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Abstract

Errors arise when using conventional radar reflectivity, Z, to estimate rainfall rate, R, and these can be particularly severe during
severe convective storms; the very events when accurate estimates are needed so that action can be taken to mitigate the effects of
flooding. Concentration is on three problems associated with heavy rainfall: hail, attenuation and absolute calibration of the radar,
and consider how polarisation radar parameters, differential reflectivity, Zpg, and specific differential phase shift Kpp, might lead to
their alleviation. It is essential to consider the fundamental limits to the accuracy with which these parameters can be estimated. If
Zpgr can be measured to an accuracy of 0.2 dB, then it provides a measure of mean raindrop shape which is sufficiently precise to
improve rainrate estimates. This can be achieved at S-band (10 cm), but seems very difficult for operational C-band (5 cm) radars;
differential attenuation by the heavy rain introduces a negative bias into Zpg which increases with range. However, the magnitude of
this bias at C-band can then be used to correct for the total attenuation of Z. Differential phase, Kpp, has the advantage that it is a
phase measurement and so is unaffected by attenuation. It only responds to the rainfall and is unaffected by the hail, but Kpp is a
noisy parameter and is only useful for heavy rainfall above 3060 mm hr ™. Fortuitously, Kpp and Zpg are not independent and one
use of Kpp and Zpr may well be to exploit this redundancy to identify rain areas as opposed to hail, and in rainfall to use the
redundancy to provide an automatic calibration of the absolute reflectivity, Z, to 0.5 dB (12%). Finally, the noisy character of both
Zpyr and Kpp together with the low level of the co-polar correlation coefficient provide the first reliable means of detecting and

removing anomalous propagation which is a major operational problem for all weather radars.
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Introduction

This article considers how radar estimates of rainfall in
convective storms can be improved if, in addition to the
conventional radar reflectivity, other parameters derived
from the polarisation of the radar returns are available.
Accurate radar measurements of rainfall are most important
in heavy convective rain so that timely action can be taken—
for example, in the real time control of sewage systems to
avoid outflows into rivers and flooding of properties. In such
conditions radar has the unique advantages of scanning
rainfall rates over a large area with a rapid update time. For
the past fifty years rainfall estimates (R) have been made
based on the value of the radar reflectivity (Z) and there has
been much debate about which of the many Z-R relation-
ships it is appropriate to use. The difficulty arises because,
for rain, Z = END?®, where N is the concentration and D the
raindrop diameter, but R ~ ZN D*’; typically an empirical
relationship of the form Z = 200 R is used. Typical errors
for the instantaneous rain rate so derived are a factor of two.
Much effort has been expended using rain gauges in real
time to adjust and optimise the Z-R relationship, but

recently it has become clear that the errors in R are not only
due to changes in drop size distribution (Collier ez al., 1983;
Austin, 1987; Joss and Waldvogel, 1990). In convective
storms the following problems are probably the most severe:

1) AMBIGUITIES DUE TO HAIL

In convective storms the presence of hail gives rise to very
large values of Z which can lead to unrealistic rainfall rates
being estimated; to prevent this, sometimes the values of Z
are clipped (typically at 55 dBZ, e.g. Mason, 1971). How-
ever, there are occasions when the high values of Z really do
result from rainfall rates of (say) 200 mm hr~', and for
the prediction of flash floods it is important to identify
such regions.

2) ATTENUATION

Heavy rainfall can also cause appreciable attenuation leading
to an underestimate of rainfall on the far side of a storm (e.g.
Hitschfeld and Bordan, 1954). These problems are more
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important in Europe and Japan where C-band (5 cm) radars
are in widespread use, but less so in the USA for the S-band
(10 cm) NEXRAD radars.

3) ABSOLUTE CALIBRATION OF RADAR
REFLECTIVITY

Much effort has been directed towards developing calibra-
tion techniques for Z, usually involving lengthy compari-
sons with rain gauges (e.g. Joss and Waldvogel, 1990; Joss
and Lee, 1995). Sampling and representativity problems
mean that what seems to be a straightforward and simple
technique is in fact plagued with difficulties and leads to
only limited success. This is because the rain gauge is a
point measurement, whereas the radar beam is usually a
volume of side several hundreds of metres. In addition the
beam is some height above the gauge so wind drift can affect
the calibration. A further complication is that the radar only
samples above the gauge every five minutes or so, and in
convective storms the rainfall rate can change appreciably
during this time. If we want to compare the radar rainfall
rate with the gauge to an accuracy of 10% every five minutes
and the gauge registers a tip for every 0.2 mm of rain, then
this is only possible for rather high rainfall rates above
24 mm hr~'. Traditionally, the calibration of Z is provided
by long term comparisons with rain gauges close to the
radar.

