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distributions on the uncertainty inherent in rainfall estimates collected at
different spatial and temporal scales.
Ewan Archibald, DLR

The nature of uncertainty
The term "data quality" can be regarded as referring very
broadly to the usefulness of a set of measurements when
applied in the context of a specific application and for a
particular purpose. In very general terms, an application will
encapsulate some form of implicit or explicit model, in the
sense that it is inevitably a gross simplification of a far more
complex prototype system, intended only to represent a
particular set of behaviours thought to be of relevance to some
real-world problem. Simplification can normally be taken as
implying that processes are represented only at a particular
scale or set of scales, and this will therefore underpin any
definition of what is meant by data quality.
By way of example, measurements of rainfall are often used
as input to flood forecasting models, which in most instances
are represented as a simple "black box", attenuating a higher
frequency input (i.e. the average depth or intensity of rainfall)
to a lower frequency output (i.e. rate of river flow at the base of
the catchment). Since a "lumped" representation of the
catchment hydrology is employed, the spatial and temporal
scales at which the relevant processes are being represented
correspond to the spatial extent of the catchment and to the
time step used in iterating the model. An ideal rainfall
observation would have sampling properties that exactly
matched these scales, but in practice there will always be some
mismatch between this and the characteristics of the sensor
employed.
A rain gauge measures the depth of rainfall at a point, but
this is unlikely to be representative of rainfall over the
catchment as a whole, and will become less representative for
larger catchments. Similarly an instantaneous observation such
as is obtained from radar, may not be representative of the
average rainfall in the intervening period between
measurements. Underlying this, and the reason why
observations are required in the first place, is the fact that the
magnitude of the atmospheric fluxes which we regard as
constituting weather will vary across temporal and spatial
scales. Clearly, a point measurement is less likely to be
representative of rainfall over the catchment as a whole, if the
intensity of rainfall is itself highly variable in space.
Regardless of any errors specific to the method or
instrument used in making an observation, if the observation is
not representative of the input actually required by the model,
an error will result, in the sense that the output will be different
to that which would be obtained in the case of an observation
with ideal sampling characteristics. For reasons which will be
obvious, this is sometimes described as a "representativeness
error" and arises from the interaction between the sampling
properties of the sensor, the spatial and temporal scales being
represented in the application and the underlying variability of
the phenomena being observed.

In general, the instruments used in remote sensing provide
coverage which is both limited in extent and of variable
quality. For surface-based observing systems this most clearly
refers to spatial extent, with the quality or relevance of the data
tending to decrease with increasing distance from the sensor. In
the specific case of weather radar, this degradation tends to
associated with factors such as reduced sensitivity, increasing
beam height and a larger pulse volume. However, a similar
degradation in data quality (or relevance) occurs where time is
used as the reference frame, with the representativeness of an
instantaneous observation tending to decline as the separation
between the time when the measurement is made and the time
when it is applied increases. An extreme example is in the case
of non-geosynchronous satellite observations, where coverage
may only be available at intervals of hours or even days, but
similar considerations apply even where the interval between
measurements is of the order of minutes.
Clearly, this is only a problem because what is being
measured is non-stationary, this being the reason why
observations are required in the first place. The atmospheric
fluxes which we describe as weather vary in magnitude across
different spatial and temporal scales, and so a definition of the
scale of the processes we are trying to represent in any
application will underpin what we regard as defining data
quality. Naturally, this also applies with reference to time, with
the relevance of an observation made at a particular instant
decreasing away from that instant. Whereas in both cases this
degradation in data quality for a single sensor might reasonably
be approximated as a simple function of distance or time, for
an integrated observing network, the coverage from each
individual sensor is overlaid with multiple instruments
providing information for the same location but of differing
quality.

Radar Measurements of Precipitation
As with other remote sensing techniques, weather radar does
not in itself provide a direct measurement of the quantity being
sought. Instead, weather radar provides an estimate of the
intensity of precipitation through some relation to the measured
backscattered power. For a conventional, reflectivity based
estimate, this relationship is given as
Z

=

∫[N(De) De6 ]

mm6 m-3

(1)

, where De is the diameter of each droplet, N(De) is the number
of droplets per unit area in this size interval and Z is termed the
reflectivity factor. It will be noted that Z is related to the sixth
power of De, indicating a key dependence on the actual
distribution of drop sizes within the sampled volume.
The size spectrum of droplets falling as naturally occurring
rainfall is a result of collisions between individual droplets, and

the balance between the likliehood that these collisions will
result in a droplet growing through coalescence, or breaking up
into a number of smaller droplets. The likliehood of breakup
increases as a droplet grows in size, and this serves to limit the
maximum size to which droplets can grow to around 8mm.
It is possible to attempt to parameterize these rates of
coalescence and breakup for different droplet sizes, and arrive
at what is termed an equilibrium drop size distribution. This is
the relative concentration of different droplet sizes which will
be arrived at, given sufficient time or fall depth over which the
rates of coalescence and breakup can balance out. The results
of this type of study suggest that, providing that an equilibrium
has been reached, the relative concentrations of different
droplet sizes should be the same regardless of rainfall intensity.
This is not in fact what is observed in practice, either in
general or in specific instances, the key reason likely being that
there is a finite fall time before rainfall will reach the ground.
The time taken to reach an equilibrium is dependent on the rate
at which collisions between individual droplets occur, and thus
primarily on the initial concentration, or effectively, the rainfall
intensity. Thus, as rainfall intensity increases, the relative
number of larger droplets might be expected to gradually
increase towards an equilibrium level, since the rates of
coalescence and breakup will balance out more rapidly.
This is what is described in the classic, exponential model of
the drop size distribution derived from the measurements of
Marshal and Palmer (1954). This states that the shape of the
drop size distribution will vary in response to rainfall intensity
such that
N(De) = No exp(-ΛDe)
Λ = 4.1 R-0.21 mm-1

(2a)
(2b)

, where No is a scaling parameter for concentration with the
value 8000 m-3 mm-1, and Λ, which describes the slope, is
related to rainfall intensity (R, in mmhr--1). Thus as rainfall
intensity increases, the number of larger droplets will gradually
increase relative to the number of smaller droplets. Assuming
horizontal polarisation, and that droplets are falling at terminal
velocity in still air, this gives the relation
Z

= 200 R 1.6

(3)

, providing a practical basis for estimating precipitation
intensity directly from the measured reflectivity factor.

Dependence on the Drop Size Distribution
Although widely used in practice, Eqn 3 is strongly
dependent on Eqn. 2. Over the past few decades, extensive
comparisons between the measured reflectivity and rainfall at
the surface have provided a wide variety of alternative Z-R
relations reported in the literature. Battan (1973) notably listed
as many as 69 different Z-R relationships which had been
reported in the literature to that date and as Rinehart (1991)
wryly comments, many others have appeared since. Although
Eqn 3. appears to represent a reasonable average case, these
discrepancies cannot be explained entirely as a result of
instrumental errors, and instead suggest that the Drop Size
Distribution can on occasion vary markedly from that
described by Marshal and Palmer. There are a variety of
reasons why this might be the case.

