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ABSTRACT

Two aspects of radar-based measurement of convective rainfall over the
Transvaal Highveld are examined, Drop size distributions (DSDs} are » udied in
order to quantify the effects »f drop size distribution variability on the Z-R
refationship, and the area»timé'intcgral {ATT) method is investigated as a possible
means of radar rainfall measurement. Drop sorting effects are clearly evicent in
convective rain with resultant DSDs having hizuer numbers of large drops and
causing Z-R derived rain rutes to be overestimated. In the abscnce of updraughts
DSD[}¢ appear to represent equilibrium between drop growth and drop
disintegration effects. These patterns are generally evident in stratiform rain and
lcad to the Z-R relationship underestimating the rain rate. A, ‘jumnps’ are evident
in the DSD data and appear to be related to the transition between convective
and stratiforia rain.  Patterns described in DSDs elsewhere in the world are
evident in DSDs measured in convective rain on the Transvaul Highveld. These
patterns include the tendency for the DSD slope, A to become constant as rain
rates approach 100 mm.h-* in the A ~ R relationship and to become constant as
liquid water content exceeds 1,2 g.mn? in the A — I¥ relationship. A quadratic
Z-R reiatiunship of Z=235 + 1,36(log R) + 0,05(log R)? appears to generate
the best estimates of average rain rate when used to derive the V-ATI
relatiorship. As V-ATI derived rain rates continued to overestimate rain rates
measured at the ground using rain gauges a gauge-derived rain rate probability
weighting scheme has been used to optimise the V-ATI relaticnship. The ATI
method appears to be a useful way of measuring seasonal volumetric rainfall
totals but operational application in measuring daily rainfall amounts ¢ould not
be properly assessed due to inadequate ground-based rain rate date.
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PREFACE

The accurate measurement of rainfall in space and time has remained a
problematic issue in spite of advances in rainfall measurement technologies. Of
these technologies, weather radar remains the only source of adequate
information on the arcal coverage of rainfall, thereby enabling volumetric rainfall
totals to be calculated. Weather radars have been used over the last few decades
as a rainfall measurement too! and considerable scientific effort has been
expended in accurately defining the relationship between the return signal
received by the radar and rain rate over the area of the radur coverage. The
so-called Z-R reiationship has been identified as the most practical method of

--zadar vainfall measurement (Wilson and Brandes, 1989). Several factors

introduce inaccuracies in the standard Z-R approach, of which one is variability
in the drop-size distribution. The variability. in drop size distributions is i turn
brought about by a variety of kinematic and microphysical processes occurring

in the storm.

Drop size variability generates only one of several sources of error, however,
and over the 1o ":w years the emphasis has shified towards establishing waj(s
of nullifying other sources of measurement error such as partial beam filling and
advection of precipitation (Zawadski, 1984; Joss and Waldvaogel, 1989; Rosenfeld,
1991}, A radar rainfall measurement tachnique developed in response to thess
problems is the area-time integral (ATI). The ATI technique is based on the
relationship between storm area and duration, 2nd the rain volume produced by
that storm. The technique has recently received considerable attention and forms
the basis of the radar rainfall approach that will be used with a spaceborne radar
in the Tropical Rain Measuring Mission (TRMM} (Rosenfeld, et al., 1990)..' In
developing the radar rainfell approach to be used in TRMM a pioblem was
identified in th.at rain volume versus area-time integral (V-ATI) relationships are
likely to vary considerably from one convective regime to the next. The
derivation of a V-AT? reladonship for the Transvaal Highveld, therefore, may
contribute to TRMM. Mox: important is the fact that the ability to measure
rainfall volumes accurately using radar will contribute significantly to the fields
of hydrology, agronomy, meteorology and climatology.

In this dissertation two important aspects of radar rainfall measurement are
investigated for convective rain storms occurring over the Transvaal Highveld.
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Specific aims are : :
(i) to study the effect of drop-size distributions on the average Z-R
relationship, identifying in the process a suitable Z-R relationship for radar
rainfull measurement of Transvaal storms; ard
\ii) to derive a suitable V-ATI relationship for the Transvaal Highveld.

The intention is to identify whether the ATI technique zan be used :»
supplant the conventional Z-R technique in terms of both accuracy and
operational applicability. Literatare pertinent to radar rainfall measurement,
drop size distribution studies and the ATI -tcchx'.ique is reviewed in \Chapter 1.
Chapter 2 describes the data sources and the methods of analysis utilised in the

- study. The drop size distribution study and derivation of the averags Z-R

relationship is contained in Chapter 3. The ATI technigyue is examined in
Chapter 4 and an optimised V-ATI! relationship derived for the Transvaal
Ilighveld in Chapter 5. Results of the study of drop-siz¢ distributions contained

in Chapter 3 were prééented at the 6¢ch Annual Conference of the South African -

Society for Atmospheric Scientists held at the Geological Survey in October 1991,

The idea of undertaking an ATI study was generated by Ana Maria Gomes,
Ematek, CSIR. Supervision of the study was provided by Dr Janette Lindesay
of the University of the Witwatersrand and Dr Gerhard Held, Ematek, CSIR
Valuable comments were added by Ronaid C. Grosh, Ematek, CSIR and

statistics help proffered by Chris Gilfiilan, Datatek, CSIR. Eleonore Jacobs;

Datatek, CSIR, developed the area integration software. All are thanked for
their inputs. The bulk of this work was conducted under contract to the Water
Research Commission in the Precipitation and Airflow project (PRAI).
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CHAPTER 1

+

INTRODUCTION AND LITERATURE REVIEW

Introduction

Despite the importance of precipitation data in the fields of hydrology,
agronomy, meteorology and climatology, accurate measurement of rainfall in
space and time has remained an ¢lusive problem. Qperational forecasting of river
flows and flash flood potential requires accurate descriptions of rain fields in real
time (Austin, 1981). Similarly, a high degree of accuracy is crucial to weather
modificaticn exercises in discriminating between effective and ineffective seeding
operations (Wdodley er al., 1975; Hetmbach and Super, 1980). Data obtained
from rain gauge networks seldom reflects adequately the characteristics of the
rain field and logistics often prohibit real-time data assimilation (Neff, 1977). In

~ an area such as the Transvaal Highveld where convective rain storms produce

precipitation highly variable in space and time the problem of areal and temporal
resolution is acutely felt and comgpounded by an inadequate rain gauge network.

From its earliest appiication'.'as a meteorological tool in the 1940s, weather
radar has been seen as a possible solution to the problem of rainfall measurement
(Wys et al.,, 1989). Not only can a single radar be used to scan a large area in
real time but, in mapping the areal extent of the rainfall field, the radar echo
pattern becomes the equivalent of an infinitely dense rain gauge network, Rader
rainfall measurement is based upon the relationship between radar echo and rain
rate. Atrenuation of the return signal can be measured and statistically related

to rain rate {Wexler and Atlas, 1963; Atlas, 1964) or a polarised radar can be used

in which rain rate is measured as a function of the ratios of the return signals on
vertically (Z.) and horizontally (Z) polarised pulses (Seliga and Bringi, 1976;
Scliga e af., 1981; Goddard et al, 1982). Most radar ruinfall measurement
technignes, however, use the so-called Z-R relationship which simply relates
radar reflectivity factor {Z) to rain rate (R). It is the Z-R approach that is
considzred most practical for operational measurement of rainfall (Wilson and
Branrdes, 1979), '
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The Z-R relationship can only be determined empirically, however, and this
has lead to a wide variety of relationships being documented from all over the
world. Z-R relationships have been scen to differ wiJcI}' for different geographic
locations, from storm to storm in the same location and indeed fer different
stages v the lifecycles of individual storms. Z-R variability is directly related to
changing drop size distributions and thesc changing drop-size distributions are in
turn a function of various microphysical and kinematic processes within the
storm. A study of drop-size distributions over the Transvaal Highveld with
specific reference to Z-R relationships thus forms the first part of this

dissertation.

The second part of the dissertation is aimed at investigating the arca-time
integral (ATI) of radar rainfall measurement. In broad terms the technique is
based on establishing a relationship between storm area and duration and sainfall
volume. Although first proposed over a decade ago the ATI technique has only
recently begun to receive concentrated research attention {Atlas, er al., 1990;
Rosenfeld, er al., 1990; Geotis, 1991). The ATI techniqu: has several advantages '
over conventional methods of radar rainfall measurement. The first of these is
that remotely-sited or spaceborne radars, which cannot be regularly calibrated,
can provide accurate rainfall volume estimates " . cause only the area of the storm
need be measured. Secondly, storm area can be measured by satellite and thus
related to rainfall volumes using a rain volume versus ATI relationship {Doneaud
et al., 1987, Atlas and Bell, 1991). Thirdly, problems of partial beam filling, cited
as an even greatar potential source of error than Z-R variability (Joss and
Waldvogel, 1989), can be overcome to some extent using the ATI technique.
Finally the technique is of academic interest in identifying factors that may cause
changes in the relationship between storm area and rain flux, an aspect
particularly pertinent to weather modification experiments.

In this chapter radar rainfall measurement theory, including derivation of
radar reflectivity factor (Z) and rainfall rate (R), is discussed. Literature
pertaining to Z-R relationships, drop size distribution studies and the area-time
integral method of radar rainfall measurement is reviewed. The chapter is
concluded by detailing the hypotheses that will be tested in the course of the
dissartation.




Radar Reflectivity Factor

Radar reflectivity {octor /7, is a term used to describe the strength of the
return signal received by' the radar, Derivation of Z is based on an approsimate
form of the radar equation and is thus fairly lengthy, For this reason only the
important componerts of the derivation are highlighted here.

The strength of the returned signal received by ¢ ¢ radar is a funstion of
characteristics of both the radar and the target. Characteristics of the radar that
influcnce the return signal are the strength of the transmitted signal, P, which
may be several orders of magnitude greater than the return signal, the
wavelength, A, the effective cross-section of the radar antenna, A,, and a factor
referred to as “antenna gain’, G. Antenna gain refers to the magnification of the
signal brought about by the fact that the antenna concentrates both the
transmitted and returned signals into a »arrow beam.

The pulse transmitted by the radar imparté energy to the target, some of
which is lost as heat and the rest of which is reradiated as a scattered
electro-magnetic field. If this power were to be reradiated isotropijcally, the
power of the return signal received by the radar would be given by

_ PGA4,

{@n* (L0)

where 4, is the cross-sectionai area of the target at range, 7.

Were the radar bearn to be directed at a single object and were that object to
scatter the incident pulse isotropically the effect of the size of the target could
be incorporated into the equation as a single term in the form of the cross section
of the target. The radar beam: of a weather radar illuminates many hundreds of
targets simultanzously, however, and these targets seldom scatier isotropically.
Faor this reason a function known as the back scattering cross section is
iniroduced. The back-scattering cross-section (o) «s defined #s "the area which,
when multiplied by the incident energy, gives the total power radiated by an
isotropic source which radiates the same power in the backward direction as the
scatterer” (Battan, 1973, p.30). In cther words ¢ is the area that would
isotropically scatter th same signal as the signal actually received.
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As the signal recetved by the radar is a signal scattered by a muftitude of
scatterers the return signat is described as the sum of the return signals received
from individual scatterers, with each scatterer contributing proportionally to the
back scattering cross section {Joss and Waldvogel, 1988). Due to the continual
movement of the scatterers signal phases differ from one reflected pulse to the
next. Received power is thus given by averaging over a large number of

independent arrays of scatterers, viz.

w— P GHE -
F- ;Zf' (1.2

The effect of the target in scatt .~g the pulse transmitted by the radar is
incorperated by introducing the Rarwigh approximation {considered most
appropriate for & wavelength of 10 cm) of the scattering of a plane wave, véz.

s
o; = -;’;—zK%‘ o (1.3)

where D, is the diameter of the sphere and |K]? is a function of the dielectric
property of the sphere,

The fully derived radar equation, including the effect of the Rayleigh
approXimation ¢f the back-scattéring cross-section is then '

5. [ LRG0k \ K < ;.;3 (1.9)
T\ 16w644% 10 2 ) P e '
Equation (1.4} can be rewritten
+~ CIKPZ
F= =5 (.9

As all the terms within the parentheses of equation (1.4) are fixed
characteristics of the radar or are numerical constants they can be summarised
by €. Z is referred to as radar feﬂcctivity and is given by the quantity ¥.D5. If
the radar is being used to measure rainfall, then the scatterers would be r;i;ldmps
which can be described by a drop-size distribution. The drop-size distribution in

(AT TR L P




T

turn 15 described in terms of the number of drops () per size interval (D). Thus

radar reflectivity factor is given by
Z = J NpD®dD (1.6)
i

and is cxpressed in units of mm® .m 3 {Battan, 1973).

Rain rate (R} can be calculated from a given drop size distribution in a similar

way using the following equation

R=Z L N D VipdD | )

where ¥l is the terminal velocity of the drop by dameter (Daviak and Zrni'c':,'

1884,

Z-R Reatiouships

Relationships between Z and R can only be determined empirically. Either
Z and R can be calculated from the same set of drop-size distributions using
eyuations 1.6 and 1.7, or Z can be measured aloft using radar and compared to
£ measured at the ground using a rain gauge. This latter approach is not strictly
a Z-R relationship because it may include errors in the radar calibration and
evaporation of rain between the height of the radar beam and the ground. Z is
thus labelled equivalent radar reflectivity factor, Z, (Joss and Waldvogel, 1988).
Z-R relationships are expressed in a general relationship of the form

Z = aR’ (1.8)

Many Z-R relationships have been documented from around the world.
Values of the coefficients & and & differ widely for different geographic locations,
in gifferent rain systems in the same location and even for different stages in the
lifecycles of individual storms. Z-R variability is directly related to changes in
drop size distribution and is thus to a large degree dependant on the varions
microphysical and kinematic processes that shape drop size distributions.

- Understanding the influence of these processes on the drop size distribution and




resultant changes in the Z-R relationship is thus essential in effecting accurate
radar vainfall measurement {Hodson, 1986).

Much of the work described in the litcrature on Z-R relationships  has
involved descriptions of drop size distributions. The two are addressed in this
chapter as separate topics but it should be appreciated that Z-R relationships and
drop size distributions are ciosely related. Although the discussion that follows
focuses on drop size distributions specifically, reference is made on several
accasions to associated Z-R relationships.

Drop Size Distributions (DSDs)

Although drop-size distributions were first measured in the late nincteenth
century (Wicsner, 1895), Marshall and Palmer (1948) (hereafter referred to as
M-P) have received widest acclaim for seminal work in the field, Using dyed filter
paper t¢ measure DSDs, they proposed a general relation of the form

Ny = Nge™P (1.9)

where D is the raindrop diameter, Np is the number of drops of diameter between
D and D + dD, £y is the value of Np for D = s and A is an empirically determined
coefficient of rain intensity (Fig. 1.1}. In addition they found that Ny was a
constant equal to 0,08 cm-* and that

A = 4,1R"% | (1.10)

where R is rainfzll rate in mm.hr-! and A in mm-*. They also proposed a Z-R
relationship of the form Z = 200R,

Within & relatively short space of time it was realised that while the M-P
Jistribution was suitably representative of DSDs in warm frontal rain,
coalescence showers had DSDs that were entirely different (Mason and Andrews,
1960). It was similarly apparent that DSDs measured at the ground did not
necessarily reflect those at cloud base. The importance of DSDs aloft, besides
being in the area likely to be measured by radar, had the potential to offer
valuable clues as to factors influencing the evolution of raindrop spuctra. A
initial exponential DSD with a large negative slope for example, would be
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Figure L1 Dmp-s:r‘ distributions for different rain rates computed from thc
Marshall-Palmer {1948} relationship of \rb = NygD,

substantially modified by the elfects of coalescence, accretion and evaporation,
whereas only small changes would be evident in an initial I3SD of . clatively smull
negative slope. This implied that spectra observed at the ground must develop
from a distribution aloft having fewer smalier drops and more larger drops than
indicated by an M-P distribution (Hardy, 1963).

