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Abstract 

Several measuring methods using various properties of  radar signals to estimate rainfall 
rate R are reviewed. These methods are based on measurements of  the radar reflectivity 
factor Z at one or two polarizations, on measurements of  attenuation A or on a combina- 
tion of  these two quantities. When only one radar observable is measured, R is computed 
from analytical relations of  R - Z  or A - Z  type, ignoring the spatiotemporal variations of  
the raindrop size distribution N(D),  where D is the drop diameter. I f  N(D) can be ap- 
proximated by a two parameter equation, R can be estimated from the determination of  
N(D),  using measurements of  two radar observables. Some of  these methods are notably 
improved if the radar data are combined with rain gauge network measurements at the 
ground. The mean volume rainfall and the areally averaged rain rate can be estimated from 
the area-t ime integral and fractional area methods. 

1. Introduction 

The decisive advantage of using a radar for precipitation measurements is the 
real time monitoring of a wide area from a single point with high spatial and 
temporal continuity and resolution. Another important interest of the radar is 
the access to the observation of the three-dimensional structure of the generating 
system which makes it possible to connect the hydrological and meteorological 
aspects of the precipitation. 

Radar methods for precipitation measurements may serve a large number of 
practical applications such as agricultural planning, flash flood warning and fore- 
casting, evaluation of water resources in inhospitable regions, evaluation of avail- 
able reserves in the catchement areas or of the snow pack over mountains. 

The purpose of this paper is to review the several methods proposed to estimate 
rainfall by radar. The principles of radar meteorology which are well presented in 

0169-8095/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved 
SSDI 0169-8095 ( 93 ) E0057-6 



28 H. Sauvageot / Atmospheric Research 35 (1994) 27-54 

textbooks such as Atlas (1990) or Sauvageot ( 1992 ) will not be given here. Pre- 
viously, studies and bibliographies about the quantitative interpretation of 
weather radar measurements have been surveyed by Wilson and Brandes (1979), 
Zawadski (1982), Doviak (1983) and Joss and Waldvogel (1990). 

2. Basic concepts 

In nature, the characteristics of the drop size distribution (DSD) are not ran- 
dom but rather well defined, now radar return from rain and rainfall rate both 
depend upon moments of DSD. That is the reason why the radar return from 
precipitation is quantitatively l i ~  to the rain rate. Two mechanisms are mainly 
involved in the determination of DSD: coalescence which increases the drop size 
and collisional breakup which reduces it. As a result, it is s ~ t e d  by modeling 
(Valdez and Young, 1985; List et al., 1987) that during its fall, DSD should evolve 
towards a universal form called equilibrium distribution. In such a DSD, the 
number density distribution N(D) is: 

N(D) =R~(D)  ( 1 ) 

N(D) is the numerical concentration of drops with a spherical diameter D in a 
unit volume for a unit variation interval of the diameter. D is the equivalent 
spherical diameter of the drop. R is the rainfall rate and ¥(D)  is a generic shape 
function. 

Numerical simulations suggest that equilibrium distribution can be reached 
only after a large number of coalescence and breakups. If all the instantaneous 
DSD's were in equilibrium state, radar measurement of rain rate would be very 
simple and accurate since R would be simply proportional to the quantity mea- 
sured by the radar, that is, the radar refleetivity factor Z (this will be shown fur- 
ther - -  Eq. 7). In fact, the validity of the concept of DSD at equilibrium is not 
confirmed (the compatibility with observations is not demonstrated). 

The radar equation, i.e. the equation expressing the quantitative relationship 
between the average power of the received signal Pr and the reflectivity of a dis- 
tributed target such as precipitation, can be written (see for example Sauvageot, 
1992): 

Dmax 

I 
Drain 

where r is the distance between the radar and a particular range gate inside the 
precipitation, N(D) is the DSD for the unit volume, averaged over the radar 
resolution (or pulse) volume at the distance r, tr(D) is the backscattering cross 
section of drops with a diameter D, C is a constant factor which depends :on the 
technical radar parameters and on the units, L 2 is the attenuation term due to 
propagation in gases, cloud and precipitation for two ways, viz.: 
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L 2= lO-°2 f otdr (3) 
o 

where a is the rate of attenuation expressed in decibel (dB) per unit of length. 
For a spherical drop and if the conditions for Rayleigh scattering are satisfied, ie 
D~t2 where 2 is the radar wavelength, the backscattering cross-section is: 

tr(D) = ~ l g l  2D6. (4) 

IKI 2 is the dielectric factor. IKI 2 is approximately 0.93 for liquid water and 
0.176 for ice with normal density. 