Firstly, it should be noted that Eqn. 3 assumes that droplets
are falling at terminal velocity, and that the actual rainfall
intensity experienced at the ground will be altered in the
presence of strong up or down draughts. In the presence of a
strong up draught, such as on the leading edge of a
thunderstorm, smaller droplets will be held aloft and only the
larger droplets will fall out, altering the relation between the
measured Z aloft and the rainfall intensity R at the ground. A
similar discrepancy may occur where the precipitation
generating mechanism is vertically stratified, an example being
the “seeder-feeder” mechanism postulated for orographic
rainfall. In this drops from a higher ‘seeder’ layer, fall through
a lower ‘feeder’ layer where smaller droplets are condensing.
In essence, the two drop size distributions are superimposed
with the effect that smaller droplets are present at higher
relative concentrations.
Secondly, a number of authors have pointed out that
Marshal and Palmers original measurements relate to a
maximum intensity of 25 mmhr-1, and that particularly in the
case of deep, tropical precipitation, it may be possible that
equilibria is being reached. This would suggest that at some
intensity, there would be a transition from the Marshal-Palmer
type of DSD with Do increasing with intensity and No
remaining constant, to an equilibrium form of DSD where No
increases with intensity and Do instead remains constant
(Hodson, 1986). In other words, the Z-R relationship observed
might be expected to switch from an exponential to a linear
form at higher rainfall intensities.
There is some evidence for this. Based on analysis of
disdrometer data from sites at three widely differing latitudes,
Sauvageot and Lacroux (1995) found evidence of a similar
transition occurring for rainfall intensities in excess of 20 mmhr1
. It was suggested that this point of transition was in part
influenced by lattitude, tending to occur at higher intensities for
shallower mid-latitude systems. In a more explicit examination
of the problem, Hu and Srivastava (1995) compared the results
of their simulation with measured spectra from heavy tropical
rainfall, the expectation being that equilibrium was most likely
to be reached at high concentrations and where the rainfall
generating layer was relatively deep. They did find evidence of
parallel, exponential spectra, but with a slope of 2 mm-1 rather
than the 6.5 mm-1 predicted from their model. In conclusion,
they felt that this was most likely a result of the Low and List
formulae (Low and List, 1982) underestimating coalescence
and overestimating droplet breakup, but noted that it could also
be a consequence of averaging of measured drop spectra.
Testud et al (2001) also report reasonable agreement between
drop spectra measured by PMS probe, and predictions from
equilibria models, but noted that surprisingly this applied
equally to both convective and stratiform cases
Finally, it should be noted that in a series of recent articles
(Jameson and Kostinski, 1998, 1999 and 2000; Kostinski and
Jameson, 1997 and 1999; Jameson et al. 1999) it is argued that
'clustering' of similarly sized raindrops can occur at scales of
metres or less. The starting point for this argument is the
observation (also reported by Hosking and Stow, 1987 and Auf
der Maur, 2001) that analysis of droplet arrival times shows a
degree of temporal correlation that would not be present if the
process were truly random. These correlations decay with time,
indicating a period of coherence, which when compared across
droplet size intervals suggest that individual forms of droplet

spectra exist as quasi-physical entities. In other words, if we
were seeking to average drop counts from an instrument such
as a disdrometer in order to obtain a representative drop size
distribution, there is a definite period over which this averaging
should be performed. Averaging over a longer period would in
effect be combining measurements from two or more raindrop
clusters, and the net result would be the average of two or more
different drop size distributions. Averaging over a shorter
period would lead to the spectrum being dominated by random
fluctuations, particularly at lower concentrations.
A possible explanation for this clustering effect comes from
a new appreciation of the role that small-scale turbulence may
play in promoting rainfall. It will be recalled that there are a
number of shortcomings in currently accepted theories as to the
microphysical origins of rainfall; most notably in explaining
the initial broadening of the droplet spectrum following
condensation and in explaining the rapidity with which the
onset of falling precipitation occurs in nature. The idea that
turbulence may play a role in promoting the onset of
precipitation has some history (see for example, Arenburg,
1939, or East and Marshall, 1954), but it is only comparatively
recently that the tools have become available to enable realistic
attempts to parameterise these processes.
For example, while expressing reservations about the
difficulties of interpreting the results from a wind tunnel
experiment, Vohl et al (1999) suggest that droplet growth in
turbulent rather than laminar flow appeared to be enhanced by
10 to 20%, this being sufficient to promote the rapid
development of precipitation. Pinsky and Khain (1997, 2002)
used numerical models to demonstrate that the effect of smallscale eddying motion is to create localised concentrations of
droplets, this serving to greatly promote droplet interaction and
coalescence. Pigeonneau and Feuillebois (2002) report the
results of a similar study. An initial and localised broadening of
droplet spectra, would not only accelerate growth to the point
at which falling precipitation developed, but would also do so
in a spatially inhomogeneous manner, creating pulses of
heavier rainfall.
Thus, we have a difficulty in defining what is meant by drop
size distribution; whether it is with regard to the physical
grouping of droplets in certain proportions generally at smaller
scales, or whether it is a statistical description of average
concentration of droplets across some volume such as a radar
pulse volume. In the first case, scale is largely determined by
the microphysics of the precipitation process rather than by
some external constraint, and it follows that this will also serve
to determine the degree to which there is a real discrepancy
between the two definitions. Given evidence of clustering at
scales of metres, in most if not all cases the notional drop size
distribution represented by the radar pulse volume will actually
be the result of multiple and overlaid quasi-physical drop
spectra.
Jameson and Kostinki (2001) go on to argue that whilst
remaining eminently useful from a practical point of view,
power-law relations between quantities such as Z and R arise
from a purely statistical relationship, rather than from any
physical causality. In other words, the points plotted between Z
and R represent a family of separate linear relationships, and
while it is possible to fit a regression line to these points, this
does not imply any knowledge as to how No and Do might be

varying with rainfall intensity, since it is the net effect of many
different variations which is being observed.
This thesis is certainly helpful in resolving the apparent
discrepancies between equilibrium theory and observations
(n.b. while not necessarily implying that equilibria spectra will
exist in nature; the authors themselves believe that they do
not), and does serve to highlight a fact which has perhaps been
too readily accepted as an implicit assumption in much of the
previous work, namely that we are dealing with averages over
a volume which is not chosen to reflect the microphysics of
rainfall, but rather is determined by external constraints. It also
serves to suggest that the wilder variations in drop spectra
parameters experienced using instruments such as
disdrometers, may not occur to the same extent at the scales
observable by radar.

