, contribute to
come discrepancies in radar measurements, A more
comprehensive analysis is desirable to achieve a better
physical understanding and a quantitative assessment
of the factors.

Since the physical phenomena involved in precipi-
tation are complex and variable, they should be ana-
lyzed in depth so that they can properly be taken into
account in attempts to develop objective monitoring
techniques and useful operational precedures.

In order to adjust the radar, it is desirable that fre-
quent comparison be made between rainfall rates
deduced from radar measurements and those measured
with raingauges.

Radar meteorology, being largely on observational
science, is sensitive to the quantity and cost of the
means for making measurements. Recent rapid advances
in digital electronics should, therefore, have a signi-
ficant impact on the field. As partof the weather radar
systems, many installations now use digital integrators
and some incorporate mini-computers. As a result,
the accuracy of measurement has been greatly increased.
A computer can also eliminate the necessity of some
standard radar components like the specialized dis-
plays (e.g., A scope PPI), timing circuitry etc. Its ability
to store and integrate the signal over times and areas
has obvious hydrological applications. Radar obser-
vations from satellite platforms are now considered
as further possibilities to establish detailed rainfall
patterns in near future, particularly over the tropical
oceanic regions and in the maritime continent area.
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