A theory that followed on from this argument was that an M-P distribution
would change only slowly during fall and that narrow distributions weuld rapidly
tend towards an exponential distrit:ution (Srivastava, 1967), This appeared to
suggest that the exponential shape of a DSD is due to the coalescence process,
The effects of drop break-up were included in subsequent work in which
equilibrittm distributions were shown to be the result of a balance between drop
growth and drop disintegration processes. Equilibrium distributions would be

realised more rapidly in situations of higher liquid water content, but it was

unlikely that they would be realised in natural conditions of liquid water content
and fall distance (Srivastava, 1971). - Furthermore, observed distributions were

limited to smaller sizes and were distinctly steeper than computed distributions,

This implicd that other processes besides break-up and coalescence were
responsible for shaping DSDs such as collisiona’ break-up effects and

condensation.

Drop-size distributions measured at heights just below the 0°C level with a
vertically-pointing Doppler radar were found to be well approximated by an
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Figure 1.2t Typical drop-size distributions which have been compu‘ed from six
Doppler speetra. Cirel. indizcate Doppler spectra with radar reflectivity
values of 2,7, 3.0 and 3,2 mn® m-* while crosses indicate Doppler
spritra with radar reflectivity factors of 5,0, 5,3 and 2,8 mm® .m~? (after
Sekhon and Srivastava, 1971).

exponential distribution but with steeper curves than M-P (Sekhon aru

Srivastava, 1971) (Fig. 1.2}, Also N, was not constant as suggested by Marshall
znd Palmer (1948) but in fact increased with increasing rain rate. Ground-based
disdr_ometer measurements confirmed this finding witen Jumps” in the ternporal
N, pattern were identified. These ‘jurnps” were s'..ihﬂeq'l.lcntly ascribed to changes
in rainfall regime from continuous to convective rain or vice versa (Joss and
Waldvogel, 1974), )

The condensation and bak-up computations were improved and the
activation of cloud condensation nuclei {CCN) included in t40 models aimed at
improving understanding of processes affecting DSDs (Young, 1975). . Two
different models, nam:ly “collisional break-up’ and ‘spontancous disintegiation’,
were developed. The spontancous disiniegration model generated an even flatter
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curve than that produced by Srivastava (1971) indicating that spontaneous
break-up is unlikely to be the sole agent in shaping DSDs. The collisional
break-up model, on the other hand, produced '1 ‘stcady state’ spectrum,
exponential in form and in fair agrecment with M-P (Fig. 1.3, DSD evolution
in still air was modelled assuming warm rain processes {List and Gillespie, [976).
L'sing only collisional break-up data the model produced spectra which had
virtually no drops larger than 2,5 mm in diameter but with high concentrations
of smaller drops.  The existence of large drops appeared solely attributable to
ice-phase precipitation mechanisms.  Collisional break-up dominated over
spontaneous sreak-up when the initial number concentrations (Vo) of small drops
is within the commonly observed range. When .\, was some 1we¢ orders of
magnitude lower, spontancous break-up plaved a significant role in shaping the
abserved DSDs (Srivastava, 1978

Data {rom airborne optical spectrometer measurements tc-géthcr with 3 and
10 em radar measurements showed that the temporal evolution of DSDs at cloud
base is dominated by updraught sorting {sedimentation) etfects where smaller
drops have insuflicient terminal veloeity to fall through cloud base (Curbone and
Nelson, 1978} Sedimentation leads to higher numbers of large drops and fewer
small drops during the cloud-growth siage (Fig. 1.4). During this stage drop
nurabers are typically one order of magnitude loveer than M-P at the | mm
diameter size. During dissipation, drop spectra assume M-P characteristics but
rarcly achicve comparably high concentrations of small drops or comparably low
concentrations of large drops. Also, spontaneous break-up processes may be
important for rainfall rates in excess of 30 mm.h-' when liquid water content
values are greater than 1 gam-% Conventional Z-R estimation techniqgues, it was
argued, were precluded by high drop size variability unless allowance was made
for spatial and temporal change. On storm days when large quantities of
precipitation were produced. varly radar echors resulted from both figpid aad
ice-phase processes. The concept of an ensemble of drops evolving t¢ 4 unigue
equilibrium appeared unlikely in the presence of strong vertical air motions
(Carbone and ivelson, 1978).

The M-P Z-R relationship was also shown to be inappropriate in measuring
rain rates exceeding 25 mmh' {Hodson, 1986). Data obtained from a
vertivallv-pointing Doppler radar (Pasqualued, 1982, 1982b) was used to show
that at rain rates exceeding 25 mm,h-* the slope of the DSD, A, will tend towards
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. models separately and combined. Initial conditions assume a clowd

. base temperature of 15°C, an updraught of 3 m.s-! and a maritime
- CON spectrum (after Young, 1975).

a constant value between 2,1 and 2,3 mm -, A Z-R relationship computed from
these values gives Z= 939R and indicates that attenuation is also propoitional to
rain rate when the vertical wind velocity is nil. 'When rain rate is greater than 25
mr,h-! the M-P listribution applies for drops greater than 3,0 to 3,5 mm in
diameter, but larger drops have decreasing values of A arising from drop
break-up, Drop break-up data indicate that a large number of drops in the 3,0
to 3,5 mm size range are generated by drop break-up effects (Low and L;st, 1982).

The idea of equilibriom drop-size distribations, in which drop grovith effects
were balanced out by drop disintegration effects, received considerable attention
in the 1980s. It w3 argued that natural levels of liquid water content would not
allow realisation of equilibrium in the time or fall distance normally available.
Model results supported this claim showing modelled equilibrium: DSDs to be
trimodal with peaks at drop diameters of 0,2€8, 0,790 and 1,760 mm (List et al.,
1987). Equilibrinm distributions were shown to take time to evolve esnecially at
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Figure 1.4: Drop spectra for high and low rainiall rate regons ot storms. Note the
large deficit of small drops and excess of large drups compared to
Marshall-Palmer (dashed) which have been plotted for equivalent rain
rates {after Carbone and Nelson, 1978).

rain rates of less than 10 mm.h-!, In natural steady rain spectra deviations from
equilibria are indicative of a number of features, including changes in rain
processes with height and whether rain orf inated from warm or cold cloud
processes (List ef al., 1987),

A time-dependent rain shaft mode] assuming an M-P distribution with a rain
rate of 50 mm.h-! showed that the largest drops would reach the ground first with
the onsct of rain (List er al., 1988). As more drops appear the drop spectrum
widens rapidly as a result of collisional drop break-up. At high rain rates
equilivbrivm is reached after some 3 kra of fall. Results of the model'vuns showed
that small drops measured at the ground do not originate at cloud base but occur
rather as a result of collisional break-up effects amongst the larger drops during
their fall. Although this specific work was based on assumptions pertaining to
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warm rain processes it was argued that the results may also represent cold cloud
processes where warm rain develops parallel to the ice prrticles (List et al., 1987).
Any DSD will develop with time into an equilibrium DSD regardless of the initfal
spectrum. Al equilibrium distributions have the same shape with observed
differences being related to a factor proportional to rain rate (List, 1988).

The Area-Time Integral

The measurement of rainfall using radar was pioneered by Byers (1948) who
summed rainfall totals from rain gauges in the area covered by radar echo.
Scveral subsequent studies refined radar rainfall measurement by relating radar
reflectivity Z to rain rate F {Twomey, 1953). The development aad introduction
of radar signal processing techniques in the late 1960s and early 1970s further
contributed 10 enhancing the accuracy of radar rainfall measurement. Analog
and digital integrators reduced radar mea+ srement error by approximately 1,5 dB
(Stout and Mueller, 1968). . everthelessradar rainfall measurement techniques
were not accurate enough to become entirely independent of a rain gauge
uetwork and good results began to be achieved by combining the two
measurement sources. Data from the rain gauges were used to calibrate the
radar, reducing error by about 40 per cent in an area of a thousand square miles
(Wilson, 1970). Most subsequent radar rainfall mcasurement exercises have
utilised a combined radar rain gauge mex-,s__:_;':é'cmem approach (Harrold er al., 1974;
Hill er al., 1981; Xue er al,, 1989). '

Alternative methods have been attempted in an effort to effect more accurate
radar measurement of rainfall. Two of these approaches have yielded results
comparable to and in some instances bctt.er than the standard Z-R approach.
The first of these is monitoring attenuation of the radar signal by rain. As signal
attenuation is proportional to rain rate the use of two signals of different
wavelengths, one of which is attenuated, allows appraisal of the radar rainfall
measurement accuracy and its modification as appropriate (Kozu and Nakamura,
1991). Signals with wavelengths short enough to be attenuated, however, may
sometimes be absorbed entirely by intense precipitation (Austin, 1981). The
second approach is in using differential reflectivities from orthogonally polarised
radar signals (Seliga and Bringi, 1976; Seliga e al,, 1981). As falling Jdrops have
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an oblate spheroidal shape the return signal on a vertically polarised pulse will
be dilferent to that received from a horizontally polarised pulse (Goddard er al.,
1982). The ratios of the reflectivitics Z, arxl Z, is a direct measure of rainfall rate
(Doviak and Zrnic, [984). In spite of the development of alternative methods the
standard Z-R approach remains the most practical for operational measurenient
of rainfall (Wilson and Brandes, 1979).

The equivocal nature of Z-R relationships has already been highlighted, but
while it is important, DSD variability is cnly onc of several st rces of error in
radar rainfall measurement. Variations in the DSD and resultant Z-R errors are

even less severe when considering rain over a large area or of extended duration

. {Doviak and Znic, 1984), (er sources of error may occur at random, such as

advection of precipitation or errors in radar calibration, or systematically such
as attenuation effects (Zawadski, 1984), A far more serious problem than DSD
variationr is range-rclated measurement errors such as horizontal and vertical

_ reflectivity gradients (Joss and Waldvogel, 1989) and partial beam flling. As a

result it is virtually impossible dererministically to relate actual measured radar
reflectivity (Z,) to rain rate (R) (Rosenfeld, 1991).

The area-time integral (ATI} method of radar rainfall measurement is based
on the observed relationship between storm area and duration and the rain
yolume produced Iby that storm. In fact rain volume is dependant on storm area
to a greater degree than on ram rate because the distribution of rainfall rates
from one convective storm to the next is quite similar (Lopez e: al., 1988), i.e, the
probability density function {p.d.f.} of rainfall rates from one storm to the next
is essentially constant (Atlas et al., 1990a). Thus only storm area, which is easily
measured using radar, need be known before an estimate can be made of the
rainfall volume. In addition the ATI method can be used on radars that cannot
be maintained and kept calibrated, such as remotely-sited or spaceborne radars
(Geotis, 1991). The ATI method has also been favourably reviewed as a possible
means of enhancing satellite-estimated rainfall (inter alia Doneaud er al., 1987;
Atlas and Bell, 1991), The height-arca rain threshold (HART) technique, which
is based to some extent on the ATI method, was specificaily developed for use
by spaceborne radar in TRMM (Tropical Rain Measuring Mission) (Rosenfeld
et al,, 1990). '
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Pioneering work on the ATI method is attributed to Donecaud er al. {1981}
who proposed the technique as a means of measuring rainfall by radar without
using a Z-R relationship. Doneaud er o/, made use of two data sets from the
northern Great Plains cloud seeding experiments, one of which contained radar
and rain gauge data while the other contained radar data only. An array was
constructed with columns rcpi‘cscnting hours and rows representing 22 automatic
rain gauge locations, Rain events were then described in terms of the array
{Fig. 1.5). It can be scen from the figure that a rain event could be described by
several gauges recording rain for one time period {A), or one gauge recording rain
over different time periods (B), or seperatz gauges recoiding rain at different
times {C). The area and duration of rain events (referred to as the integrated
rainfall coverage or IRC) were calculated accordingly. Rainfall volume was then
determined from radar and standard rain gauge data. Logarithms of the rainfall
volume and the IRC were found to be well correlated with a correlation

coefficient of 0,89.:

The second data set, consisting of radar data only, was evaluated in a slightly
difterent way . that both ths IRC and the rainfall volume were estimated from
the radar data. The IRC in wrn was estimated in one of two ways: '

1. Using the maximum radar echo area in any one scan during one hour

(Maximum Hourly Echo Area, MHEA)

2. Usiﬂ\'g the average radar echo area during the hour (Average Hourly Echo

Area, AHEA),

MHEA gave a better correlation coefficient than AHEA when regressed against

radar estimated rainfall volume prompting Donzaud et al. to conclude that

MHEA was the better predictor of rainfall volume.
. i

The concept of the area-time integral was introduced in subsequent work
(Doneaud er al., 1984a). Rain volume V¥ over an area 4 during time ¢ is given
by

Vaf _f Rdadt (.11
t vA .

Assuming rainfall rate R to be constant equation 1.11 could be rewritten as
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Figure 1.5: Schematic flustraiion of the array of possible rain locations and time
intervals involved in determining the integrated ruinfall coverage (IRC).
The A’s, R’s and C’s represent distinet rain occurrences that contribute
equally to the IRC (After Doneaud ez af., 1981)

V= R_f j da dt (1.12)
I A

It is the double integral that is referred to as ATI, a value which may be

approximated by summation, i.e.

ATT = rrdads = Y AN ' (1.13)
1 Y4 =1

An important part of the calculation of the ATI is Jetermining an appropriate
reflectivity threshold. Echo below this threshold is then not included in the ATI.
There are a number of factors that need to be considered in selecting an
appropriate threshold value. A threshold value set too high would exclude echo
area producing significant precipitation. On the other hand, a threshold set too
low would include echo area umlikely to produce significant amounts of
pricipitation (Doneaud ez al, 1984a), This latter point is also important in
reducing the need for an evaporation correction between the height of the radar
beam and the ground (Doneaud et al., 1981).
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Radar estimated rain volume can be related to ATI m a power-law of the

- general form

Vo= K(ATHP (1.19)

swhere X and & are coeflicients determined by the regression analysis (Doncaud
el al., 1984a). The ratio of the ATI in km*.h to the rain volume in km2.mnm gives
the average rain rate R in mm.h-1, viz,
x ¥V
R = 1D

(1.15)

By substitﬁting equation [.14 into equation 1.15 the equation is defined as
R = K(411"™! (1.16)

A slope value, 5 — |, of less than one implies an improbuble situation, that larger,

sustained storms produce lower average rain rates, whereas a slope value

excecding 1 suggests rain rate increases with increasing \TI. A slope value of 1

indicates rain rate to be independent of the ATI. In investigating the evolution
of rain rates in storms in the semiarid climate of North Dakota average rain rates
were found to depend on the reflectivity threshold used :n the V-ATI calculation
and a threshold value of 25 dBZ was considered most suitable. This threshold
value gave average rain rates of 4,0 mmh-! and 4,3 mm.h! for a dry and
subsequent wetter season respectively. An average rain rate 2,5 times larger was
found for Florida (Doneaud et 4f., 1984b).