Polarimetry and Droplet Shape Models
As well as being characterised by a phase and amplitude, an
electromagnetic wave is characterised by a polarisation. This
describes the oscillation of the wave amplitude in directions
perpendicular to the direction of propagation. These
oscillations are regular, and in the most general case the
magnitude of these oscillations defines an ellipse. The terms
linear and circular polarisation both refer to special instances of
elliptical polarisation. In the case of linear polarisation, the
wave oscillates in one plane only (i.e. the magnitude of
oscillations in other directions is zero), and this could be
horizontal or vertical to the direction of propagation (i.e.
horizontal or vertical polarization), or could be some other
angle such as +45o or -45o (sometimes referred to as slantwise
polarisation). Polarimetric capability describes the capability of
some modern weather radar systems to transmit and receive
two or more polarizations. This is most usually at linear
horizontal and vertical polarizations and is what is assumed
here.
Practical utilization of polarimetric weather radar for
quantitative precipitation measurement largely rests on the fact
that as rain droplets become larger, they also tend to become
less spherical and more oblate. This is a result of the increasing
force exerted by the air through which a droplet is falling,
which acts against the force being exerted by surface tension
and which tends towards sphericity. The shape of the water
droplet changes so that the horizontal axis tends to become
elongated in relation to the vertical axes, this being described
as an oblate spheroid. An early attempt to parameterize this
relation was given by Prupacher and Pitter (1971), which
suggests that on average
Dr = 1.030 - 0.062De

(4)

, where Dr is the ratio of the vertical to horizontal axes. De is
the equivolumetric diameter (i.e. the diameter of a sphere
having the same volume) and is assumed wherever a reference
is made to droplet size.
More recent measurements such as Andsager et al (1999)
suggest a slightly less linear relationship, with smaller droplets
tending to be more spherical, with the effect that
Dr = 1.012 - 0.0144De - 0.013De2

(5)

, for De in the range 0.7mm to around 4.1mm. Examples of
these model raindrop shapes are shown in Figure 1, though it
should be emphasized that individual raindrops will exhibit a
much wider range of shapes. This is particularly true for larger
drop sizes, and although present in much lower concentrations,
these larger droplets do tend to contribute disproportionately to
radar measured parameters.

Fig. 1 : Representation of average raindrop shapes as a function of
equivolumetric diameter (De) plotted for intervals of 0.5 mm to a maximum
of 8 mm and using the drop shape model given in Andsager et al (1999).
Average raindrop shape is approximated as an oblate spheroid (or ellipsoid),
forming a flattened ellipse when viewed along the horizontal..

Polarimetric Estimates of Rainfall
While a drop size distribution can serve as a means to
translate between a measured quantity such as reflectivity, and
some desired quantity such as rainfall intensity, the accuracy of
these estimates will obviously depend heavily on the accuracy
of the drop size distribution on which they are based. A central
problem is the fact that even in its simplest form, a drop size
distribution must be specified in terms of at least two
parameters: a concentration parameter (No) which relates to the
total volume of water present; and a slope parameter (Do)
which describes the proportionality between different droplet
sizes. Using only a single measured quantity, such as Z, it is
only possible to deduce another quantity, such as R, by making
an assumption that either No or Do is constant, or that these two
parameters are related in some linear fashion.
The usual practice, and the approach taken in applying the
Marshal-Palmer relation, is to assume that No is constant, and
that Do varies with rainfall intensity. In other words, heavier
rainfall is assumed to be predominantly a consequence of the
proportion of larger droplets increasing. The opposite
approach, discussed later in relation to equilibrium theory, is to
hold Do constant and assume that heavier rainfall is due to an
increase in No. In other words, the total number of droplets
increases in heavier rainfall, but different droplet sizes remain
in the same proportions.
If it is reasonable to suppose that both No and Do may vary
in nature, then it naturally follows that in either of these cases,
some error may result in applying a standard power-law
relationship. Furthermore, the magnitude of this discrepancy
will depend not only on degree to which the measured and
actual droplet spectra differ, but also on the power relation

between the two quantities. Whereas the rate of attenuation is
largely a function of De3 and thus is almost in direct proportion
to R, the reflectivity factor Z is a function of De6 and the
magnitude of any errors will increase exponentially. Atlas and
Chmela (1957) give an example from measured data, where the
same value for Z could relate to a rainfall intensity of either 11
mm hr-1 or 33 mm hr-1, a difference of 300% or more than
4.8 dB.
The possibility of using two measured quantities to better
parameterise drop spectra has long been realised, dating back at
least to Wexler and Atlas (1963). The basic concept that lies
behind dual-measurement techniques is that, for any two
parameter model of drop size distribution, it should be possible
to derive values for both parameters from a set of two unrelated
measurements. As a consequence, any derived quantities such
as rainfall rate can be more accurately determined. Partly for
technological reasons, early examples of dual-measurement
techniques predominantly focused on the use of dual
wavelengths; one strongly attenuating and the other weakly
attenuating. A rate of attenuation could be derived by
comparing Z at the two wavelengths, and this could then be
used in combination with Z to obtain an improved estimate of
rainfall intensity (Eccles and Mueller, 1973; Atlas and Ulbrich,
1974; Goldhirsh and Katz, 1974). However, while attractive in
principle, a major problem with this approach is that using the
same antennae, there will be a gross mismatch between the
beam patterns at the two wavelengths, with the consequence
that the sampled volumes are not identical (Rinehart and Tuttle,
1982).
Over the past two decades, attention has shifted more
towards the use of dual-polarisations, rather than dualwavelengths, to provide better specification of the drop size
distribution. For the purpose of rainfall estimation, polarimetric
techniques largely rely on the fact that drop shape is a function
of size, with the consequence that differences between the
signals at horizontal and vertical polarisation is related to the
proportion of larger drop sizes. Although the practical benefits
of using polarimetric techniques for quantitative rainfall
estimation remain largely unproven, there is now sufficient
confidence in the potential value of the qualitative information
provided by polarimetry that this is likely to become
increasingly viable as an operational method.
Although there are a variety of ways in which polarimetry
can be used, and these touch upon some of techniques with
which data quality problems can be detected and treated,
attention will focus primarily on the two main methods for
rainfall estimation. As the name should imply, differential
reflectivity (ZDR) is simply a measure of the ratio of the powers
at the two orthogonal polarisations, and is therefore expressed
in decibels. In contrast, specific differential propagation phase
(KDP) is a measure of the rate of change in propagation phase
between the two polarisation along a given path, and is
therefore expressed in deg km-1. A related quantity in the same
units is differential phase (фDP) which refers to the absolute
difference in phase at fixed intervals

Differential Reflectivity (ZDR)
The use of measurements of differential reflectivity (ZDR) at
linear horizontal and vertical polarisations to quantify drop
spectra variations was originally proposed by Seliga and Bringi
(1976 and 1978). It will be recalled that as raindrops get larger

they will tend to adopt an increasingly oblate shape, this
resulting in a more marked difference in their backscatter
cross-sections at horizontal and vertical polarisations. In
heavier rainfall, where from the Marshall-Palmer relation, the
proportion of larger droplets will be expected to increase, this
might be expected to result in a difference in reflectivity
between the two polarisations. Using the symbols ZH and ZV to
denote reflectivity factor measured at horizontal and vertical
polarisations respectively, the differential reflectivity (ZDR) can
be defined as
ZDR

= 10 log10(ZH/ZV)

dB

(6)