Downdrafts of 8-10 m s~! in convective storms will lead
to an underestimate of rainfall from Z of up to 60% (Austin,
1987). This effect would be restricted to rather small regions
of the storms and although it may be significant it is often
ignored. Polarisation methods cannot help. The only means
of identifying such regions would appear to be to use dual-
Doppler radar coverage; but such coverage is unavailable
from operational networks.

We shall consider observations made by the RAL
Chilbolton 10 cm (S-band) radar and report recent obser-
vations which are typical of those made during the HYREX
experiment; a more detailed comparison with raingauges
can be found in Blackman and Illingworth (1997). This
radar, with its 0.25° beamwidth and very high quality
antenna, is able to transmit pulses alternately polarised in
the vertical and horizontal and make extremely accurate
polarisation measurements. Polarimetric techniques exploit
the increasingly oblate shapes of larger raindrops to provide
an estimate of raindrop size and then use this size infor-
mation to remove some of the uncertainty in estimating
rainfall rates from Z alone. They also exploit the fact that
although hailstones may not be spherical, they generally
tumble as they fall, and so make the same contribution to
both the horizontally and vertically polarised radar returns.

Most operational radars in Europe and Japan operate at
C-band with smaller 1° beamwidth antennas. The use of S-
band for polarisation observations has two major advan-
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tages: firstly, we have Rayleigh scattering for nearly all
meteorological targets, and secondly, there are normally
negligible propagation or attenuation problems. Gate-by
gate correction schemes (Hitschfeld and Bordan, 1954) are
notoriously unstable and very sensitive to small calibration
errors (Hildebrand, 1978). One approach at C-band is to use
the polarisation parameters to correct for the appreciable
attenuation which occurs in heavy rainfall.

In judging the efficacy of the various techniques we must
bear in mind the dwell time and scanning implications.
Conventional radar networks have products of estimated
rainfall rate with a spatial resolution of about 2 km and an
update time of 5 (or perhaps two and a half) minutes. This
resolution means that in rapidly evolving storms the
sampling places a limit in the accuracy of derived short-
term precipitation totals even if the Z-R relationship is
perfect. Fabry et al. (1994) analysed a reflectivity field with
250 m spatial resolution and 30 sec time interval and
assumed the rainfall from a Z-R relationship was truth, and
then simulated the degradation for 5 minute inferred rainfall
accumulation totals when they undersampled the field in
both space and time. For 2 km and 2 minutes the sampling
errors are about 30%. We should aim at this accuracy with
our polarisation techniques; a considerable advance over the
factor of two from Z-R relationships. This is a best case; any
variations in Z-R relationships or wind drift of the
precipitation as it falls from the height of the radar beam
to the ground (Collier, 1999) will mean that in practice the
performance will be worse. There is nothing to be gained by
improving upon this 30% accuracy unless it is possible to
sample the field with higher resolution. If polarisation
techniques require longer dwell times then they may sample
less frequently and this could negate the increased accuracy
of the instantaneous samples.

Definition of the polarisation
parameters

We shall restrict our discussion to the use of linear
polarisation in which the radar can transmit pulses which
are polarised alternately in the horizontal and vertical, and
can measure both the two co-polar returns Zy, Z,; and, if
the radar is Dopplerised, the phase of the horizontaily and
vertically polarised returns, ¢y, and ¢,. We shall consider
two parameters: the differential reflectivity, Zpg, and the
specific differential phase shift, Kpp.

1) Zpr ~ differential reflectivity (= 10 log (Zn/Zy)) is a
measure of mean particle shape. Zpgr is particularly
useful for rain, because small raindrops are spherical but
larger ones become increasingly oblate. If we assume a
simple exponential raindrop size distribution

'N(D) = Noexp(—3.67 D/Dy) (1)

where D, is the equivolumetric median drop diameter,
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then the value of D, can be estimated from Zpg. Once
D, is known then the value of N, is fixed by the observed
value of Z. An empirical Z-R relationship is equivalent to
assuming we have a Marshall-Palmer distribution with
N, constant and equal to 8000 m~> mm™!, but the use of
Z and Zpp, to fix both N, and D, should result in more
accurate rainfall estimates (Seliga and Bringi, 1976). In a
subsequent section the required accuracy for measuring
ZpR and the effect of propagation on measurements at
C-band are discussed.