The V-ATI relationship is clearly useful in estimating the amount of rain from

‘a storm over the storm lifetime. Ta be operationally practical, however, it is

necessary 1o determine whether the V-AT! relationship can be used at
intermediate stages of a storm’s lifetime providing estimates of the rain volume
in real! time. A comparison of V-AT! relationships computed from different
stages of storm development showed that the predictive power of the V-AT!
relationship increases as the time increment used in the ATI approaches the total
storm duration. Nevertheless multiple linear regression, which included the
maximum radar estimated rain volume, the maximum area, the maximum
reflectivity and the raximum echo height, showed radar esiimated rain volume
to be well corzelated with the maximun single-scan rain volume, This implies
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* that the totai rain volume could in fact be estimated by simply identifying the

maximum stage of development of the storm ([Joneaud er af., 1983b).

The possibility of using V-ATI relationships in enhancing satellite rainfall
estimatior. has alrcady been mentioned with several provisos. Differences
between radar reflectivity features and satellite features make area delineation
difficult and accurately identifying the starting and ending times of the convective
events is crucial.  Starting times are easify identified but cirrus debris renders
identification of the ending time extremely difficult. - The fact that total rai
volume can be estimated by identifving the maximum stage of stuerm
development, however, implies that the ending time of the convective storin can
be taken as the time of maximum development. Satellite data defirition of
maximum development could be based on the maximum count valuec {ie.
minimum temperature) (Doneaud et al, 1987). Further investizations were
conducted of calculating =adar ATI using maximum area, maximum reflectivity
and maximum echo height of the convective event as the ending tiroe of the
analysis. Rainfall volume was computed for the lifetime of the storm. Results
demonstrated that the AT] method can be applied only for the growth portirn
of a convective event uSing the maximum echo areg as the ending time of the
analysis giving rainfall estimates comparable to those obtained using
conventional Z-R techniques with space and time integration. As such the ATI
technique could be used to nowcast total rain volume (Doneaud er al., 1988).

Premises and Hypoth?ses

In this study two major aspects of radar raicfall volume measurements will
be considered. The first of these wilf be a study of drop-size distribution patterns
in rain from convective storms over the Transvaal Highveld. Specific objectives
of this first section are to

a. determine an appropriate Z-R relationship for usc in radar rainfall estimation
techniques; _

b. document likely effects of microphysical and kinematic processes on drop-size
distributions ard how these differ between convective and stratiform rain as
evidenced in DSDs measured on the ground;: and
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¢. consider the significance of drop-size distribution variability on the Z-R
refationship and resultant changes in radar rainfall measurement accuracy.

L
In the second part of the dissertation a specific radar rainfall measurement
technigue known as the area-time integral (ATI)} will be considared in order to:

a. determine an optimal method of determining volume versus arca-time integral
{¥-ATI) relationships;

b. select an appropriate minimuam reflectivity threshold;

¢. assess the sensiuvity of the V-ATI relationship 1o changes in the Z-R
relationship; and

d. asscss the accuracy of the area-time integral method in measuring convective
rainfall over the Transvaal Highveld. -

des ek e ot e e e e el

Literature pertaining to radar rainfall rmeasurement,
including drop-size distribution (DSD) studies and the

. area-time integral (ATI) technique, has been reviewed.
Radar relleciivity facior (Z) and ram rate '(R}
computatiopal formulae have been derived.  The
importance of kinematic and microphysical cloud
processes on evolving drop-size distributions have been
highlighted with specific reference to concomitant
changes in the Z-R relationship. Promising results
obtained from the area-time integral (ATI) approach to
radar rainfa{l measur;ment have been reviewed. It has
been proposed that the ATI technique be investigated as
a means of improving radar rainfall measurement in storm
systems over the Transvaal Highveld. In the following
chapter the various data sources used in the study will be
discussed,



|

e

CHAPTER 2

DATA AND METHODS

Several data sources have been utilised during the course of this study, The
primary data source is an S-band weather radar situated at [Houtkoppen to the
north nocth-west of the Johanngsburg city centre (Fig, 2.1), The radar has
radial range of 300 km, a beam width of 1,1° and a wa.<length of 10,6 em
(Gomes and Heid, 1991), The radar was modified to operate in Doppler mode
in 1986, Data obtained from the radar are stored on magnetic tape before being
transferred to the CSIR mainframe computer for further processing. '

The first step in processing the data for the AT: study was the development
of software capable of integrating the area of reflectivity with respect ty time
within the confines of a fixed geographical region. Only radar dﬁ‘a in
plan-position-indicator (PPI} format at minimum clevation dngma
{approximately 2°} were used. Initially a 1° latitude by 1° longitude grid square
was chosen as the area in +which radar echo was to be integrated. The area of
radar echo was integrated over an hour. Unsatisfactory results were obtained
using this approach so a second approach was developed whereby all radar echo
within a 75 km radius of the radar was integrated. Not only is radar rainfall
measurement considered tenuous at ranges exceeding 75 km but this is also the
maximum range at which data are recorded when the radar is operated in
Doppler mode. The second approach was further refined by integrating echo
area for each scan and multiplying the area by the time between that and the
following scan. This second app;oach had several advantages over the first.
Echo area was not truncated at the limits of the grid square and integrations for
individual scans simplified the analysis considerably. V-ATI computations werg
based on data from the 1987;88 rainfall season.

Raindrop-size distributions were measured using a Joss-Waldvogel raindrop
disdrometer (Joss and Waldvogel, 1967). The disdrometer was operated on the
roof ofa building within the CSIR campus {Fig. 2.1). The principle of operation
of the disdrometer is that a voltage is induced into a sensing coil by the
downward displacement of a styrofoam body (Fig. 2.2). This signal is amplified
and applied to another coil within the transducer to counteract the t :vement

20
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Figure 2.1: Schematised map of the disdrometer site (CSIR), the autographic rain

_recorder stations (Forum Building (SAWB), Irene weather station, Jan

Smuts and she University of the Witwatersrand (WITS), and the radar.
Circular lines are radar rangt rings,
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“Figure 2.2 Schematic illustration of the principle of operation of the raindrop
disdrometer.

of the body and return it to its rest position. Thus the instrument retains a high
recovery rate and is capable of measuring scveral hundred drops a second
(Waldvogel, 1974; Kinnel, 1976). The disdrometer was housed in a
polystyrene-lined box with only the styrofoam piate exposed, to dampen
extraneous noise from the drops hitting the roof. The box wus covered with foam
rubber to prevent sploshing effects. The disdrometer was operated approximately
2 m away from a tipping-bucket rain gauge allowing appraisal of the disdrometer
in measuring rainfall. Unfortunately some teething troubles with installing the
disdrometer meant that continuous measurement was only effected from the end
of November 1989. The disdrometer was subsequently operational for the rest
of the 1989 90 season and the entire duration-of the 1990,/91 rainfall season. In
total 16 791 minutes of data were collected during which 1006,52 mm of rain were
recorded. For the 198990 season a sample volume of 11 592 n® was recorded
and for the 1990;91 season 21 990 m* In comparison other ground-based DSD
studies had sample volumes of + 300 m® (Marshall and Palmer, 1948), 4100 m?
{Austin and Geotis, 1979), 30 000 m® (Richards and Crozier, 1983) and 316 000
3 (Breuer and Kreuels, 1976). It must be pointed out that DSD studies utilising
radar have sample volumes orders of magnitude higher than ground-based
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Figure 2.3: An example of plots generated for every hour of disdrometer data which
were subsequently analysed.

studies, Sample volumes of 2,5 x 0% m? {Caton, 1966} and 33,3 x 10¢ m?
{Richards and Crozier, 1983) are common in radar-based DSD studies.

The data processing software provided with the disdrometer was found to be
restrictive, particularly in processing large amounis of data. Disdrometer data
were thus transferred to the CSIR VM mainframe and a suite of programs
written which plotted rain rate and. other DSD characteristics against time
(Fig. 2.3). Each hour of disdrometer data was plotted in this way. The plots
were analysed and rain episodes identified for further study. Z-R relationships
and time averaged DSDs were then determined for individual rain episodes and

for the season as a whole,
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Figure 2.4: a) Differences between rain totals measured by disdrometer and those
measured using a tipping-bucket rain gange for 55 consecutively
numbered rain episodes during the 1989,90 and 1990/91 rawnfall seasons
and b} maximum reinfall rate during the above-mentioned rain
episode.

Rainfall totals measured using the disdrometer compared reasonably well with
totals measured using the tipping-bucket rain gauge with a mean difference
between the two instruments for 55 rain episodes of 0,0914 mm. Significant
departures for individual rain episodes are apparent, however, of which
underestimates by the disdrometer during periods of high rain rate are most
significant (Fig, 2.4). The underestimation appears to be related to an
instrument deficiency in that smatler drops are not always registered during high
rain rates due to instrument dead-time. Various authors have reported this
problem including Joss and Gori {1978) and List (1988). List in particular
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compared DSDs measured by disdrometer with those measured using a laser
spectrometer,  Small drops measured by the spectrometer were not recorded by
the disdrometer in high rainfall rates. The deficiency should not detract
substantially from the uscfulness of the instrument, Although rain rates may be
underestimated on some occasions, calculation of the reflectivity factor will not
be alfected significantly by drops of less than 1 mm in diameter.

Autographic rainfall records were obtained from the South African Weather
Burecau for stations at the Forum Building (SAWB) in Pretoria, Irene and Jan
Smuts Airport {(Fig. 2.1), Records from a tipping bucket rain gauge maintained
by the Department of Geography and Environmental Studies at the University
of the Witwatersrand (Wits) were also used. Averuge rain rates were then
computed at each of the three Weather Bureau sta.t'gns {or the 1986,87, 1987/88,
198889 and 1989,90 rainfall seasons. Unfortunately the time resolution on the
strip charts used to record the rainfall on the Wits and CSIR rain gauges does
not allow rain rates to be calculated with sufficient accuracy. The Wits rainfall
record was excluded from the study and rain rates derived fromn disdrometer
measuremients used instead of the CSIR rain gauge. Both gauges are described
here simply to recognise their existence. The ground-truth rain rate data used in
validating and ultimately in optimising the ATI technique, was obtained from the
disdrometer, the Forum Building autographic raip gauge, the Irene autographic
rain gauge and the Jan Smuts autographic rain gauge.

EL Ll * kA

The three sources of data used in this study have been
described, viz. the weather radar, the raindrop disdrometer
and the automatic rain gauge network. In the following
chapter, drop-size distributions measured using the
disdroineter are analysed in order to ‘hssess the effect of
drop size distribution variability on the Z-R relationship,
and to derive an appropriate Z-R relationship for
convective rain measurement over the Transvaal
Highveld,
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CHAPTER 3

DROP-SIZE DISTRIBUTIONS AND Z-R RELATIONSHIPS

Introduction

The importance of drop-size distribution information in cffecting uccurate
radar rainfall measurement has already been highlighted. In addition, the
theoretical background to DS studies has been discussed, including the
influence of kinematic and micr. phvsical processes in modifving evolving DSDs.
In this chapter DSDs measured during the 1989,90 and 199091 rainfall seasons
and their implications for radar measurement of ruinfall on the Transvaal
Highvekl will be discussed. Both D3Ds per se and averige Z-R relationships will
be considered in order to identify DSE characteristics relevant to this study and
ta derive a suitable Z-R relationship for convective raintill measurement over the

Transvaal Highveld.
Drop-Size Distributions

Due to the fact that their measurement techniques were rather crude, the
dre - size distributions used in Marshall and Palmer’s (1948) study were averaged
over time. A more sophisticated measurement instrument like the disdrometer
allows for better temporal resolution of DSDs, but time averaged DSDs for
individual rain episodes make for interesting comparisons with earlier work dr
in this field. Time averaged DSDs over the Transvaal Highveld measured v g
the disdrometer tend to be flatter than M-P curves with fewer small drops and
more large drops (Fig. 3.1).

The temporal variation of DSDs is not represented in either an average DSD
or an average Z-R relationship, however. The extent of temporal variability of
DSDs is clearly evident in a three-dimensional drap-size distribution field which
is representative of a 17 minute period during the lifecycle of an arbitrarily chosen

~ storm {Fig. 3.2). In order to quantify temporal variability in drop size spectra,

Waldvogel’s (1974) paramaterisatiors method has been used. Waldvogel based
his technique on the assumption that a DSD averaged over one minute would
be described adequately by an exponential distribution. The exponential

27
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distributé n could be described in turn by the intercept value, Aj, and the slope,
A. A and A are obtained by substituting for the number of drops N {equation
1.9) in the cquations for calculating liquid water content (¥, and radar
reflectivity facior {Z) as follows:

2
6

W= LJ NpDHD = 2N, J e {3.1)
6 q 0

Z =j NpD%D No I e~ pedD (3.2)
0 _ 0

Np and A ¢an now be calculated from equations 3.1 and 3.2.

4 a
1 /6N W3
o= +($)(F)"
| 4
3
A =446(-’2’i) W (3.3)
1 L
(&Y )T
A= ($)(%)
1
A= 6,12(%-) (3.9)

Changes in rain rate, liquid water content and radar reflectivity factor can
then be related to changes in drop size spectra. N, A and rain rate have been
plotted as functions of time for a rainfall event in December 1989 (Fig. 3.3a).
At 16:30 (marked (a) in Fig. 3.3A) values of N, show a moderate decrease while
A values decrease Sharply. At the same time a significant increase in rain rate is
evident. The low values of both A; and A, ie. a low intercept value and a
relatively flat slope, imply that DSDs are dominated by large drops with relatively
few smaller drops. Such a paitern can be related to theoretical studies and in
particular to results obtained from a time dependent rain shaft model (List, 1988).
Results obtained from the model showed that cloud base DSDs would be
significantly modificd by drop sorting (seditnentation) effects. Drop sorting is the
process by which smaller drops remain suspended due to the presence of strong
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Figure 3.3: ¥, A and rain rate plotted as functions of time. A and rain rate are
plotted on a log scale on the right hand axis in units of m-%.mm-! and
mm.h-! respectively. A is plotted on 2 linear scale on the left hand axis
in units of mm-!, Lower case letters are discussed in the text.
A: 8 December 1989, 16:00 to 17:59.
B: 22 December 1989, 18:18 to 18:59.
C: 4 March 1994, 22:00 to 22:59,

updraughts and only the Iarger.drops have sufficient terminal velocity to begin )
falling. As a result, DSDs at ground level are characterised By an initial
scattering of large drops as the rain starts. As the Jarge drap numbers increase,
smaller drops begin to appear in the drop size spectra. The model results also
suggested that these smaller drops appear in the spectra as a result of break-up
effects due to drop collision, rather than having originated at cloud base.
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By 16:35 {marked (b} in Fig. 3.3A} A} had increased significantly along with
a moderate increase in A. The increase in the intercept value and slight
steepening of the slope indicates greater numbers of small drops in the spectra.
The pattern remained reasonably constant [or some 135-20 minutey before the rain
rate began to decrease. Coincident with the rain rate decrease was a marked
steepening ol the DSD slope (indicated by increasing A values) implying
progressively fewer large drops in the spectra. From 16:535 {marked (c} in Fig
3.3A) A became constant while A; begen to decreuse, implving decreasing

numbers of drops throughout the entire spectrum. Shortly after 17:00 (marked -

(d) in Fig 3.3a) a short burst of rain is evident which injected some larger drops
{indicated by a decrease in A). By 17:50 DSDs had no large drops, indicated by
high ¥, and high A values,

Similar patterns of evolving drop size spectra are evident in ‘other convective
storms and were especially pronounced in rain from a storm that traversed the
disdrometer site on 22 Devember 1989 (Fig. 3.3B). From the onset of the rain
at 18:18 there was a sharp, parallel decrease in Ay and A imarked (aj in Fig, 3.3B)
implying that initial DSDs contained some large drops. The slight decrease in
rain rate occurred at the same time as Ay and A increased {(marked (b) in Fig
3.3B) suggesting that the slight Iull in the rainfall was as a result of the absence
of large drops, As the rain rate began to increase agair, an influx of large drops
is evidenced by a much flatter DSD slope (low A values).