, or more simply, as the difference between ZH and ZV when
reflectivity factor is expressed in dBZ. In the absence of other
factors, light rainfall predominantly composed of small,
spherical droplets would be expected to produce a ZDR signal
close to zero, whereas heavier rainfall containing larger, more
oblate droplets would be expected to give a larger positive
value for ZDR .
Given the assumption of a two-parameter drop size
distribution, and a certain relation between droplet shape and
size, ZDR is simply a function of the mean drop diameter Do, and
is independent of No. It follows that Do can be estimated directly
from ZDR and that No can then be determined by dividing ZH by
Do, thus allowing full specification of the drop size distribution,
and in theory at least, providing a more accurate estimate of the
rainfall intensity. However, some caution needs to be
expressed. In particular it should be remembered that ZH and ZV
arise through integration over a volume, and that even in
intense rainfall, the larger droplets which contribute most to ZDR
are at relatively low concentrations. As a consequence, ZDR will
be less sensitive to R than might at first be assumed,
particularly once allowance is made for a realistic level of
measurement error.
Assuming a Marshal-Palmer drop size distribution, Figure 2
shows how ZDR changes in relation to R using the four drop
shape models described in the previous chapter. From this, it
will be noted firstly that ZDR will tend to be quite weak, with a
value of less than 2 dB for rainfall intensities less than 128
mm hr-1 regardless of the drop shape model employed. One clear
implication of this is that to be useful, ZDR needs to be estimated
with a high degree of precision and relatively free from noise.
Since ZDR is a relative measure, inaccuracies in the radar
constant will not have any significance although account does
need to be taken of any cross-channel biases. Quantisation
errors will be significant where ZDR is derived as a secondary
quantity, since the 8-bit formats often used to store values for Z
will give errors well in excess of the 0.1 to 0.3 dB quoted by
Bringi et al. (1980).
Secondly, it is apparent that the choice of drop shape model
does have a significant effect, though this is more pronounced
at lower rainfall intensities. For example, a ZDR of 1 dB would
correspond to a rainfall intensity of 12 mm hr-1 for the original
Prupacher and Pitter (1971) drop shape model, compared with
31 mm hr-1 for the latest Andsager et al (1999) drop shape
model. The three more recent models all define smaller
droplets as being more spherical, resulting in a weaker ZDR
signal for light to moderate rainfall, but respond more rapidly
in heavier rainfall, with the result that all four models begin to

converge at intensities of around 256 mm hr-1, giving a ZDR of
around 2.3 dB.
Since ZDR is independent of No, it can be expressed as a
function of Do and without reference to R, as shown in Figure
4.2. It should perhaps be noted that since the drop size
distribution is truncated at a maximum droplet diameter of 8
mm, ZDR will tend to level out at higher values of Do, reaching a
limit of around 4.3 dB at Do = 8 mm, this roughly equating to the
point at which different droplet sizes are assumed to be in
equal proportions. Higher values for ZDR would only be possible
if it were assumed that the normal trend in an exponential drop
size distribution were reversed, and that larger droplets were in
fact present in higher concentrations. This does occur in nature,
and an obvious situation which has been alluded to previously
with regard to Z-R relations, is the situation where there is a
strong vertical updraft, with only the larger droplets falling out.
Early measurements ZDR of showed some promise, with
values generally being in the expected range (Seliga and

Fig. 2a : ZDR plotted versus R assuming a Marshal-Palmer drop size
distribution and using the drop shape models from Prupacher and Pitter (P&P,
1971), Goddard and Cherry (G&C 1984), Beard and Chuang (B&C, 1987) and
Andsager et al. (ABL, 1999) respectively.

Fig. 2b : ZDR plotted versus the median volume diameter (Do) assuming an
exponential drop size distribution and using the drop shape models from
Prupacher and Pitter (P&P, 1971), Goddard and Cherry (G&C 1984), Beard
and Chuang (B&C, 1987) and Andsager et al. (ABL, 1999) respectively. For a
Marshal-Palmer drop size distribution, corresponding values for Do are 0.89,
1.20, 1.60, 2.14 and 2.87 mm at rainfall intensities of 1, 4, 16, 64 and 256
mmhr-1 respectively.

Bringi, 1978, 1980), and with rainfall estimates derived by this
method comparing favourably with those derived using
reflectivity at single polarisation. Seliga et al (1980) report that
this was the case even when systematic biases were removed
using data from a network of rain gauges, helping to support
the conclusion that this improvement was indeed a result of
variations in drop spectra being better represented. Several
authors have gone on to propose power law type relationships
based on polarimetric measurements. For example,
Sachidananda and Zrnic (1987) give the relationship
R

= 6.84x10-3 (ZH)-3.86 (ZV)4.86

-1

mm hr

(7)

, whereas Gorgucci et al (1995) suggest a more explicit
relationship to ZDR so that
R

= 10 (ZH)
-3

0.92

(-0.369 ZDR)

10

-1

mm hr

(8)

, both of these relationships applying for rainfall intensities in
the range 20 and 50 mm hr-1.
Nevertheless, there are a number of factors which may
impact on measurements of ZDR, and thus on the accuracy of
any estimates of rainfall obtained by this method. In particular,
ground clutter can exhibit a marked polarisation dependence,
with scattering cross-section tending to be much larger at
horizontal polarisation. However, particular objects such as
towers or masts on the radar horizon can have the opposite
effect, with a much stronger signal at vertical polarisation.
Thus, in areas contaminated by clutter, ZDR is likely to appear
particularly grainy, with values which are predominantly
strongly positive, but which may also be strongly negative.
more difficult aspect is the fact that as a result of factors such
as the positioning of the feed mechanism, the antennae
illumination function will normally be quite different at the two
polarisations. The volumes sampled in each case will not match
exactly, and this will be exacerbated by delays in switching
between the two polarisations.
Thus, measurements of ZDR might be expected to become less
accurate in situations such thunderstorms where the
meteorology is relatively dynamic, or at higher rotation rates.
Switching polarisation only after groups of pulses, rather than
on alternate pulses is obviously undesirable. In addition, the
position of supporting elements in the radome used to protect
most operational systems, might be expected to have some
effect in terms of the ZDR signal, but the magnitude of this effect
would be very difficult to predict and would be expected to
vary with azimuth and elevation. In general, these types of
errors are essentially random, and would suggest that
measurements of ZDR might be expected to be somewhat noisy.
Given that ZDR exhibits only limited sensitivity to drop spectra
variations, this is obviously a concern, though it is also true
that at shorter ranges, errors will tend to average out where data
is scaled up to the resolutions at which a rainfall product is
normally required.
However, at shorter wavelengths (X and C-band) the most
serious concern is that the extinction cross section, and
therefore the rate of attenuation, will be different at the two
polarisations. Since extinction is cumulative and will be
stronger at horizontal polarisation, the net effect is that ZH will
tend to decrease more rapidly with range leading to ZDR being

ZH (-16 to +64 dBZ)

ZDR (-4 to +4 dB)

Figure 3a : ZH (left) and ZDR (right) data collected by the POLDIRAD radar for
a thunderstorm in southern Germany on the 10th August 1994. As Fig. 3.2 but
following removal of clutter affected areas.

ΣK (-4 to +4 dB)

ZDR (-4 to +4 dB)

Figure 3b : Cumulative attenuation (left) and ZDR following adjustment for
attenuation (right).