Substituting Eq. (4) in Fxl. (2) and reassembling the constant terms, we obtain: 

Pr=C'L21KI 2Z (5) 
r 2,  

with: 
/)max 

t D6N(D)dD (6) Z =  
Drain 

Using Eq. (4) in Eq. (6) we have: 
o~,x 

2 4 

Z=ztSIK[ 2 ~ tr(D)N(D)dD (6')  
Drain 

Exl. (6) defines the radar reflectivity factor Z which is a characteristic of the 
target (that is independent from the radar parameters). It is an integral quantity. 
Eq. (6') is the equivalent radar reflectivity factor. Substituting Eq. (1) in Eq. 
(6), it appears that, in the case of an equilibrium DSD, we have: 

Dmax 

Z=R ~ D6~(D)dD (7) 
Drain 

o r  

Z=RK (8) 

where K is a coefficient depending only on ¥(D). 
Usually in the atmosphere DSD's are far from the equilibrium state, particu- 

larly at middle latitudes where rainfall rates are moderate and altitudes of melting 
level not very high (i.e. number of coalescence and collisional breakup not very 
important). Moreover many physical, dynamical and kinematical processes in- 
terfere in the evolution of precipitation and modify the DSD from their theoret- 
ical shape. For example, the vertical shear of a horizontal wind slants the precip- 
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itation trails, producing a size sorting effect on falling drops with a possible 
overlapping of precipitation coming from distinct convective generating cells. 
Turbulence of varions scales generates similar effects. As a result, from one point 
to another inside a precipitation, the characteristics of non-averaged DSD's are 
quite variable. However, if we consider the mean distributions (i.e. averaged in 
time or space on homogeneous samples), the variability decreases and we can 
approximately represent the DSD's by analytical functions. Fig. 1 is an example 
of raindrop size distributions measured at the ground with a drop size meter in a 
midlatitude stratiform precipitation. Fig. 1 a is a non-averaged DSD, displaying 
some random features, Fig. lb is an averaged DSD. 

The reflectivity factor Z measured with the radar in a particular point of the 
rainfield during a scan of the beam is nonlinearly depending (cf. Eq. 6) on the 
instantaneous characteristics of the DSD at this point. In such conditions it is 
understandable that the coefficients of the relation linking Z and R display a large 
variability. Difficulty in radar measurement of R proceeds from this variability 
and from the non linearity of the relation between Z and R. The DSD can be 
analytically represented by gamma distributions, viz.: 

A~,+I 
N(D)  =NTF(/z + 1 ) Dae-AD (9) 

where ArT,/z and A are the 3 parameters of the distribution. ArT is the total drop 
number, # is the shape parameter and A controls the slope of the distribution for 
large D. F i s  the gamma function. 

Frequently this distribution is used in the modified and simpler form: 

N(D)=NoD~e -AD (10) 

where 

No =ArT Au+ 1/F(N+ 1 ). 

For # = 0  Eq. (10) reduces to the well-known 2 parameter exponential distri- 
bution, viz.: 

N(D)  =Noe-A° ( 1 1 ) 

With Eq. ( 11 ), in lin-log coordinates, N(D)  is reduced to a straight line. Such a 
representation is not satisfactory for the small drops, particularly in tropical rain- 
fails. However the exponential distribution is frequently considered as an accept- 
able approximation for radar study. The reason is that small drops, because their 
volume and terminal fall velocity are weak, contribute little to precipitation and 
reflectivity compared to the big ones. 