Between 18:24 and 18:25 {marked (c} in I"Ig 3.3B) an N, jump occurred of
slightly more than one order of magnitude with a concomitant steepening of the
DSD slope. N, jumps _have been identified in disdrometer data records and
ascribed to changes in the rainfall regime from convective to continuous rain
(Joss and Waldvogel, 1974). The &, jump evident in this storm appears indicative
of » sudden downpour of small drops. This substantial increase in the number
of small drops cannot be easily attributed to collisional breakup effects and would
scetn to be better accounted for by the rapid collapse of the thunderstorm
updraught. The rain peak of 46,5 mm.h-! {marked (d} in Fig 3.3B) coincided with
sigh Np and low A values implying high numbers of both small and large drops.
Rain rate subsequently decreased and from [8:39 (marked (e} in Fig 3.3B)
cnwards the DSD slope became progressively steeper indicating diminishing
numbers of large drops.
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If the rainfall pattern seen for this storm is compuared to the well-documented
fifecycle of an isolated, single-cell storm (Preston-Whyte »w.. Tyson, 1988)
interesting __;':*.-timilaritics are evident, Single-cell storms are characteristically
short-lived, typically less than 60 minutes, and show marked temporal changes.
Most significant, however, ts the fact that in single-cell storms the updraught
collapses due to friction created by [alling rain {Chisholm and Renick, 1972). The
rain rate pattern {rom the storm that occurréd on 22 December 1989 is éntircly
consistent with the characteristics of a single-cell storm. These similarities
suggest that the N, jump may well indicate the rapid decay and collapse of the
thunderstorm updraught. Verification of this idea would require a comprehensive
radar-based analysis of the storm. Such an analysis is beyond the scope of the
present study.

Stratiform rain, on the other hand, without significant drop-sorting effects,
shows an entirely different pattern. On 4 March 1990, a convective storm system
passed over the disdrometer site trailing an extensive region of stratiform rain.
Rain fell intermittently for some six hours. After an initia! downpour with the
passing of the leading edpc of the storm, rain had stopped falling by 21:5% and
gradually began to fall .._uin after 22:00 (Fig. 3.3C). The parali¢l increase in N,
and A {marked (a) in Fig 3.3C) implics that the DSDs that contributed to the
measured rain rate were entirely devoid of large drops. The pattern prevailed for
about 10 minutes before sharp decreases in both A; and A indicate the influx of |
large drops (marked (b) in Fig. 3.3C). Whether the influx of large drops is
re'at>d ro processes of rain drop evolution within the thuderstorm updraught or
whether they have arisen from drop coalescence effects cannot be resolved in the
present analysis. The increase in rain rate from 22:45 (marked {c) in Fig 3.3C)
is again associated with a flattening DSD slope, but in that case high N; values
were maintained. This implies that drop sorting effects were present and that the
rain rate increase resulted from an influx of large drops while high numbers of
small drops were maintained.

An alternative means of portrayi.g changing DSDs is by plotting rain rate
as a function of N; and A (Fig. 3.4). Wide ranges of porsible DSD spectra are
evident for each of the four groups of rain rates. The concept of ‘equilibrium
DSD¥’, in which drop growth effects and drop disintegration effects are in
balance, has been discussed by several authors (Srivastava, 1971; Zawadzki and
de Agostinho Antonio, 1986; List, 1988). As median values of N; and A for the
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Figure 3.4: Rain rate as a function of Ny and A. Solid lines indicate median values
for uhé.; entire season, dashed lines median values for the individual rain
episo
a) 8 December 1989, 16:00 to 17:59
b) 22 December 1989, 18:06 to 21:20
¢) 4 March 1990, 19:14 to 05:21

entire rainfall season appeared to be the most likely representation of equilibrium
DS8Ds, seasonal median values of &, and A are plotted as solid lines on the
graphs. Median values of N, and A for the individual rain episodes are also
plotted on the graphs as dashed lines. For the storm on 8§ December 1989, the
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medizn A value is Jess than the seasonal A median implying that DSDs in the rain
from this storm were characterised by significant numbers of large drops.

Both the median A and N, values for the storm on 22 December 1989 are less
than the seasonal median values suggesting that, althotgh there were significant
numbers of large drops in the DS8Ds, there were generally {ewer drops than for
the storm on § December {989, The median A and A values for the storm on 4
March 1990 correspond quite well with the seasonal median A; and A values
suggesting that equilibrinm DSDs are a feature of stratiform rain,  Equilibrium
DSDs have been observed in steady tropical rain in which the absence of
updraughts was identified as playing a crucial role in the formation cf equilibrium
DSDs (Zawadzki and de Agostinho Antonio, 1986).

The importance of quantifying the various kinemutic and micraphysical
processes that influence DSI) evolution lies in establishing the effects of these
processes on the Z-R relationship., In order to illustrate the cffects of changing
drop spectra on the Z-R relationship, the radar reflectivity curve has been
introduced into the rain rate graph from the storm on § December 1989, Implicit
in the use of a Z-R relationship is the assumption that Z and R are diteutly
proportional.. Thus if the two curves are overlaid (Fig. 3.5B) and plotied against
time, deviations in_The relationship are easily recognisable. At {a) for example,
radar reflectivity significantly exceeds rain rate. Corresponding Ny and A curves
(Fig. 3.3A) indicate a flat DSD slope with a moderate intercept value implying
high numbers of large drops in the drop size spectrum. On the other hand, radar
reflectivity is significantly less than rain rate at (b) and in this case the Ny and A
curves indicate N large drops in the drop size spectrum. At (¢) radar reflectivity
changes from exceeding rain rate to underestimating rain rate, In this instance
rain rate remains nearly constant and the deviazions are in direct response to
changes in the DSD.

Analyses of individual storms provide important insight into the processes
that mudify evolving DSDs. In addition the analyses highlight the effects of
changing DSDs on the Z-R relationship. Where such analyses fail is in assessing
the climatological significance of changing DSDs for an entire rainfall season.

. For this reason the graphs in which rain rate has been plotted 25 & function of

Ny and A have been extended to include data for the entire 1989/90 rainfall’
season. The graph has been divided into 16 blocks by including divisions at the
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Figure 3.5 A) Xy and A plotied against time for 8 December 1989, 16:00 to 17:59.
B) Rain rate and radar reflectivity factor *r the same pedod. The
letters a, b and ¢ are Jiscussed in the text. :

_ 25 and 75% quartiles of Ny and A. Each block in the N; — A plot thus represents
' - a specific DSD and has been labelled Al to D4 (Fig. 3.6). Block Al, for

" example, represents below median values of N and below median values of A,
- whercas block D1 represents above median values of N, with below median
'_-.’/F_ \ vatues of A.. All possible combinations of i, and A are listed together with:

concomitant DSD characteristics, in Table 3,1
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All possible combinations of Ap and A for rain rutes exceeding 0,01
mm.h-t, Solid lines indicate median vatues, dast.ed lines the 23 per cem:
and 75 per cent quartiles respectively. .

Table 3.1:  DSD characteristics specific io cach of the blocks identified in Figure
3.6,
Block N, A | Characteristics of the distribution
{2, C3, B2, B3 {Median | Median | Equilibrium distribution
C4, B4 Median | Above |Few large drops. Possible drop bredk-up
median |effects
Cl, BL Median |Below {|More large drops. Drop coalescence and/or
median |large drops originating at cloud base

D2, T3 Above |Median |Higher numbers of drops across the
median spectrum. Migh rain rates

D4 Above jAbove |Large numbers of small drops.
median |median | Considerable drop break-up effects

D1 Above |Below jHigher numbers of drops across the
median |median |spectrum, but with relatively more larger

draps

AZ, A3 Below |Median jFew drops across the entire spectrum.
Median _-

Ad Below |Above |No large drops. Few smail drops
median |median '

Al "|Below |Below |Scaftering of larger drops. Drop-sorting or

coalescence effects.
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Z-R Relationships

An average Z-R relationship for the 198990 scason of Z = 300 R'* has been
determined by least squares lincar regression (Fig. 3.7). Z-R relationships
calcdiated for indivicual rain episodes, however, are scen to very considerably
from storm to storm in r+ in 3 te Jifterent suites off DSDs {Fig 3.8). The 16
blocks described in the Ny — A piot have been used 7~ - vcggrize cach minute of
disdrometer data by DSD. Guie2 e data ba - 00 zegorised in this manner
rain rate measured using the disdrometer Was compan?éd to raip computed from
the average Z-R relationship. The results are summatised in Table 3.2, Positive”
values in the table indi¢ e the percentage by which the sctual rain rate exceeds
the rain rate computed using the average Z-R relationship. Similarly negative
values indicate the percentage by which rain rate computed from the average Z-R
relationship exceeds actual rain rate, The percentage frequency of occurrence of
each DSD category is also included in the table.

It can be scen from the table that the maximum rain rate in block Al (116
mm.h-1) was overestimated by the average Z-R relationship by about 53 per cent.
In block D1, on the other hand, the maximum rain rate of 196 mm.h~? was

~ underestimated by 36 per cent using the average Z-R relationship. Similarly in

blocks A4 to D3, in which similar rain rates were measured, the average Z-R
relationship can both overestimate and underestimate the rain rate depending on
the drop-size distribution.

The problem was compounded when an average Z-R relationship of
Z = 220R'* was calculated for the 1990/9] season (Fig. 3.9} and combining the
two data sets gave Z = 245R'4. In addition Hodson (1986) contends a single
Z-R relationship cannot be used for all rain rates and that above 25 mm.h-! a
different Z-R relationship must be used, Using data from a vertically-pointing
Doppler radar (Pasqualucci, 1982a, 1982b) Hodson showed that A becomes

_ constant once rain rates exceed 25 mm.h-* and, based on this observation, he

calculated 2 Z-R relationship of Z = 939R for rain rates exceeding 25 mm.h-!,
A — R scaiter plots were constructed for both seasons (Figs. 3.10). In both plots
a tendency towards a constant A value is apparent but only at rain rates of about
100 mmh-?, a finding supported by Willis and Tattleman (1989). Hodson also

describes a tendency for A to become constant once liguid water vaiues exceed




Table 3.2:

Differences between measured rain rate and rain rate computed using
an average Z-R relationship >f 7 = 300 R* Each block refers to the
drop-size distribution patterns illustrated in Fig, 3.6 and characterised
in Table 3.1. Maximum, minimum and mesn differences and relative
frequency of ocearrence are shown for each DS category.
Block | 1 Frequency of 2 Frequency of
' occurrence of cccurrence of
DSD category % DSD category %
A Mean j +11,24% -16,67%
Min -74,00% 13,2 =71,43% 9,6
Max -54,69% 25,11%
B Mean | +-24,00% 3,7:%
Min -65,00% 7,6 24.17% 6,9
Max -4(,80% 6,4 %
C Mean | +26,06% +19.77%
Min | +04,23% 3,9 +3,%2% 6.6
Max -12,92% +21.40%
D Mean | +36,66% +39.64%
m +19,89% 2,3 +25.73% 5,0
+36,19% +46.30%
| 3 4
A Mean | -17,65% -16,67%
Min ~75,00% 2,3 -50,00% 4.9
Max -18,33% ' -15,79%
‘B | Man| + 400% +
Min - 9,00% 6,8 2,33% 3,5
Max | + 9,09% - 8,33% -
11,90%
C Mean | +23,26% +24,00%
: Min +20,20% 7,0 + 3,0
Max | +23,22% 8,33%
+28,87%
D Mean | +44,67% +47,77%
Min +28,71% 7,5 +32,70% | 2,8
Max | +453,63% - +57,24%
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Figure 3.9: Scatter piot of the rclationship between Z and R computed from
diﬁdromcter data revorded during the 1990791 rainfall season.

1,2 gm? which is reflected in A — W scacter plots for both rainfall seasons
(Fig. 3.11).

In both sets of plots the spread of A values is seen to be significantly greater
in the 1990/91 season than in the 1989/90 season. Summary statistics {or the two
rainfall seasons as well as for e two seasons combined are presented in
Table 3.3. If the median values are compared to Figure 3.4 it can be seen that
the 1990/91 season would have been chara:terised\by DSDs with larger nuinbers
of smaller drops, whercas DSDs in rain events duﬁng the 1989/9G season would
have had a greater number of large drops. The wide spread of A values in the
1990/91 A ~ ¥ piot also reflects the prestuace of drop disintegration effects.
Collisional drop breakup reportedly prevails in conditions of high liquid water
content {Grosh, 1989),

A quadratic fit Z-R relationship has also .bee;h proposed as a means of
attaining more accurate estimates uf radar derived rainfail (Jones, 1965). It has
been argued that when the terminal velocity of Falling drops V(1) is correctly

specified, the Z-R relationship becomes highly non-lincar on logarithmic
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Q Figure 3.10: Scatter plot of the relationship between A and R computed from the
disdrometer data. :
a) 1989/90 rainfall season.
b) 1990/91 rainfall scason.

e - coordinates and that a quadratic fit Z-R may well be more appr_opriate than a

| linear relationship (Grosh, 1989). ] '
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o Figure 3.11; Scatter plot of the relationship between A and liquid water content
' computed from the disdrometer data.
a)} 1989/90 rainfall season. :
©j 1990/91 rainfall season.

. Based on the above, selection of a single Z-R relationship for radar rainfall

measurement in storms occurring on the Transvaal Highveld would be tenuous
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Table 2.3; Summary statistics for the 1989/20 and 1990/9@ rainfall scasons
oblained from the disdremeter data,
- Season A {mm™) . N, {(m*.mm™?)
8990 3,56 3859
9091 4,04 s
Both 3.8 4803

at best. Clearly the only means of properly appraising any Z-R relationship is
by compering actual reflectivity values from radar with rainfall measured at the
ground, A scries of Z-R relationships have been Jutermined, therefore, for use -
in the V-ATI analysis. Z-R relationships for all rain rates (hereafter referred to
as the lincar Z-R relationship), for rain rates less than and greater than 25 mm.h
-1 (hereafter refe:ved to as the 25 mm.h~! Z-R relationship) and a quadratic form
of the Z-R (hereafter referred to as the quadratic Z-Rrelationship) have been
calculated. The Z-R relationships were calculated for each season individually
as well as from the combined da’s sets. They are summarised in Table 3.4 and
plotted graphically in Figure 3.12.




Table 3.4:  Z-R relationships for two rainfall scasons.
®1 £ = a + blog R) + c{log Ry (Grosh, 1989),

K2 2= QR‘
Type Rainfall s.ason a b c A
QUADRATIC 89/90 - 2,46 1,30 | 000 §
(0.9} 96/91 2,30 L34 | ool
~ Both 2,35 - 1,36 0,09 5
R<25 mm,h* 89/90 298 1,39 NA
TGk 90191 217 1,36 NA
Both 242 1,37 NA
R> = 25 mmb* 89/90 638 1,28 NA ‘
X3 - %0/91 572 1,26 NA
Both - 539 1,3 NA
All rain rates 89/90 309 1,41 NA
LINEAR 90/91 220 1,38 NA
%) : Both 245 1,4 NA
10°
10? -
&
E 101 -
e
_ , 10° - i
o
10-1 . 7 - T 1 T
C 1w 10t 10t 10t w10t
T | L Z{mmCm®)
Figure 3.12: Different Z-R relationships determined from combined data sets.
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Summary

Drop-size distributions (IDSDs) which occur in rain from storm systems on
the Transvaal Ihighveld bave been considered in this chapter. The analysis has
been based on the assumption that any DSD wilt oe described adequately by an
exponential distribution. The DSD can be described in turn by the intercept
value, N, and the slope of the distribution, A, In plottiﬁg the temporal variation
of N, and A, various kinematic and microphysical processes have beer identified
and related to evolving DSDs. Drop sorting effects are clearly evident in

convective rain with resultant DSDs having relatively fewer smaller drops with

~ higher numbers of large drops. “Jumps’ in the temporal pattern of 2%, which have

been described by other authors, have also been identified in the DSD data.
Characicristics of the storm in which an N, jump was ideniified suggest that
jumps are related to the rapid collapse of the thundersiorm updraught. DSDs
measured in stratiform rain, in the absense of updraughts, appear to represent
equilibrium between Jdrop growth and drop disintegration effects. Verification
of the above interpretations requires a comprehensive radar analysis of the
evolving morphology of the thunderstorm which is beyvond the scope of the

present study.