Do (1 to 4 mm)

2

6

No (10 to 10 )

Figure 3c: Estimated values for parameters Do and No assuming an
exponential drop size distribution.

underestimated or becoming negative. Since strong differential
attenuation might be expected in exactly the same situations
where ZDR is likely to be most useful, this represents a
significant barrier to operational application, at least as far as
directly obtaining estimates of precipitation. Obtaining a

reliable and operationally robust method of correcting for the
effects of attenuation has in itself proved an intractable
problem, and it is difficult to hold out any hope for a robust
scheme that would do so with the level of accuracy required.
As an example, Figure 3 shows the effect of strong
attenuation in a thunderstorm on ZH and ZDR measurements
from the C-band POLDIRAD radar in southern Germany. This
is one of a number of scans collected on the afternoon and
evening of the 10th of August 1994 during a period of intense
thunderstorm actrivity. In this case, the parent storm is located
approximately 50 km to the north-east and is moving almost
directly along the radial towards the radar. There is some
suggestion that the main cell is being maintained by continuous
propagation from right to left, similar to a squall line but at
smaller scales. In addition, a number of daughter cells are
apparent in advance of the main storm and appear to have been
triggered by low level outflow.
From this initial view of the measurements for ZH and ZDR,
a number of features are worth commenting on. Firstly, it is
noticeable that a weakening of the ZH signal to the rear of the
main storm cell is barely discernible in the first picture, but
becomes very apparent in the second picture where ZDR is
observed to become negative. This is very clearly a result of
differential attenuation, with the reflectivity signal at horizontal
polarisation attenuating more rapidly with range. Furthermore,
the ZDR measurements reveal a second narrow sector of strong
attenuation immediately to the rear of one of the daughter cells
and at an azimuth of 18.1o.
While this can perhaps be taken as suggesting that at shorter
wavelengths ZDR can be useful in detecting the presence of
attenuation, and such a technique has indeed been proposed by
Upton and Fernandez (2000) among others, it is clearly
unhelpful if the intention in measuring ZDR is to better
parameterise the drop size distribution. Even in milder cases,
the effect of differential attenuation will be to cause a bias
towards smaller Do and larger No with range, and it becomes
difficult to know if the features apparent are genuinely a
consequence of distortions to the drop size distribution arising
from the internal dynamics of each storm cell, or instead an
artefact of the view angle. Thus, at shorter wavelengths some
adjustment for the affects of attenuation is required.
Another feature worth noting from Fig. 3a is the effect of
ground clutter contamination on measurements of ZDR. This is
apparent at shorter ranges within about 25 km of the radar
where the weak echo is believed to be almost entirely due to
reflections from the ground. Corresponding measurements for
ZDR are strongly positive, this being expected since a
predominantly flat surface will tend to have a much larger back
scatter cross-section at horizontal polarisation. However, an
interesting feature is the band of somewhat lower values which
appears to extend through this region and up towards one of the
daughter cells. This has the appearance of a gust front
boundary, and would therefore indicate a genuine
meteorological feature which might otherwise go unnoticed.
Thus in a qualitative sense, and in addition to identifying areas
where attenuation may be a problem, measurements of ZDR have
a further potential role in supporting discrimination between
meteorological and non-meteorological echoes. Although in
both these cases ZDR is providing information that supplements
that provided by ZH, it is equally true that exactly the same
features will tend to interfere with attempting to use ZDR

quantitatively. Some adjustment is therefore required before
attempting to derive information about variations in droplet
size spectra and the consequent impact on derived rainfall
intensities.
Clutter is perhaps the lesser of the two problems, since it
will tend to occur in known locations, and a variety of
techniques are available for identifying contamination.
Accounting for the effects of differential attenuation is
somewhat more problematic. Particularly in the case of a
thunderstorm, with strong reflectivity gradients and the
possible presence of hail, without any constraints a standard
iterative correction is liable to become unstable, making the
problem far worse. However, in this particular case it is
possible to apply a constraint based on the expectation that ZDR
should tend towards zero in light rainfall. In other words, the
cumulative adjustment made to ZH and ZV can be scaled so that
ZDR returns to zero on the far side of the storm. Naturally this
relies on the storm being contained within the area for which
coverage is available, something which is only broadly true in
this instance.
Figure 3b shows the re-calculated values for ZDR, together
with the cumulative adjustment made to ZH, based on a standard
Z-K relationship derived for λ = 5.6 cm and assuming a water
droplet temperature of 0o C. This serves to highlight the areas
where strong attenuation, and hence strong differential
attenuation is likely to be occurring. It will be noted that no
attempt is made to reflect the effect of variations on drop size
distribution on the rate of attenuation, since this in itself would
be prone to becoming numerically unstable, and instead a
broad adjustment is sought which brings the values for ZDR
within reasonable limits rather than attempting to obtain
precise values. The net effect is to strengthen ZDR values in the
vicinity of the main storm, and to remove the areas of negative
ZDR at longer range.
Values for Do can then be obtained directly by reference to a
pre-calculated look-up table based on the relationship shown
previously in Fig 2b, with values for No subsequently being
determined from ZH assuming the appropriate exponential drop
size distribution. However, it will be noted that in the vicinity
of both the parent cell and one of the daughter cells there are
instances of ZDR values in excess of 4 dB, this suggesting a
value for Do larger than the maximum drop diameter of 8 mm.
Since this occurs whether or not the correction for attenuation
is applied, it appears to be a genuine feature and most probably
represents a departure from the normal assumption underlying
an exponential drop size distribution, namely that larger
droplets will be present at lower concentrations. In areas with a
strong updraft only the larger droplets will fall out, with the
result that smaller droplets will be absent from a volume
sampled within the rain shaft. The effect of this distortion is to
enhance measured values for ZDR, giving an erroneous value for
No if this is then calculated assuming that Do and ZH describe an
exponential distribution.
Similarly, there are regions where ZDR is very low, indicating
a very small Do. This is reasonable for lower rainfall
intensities, but when combined with higher value for ZH, the
effect is for No to be many orders of magnitude larger than
might be thought realistic. A situation in which this may occur
would be in the presence of hail, where ZDR would be expected
to be much lower. Although hail particles do exhibit some
variation in shape with size, and do have preferred fall modes,

these are far less pronounced than for water droplets producing
similar returns at horizontal and vertical polarisations.
The derived values for No and Do shown in Fig. 3c have
therefore been constrained to what are judged physically
meaningful values, with Do being allowed to vary between 1
and 4 mm, and with No being allowed to vary in the range 102
to 106. This results in images which are largely believable,
though not necessarily accurate. For example, higher values for
Do are observed on the leading edge of the strongest daughter
cell where a strong updraft might be expected, and this would
be consistent with the observations of Schurr et al (2001) and
others. Similarly, higher values for Do are observed on the left
flank of the parent cell, this again being consistent with where
a strong updraft might be expected. However, the lower values
for No to the rear of this feature could be taken as indicating a
region of inflow, or could equally be explained as a
consequence of ZH not being adequately corrected for the
effects of attenuation. Similarly, the higher values for No on the
leading edge should probably be taken as indicating the
presence of hail rather than large concentrations of smaller
droplets.
This practical example serves to highlight both some of the
strengths and the weaknesses of the ZDR measurement,
particularly with regard to use at shorter wavelengths. While it
does clearly provide information which is potentially useful, it
also a quantity which can potentially prove very misleading.
Differential attenuation is clearly a problem, and while an
adequate correction may or may not have been made in this
specific example, it is much more difficult to postulate a
similar scheme that would work reliably in an operational
environment. However, even at longer wavelengths, it should
be apparent that ZDR, and particularly the derived quantities Do
and No are relatively sensitive to small errors which can arise
from factors such as clutter contamination or noise. Without
some form of constraint, these can swing wildly, giving very
different estimates of rainfall intensity. In part, this stems from
a reliance on the assumption of an exponential drop size
distribution, with Do and No inevitably being inter-dependent.
With the possible exception of deep, tropical rainfall systems,
this may not be a reasonable assumption in many of the
situations where a discernible ZDR signal is observed.