To discuss the various methods proposed for rainfall estimation by radar it is 
useful to consider the expression oftbe precipitation rate, i.e. the equivalent vol- 
ume of liquid water crossing a horizontal cross-section of unit area over a unit 
interval of time, viz.: 
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b 

R (mm h - l )  = 2.501 

D O (mm) = 1.149 

W (gm -3 )  : 0.156 

Z (dBZ) = 29.985 

No(mm - ! m  -3 )  = 5898 

LA (mm' l )  = 3.302 

Fig. 1. Example of drop size distribution N(D) observed at ground level in a mid latitude frontal 
system in southwestern France on April 9, 1987 using a drop size meter. (a) distribution for 1 mn 
sampling time, (b) averaged distribution for 183 samples of 1 mn each. For each distribution, integral 
parameters are listed on the right part; NG = number of drops observed by the sensor, R = rainfall rate; 
Do=mean volume diameter; W=water content; Z=radar  reflectivity factor, No and LM (for Lambda) 
are the parameters of the corresponding exponential distribution (Eq. 1 ). 
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D m a x  

R=C 6 f D3N(D)[V(D)-W]dD (12) 
Drain 

where C is a coeffident depending on the units, V(D) is the terminal fall velocity 
in still air of the drops and W is the vertical component of the air speed counted 
positively upwards. The measurements are made at low level, as close as possible 
to the ground and W, which is unknown, is supposed to be equal to 0. If this 
hypothesis is not fulfilled, the measurement of R overestimates or underesti- 
mates the real rate according to whether the precipitation falls in ascending or 
descending air respectively. 

V(D) can be approximated by an expression of the form: 

V(D) =JD p (13) 

Substituting Eqs. ( 11 ) and (13) in Eq. (12), with W= O, we have: 
/)max 

/~min 

F-~t. (14) shows that R depends on the two parameters of the drop distribution 
No and A. Fig. 2 shows the corresponding variations with time of R, No and A in 
a tropical convective cell observed at ground on June 24, 1988 in northern Congo 
with a drop size meter. 

A large number of meteorological and hardware factors influence the quality 
of the hydrological measurements by radar. Among them problems associated 
with the vertical and horizontal homogeneity of the target, as a condition of the 
correct application of the meteorological radar equation, are of fundamental im- 
portance. The possible causes of homogeneity defects are the presence in the pulse 
volume of different kinds of particles (liquid water and ice), notably when the 
beam reaches the precipitation melting layer, the presence of large particles, i.e. 
hail, not satisfying the Rayleigh conditions for scattering and the possibility that 
the beam may be occupied in a non-uniform manner. Other major problems are 
ground echoes, and above all screening which modify the shape oftbe beam; they 
are related to the configuration of the ground and to the location of the radar 
antenna. Other causes of error are possible modifications of precipitation be- 
tween the level where radar measurements are made and the ground (evapora- 
tion or growth of the drops and vertical component of air motions ) and propa- 
gation problems (abnormal propagation and attenuation by precipitation, clouds, 
gases and possibly by wet or dry radome). Clearly, experimentatprecautions have 
to be taken and careful radar calibration is necessary. 

The methods of evaluation of R by radar are based on measurements of the 
radar reflectivity factor Z at one or two polarizations, on measurements of atten- 
uation A or on a combination of these two types of measurement. When only one 
radar observable is measured, R is computed by an analytical relation of the R-  
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Fig. 2. Temporal variation of R, No and 2 in a tropical convective rain cell observed at ground on June 
24, 1988 in North Congo with a drop size meter. 

Z or A-Z  type, ignoring the spatiotemporal variations of  N (D) .  When two radar 
observables are measured, we determine a (simplified) two parameters DSD, 
such as Eq. ( 11 ), and, from it, R. For tropical heavy rainfall displaying a lack of  
small drop compared to the exponential distribution it would be useful to deter- 
mine a 3 parameters DSD such as Eq. (9) .  Up to now no 3 parameters radar 
rainfall measurement method has been proposed. 