Changing DSDs have been shown to influence markedly the accuracy of radar
measuféd rainfall. Radar estimaled rainfall can both overestimate and
underestimate actval rainfall deperding on the DSD. An average Z-R
relationship of Z = 245 R 1# has been calculated by least squares linear regression
on logarithmi: values from disdromster data collected during 1989/90 and
1990/91. In addition a quadratic fit Z-R relationship of

Z =235 + 1,36(log R) + 0,09(log R)*

has been calculated and seperate Z«R relationships of Z=1539 R'* and
Z =242 R have been calculated for rain rates greater than and less than 23
mm.h-! respectively. The tendency for A to become constant when rain rites
approach 100 mmh - has bien sen in A — R relationships with a similar
tendency in A — W plots. A tends towards a constant value when liquid water

content values exceed 1,2 g.m™3,
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Drop-siz¢  distributions in convective rain over the
Transvaal Highveld have been characterised and analysed
to assess the effect of drop size variability on the Z-R
relationship. Three Z-R relatronships have been derived
from these drop size distributions. In the following
chapter the derived Z-R relationships will be used in
investigating the area_—time integral {ATI) method of radar
rainfall measurgment and to derive a rainfall volume
versus arca-time integral (V-ATI) relationshap.
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T CHAPTER 4

THE AREA-TIME INTEGRAL (ATl) METHQD

Introduction

The area-time integral {ATI) method of radur rainfall measurement is based
on the observed relationship between storm area and duration and the rainfall
volume prodiced by that stotm, Related theoretical considerations have been
discussed in greater detail in Chapter one. Indeed much of the more recent work

| o donc on the ATI method has been theoretical and based to some degree on
earlier results. The work of Doneaud o al. (1981; 1984a,b), Lopez et al. (1983)
and Chiu (1988x; 1988b) features prominently in these theoretical considerations.
Doucaud et ol showed that the ATI of the radar echo in excess of a ceriain
threshold would provide an accurate measuse of rain volume over the lifetime of
the storm, whereas Chiu used the fractional arca covered by radar zchoes above
a preset threshold rain rate to explain 98 per cent of the varjzice of the
instantaneous areawide rainfall. '

The work that has been done for this dissertation has been based almost
exclusively or the technique developed by Doneaud er al, (1981, 19844, 19838).
In other words the focus has been on estabiishing a rain volume versus area-time
integral (V~ATI)I relationship. In this chapter different methods of integrating
radar echo area with respect to duration will be considered in order to establish
which approach provides the most suitable V-ATI relationship. The different
Z-R relationships obtained from the disdrometer data (see Chapter 3) will be used
in the calculation of radar-estimated rain volume to see how changing Z-R
rlatienships uffect the V-ATI relationship, The derived V-ATI relationships will

-

)

;I o, be assessed in the light of documented charncteristics of Highveld storms and by
'1_ ! comparing V-ATI derived rain rates with rain rates mvasured at the ground using
{ automatic rain gauges and the disdrometer. Compaiisons will be made for both
i seasonal mean rain rates and for avsrage rain rates measired on individual storm
;r ' days. The chapter will be voncluded with some general comments ot; the

Lo

i

accuracy of the ATI technique.
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Maximum and Average Hourly Echo Area

The first step in deriving a V-ATI relationship is selecting an appropriate
means of echo area integration with respect to time. As mentioned in Chapter
1, Doneaud et al. (1981) attempted two approaches to integrating area with
respect to time, viz. using either the maximun hourly echo arca {MHEA) or the
average hourly esho arca (AHEA) as the ATI. V-ATI rclationships have been
derived for convective rain over the Transvaal Highveld using both the MHEA
and AIIEA approaches. The regression parameters are listed in Table 4.1 and
Table 4.2 for MHEA and AHEA, respectively. Radar estimated rain volume
(hercafter RERYV) has been determined using a Z-R relationship of Z = 300R",
With MHEA the highest cor'relation coefficient is cvident at the 23,3 dBZ

~ thresiold. The correlation coefficient decreases from 23,3 to 26,6 dBZ increasing

marginally to the 33,3 dBZ threshold, On the strength of the correlation
coefficient, 23,3 dBZ would appear to be a suitable reflectivity threshold and
thereforé for MHEA a V-ATI relationship of the form ¥ = 3,27(ATH"* at the
23,3 dBZ threshold appears to he most suitable. V-ATI relationships calculated
using AHEA show a pattern of decreasing correlation coefficients with increasing
threshold {Table 4.2). The higher correlation coefficient in the case of AHEA
{r=10,96} and the lower standard arrar of the estimate {s=0,11} inplies that the
AHEA derived V-ATI relationship of ¥'= 3,06 (ATI)"* is possibly miore accurate
than the MHEA derived V-ATI, |

Scan-by-Scan Echo Area -

Both MHHEA and AHEA suffer an obvious shortfall in that a minimum
tracking time of one hour is needed before volumetric rainfail totals can be
estimated.  In addition accurately defining storm duration is sometites
problematic since celi clusters that develop early on in the lifetime of the storm
as well as the final stages storm decay are not aiways included in the radar
records, Doneaud er al. (1984a) ultimately derived their V-ATI relationship using
a scan-by-scan integration procedure, summiﬂg'- individual scans over the hour
period. A similar approach has been used in V-ATI calculations over the castern
Transvaal Highveld (Mather, pers. comr.). The approach that has been used in
this study is to measure echo area and calculate an equivalent radar-estimated

I T LS
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Table 4.1:  Radar-gstimated rain volume versus AT regression paramneters for
differing refloctivity thresholds. RERV and ATI are caleulated from
maximum hourly echo arcas (MITEA).

Threshold values in dBZ 233 | 266 | 300 | 33,3

Equivalent rain rate 0,79 1,35 | 2,35 3,83
(Z=300R™*") in mm.h"*

Coafficient K 3,27y 10,04 11,85 | 14,28
Exponent b 1,15 1,03 1,05 1,07
fi Correlation coefficient 0,95 0,91 0,92 0,93

Table 4.2: Radar-estimated rain volume versus ATT repression parameters for
differing reflectivity thresholds, RERV and ATT are caleulated from
average hourly echo arcas (AHEA).

| Threshold values in dBZ 233 | 266 | 300 | 333
H Equivalent rain rate 0,79 1,35 2,35 3,83

(Z=300R"") in mm.h?
Coefficient K | 3,06 | .13 § 1021 | 12,23
Expopent b 1,14 1,05 1,06 1,08
Correlation coefficient 0,9 [ 09? | 0,94 0,94

rain voiume for each individual minimum elevation radar scan, Duration has
been taken as the time between each radar scan and both ATI and RERV

calculated on the basis of that time interval. The approach used here is similar
to that described by Chiu (1988a, b), with each scan essentially representing an
arcawide snapshot of a multiplicity of evolving rain rates. As such the approach
requires that all echo witlin effective radar range be included in deriving a V-ATI
relationship to ensure adequate representation of all evoltiag rain rates (Atlas et
\1" al., 1999}, |

V-ATI relationships have been derived using the scan-by-scan integration
method for each of the nine Z-R relationships previously determined from the
disdrometer data {see Chapter 3). Regression parameters for each of the different
Z-R relationships are shown in Table 4.3. Values of the cocfficient K are seen

¢ to be fairly similar across the range of Z-R relationships, ranging from a

minimum value of 2,88 to a maximum value of 3,89. The va'ues of K also
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Table 4.3:  Radar-estim#’ed rain  volume wversus AT (V-ATI) regression
parameters. for differing Z-R relationships, RERV and ATI are
caleulated using the scan-by-scan integration technique. The form of
the V-ATT equation is V' = K{4T7

Correlation coefficient
ZR ¢ Season K b ' )
Ll Z-R 8090 | 2,95 | 1,24 0,95
90/91 | 3,63 | 1,25 0,95
Both | 331 | 1725 0,95
25 mm.h? split Z-R 80/90 | 2,38 | 1,25 0,95
o0/01 | 3,89 | 1,23 0,96
| | Both | 347 | 1,23 0,95
Quadratic Z-R 80/00 | 2,88 | 123 | 0,96
| 90/91 | 347 | 1,22 0,97
Both | 33t | 1,22 0,96

compare f’a?ourably with K in the V-ATI relationship of ¥'=3,7(A1 iy

computed for convective storms over MNorth Dakota (Doneaud er l., 1984a).

Stopes of the different V-ATI relationships derived for the Transvaal Highveld
are seen to be similar, V-ATI relationships derived using the Iinegr Z-R and the
25 mm.h-* split Z-R are seen to have the stezpest slopes while those derived using
the quadratic Z-R relationship have slightly flatter slopes. All the slopes are
noticeably steeper tian the slope of the WNorth Dakota V-ATI relationship. The
fact that these slopes are steeper indicates that smaller, short-lived storms over
the Transvaal Highveld have lower average rain rates than similar storms over
North Dakota, whereas larger, long-li;.'ed storms have higher average rain rates
than equivalent North Dakota storms, Assessing whether these V-ATI implied
characteristics of Highveld storms were consistent with known characteristics of
Iiighvel_d storms, therefore, became the first step in evaluating the derived V-ATI

- relationship.
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Documented Characteristics of Highveld Storms

Muny of the documented studies of [lighveld storms have been based on data
from the Ioutkoppen weather radar (sce Fig. 2.1}, Most of these studies have
emphausised hail-producing versus non hail-producing features of Ilighveld storms
{Carte, 1979, 1981; Held, 1980; 1lcld and Carte, 1979; Ilecld and van den Porg,
1977, O'Beirne, 1988). Tracking routines have also been developed in order to
assess Iighveld storm climatologies (Mader, 1979; Mader er al.,, 1985). If the
outer limit of a storm is defined by the 30 dBZ reflectivity ¢ ntour, areas of 100
km? are attained by & mere 23 per cent of storms with only 8 per cent lasting
longer than an hour. Average storm lifetime is 24 minutes with an average area
of 86 km? Longer-lived storms average lifetimes of 86 minutes attaining arcas
of about 196 km*. Unfortunately little reference has been made in these studies
to the rain produced by the storm systems described. Similar characteristics were
obtained from a C-Band weather radar situated at Bethlehem in the northeastern
Crange Free State. The majority of storms were seen to be short-lived making
then inefficient rain-producing systems. The bulk of th~ rinfall received in the
arca was produced by storms which developed into la' ; wplexes. These larger
storm systems often develop as a result of merging of suuauer cells or cell clusters,
Merged storm complexes resulted in larger, more intense storms with increases
in storm lifetimes, maximum vertical depth, maximum height and average and
maximum growth rate {(Steyn and Bruintjies, 1990).

Several radar-derived properties of continental, convective clouds have been
compared for the South African Highveld and Israel to determine which played
a significant role in altering the storm rain vclume yield (Rosenfeld and Gagin,
1989). The radar-derived variables included the depth of the cell above freezing
level, the depth of the convective layer, the size of the total convective complex
and the absolute humidity at cloud base. The synergistic effect on rain volume
yield brought about by merging was also highlighted with clusters containing at
least 32 individual cells producing seven times mirre rain volume than the
combined volumes of the separate cells, Merged cell complexes were also seen
to live between 50 to 70 pcr' cent longer than individual cells. Of greatest
importance to the V—ATI‘relationships is that changes in the size of a cluster
housing an individual cell, while other indep:ar-led: nigperties rerained constant,
may cause 2 threefold increase in ram volume yieid from that cell. Half of this
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increase in rain volume vield would be generated by an increase in the area and
about 20 per cent by the increase in the duration of the storm, with the remaining
30 per cent being generated by increases in the rain intensity, The concluding
factor is that the short lifetime of continental convective clouds is a mayjor
limiting factor in precipitation efficiency {Rosenfeld and Gagin, 1989).

In & similar vein instantancous arca average rain rates have been determined
by measuring the ratio of the area of rain intensiiy above a given threshold to
total echo area (Fr} and comparing it to areal rain intensity (R) (Rosenfeld es
al., 1990). A comparison of R — Fr relationships between South Africa, Texas,
Australia (Darwin) and data from the GATE experiment showed the steepest
R — Fr slope for convective storms over South Africa at rain rate thresholds
above 6 and 8 mm.h ! respectively. At rain rate thresholds of 2 and 4 mm.h-*
slopes from Texas rainfali were found to be steeper. The slope of the R — Fr
relationship S{r) was also shown to decrease in a regular manner from South
Africa to Texas, to GATE, to Darwin in opposing order to the mean cloud base
temperatures of 82, 16°, 23° and 24° respectively. The many light convectional
showers that cover a large fractional areh such as in GATE and Darwin imply
smaller average area rain rates. In areas where warm rain processes are
dominant, there will be an increased frequency of small showers characterised by
light rainfall (Rosenfeld er af., 1990). Convectivé rain over central South Africa
is initiated through ice-phase mechanisms with no evidence of any significant
warm rain processes {Kraus and Bruintjies, 1983),

A V-ATI derived relationship has been derived for the eastern Transvaal
Highveld using a gauge network in a manner similar to that first proposed by
Doneaud et al. {1981). A coverage arca is calculated for each of the rain gauges
in the rain gauge ~etwork, Rainfall over each of consecutive five minute period
is then summed over an hour., The rainfall measurement is irrelevant in
determaining ATI, all that is needed is whether rain fell or not in any given five
minute period. Rain volume is then ascertained from the rain gauge data and
regressed against the derived ATY values, In this manner a V-ATI relationship
of ¥=3,06{ATI"* with a correlation coefficient of 0,97 was derived (NPRP

*Seasonal Report, 1990/91). Not only is the relationship quite similar to those

derived in this study but the slope of the relationship strengthens the argument
that average rain rates from convective rain storms over the Transvaal Highveld
are likely to increase with increasing area and duration,
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Average Rain Rates

Much of the interest in the AT technique of radar rainfall measurement has
been generated by the extremely high corrclution coeflicients between ATI and
radar estimated rain volume. The good correlation coefficients are obtained in
part by construction, however, since both are computed from the same
reflectivity (ield {Raghaven and Chandrasckar, 1991). While the significance of
the good correlations should not be overlooked a more suitable means is needed
to appraise the accuracy of a given V-ATI relutionship, One approach is to
calculate average rain rates from the V-ATI relationship as shown in equation
1.15 (where ATI is taken as the mean ATI of cither a rainfall season or an
individual storm as appropriate) and to compare these rain rates to average rain
rates measured at the ground (hereafter referred to as gauge rain rates).' V-ATI
derived average rain rates (hereafter referred to as V-ATI rain rates) have been
caleulated for each of the four dBZ thresholds used in the MIIEA and the AHEA
V-ATI calculations. These rain rates are listed in Table 4.4, Unfortunately
ground-based rainfall data from the area covered by the radar is rather sﬁarse.
Time resolved rainfall data is available for only four automatic rain gauges (see
Fig. 2.1) and the disdrometer. &lthz;ugh'inadcquate, this data is all that is
available for the present study. In order to effect comparisons between gauge
rain rates and V-ATI rain rates, average rain rates have been calculated for each
of the three automatic rain gauge sites and for the disdrometer site. Average rain

rates have also been calculated for each rain rate equivalent of the dBZ

thresholds used in the V-ATI calculatioris (Table 45)

A comparison of V-ATI and géuge rain rates for the Transvaal Highveld
shows that gauge rain rates are considerably less than V-ATI rain rates. If the
V-ATT rain rates are compared to gauge rain rates which have been averaged
above the equivalent rain rate thresholds a significant improvcment is noted.
One possible reason for the large discrepancy between V-ATI and gauge average
rain rates is that radar operations (from which the V-AT! relationship has been
derived) are aimed specifically at understanding the processes in convective
storms. The rain gauge record on the other hand is likely to include rain from
low intensity echoes which were either not detected by radar or were deemed not
to warrant radar operations. What cannot be ignored, however, is the suggestion
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Table 44:  Rain rates derived from the maximum hourly echo area (MHEA) and
the average hourly echo area (AHEA) V-ATT relationships,

Threshold values in dBZ 23,3 66 | 300 13,3
MHEA (mm.h") 9,58 12,4 16,58 22.3
AHEA (mm.h) 7.95 19,8 13,44 19,69

that even using the 23,3 dBZ rellectivity contour as the V-ATI threshold may |
lead to an overestimate of rain at the ground.