Differential Propagation Phase (KDP)
Liquid water has a refractive index which is higher than that
of the surrounding air, with the effect that the speed of wave
propagation will be slowed. Since larger rain droplets will tend
to be more oblate, a wave which is horizontally polarized will
in effect encounter more water content when traveling through
rainfall, and hence experience a greater relative delay as
compared with a wave which has a vertical polarization. There
will thus be some difference in the phase measured at the two
polarizations, and this relative difference will tend to increase
in more intense rainfall as the average droplet size increases.
This led Seliga and Bringi (1978) to propose the use of the
Specific Differential Propagation Phase (KDP) as a basis for
estimating rainfall intensity.
In a practical sense, this technique has a number of attractive
features not least of which is the fact that phase measurements
will be virtually immune to the affects of attenuation, or to
errors in the absolute calibration of the radar hardware. In
addition, phase measurements will be unaffected by partial

blockage of the radar beam, this allowing scans to be made at
lower elevations so that the radar beam would be closer to the
ground, and measured rainfall intensities would be closer to
those at the surface.
Specific differential propagation phase (KDP) is derived from
measurements of the differential phase shift (ФDP) defined
simply as
ФDP

= Ф H - ФV

(9)

deg

, where ФH and ФV represent the measured phase at horizontal
and vertical polarisations respectively. ФDP is itself relatively
insensitive to changes in drop size distribution, and tends to be
a rather noisy. As a consequence, it is more convenient to refer
to the rate of change over a distance r1 to r2, with the specific
differential propagation phase (KDP) being defined as
KDP

= [ФDP(r2)- ФDP(r1)]/2(r2 - r1)

-1

deg km

(10)

, and obtained using statistical approaches such as filtering or
least squares. However, this requirement to spatially average
represents an important practical limitation of the technique,
since reliable estimates of precipitation can only be obtained in
heavier rainfall and over larger areas.
Using the Prupacher and Pitter (1971) drop shape model and
assuming a Marshal-Palmer drop size distribution, Sachidanada
and Zrnic (1986) derived relationships between R and KDP with
the form
R

= 37.1 (KDP)0.866

-1

mm hr

(11)

for measurements at S-band. At C-band, Aydin and Giridhar
(1991) give the equivalent relationship as being
R

= 16.03 (KDP)0.95

-1

mm hr

(12)

Gorgucci et al (2000) note that the relationship to rainfall
intensity is almost linear and at S-band can be approximated as
R

= 39.8 KDP

-1

mm hr

(13)

, implying that a rainfall intensity of 10 mm hr-1 would result in a
KDP of only about 0.25 deg km-1.

Analysis of S-POL data from the MAP campaign.
Normally, quantitative polarimetric methods would be
examined in terms of the relative advantage over conventional,
reflectivity only precipitation estimates. In other words, the
assumption is that a particular technique will offer a more
accurate estimate of rainfall intensity when compared with
what is measured at the ground. In this case, the intention was
to take a subtly different approach in examining what can be
learnt about the scale of variations in the Z-R relations from a
comparison of the rainfall estimates by different techniques.
This makes sense if one remembers the difficulties in
comparing any form of radar estimate, with so-called “ground
truth” measurements from rain gauges or disdrometers. Quite
simply, the sampling characteristics are so different that any
smaller scale variations are liable to be lost in the noise.
Comparing different radar based methods has the advantage

that exactly the same atmospheric volume is being considered
in each case.
The original intention, as described in the project workplan,
had been to use data collected specifically for this purpose
using the PODIRAD radar at DLR in southern Germany. Since
this radar operates at C-band, any results might therefore be
applicable to operational systems in Europe. However,
prolonged delays in the refurbishment of the radar has meant
that reliable data has not been available during the lifetime of
the project. This together with doubts about the suitability of
existing archived data sets, has meant it has instead been
necessary to use data from the S-POL radar operated by
NCAR, collected during the MAP campaign in Northern Italy
during Autumn 1999. Although we are fortunate that this data
was available, in terms of the work that had been planned there
are two main disadvantages with using this data set. The first
and most obvious is that the S-POL radar operates at S-band,
and that while this has both advantages and disadvantages, any
results would clearly be less relevant to the European situation.
The second disadvantage is that the data available is limited to
what was collected at the time, and to meet a different set of
objectives.
Of the periods for which the S-POL radar was operating and
during which there was significant precipitation in the vicinity,
the following periods were selected for analysis.







17th September 1999 (IOP2A), Squall Line
20th September 1999 (IOP2B), Frontal
30th September 1999 (IOP4), Frontal
18th October 1999 (IOP7), Stratiform
21st October 1999 (IOP8), Stratiform
4th November 1999 (IOP14), Stratiform

The two cases where the heaviest precipitation occurred, and
where the strongest effects might be apparent, were during
thunderstorms associated with a squall line on the 17th
September 1999, and during heavy rainfall associated with a
frontal passage three days later on the 20th of September. igs.4
and 5 show examples of ZH, ZDR and KDP recorded on each of
these two dates. In both these cases, the radar was scanning a
sector to the north west of the radar site where the terrain
becomes mountainous. As a consequence the lowest elevation
available is generally 2.5o and even in these cases, there is clear
evidence of partial blockages (e.g. at azimuths 288o and 309o)
and some clutter contamination.
Examining these two cases, it will be immediately apparent
that for S-band at least, KDP is indeed both relatively insensitive
and extremely noisy. There is some evidence of a signal
emerging, most noticeably in the case on the 20th September
where a band of very heavy rainfall (at azimuth 300o, range 30
to 40km) is picked out by KDP values in the range 0.5o to 1o.
However, heavier but more localized rainfall that might be
expected to be associated with the thunderstorm cells on the
17th September is only barely discernible as an enhancement to
o
KDP . In the case of the large cell at 65km range, 335 azimuth
this weak enhancement appears to occur predominantly to the
rear of the areas where the strongest echoes are recorded by ZH.
A possible explanation would be that these echoes are
themselves enhanced by the presence of hail to which KDP
should be relatively insensitive. This is certainly not a complete
explanation since ZDR does still appear to show at least some