3. Backscattering single wavelength method 

It can be shown, analytically [if N(D)  is defined by an analytical function ] or 
experimentally from simultaneous measurements of  R and Z or of  N(D),  that Z 
and R are linked by relations of  the general form: 

Z = a R  b (15) 

where a and b are coefficients depending on the N(D) parameters. 
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For example, using Eq. ( 11 ) in Eq. (6) with the particular values of the DSD 
parameters known as Marshall Palmer's ( 1948 ) distribution, viz.: 

No (in cm -4) =0.08 ) 

and I (16) 
A (in c m - ~ ) = 4 1  R -°2~ 

with R in m m  h -  1, and calculating the integral of Eq. (6) between 0 and infinity, 
we obtain: 

Z=295R 1.47 (17) 

with Z in m m  6 m -  3. 
Fig. 3 is a plot of the Z - R  experimental points for a mid-latitude stratiform 

precipitation (a) and for a tropical squall line (b). The experimental points are 
calculated from DSD measured with a drop size meter, each registered during a 
sampling time of 1 min. The curves fitted to the points by linear regression are 
drawn. The corresponding Z - R  relations and the correlation coefficient (r) are 
also given. It can be seen that the relation between Z and R is very tight (r is 
larger than 0.9) and that the coefficients of the relation are significantly different 
for mid-latitude stratiform and tropical convective rainfalls. 

By substituting Eq. (15) in Eq. (5) and after correcting for the attenuation if 
necessary (i.e. if it is not negligible), we obtain: 

R= [prr2/ (aC ' [K12) ] l/b (18) 

The measurement of Pr (r) thus permits one to estimate R. The shortcomings 
of this method are, first, in the use of assumed values for the coefficients a and b 
of Eq. ( 15 ) and, when using attenuated wavelengths, in the correction of the L 2 
term. 

Because of the large variability of the Z - R  relation coefficients, the most un- 
favourable (but also the simplest) conditions for applying this method consist in 
using a standard Z - R  relation (i.e. a and b constant in all circumstances) and 
considering instantaneous estimations in a radar pixel; in this case, the errors of 
the estimation compared to the true values can be very large. In comparison with 
such conditions, significant improvements  are obtained in optimizing the choice 
of the relation from considerations relative to  the structure of  the observed pre- 
cipitation and to the climate; for example: convective or stratiform rainfalls, warm 
or cold frontal zone, in tropical or mid  latitude area, etc. That is why a volumi- 
nous literature has been published on the values of the coefficients of the Z-R 
relation. 

The a coefficient is small for stratiform rain and increases with the convective 

Fig. 3. Plot of Z-R experimental points (a) for the mid latitude stratiform precipitation observed on 
April 9, 1987 and (b) for the tropical convective rain cell observed on June 24, 1988. The Z-R rela- 
tions obtained by linear regression fitting and the corresponding curves are also given, r is the corre- 
lation coefficient of the fitting. 
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Z =  200R 1.6 

with Z in mm 6 
approximately: 

Z =  360R 1.35 

character and the rate of the rainfall. The b coefficient varies in the inverse way; 
it is large for stratiform rain and minimum for convective rain. The most fre- 
quently used relations are, for mid latitude stratiform rain: 

(19) 

m - 3  and R in mm h -~ and for convective tropical rain 

(20) 

with the same units as Eq. (19). Between these two cases, all the values are pos- 
sible, For particular storms or in particular climatic conditions (for example or- 
ographic rains) values largely outside the intervals defined by Eqs. ( 19 ) and (20) 
can be observed. 

To determine the climatologically tuned Z-R relation we can regress the Z and 
R pairs obtained, as in Fig. 3, from a statistically representative sample of DSD 
measurement at the ground, using a drop size meter, or from a sample of simul- 
taneous and coincidental measurements of Z by radar and R by raingage. An- 
other method was recently proposed by Calheiros and Zawadski (1987). It uses 
the probability density functions of R viz. P(R) obtained by raingages and of Z 
viz. P(Z) obtained by radar. On condition that they may be determined from a 
sufficiently large data simple, P(R) and P ( Z )  canbe considered as characteristic 
of the climate of a region and a season. Therefore it is not necessary to obtain 
P(R) and P(Z) from simultaneous observations. Only P(R) and P(Z) have to 
concern ctimatologically similar conditions. The essence of the method is that if 
two random variables (R and Z) are functionally related, the correct transfor- 
mation of one into the other will produce equal probability densities. So, it is 
possible to determine pairs of  Ri and Z, values such as the cumulative distribu- 
tion functions: 

o o  o o  

Ri Zi 

(21) 

with i=  10, 20..., 90%. The regression of the Rr-Z~ pairs gives the climatologically 
tuned Z-R relationship. It is clear that the Z-R relations obtained from this 
method implicitly depend on the particular condition of the Z measurements and 
notably on the radar calibration. Thus, one must be cautious in transferring such 
relations from one radar to another (Atlas et al., 1990). 