Average rain rates derived from rain gauges, the disdrometer and all the
V-ATI relationships are portrayed graphically in Figure 4.1, The V-ATI
relationship computed by Doncaud eral, (1984a}), using a 25 dBZ threshold, gave
an average rain rate for convective storm systems over North Dakota of 4,0
mm.h-! with a standard deviation of 1,55 mm.h-' (Donecaud ef al,, 1984b). A 20
per cent increase in Average rain rate was found for a subsequent, wetter rainfall
scason. The V-ATI rain rate of 7,95 mmh-! for AHEA (23,3 dBZ threshold) is
more realistic than the 9,58 mm.h~! for MHEA but the closest estimate of rain
rates measured at the ground Is given by the 1989/90 quacratic Z-R relationship
with a measurement error of some 23 per cent. The 1987:38 seasonal average is
overestimated by about 37 per cent. Assuming, however, that the V-ATI .
relationship has been derived only from convective storm echoes then a good
comparison is evident between the average rain rates measured using. the
disdrometer during the predominantly convective 1989,90 rainfall season. In this
case the V-ATI rain rate overestimates the disdrometer-derived rain rate,
averaged above the equivalent rain rate threshold by four per cent.

Average Rain Rates for Individual Storms

Seasonal average rain rates do not provide an adequate assessment of the
accuracy of V-ATI rain rate estimates for individual storm days. Init:ally it was
hoped that individual clusters could be tracked and assessed as individual storms,
but applying such an approach operationally would be virtuaily impossible.
Average ATI was determined, thercfore, for twenty individual storm days from




Table 4.5:  Mean rain rates calculated for the area scanned by the radar .
2: Automatic rain gaupe data from the Forum Building, Pretoria . i
(SAWB), the weather station at Irene and Jan Smuts airport for four S

v rainfull seasons and stratified by the minimum equivalent rain rate
threshold.  b: Disdrometer data (CSIR Campus, Pretoda) for two S ;
rainfall seasons and stratificd by the four equivalent rsin rate e ;
thresholds. R
a THRESHOLD LEVELS
Season !
0,1 mm.h? 4,79 mm.h! 1,35 mm.h? 2,35 mm.h* 3,83 mm.h! O .
89/90 4,43 1,33 8,91 11,3 15,14 .
90/91 3,16 5,34 6,65 8,65 11,69 N :
Mean 3,80 T 6,34 7,78 9,98 13,42 ° . I
[ ALL RAIN RATES
Station
86/87 87/88 88/89 89/90 Mean
Forum Building 469 1 3,8 3,19 425 4,01
Irene 5,23 3,88 4,24 4,73 4,4
Jan Smuts 4,1 4,77 3,85 6,56 4382
Mean 4,67 4,01 - 76 5,18 4,43
I
RAIN RATES ABOVE MINIMUM THRESHOLD
Forum Building 6,64 5,21 5,23 572 5,7
Irene 7,87 4,69 5,8 8,77 6,28
Jan Smuts 5% 6,69 5,47 8,23 b 6,57
Mean 6,8 5,53 55 6,91 6,19

the 198788 rainfall season and V-ATI rain rates compared 10 the average gauge
rain rates (which were averaged above 0,79 mm.h-! rain rate threshold) for the
appropriate days. The approach implicitly assumes that average rain rates for the
three gauges will reflect average rain rates for the entire arcal coverage of the

/™ ] - .
\! storm systemis traversing the radar coverage area. This is clearly an assumption

prone to considerable potential error but rain gauge data does not permit

otherwise, V-ATI and gauge rain rates have been plotted on a histogram for the =
twenty selected storm days (Fig. 4.2). E
! Although the V-ATI derived rain rate averaged over the entire season is
Pe remarkably close to the average rain rate for the auntomatic rain pauges,
1
U individual storms are seen to vary quite considerably. Most noticeable is the
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Flgum 4.1: Comparison of : average raip rates measurs © at the ground and those
derived from the V-ATI relationship, Wher - both rainfall seasons have
been vsed in the derivation of the Z-R relus. . nship BOTH is indicated
on the X axis. MIHEA and AIIEA refers to +:aximum hourly echo area
and average hourly echo area respectively.

large disparﬁy between the gauge measured rainfall ..-erage and the V-ATI
average rainfall on 17 December 1987 (Fig. 4.2}, In thi. casc rain was registered
at the Forum gauge only. Rain lasted for some 45 min::tes during which time a
rain rate peak of 135 mm.h-! was registered at t ¢ gauge. The gauge
measurements for 7 December 1987 would appear to represent a high intensity
portion of the storm, rather than average rain rates for the total area of the

stornl.

Conversely average rain ratwe for the three gauges are significantly less than
the V-ATI derived rain rates for a storm that occurred on 24 November 1987,
Two PPI (Plan Position Indicator) scans from radar data for 24 November 1987
are shown in Figure 4.3, The Jan Smuts gauge, which registered light rainfall
from 17:14 is situated beneath the outer edge of the storm in the 17:16 PPi
(Fig. 4.3a). The Irene gauge is seen to be slightly ahead of the main echo area
tut not in the path of significant cetl development 10 the noith of the radar in
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Figure 4.2 Histogram of gauge and V-ATI rain rates for twenty storms sclected
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Figure 4.3a: PP radar scans o . minimum elevation angle showing the storm of 24
November 1987 . 17:16. The position of the radar is demarcated by
a cross, open circles indicate automatic rain gauges. JIcolines indicate
reflectivity levels of 23,3, 30,0, 40,0, 50,0 und 60,0 dBZ respectively.
Radar range rings are at 25 km iutervals,

which a 40 dBz cell area with a 50 dBz core is evident (marked “A’ in Fig. 4.3a).
Although a region of high intensity echo is evident to the southwest of the Forum
gauge (marked ‘B’ in Fig. 4.3b), rain from this echo area was not manifested in
the rain. gauge data with the rain gauge data showing a maximum rain rate of 2
mm.h-!  Only light rain rates were recorded at the rain gauges despite much

higher rain intensities being evident in the radar echo pattern.




Figure 4\3b PPI radar scans at minimum elevation a.n%lc showing the storm of 24

November 1987 at 17:26. The position of the radar is demarcated by

a cross, open circles indicate automatic rain gauges. Isolines indicate
reflectivity 17 of 23,3, 300, 40,0, 50,0 and 60.0 dBZ respectively.
Radar range rings are at 25 km intervals,

The 26 December 1987 shows one of the highest discrepancies between gauge
rain rates and V-ATI rain rates. Even the best V-ATI estimate was some 190

per cent higher than the gauge rain rates. Rainfall was registered at the Forum
gauge only, and appears to have originated from an echo cluster that developed
initially as two separate clusters to the east and southeast of the Forum Building
> gauge (Clusters A and B in Fig. 4.4a). The two clusters subsequently merged
J while moving in a westerly direction just north of the Forum gauge (Cluster C in
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Figure 4.4: PPI radar scans at minimum elevation angle showing the storin of 26
December 1987. The position of the radar is demarcated by a cross,
opua cireles indicate automatic rain gauges. Isolines indicate reflectivity
Jevels of 23,3, 30,0, 40,0, 50,0 and 60,0 dBZ respectively. Radar range
rings are at 25 km intervals.

a: 1429 b 1527




« JAN SMUTS

)
A ; - i
Figure 4.4: PPI radar scans at minitnum elevation angle showing the storm of 26
December 1987. The position of the tadar is demarcated by a cross,
open circles indicate automatic rain ganges, Isolines indicate reflectivity
) levels of 23,3, 30,0, 40,0, 50,0 and 69,0 dBZ respectively. Radar range

1ings are at 25 km intervals.
J c: 15:41, d: 16:25
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Figure 4.4: PP radsr scans at minimum elevation angle shov e storm of 26
December 1987. The position of the radar is * ated by a cross,
oprxa circles zndicate automatic rain gauges. Is mdicate reflectivity
levels of 23,3, 30,0, 40,0, 50,0 and 60,0 dBZ res, atively, Radar range
fings are 2* 25 km inteivals.
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Fig. 4.4b). The rain rate peak of 18 mm.h-! was measured at the gauge at 135:30
at which time a 50,0 dBZ core is evident to the northeast of the Forum gauge
{marked ‘A" in Iig. 4.4b). Cluster C continued to grow as several smaller ciusters
develooed ahead, and vltimately merged with cluster € {Fig, 4.dc, d). By 16:25
(Fig. 34 the storm had developed into = large multicellular complex with an
area of approximately 3060 km2 At this stage most of the echo area was
conzentrated to the northwest of the radar. Again the discrepancy between the
V-ATl and gauge rain rates appears to be related to the fact that the gauge
register:d {!J‘nly lowr intensity sections of the storm rather than the average rain

rates in the storm as 2 whole.

The V-ATT rain rate was better matched with the gauge rain rate for a storm
that occurred on 27 December 1987, This storm has been previously deseribed
in some detail emphasising the synergistic effects of cloud merging (Gomes et
al., 1989). There appears to have been a considerable degree of convective |
activity on the afternoon of 27 Decenber 1987 with the development of at least
two major storm systems. . Radar operations only commenced at 17:00 by which
time hail reports received from a network of voluntary observers indicated that
a storm system had already traversed the radar coverage arei. This first storm
system is evident in the rain gauge records with first rains “seing registered at the
Jan Smuts gauge at 15:32. The second storm system begau to develop in the late
afternoon and became apparent | by 18:00 as several cell clusters in the
southwestern quadrant of the radar coverage afea (Fig. d.5a). By 18:33 these
clusters had merged to form three distinct cell groupings (Fig 4.5b). The Jan
Smuts gauge first began registering rain at 18:33 at which time & large cell
grouping {marked "Cluster B in Fig. 4.5b)} is seen to have been just west of the
gauge. By 19:40 (Fig. 4.5¢) the cell cluster had traversed the Jan Smuts gauge
at which an average rain rate of 13,62 mm.h-! was measured. This cell cluster
did not appear to produce the rain measured at the Irene gauge, which was
generated by a cluster that developed in the wake of the other three later in the
afternoon (Cluster D in Fig. 4.5d), Similarly the rain registered at the Forum
gauge was produced by a separate cell cluster (cluster 'E’ in Fig, 4.5d). This is
an important point because average gauge rain rates compare well with average
V-ATI rain rates. Each gauge, however, appeared to have registered rain from
a different celi cluster and it is only by averaging rain rates from the three gauges
that the V-ATI rain rate is matched.
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Fig. 4.4b). The rain rate peak of 18 mm.h-! was measured at the gauge at 1530
at which tiree a 50,0 dBZ core is evident to the northeast of the Forum gauge
{murked ‘A’ in Fig. 4.db) Cluster C continued ta grow as several smaller clusters
developed ahead. and ultimately merged with cluster € (I1ig. d.¢, d}). By 16:25
(Iig. 4.4d) the storm had developed into a large multicellular complex with an
area of appmximatel}-' 3000 km? At this stage most of the echo aren was
concentrated to the northwest of the radar. Again the discrepancy between the
V-ATI and gauge rain rates appears to be related to the fact that the gauge
registered only low intensity sections of the storm rather than the average rain

raies in the storm as a whole,

The V-AT1 rain rate was better matched with the gauge rain rate for a storm
that occurred on 27 December 1987, This storm has been previously described
in some detail emphasising the synergistic effects of cloud merging (Gomes et
al., 1989). There appears o have been a considerable degree of convective
activity on the afternoon of 27 December 1987 with the development of at least
two major stonn systems. Radar operations only commernced at 17:00 by which
time hail reports received from a network of voluntary observers indicated th_at
a storm system had already traversed the radar coverage area. This first storm
system is evident in the rain gauge records with first rains being registered at the
Jan Smuts gauge at 15:32, The second storm system began to develop in the late
aftetncor. and became apparent by 18:00 as several cell clusters in the

. southwestern quadrant of the radar coverage area (Fig. 4.5a). By 18:33 these

clusters had merged to form three distinct cell groupings (Fig 4.56). The Jan
Smuts gauge first began registering rain at 18:33 at which time a large cell
grouping {(marked "Cluster B’ in Fig, 4.5b) is seen to have been just west of the
gauge. By 19:40 (Fig. 4.5¢) the cell cluster had traversed the Jan Smuts gauge
at which an average rain rate cf 13,62 mm.b-! was measured. This cell cluster
did not appear to produce the rain measured at the Irene gauge, which was
generated by a cluster that developed in the wake of the other three later in the
afternoon (Cluster D in Fig. 4.5d}, Similarly the rain registered ai the Forum
gauge was produced by a separate cell cluster (cluster 'E” in Fig. 4.5d). This is
an important point because average gauge rain rates compare well with average
V-ATI rain rates. Each gauge, however, appeared to have registered rain from
a different cell cluster and it is oﬁly by averaging rain rates from the three gauges
that the V-ATI rain rate is matched.
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Figure 4.5: PPl radar scans at minimum clevation angle stowing the storm of 27
December 1987. The position of the radar is dernarcated by a cross,
open circles indicate avtommatic rain gauges. Isolines indicate reflectivity
levels of 23,3, 30,0, 40,0, 50,0 and 60,0 dBZ respectively. Radar range
rings are at 235 kan intervals,

a: 18:00; b: 18:33



Figure 4.5: PPI radar scans at minimum elevation angle showing the storm of 27
December 1987. The position of the radar is demarcated by a cross,
open circles indicate automatic rain ganges. Isolines indicate reflectivity
levels of 23,3, 30,0, 40,0, 50,0 and 60,0 dBZ respectively. Radar range
rings are at 25 km inervals,

a: 18:00; b: 18:33
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Figure 4.6: PPI radar scans at minimum elevation angle showing the storm of 27
. Decernber 1987, The position of the radar is demarcated by a cross,
open circles indicate automatic rain gauges. Isolines indicate reflectivity
levels of 23,3, 30,0, 40,0, 50,0 and 60,0 dBZ respectively. Radar range
rings are at 25 km intervals.
c: 19:40; d: 20:51
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The best comparison between gauge rain rates and V-ATI rain rates is evident
for a storm svstem that oeeurred on [0 November 1987, The measurement error
ohtained using the quadratic Z-R V-ATI refationship was sony: 2 per cent. The
storm on 10 Noveuber 1987 displayed chorastenistics of a squall line storm
exhibiting a large arcal coverage and producihg rain and hail over a widespread
area {Gomes and Held, 1988). The arcal coverage exceeded 3000 kim? at stages
ciufing the lifetime of the stornm. - The relationship between the gauge rain rates
and the V-ATI rain rates is significant both from the megsurement- accuracy
point of view but also from the fact that rain measured at each of the gauges
originated from the same storm system. Thus each gange indicates rain rates
evolving during different stages of the storm lifetime. The position of the storm
is shown is shown for four hal~hourly intervals fram 15:05 to 16:35 as a serics

of PP scans (Iig. 4.6a, b).