Ice particles have a lower dielectric constant and so’

even if they are oblate they tend to have low values of
Zpg, particularly if, as is the case of snow, they are a low
density mixture of air and ice. Once particles are wet the
value of Zpgr increases, and so the bright band is
associated with high values of Zpg. In addition, in
vigorous convection supercooled raindrops can be
recognised by narrow vertical columns of positive Zpg
extending above the freezing level (e.g. Illingworth ez al.,
1987).

2) Kpp — the specific differential phase arises because the
propagation speed of the horizontally polarised radar
wave through a region containing oblate raindrops is
lower than the speed of the vertically polarised wave, and
as a result the phase of the horizontal return, ¢y, lags
progressively behind the phase of the vertical return, ¢,.
As a result the differential phase, ¢pp= ¢, — by,
normally increases monotonically with range and Kpp,
the rate of change of ¢pp with range measured in °/km,
is positive. The advantage of Kpp is that it is more
linearly related to the rainfall rate than is Z. In addition,
hail can dominate Z and lead to very high values of Z
which are difficult to interpret in terms of a rainfall rate,
but hail tumbles as it falls and tends to be more spherical
so it gives no contribution to Kpp. Kpp can be quite
difficult to measure as the phase shifts at S-band in light
rain are small, but as Kpp scales with frequency the
phase shifts are larger at C-band.

Raindrop shape model

Polarisation techniques rely on sensing drop shape and so it
is important to use the correct drop shape model. A simple
linear relationship between axial ratio, r, and drop diameter,
D in mm, is in widespread use:

r=1.03—-0.062D (2)

for drops larger than 0.5 mm diameter with smaller drops
assumed to be spherical. However, in some of the earliest
observations Goddard ez al. (1982) compared values of Zpg
computed from a raindrop disdrometer at the ground with
those observed by a radar dwelling just above the

disdrometer, and could only obtain agreement if they

adjusted empirically the shape of drops smaller than 2.5 mm

to be more spherical than given by Eqn. 1. They proposed
(Goddard e al., 1995) a new drop shape model:

r = 1.075 — 0.065 D — 0.0036 D? +0.0004 D*  (3)

for drops larger than 1.1 mm with smaller drops again
assumed spherical. Confirmation of such drop shapes is not
simple. Measurements of raindrop shape close to the
ground or #m-situ with aircraft are not representative because
of the atypically high stress or shear experienced by such
drops, and it is only recently that careful experiments in
long wind tunnels such as those carried out by Andsager et
al. (1999, and references therein) have independently pro-
posed the shapes in Eqn. 3. This independent confirmation
of an empirical adjustment gives us confidence that the
shapes of Eqn. (3) are indeed those occurring in natural
rainfall.

Raindrop size spectra

To gauge the performance of polarisation techniques in
improving rainfall estimates by removing some of the drop
size spectrum uncertainty implicit in using a simple Z-R
relationship we need to know the variability of naturally
occurring raindrop size spectra. It is known that the simple
exponential representation suggested by Marshall-Palmer is
too simple and that a normalised gamma function (Illing-
worth and Blackman, 1999) of the form

N(D) = ¢ Np D*exp(—(3.67 + ))D/D,)  (4)

is more appropriate, where | is the index of the gamma
function, D, the equivolumetric median drop diameter, c a
normalisation constant, and Ny, a concentration. If Eqn. 4 is
not normalised then the concentration is correlated with p
and varies over 25 orders of magnitude, but normalisation
with respect to liquid water content leads to a value of N,
which is independent of p and better reflects the true drop
concentration (Illingworth and Johnson, 1999). For p=0
Egn. 4 reduces to the simple exponential, but for positive
values of u the spectrum is increasingly monodispersed with
fewer very large or very small drops than predicted by the
simple exponential. Kozu and Nakamura (1991) equated the
sixth, fourth and third moments of observed raindrop size
distributions to the appropriately weighted integral expres-
sion from a non-normalised version of Eqn. 4 and so
deduced values of p, D, and N, in naturally occurring
rainfall. Values of p ranged from 0 to 15 with the mean value
of about 5 or 6. Figure 1 shows the results (Illingworth and
Johnson, 1999) of fitting the 1250 naturally occurring
raindrop spectra during the month of July 1988 (chosen
because of its heavy rain rates) at Chilbolton and shows that
the mean value of u is about 6 in natural rain but can vary
between 0 and 15. The mean value of the normalised
concentration log(Ny) is about 3.93, very close to the
equivalent Marshall-Palmer value of log(8000 m 3 mm™!).
The standard deviation of Ny, is about a factor of three
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