The influence of the variability of a and b on the accuracy of  the results de- 
creases when the measurements are averaged in time and/or  in space. We find 
that, for averages done on a few hours of precipitation, using a climatologically 
correct Z-R relation and on condition that the radar is properly calibrated, there 
is a good correspondence between the radar measurement and the control mea- 
surement by ground raingages. 

The influence of the term of attenuation by precipitation (Eq. 3 ) on the accu- 
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racy of the results obviously depends on the radar wavelength and on the rainfall 
rate. Moderate attenuation can be corrected from an iterative process step by step 
in the successive range gate (Hildebrand, 1978 ): starting with the measurement 
of the attenuated value of Z, a first estimation of R is calculated; this estimation 
is used to calculate an estimation of the attenuation rate a (see Eq. 23 below), 
then using a, a second estimation of Z is computed. The same process is repeated 
until the successive iterations no longer produce a significant modification of Z 
and R. However strong attenuations are very difficult to correct and involve ex- 
cessive uncertainties on the results. When, because of a calibration error or a 
wrong choice in the coefficients of the Z -R  or ¢x-R relations, the correction pro- 
duces an overestimation of the attenuation, the calculation diverges and has to 
be stopped. Moreover, the correction is not possible in the pixels where, because 
of attenuation, no signal is detected. 

Consequently for the radar measurement of R from a single wavelength back- 
scattering method, long wavelengths are better. For the S band (A- 10 cm) the 
attenuation term can usually be neglected in light and moderate precipitation. 
The C band (~-~ 5 cm) is also usable and can be corrected except in large and 
intense precipitation (for example in the case of a tropical squall line observed 
endwise). Shorter wavelengths are usable only with light precipitation. 

Usually, the attenuation correction is made considering only the effects of rain. 
However, for A < 5 cm, the attenuation by the water clouds, possibly present in 
the radar beam path, can be non negligible, even if their contribution to the re- 
flectivity is negligible and if they are not detected (to non precipitating water 
clouds, i.e. to D< 200/zm, correspond Z values lower than - 15 dBZ *, Sauvageot 
and Omar, 1987). 

Despite their poor accuracy, measurements of this type, by virtue of their flex- 
ibility and their simplicity in implementation, permit useful applications when- 
ever an approximate measurement is sufficient. 

4. Radar and raingage network 

Usually rainfall rates at a point on the ground are measured with a raingage. 
Raingages are simple, accurate and robust. The simplest ones measure the total 
depth of rain fallen during the time interval between two manual observations. 
Some equipments measure the average rate of the precipitation during the time 
necessary for collecting a quantum (the quantum can vary depending on the 
equipment, between a calibrated drop and a few decilitres just as the collection 
area can vary). 

If the measurements are carefully performed, notably with a correction of the 
uncertainties due to the wind, the raingage accuracy is around 5 or 10% for ob- 
servation at a single point. The relative uncertainty made in the measurement of 
the space time distribution at the ground of a precipitation by sampling with the 

* Z (in dBZ)  = 10 log~o ( Z  in m m  6 m - 3 ) .  
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help of a raingage network depends on the structure of the observed precipitation 
and the characteristics of the network used: it increases with the spacing between 
the measurement points (mesh) of the network and decreases when the rainfall 
rate, the extent of the network and the duration of the event considered increase 
(Huff, 1971 ). Huff ( 1970 ) has studied the average sampling uncertainty E from 
10 years of observation with a network of 49 rainages, between the best estimate 
of the true mean, obtained from the maximum density of raingages and the sam- 
ple mean precipitation calculated from a lower gage density. 

Fig. 4 illustrates the relative sampling uncertainty for selected gage densities 
and storm durations on an area of 1035 km 2. This Figure shows how the relative 
sampling uncertainty decreases with increasing mean rainfall and increasing sam- 
piing density and storm duration. 