“The resuits from the storm of 10 November 1987 provide encouraging results |
but no concrete verification of the accuracy of the ATI technique. In fact it
seemns likely that ali the storms in the series of twenty could have been analysed
in a similar way and appropriate reasons shown as to why the V-ATI rain rates
are either good or a poor estimates of gauge rain rates. The most unambiguous
verification would appear to be the V-ATI - gauge rain rate comparisons for the
season as a whole. This suggesté in turn, that the assessment of seasonal rainfall
volumes is possibly the best application of ATI based radar rainfs. | measurement.
In addition the approach would adequately serve the purpdse of assessing global
changes in rainfall pa_t_.r::"i-'n“s\-_ using spaceborne radar as proposed for TRMM
(Rosenfeld, 1990). For apcfationai measurement of rainfall there is not sufficient
evidence to suggest that the ATI approach will offer 2 more accurate means of
radar reinfall measurement than the conventional Z-R approach.



Figure 4.6: PPI radar scans at minimum elevation angle showing the storm of i0
November 1987, The position of the radar is demarcatsd by a cross,
open circles indicate automatic rain gauges. Isolines indicate reflectivity
levels of 23,3, 30,0, 40,0, 50,0 and 60,0 dBZ respectively. Radar wange

‘rings are at 25 km intervals. :
ar 15:05; b: 15:34
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Summary

In this chapter the ATI method of radar rainfill measurement has been
investigated. Various V-ATT refationships have been determined using radar data
from an S-Band weather radar. Diiferent methiods of area time integration were
investigated and, on the basis of both practical considerations and the fact that
the approach provided the most reasonable estimate of average ground-based
rain rates, the scan by scan method of area time integration has been deemed
optimal.  The sensitivity of the V-ATT relationship to changes in the Z-R
relationship bas also been considered with changes in the Z-R relationship having
been seen to introduce varying degrees of measurement error. The quadratic Z-R
relationship appears to be most appropriate in determining radar estimated rain
volume because the in~rease in equivalent rain rate with increasing dBZ is far less
dramatic when using the quadratic Z-R than for cither the lincar Z-R or for the
23 mm.h-! split Z-R relationship.

V-ATI rain rates have also been compared to gauge rain rates frr twenty
sclected storms days in an attempt to verify the validier of the derived V-ATI
rclationship. While the average rain rate values (calculired using the equivalent
rain rate thresholds) were well estimated by average V-ATI rain rates, severe
discrepancies were evident for individual storm days. An attempt was made to
explain some of the discrepancies by she sing how rain gauges failed to
adequately reflect average rain rates over the entire areal coverage of the storm
but this was hindered by very limited ground truth data. The need to average
ground-based rainfzil measurements above the equivalent rain rate threshold in
order to match the V-ATI rain rate estimates indicated the need for optimisation
of the ATI approach. In the following chapter the possibility of optimising the
V-ATI relationship will be investigated.

ek ol e o o b o sl o

The area-time inrogral (ATI) method of radar rainfall measurement has been
investigated in this chapter, The scan-by-scan approach to integrating area with
respect to time has been used to derive a racur estimated rain velume versus ATI
(V-ATI) relationship. Comparisons between ATI derived rain rates and tiose
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measured at the ground for twenty selected storms indicate the need to optimise
the V-ATI relationship. Several approaches to optimising the V-ATT relationship
will be investigated in the following chapter.,
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CHAPTER 5

OPTIMISING THE V-ATI RELATIONSHIP

Iniroduction

It was shown in the previous chapter that relatively good agreement can be
rcached between seascnally averaged rain rates derived from the V-ATI
relationship and riain rates measured at the ground, provided the ground-based
rain rate measurements are averaged above the equivalent rain rate threshold.
The implications of having to adjust ground-based rain measurements to match
those measured by radar immediately render the ATI technique inaccurate and
inhibit any potential operational appiicability. Documented results of other ATI
studies do not include comparisons between V-ATI derived rain rates and those
measured at the ground, This study suggests that in spite of a strong correlation
between radar estimated rain volume and the AT, significant discrepancies may
exist between V-ATI rainfall estimates and those measured at the ground.

There have been several attempts a: {iné-tuning’ the average Z-R relationship
in various radar rainfall measurement studies, These studies suggest thet a
similar approach could be used to refine the V-ATI relationship, In this chapter
the possibility of optimising the V-ATI relationship will be .onsidered. Firstls,
the role of thresholds will be examined to determine hew different thresholo
specifications may alter the V-ATI relationship, and secondly a probability
matching method similar to that used in refining Z-K relationships will te
investigated as an additional means of V-ATI optimisation.

The Role of Thresholds

The choice of "most appropriate reflectivity threshold {MART)" reccived
considerable attention in early V-ATI studies for storm systems over North
Dakota. Several qualitative cor ilerations in selecting MART have already been
discussed in Chapter 1. It stands tc reason that quan.ua‘ive criteria in
establishing a MART should be simply that threshold generating the most
accurate estimates of rainfall volume, It was argued for V-ATI studies over
North Dakota that ‘most appropriate” should in fact mean most independent
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with respect to R (Doneaud er al., 1983b). In this study, however, ‘most
appropriate” has been interpreted te mean that which most accurately estinates
average rain rate at the ground, rain volume notwithstanding.

Criteria on which to base MART sclection have also been addressed in V-ATI
studies for the eastern Transvaal. An incrr_gusing threshold implies a decreasing
storm ared, but as the storm area decreases the value of the coefficient X in the
V-ATI relationship must increase to maintain the rainfall volume. In the event
of K increasing too rapidly, determination of the threshold level becomes critical,
demanding precise radar calibrations. In effect this nullifies one of the major
appeals of the ATI appreach, viz, that it can be used to make accurate rainfall
estimates even with a poorly calibrated radar (NPRP, Draft Seasonal Report,
1990.91),

In the North Dakota V-ATI studies the threshold value was defined as the
ecito value above which total echo area is integrated for ATI. It is important to
note that this definition cffectively means that only the ATI should be derermined
above a given threshold whereas RERV will always be determined using the
minimum radar reflectivity value, I{ the V-ATI relationship is viewed graphically,
it becomes avident that measuring the ciilu area above a given threshold will lead
to a reduction in AT! i.e. AT will move ¢loser to 1 /Fig. 5.1). The RERV will
not change so the overall effect will be to steepen the slope of the V-ATI
relationship, If the V-ATI relationship overestimates rain rates, therefore,
introducing a threshold into RERYV calculations rather than ATI will lead to
lower V-ATI derived rain rates, This view is supported by a conclusion that was
drawn from a rain storm mode! study, %at increasing AT thresholds would lead
to inaccuracies in the ATI technique because of the increasing dependence of
average rain vaie on maximam rain rate as higher thresholds are used to define the”
echo area (Rogers, 1989). '

For this reasen it was decided to experiment with threshold values,
introducing a threshold to the ATI measurements and then into RERV. The
results of these two approacies are compared as functions of ATl and RERV
(Fig. 5.2). If the curves are considered below the point at which the three curves
intersect it can be seen that for a given ATT the lowest corresponding rain volume
is associated with the curve representing the RERV threshold. In other words
at an ATI value of 10 kra*h the corresponding ATI derived average rain rates
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Figure 5.1: Schematic illustration of the effect of introducing a threshold into e
ATT in deriving a V-ATI relationship. _

| "__f'_;:-..low_cr "for the rain volumie threshold curve. Above the point of
- ﬁ the situation is reversed. The mean ATI is just below this point of
¥ 'ﬁ'.d gencrates Jower average rain rates in conjunction with the V-ATI
28 {:d tom RERV values above a given threshold. In line with the
criteria. sct: 'Fbr «i.\RT by Doneaud et al, (1984b) introducing a threshold into the
ATI measurements does indeed iead to R becomdng independent but at an

unrealistically high 8. Not nnly are average rain rates overestimated using this
approach but the low slope values imply that V-ATI derived rain rates will
change only marginally even with significant changes in ATI. Gauge derived rain
rates from the twenty selected storm days discussed in the previous chapter are
compared to different Y-ATI derived rain rates on a histogram (Fig. 5.3). The
V-ATI rain rates have been derived from data in which first'y thresholds were
specified for ATI, then RERV and finally in which no thresholds were specified,
It is immediately apparent from the graph that introducing a threshold into the
ATI cause rain rate estimations to become virtually independent of the value of
the ATL This is “sflected in the fact that rain rates for the individual stcrms
remain virtuajly snchanged despite significant changes in the ATI {Fig. 5.3),
With thresholds introduced into the RERYV calculations, the V-ATI derived rain
rates are more sensitive to changes in the AT and to astual rain rates measured

at the ground.
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Figure 5.2 Comparison of V-ATI relationships illus'tra:ing. the effects of
o introdueing a threshold into cither AT or RI'RV.
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The V-ATI derived rain rates when averaged over :he twenty storms are
remarkably close to the equivalent gauge-derived average rain rates. The V-ATI
relationship derived from data in which a threshold was : pecified for the RERV

calculations is seen to marginally underestimate the average gauge rain rate

whereas the V-ATI relationship derived from data in which no thresholds were
set marginally overestimates the gauge average. This would suggest that the ATI
should always be derived from all the information available above the minimum
detectable radar signal ani that some scope exists in manipulating the threshold
used in the RERV calculation for impro.ving the accuracy of the V-ATI
relationship. By the same token there are limj{‘%gtions in setting thresholds for the
RERV calculations. It is not possible to smply set higher and higher threshold
values for RERV until V-AT! derived rain rates match those measured at the
ground as significant information will be lost on the areal extent of the rainfall
field. Although the selection of a suitabic RERV threshold may improve V-ATI
estimates of rain rates measured at the ground this approach wouild not appear

to be the bast way of optumising the V-ATI relationship.
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Figure 5.3: Histogram of gauge and V-ATI rain rates for tweniy storms selected
from the 1987/88 rainfall season to illustrate the V-ATI relationship to
thresholds indroduced into either the AT measurements or the RERV
calculations or specifying no threshold at all,
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A Probability Matching Method for Optimising
the Y-ATI Relationship

It has been argued earlier thut the fundamental basis of the success of the
AT! approuch is the fuct that rain rate probability functions (pdfs} are essentiully
constant. Comparative gauge and radar derived rain rate pdf's would appear to
be 7 uscful analytical tool, therefore, in identifving reasons for the ohserved
discrepuncics between gauge and V-ATI rain rates. Rain rate pdf's have been
estimated by caleulating the percentage frequency of occurrence b r different rain
fute classes. Rain rate classes were determined by using the rain 1ate equivalents
{(derived from the quadratic Z-R relations s} of the respective radar iso echoes.

The percentage contribution of each iso echo arex to the total storm area has

been determined and used as an estimate of the radar-derived pdf (Fig. 5.4).
Uround-based rain rate pdf’s were then determined for both the disdrometer and
the rain gauge data (Fig. 5.5a, b). Although the 1986, 57, the 1987/88 and the
198889 rainfall scason pdfs are scen to be very similir the 1989/90 rainfall
seazon pdf differs fairly markedly, especially in the lower ruin rate clzsses. Similar
discrepancies are not evident, however, in the disdrometer Jdata (Fig. 4.11b). The
major difference between the two disdrometer derived pd:’s is in the higher rain
rate classes where a maximum rain rate of 196 mm.h-! was recorded during the

1989:90 s¢ason. A maximum rain rate of only 86 mm.h ! was recorded during

the subsequent rainfall season.

Average gauge-derived, radar-derived and disdrometer-derived ndf's were then
compared. The most obvious difference between the radar derived and the
grourd-based rain rate pdf's is that there is no equivalent rain rate class for the
radar data between 0,1 and 0,96 mm.h-*. This is because the lowest radar signal
is 23,3 dBZ with an equivalent rain rate of 9,96 mm.,h~!, In addition, the radar
pdf has a markedly higher frequency of occurrence in all the other rain rate
classes extending to the rain rate class of 320 mm.h-1

The most likely cause of the significant difference between the radar and the
ground-based rain rate pdf’s is rain drop evaporation between the height of the
radar beam and the ground. Evaporation as a function of height and rain
intensity at cloud base has been investigated in storm systems over the northern
Orange Free State, by comparing arca and time integrated rain volumes at cloud
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Tigure 5 Relative percentage contributions of iso echo areas to total storm area
- derived for all storm days used in establishing the V-ATI relationship.

basc with those derived at fower levels. Findings showed that about 50 per cent
~ of rain with a smell lifetime peak intensity (1,0 mm.h-1) will be evaporated over
a fall distance of 1 km, with all the rain being evaporated over a fall distance of
1,6 km; about 23 per cent will be evaporated for a rain rate peak of 10 mm.h-!
aver a fall distance of 1 km v *h 50 per cent being evaporated over a fall distance
of 1,6 km and about 15 per cent for a rain rate peak of 80 mm.h-! over a fall
distance of 1 km, 30 per cent over a fall distance of 1,6 km (Rosenfeld and Mintz,
1988). A+ a minimum elevation angle of 1,9° the height of the radar beam above
the rain gauges varies between 1 {over the Irene gauge) and 1.6 km (over the
Forum gauge) implying a substantial difference between rain measured at the
height of the radar beam and rain measured at the ground and providing some
explanaticn for observed differences in the radar-derived and gauge-derived rain
rate pdfs.

Probability matching methoeds have been employed by several authors in
deriving ‘climatologically tuned” Z-R relationships (Calheiros and Zawadzki,
1988; Atlas er af., 1990b; Rosenfeld, 1991). The Z-R relationship is essentially
tuned by having the reflectivity probability distribution P(Z) replicate R over a
predetermined space-time climatic domain (Atlas ef afl, 1990b). This work
suggests that a similar probability matching approach could be applied to the
V-ATI relationship. The V-ATI approach differs somewhat in that instead of
matching percentile pairs as has been done in fine tuning Z-R relatienships, rain
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Figure 5.5: Estimates of rain rate probability density functions uerived from:
a: Automatic rain gauge data
b: Disdrometer data, mean rain gauge data and radar data

rate class pairs have been matched. The rain rate class pairs have been matched
by building a weighting factor into the derivation of the V-ATI relationship.
Thus if the percentage difference between the gauge-derived and the radar-derived
rain rate is say {ive per cent, the weighting factor will reduce (increase) the radar
derivedt pdf to match that of the gauge-derived pdf. As there is no frequency
representation in the first rain rate class for the radar-derived pdf, the relative
frequencies of the fisst two gauge classes were summed and then the radar pdf

wéighted according to the combined gauge values,
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The V-ATI relationship was then optimised by incorporating the weighting
factor in each rain class interval. In other words, instead of simply taking the
arca of the radar echo and multiplying it by time and equivalent rain rate to get
rainfall volume, the product was also multiplied by the appropriate weighting
factor. An optimised V-ATI relationship has been derived using the quadratic
Z-R relaitonship and weighting the relative contributions of each echo area
according to the pdf correction factor. The regression parameters are shown in
Table 5.1, A significant imprcvement is evident in the correlation coefficient
(r=0.99) and the V-ATI rain rate of 3,31 mm.h ~! gives a measurement error of
about 24 p¢: cent when compared to the seasonal average rain rates in Table 4.3
(Chapter d).