enhancement in the same region. Another featutre worth noting
is the enhancement to KDP values at ranges between 50 and
70km on the 20th of September. Although very patchy, there
would be a strong suspicion that these higher values for KDP are
associated with the beam intercepting the melting layer.
To gain an appreciation of what this means in terms of
estimated rainfall, a 64km square area was selected and divided
into a grid at resolutions ranging from 1 to 16 km. These could
represent river catchments or a model grid. The average rainfall
intensity in each grid cell was then calculated based on Eqn.3
for ZH and Eqn.11 for KDP. Results are shown for each of the two
events in Figures 6a and 6b respectively. Individual estimates
of rainfall by each of the two methods and at different
resolutions are shown by means of a scatter plots given as
Figures 7a and 7b. Briefly, the assumption behind this method
of analysis is that at some given resolution, the degree of
averaging should be sufficient to bring the rainfall estimates
obtained by the two methods more closely into agreement with
the remaining differences being explained through variations in
the drop size distribution. The resolution at which this occurs
might reasonably be expected to show some dependence on the
type of precipitation and the inherent variability of the
underlying meteorological processes.
In practice, there is only very poor agreement between the
rainfall estimates obtained by the two techniques, even as the
resolution is reduced. Although, spatial filtering does improve
the match between the two sets of estimates, scatter continues
to dominate, and on the whole, this appears to be due to
problems other than those which could be explained as drop
spectra variations. It is worth noting that for the 17th Spetember
event, there is noticeable trend suggesting that KDP is
systematically underestimating rainfall for higher values of ZH.
It is uncertain whether this should really be taken as indicating
the presence of hail, and there appears to be some suggestion
that possibly as a result of the way KDP is processed, rainfall
estimates obtained by this parameter may be being biased
towards the rear of the main storm cell. For the event on the
20th September, KDP again appears to be underestimating rainfall
in the band close to the radar, but this is masked in the scatter
plots by the effects of the radar beam intercepting the ice layer,
which dominate over a much larger area.

Conclusions
The reason for comparing rainfall estimates at different
resolutions is that not only is this more representative of what
an end user might require, but also that this may serve to filter
some of the noise observed in the KDP estimates. Thus KDP could
potentially still provide a more accurate estimate of the average
rainfall across an area (or equivalently. from a series of rapid
scans averaged over a period of time). This necessarily implies
some loss of temporal and spatial resolution, but this might in
any case be required in order to provide a rainfall product
suitable for a particular application. However, the results
obtained are not very persuasive, and suggest that this is
unlikely to be the case at the spatial and temporal resolutions
which might typically be required by end users.
The original premise was to use the more accurate estimates
of rainfall which, theoretically at least, could be obtained using
a polarimetric radar, to identify variations in the quality of
rainfall estimates obtained by conventional methods. This does
not appear to be practicable, with the poor sensitivity and

resultant noise in KDP masking any meaningful information
about variations in drop size distribution. Since the phenonema
which is being examined will itself exhibit rapid spatial and
temporal variations, application of spatial or temporal filtering
does not appear to make the problem any more tractable. It
should also be apparent that for a very weak signal, the precise
way in which KDP is being computed may have a significant
effect.
Naturally, any conclusions need to be framed in the light of
changes that were necessary to the work plan due to the
unavailability of the POLDIRAD radar. In particular, it is
important to note that KDP is more sensitive to rainfall at C-band,
and thus it might be easier to recover a meaningful signal. In
addition, it should be borne in mind that since it has not been
possible to collect data specifically for the purposes of the
project, it has been impossible to attempt to improve the
filtering of the KDP estimates by, for example, rapid scanning
and averaging in time. Both these factors would lead to some
improvement, but whether this would be sufficient to give a
meaningful result is clearly open to question. It is worth noting
that from figures derived from other literature, Illingworth et al
(2000) estimate that to achieve a rainfall estimate within 25%
of the true value at 1.2 km spatial resolution, the rainfall
intensity would need to be in excess of 66 mmhr-1 at S-band, as
opposed to 43 mmhr-1 at C-band. Even if these figures are not
optimistic, this still represents a very severe restriction on
practical use even at the shorter wavelength.
In more general terms, it seems unlikely that, on its own,
access to polarimetric information would lead directly lead to
improved quantitative rainfall estimates in an operational
environment. Propagation effects are generally small and
noisy, while at the same time being prone to measurement
problems in the same way that conventional reflectivity
measurements are. In this sense, there is no net benefit being
derived and from the results shown here, the precipitation
estimates obtained by these methods are likely to be of lower
quality than those obtained by conventional methods. In the
case of KDP, averaging may improve the estimate obtained, but
the degree of averaging required and the loss of spatial and
temporal resolution implied to routinely be able to reach the
level of quality obtained by conventional methods, is likely to
be unacceptable in most cases.
Where polarimetry may provide a benefit is in a secondary
role, for detecting and delimiting quality problems affecting
rainfall estimates obtained by conventional methods. Examples
would include detecting the melting layer (as shown in Fig. 5),
or at C-band, detecting stong attenuation (as shown in Fig. 3).
It remains to be demonstated whether operationally robust
methods for utilizing this information can be developed.

Moments and generalized gamma. J. Atmos. Sci., 58, 407-418.
5.

Aydin K. and V. Giridhar, 1992. C-band dual-polarization radar
observables in rain. J. Atmos. Oceanic Tech., 9,383-390

6.

Battan L.J., 1973. Radar observation of the atmosphere. University of
Chicago Press, 324pp.

7.

Beard K.V. and C. Chuang, 1987. A new model for the equilibrium
shape of raindrops. J. Atmos. Sci., 44, 1509-1524.

8.

Bringi V.N., T.A. Seliga T.A. and M.G. SriRam, 1980. Statistical
characteristics of the differential reflectivity radar signal. 19th Conf.
Radar Meteor., Amer. Meteor. Soc., 523-525.

9.

Chandrasekhar V., V.N. Bringi, N. Balakrishnan and D.S. Zrnic,
1990. Error structure of multiparameter radar and surface measurements
of rainfall. Part III: Specific differential phase. J. Atmos Oceanic Tech.,
7, 621-629.

10.

East T.W.R. and J.S. Marshall, 1954. Turbulence in clouds as a factor
in precipitation. Quart. J. Roy. Meterol. Soc., 80, 26-47.

11.

Eccles P.J. and E.A. Mueller, 1973. X-band attenuation and liquid
water content estimation by a dual-wavelength radar. J. Appl. Meteor.,
10, 1252-1259.

12.

Goddard J.W.F. and S.M. Cherry, 1984. The ability of dualpolarization radar (copolar linear) to predict rainfall and microwave
attenuation. Radio Sci. 19, 201-208.

13.

Goldhirsh J. and I. Katz, 1974. Estimation of raindrop size distribution
using multiple wavelength radar systems. Radio Sci., 9, 439-446.

14.

Gorgucci E., G. Scarchilli and V. Chandrasekar, 2000. Practical
aspects of radar rainfall estimation using specific differential
propagation phase. J. Appl. Meteor., 945-955.

15.

Hodson M.C. 1986. Raindrop size distribution. J. Climate Appl.
Meteorol., 25, 1070-1074

16.

Hosking J.G. and C.D. Stow, 1987. The arrival rate of raindrops at the
ground. J. Clim. Appl. Meteorol., 26, 433-442.

17.

Hu Z. and R.C. Srivastava, 1995. Evolution of raindrop size
distribution by coalescence, breakup and evaporation. Theory and
observations. J. Atmos. Sci, 52, 1761-1783.

18.

Illingworth A.J., T.M. Blackman and J.W.F. Goddard, 2000.
Improved rainfall estimates in convective storms using polarisation
diversity radar. Hydro. Earth Sys. Sci., 4, 555-563.

19.

Jameson A.R. and A.B. Kostinski, 1998. Fluctuation properties of
precipitation. Part II. Reconsideration of the meaning and measurement
of raindrop size distributions. J. Atmos. Sci., 55, 283-294.

20.

Jameson A.R. and A.B. Kostinski, 1999. Fluctuation properties of
precipitation. Part V. Distribution of rain rates - Theory and observation
in clustered rain. J. Atmos. Sci., 56, 3920-3932.

21.

Jameson A.R. and A.B. Kostinski, 2000. Fluctuation properties of
precipitation. Part VI. Observations of hyperfine clustering and drop size
distribution structures in three-dimensional rain. J. Atmos. Sci., 57, 373388.

22.

Jameson A.R. and A.B. Kostinski. 2001. Reconsideration of the
physical and empirical origins of Z-R relations in radar meteorology.
Quart. J. Roy. Meteorol. Soc., 127, 517-538.

23.

Jameson A.R., A.B. Kostinski and A. Kruger, 1999. Fluctuation
properties of precipitation. Part IV. Finescale clustering of drops in
variable rain. J. Atmos. Sci., 56, 82-91.

24.

Andsager K., K.V. Beard and N.F. Laid, 1999. Laboratory
measurements of axis ratios for large raindrops. J. Atmos. Sci., 26732683

Kostinski A.B. and A.R. Jameson, 1997. Fluctuation properties of
precipitation. Part I. On the deviation of single size counts from the
Poisson. J. Atmos. Sci., 54, 2174-2186.

25.

Arenburg D., 1939. Turbulence as a major factor in the growth of cloud
drops. Bull. Amer. Meteorol. Soc., 20, 444-448.

Kostinski A.B. and A.R. Jameson, 1999. Fluctuation properties of
precipitation. Part III.On the ubiquity and emergence of the exponential
drop size spectra. J. Atmos. Sci., 56, 111-121.

26.

Low T.B. and R. List, 1982. Collision, coalescense and breakup of
raindrops. Part I. Experimentally established coalescense efficiencies
and fragment size. J. Atmos. Sci., 39, 1591-1606.

27.

Marshall J.S. and W.M. Palmer, 1948. The distribution of raindrops
with size. J. Meteorol., 5, 165-166.

Acknowledgements
References
1.

2.
3.

Atlas D. and A.C. Chmela, 1957. Physical-synoptic variations of dropsize parameters. Proc. 6th Weather Radar Conf., Amer. Met. Soc., 21-30.

4.

Auf der Maur A.N., 2001. Statistical tools for drop size distributions :

28. Pigeonneau F. and F. Feuillebois, 2002. Collision of drops with inertial
effects in strongly sheared linear flow fields. J. Fluid. Mech., 455, 359386.
29. Pinsky M. and A. Khain, 1997. Formation of inhomogeneity in drop
concentration induced by inertia of drops falling in turbulent flow and
the influence of inhomogeneity on the drop spectrum broadening. Quart.
J. Royal Meteorol. Soc., 123, 165-186.
30. Pinsky M. and A. Khain, 2002. Effect of cloud nuceleation and
turbulence on droplet spectrum formation in cumulus clouds. Quart. J.
Royal Meteorol. Soc., 128, 501-533.

31.

Prupacher H.R. and R.L. Pitter, 1971. A semi-empirical determination
of the shape of cloud and precipitation drops. J. Atmos. Sci. 28, 86-94.

32.

Rinehart R.E., 1991. Radar for meteorologists (2nd Ed.). University of
North Dakota, 334pp.

33. Ryzhkov A. and D.S. Zrnic, 1995. Comparison of dual-polarisation
estimators of rain. J. Atmos. Oceanic Tech., 12, 249-256.
34. Sachidanada M. and D.S. Zrnic, 1986. Differential propagation phase
shift and rainfall rate estimation. Radio Sci., 21, 235-247.
35. Sauvageot H. and J-P. Lacroux, 1995. The shape of averaged drop size
distributions. J. Atmos. Sci., 52, 1070-1083.
36. Schuur T.J., A.V. Ryzhkov, D.S. Zrnic and M. Schönhuber, 2001.
Drop size distributions measured by a 2D video disdrometer:
Comparison with dual-polarization radar data. J. Appl. Meteorol., 40,
1019-1034.
37. Seliga T.A. and V.N. Bringi, 1976. Potential use of radar differential
reflectivity measurements at orthogonal polarizations for measuring
precipitation. J. Appl. Meteor, 15, 69-76.
38. Seliga T.A. and V.N. Bringi, 1978. Differential reflectivity and
differential phase shift: Application in radar meteorology. Radio Sci., 13,
271-275.
39. Seliga T.A. and V.N.Bringi, 1980. Comparison of rainfall rates derived
from differential reflectivity and disdrometer measurements. 19th Conf.
Radar Meteor., Amer. Meteor. Soc., 523-525.
40. Testud J., S. Oury, R.A. Black, P. Amayenc and X. Dou, 2001. The
concept of normalized distributions to describe raindrop spectra : a tool
for cloud physics and cloud remote sensing. J. Appl. Meteorol., 40, 118140.
41. Upton G. and J-J. Fernandez-Duran 2000. Statistical techniques for
clutter removal and attenuation detection in radar reflectivity. COST 75
Int. Seminar, Advanced Weather Radar Systems, Locarno. EUR 18567
EN.
42. Vohl O., S.K. Mitra, S.C. Wurzler and H.R. Prupacher, 1999. A wind
tunnel study of the effects of turbulence on the growth of cloud drops by
collision and coalescense. J. Atmos. Sci., 56, 4088-4099.
43. Wexler R. and D. Atlas, 1963. Radar reflectivity and attenuation of
rain. J. Appl. Meteor., 2, 276-280.

Fig. 4a) Reflectivity (ZH), 17th September 1999

Fig. 5a) Reflectivity (ZH), 20th September 1999

Fig. 4b) Differential Reflectivity (ZDR), 17th September 1999

Fig. 5b) Differential Reflectivity (ZDR), 20th September 1999

Fig 4c) Differential Phase (KDP), 17th September 1999

Fig 5c) Differential Phase (KDP), 20th September 1999

Fig 6a) 16:49 17th September 1999

b) 06:20 20th September 1999
Fig 6 : Rainfall estimates at different grid resolutions obtained from reflectivity (ZH – top row) and from differential
propagation phase (KDP – middle row) for 16:49 on the 17th of September 1999. The total area represented is a 64km square and
the bottom row shows the ratio between the two estimates expressed logarithmically so that the maximum differences (dark red
or dark blue) occur where one quantity is ten times the other.

a) 16:49 17th September 1999
Fig 7 : Rainfall estimates for ZH plotted versus those for
(green), 4km (red) and 8km (black).

b) 06:20 20th September 1999
KDP. The colours correspond to grid resolutions of 1km (grey), 2km