The V-ATI relationship derived using the above probability matching
approach still suffers a serious shortfall. There has already been a long discussion
of storm characteristics in which the conclusion was drawn that the steeper slopes
of the earlier derived V-ATI relationships were in fact appropriate to storms that
developed over the Transvaal Highveld. In addition it can be seen from Figure
5.2 that the closer the slope is to unity the less dependent average rain rate will
be on storm area. In fact average rain rate will only change by some 1,5 mm.h
-1 with a change in ATI of 1000 kmrmm. The reason for this flattening of the
slope would appear to be related to the fact that higher rain intensity areas {in
excess of 56,6 dBz) will be weighted to 0 by virtue of the fact that they do not
appear in the gauge derived pdf's. It appears, therefore, that the weighting factor
should be constant for all rain rate classes so that the exponential increase of rain
rate with increasing dBZ is reflected in the V-ATI relationship.

The average discrepancy between the radar-derived and the gauge-derived
pdf’s is 48,5 per cent. Using this as a standard weighting factor in all the rain rate
classes a V-ATI relationship was determined. Regression parameters are given
in Table 5.2. The slight reduction noted in the correlation coefficient (r=0,96)
suggests that much of the variance in the V-ATI relationship is introduced by the
higher intensity radar echo areas. The wmoderately steeper slope of 1,2 is
consistent with earlier theoretical considerations and implies that the V-ATI
relationship is sensitive to and will reflect changes in the ATI. The V-ATI rain
rate of 4,11 mmh-! gives a measurement ervor of scme six per cent when
compared to the seasonal mean rain rate. _This suggest that an optimised V-ATI
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Table 5.1: Regression parameters for a V-ATl rwelationship derived from
probability-weighted RERV calculations in different rain rate class
intervals.

Correlation coefficient V-ATI derived average rain
K b ) rate mm,h* '

2,67 1,06 0,99 3,31

relationship of ¥ = 1,77 (471" would provide the most accurate cetimate of rain
volumes from conveciive storms over the Transvaal Highveld (Fig 5.6).

Conclud:ng Remarks

Validating the V-ATY relationship has proven to be the most difficult part of
this study. While encoura:ging resuits have been obtained from the cbmparisons
between ATI and gaﬁgc rain rates, the study has been severely limited by 4 lack
of ground truth data. The conclusions that ¢an be drawn from the study are that
the ATI approach offers a useful and potentially accurate means of assessing th:
volume of rain that falls within the effective rainfall measurement range of the
radar for the duration of a rainfall sexson. In light of the objectives set for the
Tropical Rain Measuring Mission (TRMM) this finding should be seen as
encouraging. Results obtained from the spaceborne radar that will be used in
TRMM will be used to assess whether climatic change is being manifested in
seasonal and spatial changes in rainfall patterns. The precise calibratinns
normally required in effecting accurate radar rainfall measurements will not be
possible on the TRMM radar, The results of this stady suggest that the radar
rainfall measurement technique that has been proposed for TRMM, which is
based on the principle of the ATI technique, may generate accurate rainfall

estimates regardiess,

It has been suggested that V-ATI relationships may well change from season
to season. As mentioned in Chapter I, these changes offer academic interest
regarding changes.in the efficiency of rain-producing storm systems. It would
make an interesting and useful study to investigate changes in the V-ATI
relationship from season to season and to relate these changes to observed
changes in metcorological variables, By the same token the robustness of a given
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Table 5.2:  Regression paramieters for a V-ATI relationship derived from a
standand probability-weighting derivation of RERY across all the rain
rate cluss interval:

K b Correlation coefficient V-ATI derived average
) rain ‘yate mm.ht
1,77 1,2 0,96 4,11

V-ATL relationship in measuring rainfull {rom one scason to the next also
requires investigation. Suggestions are that an acceptable experimental approach
would be to define a rain gauge network that did not nccessarily cover every
spatial vanation in rainfall over the radur coverage area but simply ensured that
the pdf of a host of different rain rates were accurately recorded. Under these
circumstances information from sparse rain gauge networks could be used

effectively in erhancing the accuracy of radar-derived rainfall estimates.

Finally the operational appiicability of the ATI technique as a radar rainfail
measurement technique needs v be considered. The question simply cannot be
answered with available information. The spatial resolution of the ground-based
rainfall measurernents meant that it was not possible to distinguish an individual
storm cluster and assess the accuracy of the ATI in determining the rainfall yield
from that cluster. The approach that \ﬁ’as used in this study, namely to determine
the V-ATI relationship on the basis of a scan-by-scan intcgration tccl1n§quc
requires that all radar echo within the effective rainfall measurement range of the
radar be included in the ATI. This does not readily facilitate using the ATI
technique to measure rainfall over a given geographical area such as a catchment.
The conventional Z-R approach worid probably be a better approach under such
circumstance. There is nothing vo- suggest, however, that the ATI technique
cannot be used to assess the rainfull -olume within the effective rainfall
measurement range of the radar on any given storm day. Information available
for this study was simply insufficient in validating the accuracy of such an

approach.
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Figure 5.6: Optimised V-ATl relationship for radar-based convective ram
measurement over the Transvaal Highveld.

Summary

In this chapter different methods of optimising the V-ATI relationship have
been investigated. The intorduction of thresholds into either ATI or RERV in
determining V-ATI relationships was also investigated to identify the most
appropriate reflectivity threshold (MART). It has been argued that introducing
a threshold 1o the ATI at iso levels above the 23,3 dBZ echo essentially defeats
the object of the exercise because the slope of the V-ATI relationship is
consequently reduced to near unity. As soon gs the slope is near unity, average
rain ratc calculations become independent of the ATL  Theoretical
considerations based on documented characteristics of Highveld convective
storms suggest that larger, longer lived storms are likely to have larger rainfall
volumes than smaller, short duration storms. Steeply-sloped V-ATI relationships
for convective storms over the Transvaal Highveld are thus consistent with
documented storm characteristics. Introducing a threshold to RERY causes the
slope of the V-ATI curve to steepen and ensures that average rain rate

estimaiions are sulficiently sensitive to changes in the ATI,
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Finally the V-ATI relationship has heen optimised by matching radar-derived
and gauge-derived probability density functions. The uptimisation process made
usc of an averaging weighting fictor in each rain rate class. An optimised V.ATI
relutionship of ¥ == 1,77 (1 T1)'? hus been determined for convective storms over
the Transvaal Highveld which when compared to the average seasonal rain rate
gave a measirement error of about 6 per cent.

The V-ATI relationship has been optimised in this chapter. Introducing
equivalent rain rate thresholds into ATI and RERYV respectively, was initially
investigat. -1 as a means of V-ATI] optimisation. As this method proved to be an
unsatisfactory approach a probability matching method based on comparing rain
gauge and radar-derived rain rate pdf's was uscd to optimise the V-ATI
relationship. In the 'nal chapter the conclusions drawn in each of the chapters
will be consolidated to conclude the study as 2 whole.




i L Lt pfe AR

i 7 e sy g

SECTION 1V

CONCLUSIONS




A e (B 5 it Lo n

CHAPTER 6

CONCLUSIONS

The measurement of convective rainfall using a conventicnal S-Band weather
radur huas been examined in this dissertation. The dissertation has been divided
into two main sections, ezch examining a different aspect of radar rainfull
measurement.  The first of these sections has been a study of drop size
distributions that occur in convective rain over the Transvaal FHighveld and the
second an investigation of a particular technique of radar ruinfall measurement
known as the arca-time integral (AT!). Radar rainfall measurement is dependant
on the use of a Z-R relationship which empirically relates the strength of the
return signal on the radar to rain rate intensity. The mauin aim of the first -2ction
has been to establish an average Z-R relationship for convective raia over the
Transvaal Highveld and to develop an understanding o the way ¢hanging drop
size distributions effect the Z-R relationship. The ain - the second section has
been to derive an appraopriate F-ATT relationship for convective rainfull over the
Transvaal iighveld and to veriy and refine the accura. of that relationship.

1. Drop-Size Distributions ‘

1.1. Drop-size distributions {(DSDs) have heen measured using a J oss-Waldvogel
raindrop disdrometer, an electro-mechanical device that counts the numbers of
drops in a range of size disiributions impacting on a styrofoam body. The
disdrometer has been operated for two consecutive rainfall seasons in conjunction
with 2 tipping bucket rain gange. Rainfall totals measured by the tipping bucket
have been compared to those measured by the disdrometer indicating a tendency
for the disdrometer to underestimate rainfall totals during periods of very high
rain rates. Although the disdrometer is capable of resolving several hundred
drops a second there still appears to be instrument “dead time” when smaller
drops are not registered during periods of very high rain rates.

1.2, Due to the importance of assessing temporal variability of DSDs in 2 study
of this nature, Waldvogel's (1974) parameterisation scheme has been used. The
parameterisation scheme is based on the assumption that the exponential
distribution adequately describes a givert DSD. Thus the DSD can be quantified

35
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in terms of the intercept value, Ny and the slope of the distribution, A. A) and

A as well as corresponding radar reflectivity factor, rain rate and liquid water
content have been calculated from measured SDs on a minute-by-minuse basis.
In plotting the temporal variation of N, and Lambda various kinematic and
microphysical processes have been identified and related to evolving DSDs.
Drop sorting effects are clearly evident in convective rain with resultant DSDs
having relatively fewer smaller drops with higher numbers of large drops and

leading to rain rate overestimates when using the average Z-R relationship.

1.3. “Jumps’ in the temporal pattern of A,, which have been described by other
authors, have aiso been identified in the DSD data. Characteristics of the storm
in which an N, jump was identified suggest that N, jumps may be ielated to the
rapid collapse of the thunderstorm updraught. DSDs measured in stratiform -
tain, in the absence of updraughts, appear to represent equilibrium between drop
growth and drop disintegration effects generating an underestimate of rain rate
when ﬁsing the average Z-R relationship. o
1.4, Changing [DSDs have been shown to markedly intluence the accuracy of
radar measured rainfall. Radar estimated rainfall can both overestimate and
underestimate actual rainfall depending on the ‘DSD. An average Z-R
rel .iionship of Z = 245 R ' has been calculated by least squares linear regression
on logau'it]:uni{;E values from disdrometer data collected during 1989/1990 and
19°9/1991.  © In addition a quadratic fit Z-R relationship of
Z= i35 + 1,:::&6( log R) + 0,09(log R)* has been calculated and separate Z-R
relationships q_f’Z =539 R" and Z = 242 R %7 have been calculated for rain rates
greater than anfd less than 25 mm.h-! respectively. The tendency for A to become
constant wher, rain rates approach 100 mmh <! has been seen in A—R
relationships with a similar tendency in A — I¥ plots. A tends towards a constant |

value when liguid water content values exceed 1,2 g,




SR e st

C

Mmoo A e e e e e ——————

87
3. The ATI Method of Radar Rainfall Measurement

The ATI method of radar rainfall measurement proposed by Doneaud ef al,
(1981, 198da, 1984b, 1987, 1988} hus been the focus of the applied radur rainfall
measurement section of the dissertation. The ATI approaéh i based on
correlations between the areal coverage of a storm and its duration and the
rainfall volume produced by that storm. Various F-A77 (rainfall volume versus
area time integral} relationships have been determined for convective rain over
the Transvaal Highveld using radar data from an $-Band weather radar,

2.1. Different methods of area time integration have been investigated and, on
the basis of both practical considerations and the fact that the approach provided
the most reasonable estimate of average ground-based rain rates, the séa;Mby
scan method of area time integration has been deemed optimal, The sensitivity
of the V-ATI rclationship to changes in the Z-R relutionship has also been
considered with changes in the Z-R relationship having been scen to introduce
varying degrees of measurement error, The quadratic Z-R relationship appears -
to be most appropriate in determining radar estimated rain volume because the

- increase in equivalent rain rate with increasing dBZ is far less dramatic when

using the quadratic Z-R than for either the liaear Z-R or tor the 25 mm.h-! split
Z-R relationship.

2.2. Introducing thresholds into either ATI or RERYV in determining F-AT/
relationships was also investigated to identify the most appropriate reflectivity
threshold (MART). It has been argued that intr«. }aecing thresholds into ATI at
iso levels above the 23,3 dBZ echo essentially defeats the purpose of the exercise
because the slope of the V-4 77 refationship is thereby reduced to to near unity.
As soon as the slope is near unity average rain rate caleulations become
independent of the ATI. Theoretical considerations based on documented
characteristics of Highveld convective storms suggest that larger, longer lived
storms are likely to have larger rainfall volumes thai: smaller, short duration
storms. Steeply-sioped V-AT7 relationships for convective storms over the
Transvaal Highveld are thus consistent with documented stoim characteristics.
Thresholding the RERY steepened the slope of the V-4TT still further, making
average rain rate estimations far more sensitive to changes in the ATI.
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2.3. V-ATI rain rates have also been compared to gauge vain rates for twenty
selected storms days in an attempt to verify the validity of the derived }-AT7
relationship. While the average rain rate vaiues (calculated using the equivalent
rain rate thresholds) were well estimated by average T-A7T7 rain rates, severe
discrepancies were evident for individual storm days. An attempt has been made
to explain some of the discrepancics by showing how rain gauges failed to
adequately reflect average rain rates over the entire areal coverage of the storm,
_ but the analysis in general was hindered by limited ground truth data. A
cenclusion that could be drawn from this section of the study, however, was that
the quadratic Z-R relationship is probably the most suitable for use in ATI
studics. Both the lincar Z-R and the 25 mm.h-! split Z-R generate what appear
to be excessive estimates of rain rates at the higher radar reflectivity levels, To
illustrate this point consider that the standard Z-R relationship estimates an
equivalent rain rate for 63,3 dBZ of 652,08 mm.h-%, the 25 mm.h-! estimates an
equivalent rain rate of 764,21 mm.h-! and the quadratic Z-R estimates an
equivalent rain rate of 320,55 mm.h-!. On the other hand the highest rain rate
recorded at the ground during the four rainfall seasons was 196 mm.h~* measured
by disdrometer during the 198971990 rainfall season with a maximum value of
210 mm. ! during the same rainfali scason at one of the gauges within the rain
gauge network., )

2.4. Finally the V-ATI relationship has been optimised by matching
radar-derived and gauge-derived probability density functions, The optimisation
process made use of an average weighting factor in each rain rate class. Although
not explicitly investigated the optimisation procedure used suggests that
measurement errors introduced by use of an inappropriate Z-R could be lessened
or even nullified by optimisation of the V-ATI relationship. An optimised V-4TT
relationship of V' = 1,77 (471)'* has been determined for convective storms over
the Transvaal Highveld which, when compared to the average seasonal rain rate,
gave a measurement error of approximately six per cent.

It has been shown in the course of this study that the ATI technique is a
viable approach in effecting the measurement of rainfall using a conventional
S-Band weather radar. The operationat applicability of the technique could not
be properly assessed due io inadequate ground-based rain rate measurements.
For this reason conclusions regarding the advantages of the ATI technigue over
conventional Z-R techniques cannot be drawn. .Nevertheless the fact that an
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optimised V-ATI relationship could be used io estimate seasonal average rain
rates with a measurement error of only six per cent indicates great promise for
the potential application of the ATI technique in measuring convestive rainfall

volunies over the Transvaal [lighveld.
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