In principle a dense raingage network enables the measurement of precipita- 
tion with a great accuracy. Except in the case of small local thunderstorms or in 
presence of high values of the airflow velocity, the uncertainty in the precipita- 
tion measurement with a raingage network of one point per 10 to 20 km 2 is below 
5%. 

In the radar-raingage network method, the radar data insure the density and 
continuity of the observations and a raingage network is used to adjust the radar- 
estimated rainfall. The sampling network is optimized at the maximum number 
of raingages necessary to reach the wanted precision (Woodtey et al., 1975; 
Barnston and Thomas, 1983; among others). The representativeness and the va- 
lidity in time and space of such an adjustment depend on the particular observa- 
tion conditions and especially on the homogeneity of the precipitation in the ob- 
served zone. In fact, the validity of the radar adjustment decreases as the distance 

I I I I I I I I I  I I I I1111 I I I I l l l l  
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Fig. 4. Average rainfall sampling error versus network mean rainfall for various gage densities and 
storm durations (adapted from Huff, 1970). 
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between the scattering volume considered and the adjustment point increases; 
thus it is preferable to spread the adjustment points (i.e. the raingage sites) over 
the entire observed region. 

Comparison between the average values of the measurements of precipitation 
made by radar and those carried out by a raingage network reveal important dif- 
ferences during the same event or from one precipitation to another; the ratio 
(G/H) where G and H are the depths of water measured by the raingage network 
and by the radar, respectively, frequently varies by a factor of two from one storm 
to another. It is therefore important to find an improvement by adjusting the 
factors used for the conversion of the radar data in terms of rainfall. 

In the simplest correction procedure the adjustment factor is uniformly applied 
to the radar-estimated rainfall. The multiplicative adjustment factor is given by 
the ratio of the gage network-derived precipitation depth summation 27 G~ to the 
radar derived precipitation depth summation 27 H,-, where i ( = 1 to N) is the 
order number of the raingage sites. The correction concerns both the uncertainty 
associated with the calibration of the radar and the uncertainty due to the Z-R 
relationship. 

The differences between the ground measurements and the estimates obtained 
by radar have physical causes which vary over space and time. Therefore, a more 
precise adjustment than that resulting from the use of an average factor may be 
obtained by referring to a sufficiently close raingage (as one moves away from 
the raingage site in question, the quality of the adjustment deteriorates until it 
becomes less than the overall adjustment). The utilization of adjustment rain- 
gage network data has thus led to the development of interpolation procedures 
derived from multivariate objective analysis (Brandes, 1975; Krajewski, 1987; 
Creutin et al., 1988). 

For example the method proposed by Brandes (1975 ) presents the following 
stages: 

- the values of the reflectivity factor Z measured by the radar (Eq. 6 ) are con- 
verted into precipitation rates with a Z-R relation (the choice of the relation 
used is not crucial for the results; it seems however logical to use the relation 
which is the best adapted climatically); 

- the rainfall rates are converted in incremental precipitation depth for the 
time intervals of the radar measurements then summed up in each resolution 
volume during the chosen time duration (duration of the rainy event or hourly, 
daily sequences, etc. ). The field obtained is converted into cartesian coordinates 
then slightly filtered to decrease the small scale fluctuations; 

- the G/Hratios are computed for each raingage having at least 2.5 mm of rain, 
using the radar data located in a given radius around the raingage; 

- from the G/H data, we determine a field of adjustment factor which is ap- 
plied to the values of rain estimated by radar to produce a first radar corrected 
rain field He; 

- the differences between the radar corrected rain depths Rc and the raingage 
measured rain depths are used to sharpen the adjustment factors so that the cor- 
rected field agrees with the rain data at gage location. 
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Fig. 5 is an example of the result obtained by adjustment of the radar data from 
a raingage network. 

When the radar beam goes through the melting layer, it is necessary to correct 
the effect of the variation of the reflectivity according to the altitude. Identifica- 
tion and correction processes are being studied to try and correct this effect called 
"bright band effect" (Smith, 1986; Koistinen, 1986; Joss and Waldvogel, 1990; 
Andrieu and Creutin, 1991 ). 

We saw in Section 2 (eq. 5 ), that the precipitation reflectivity factor Z is esti- 
mated from the received power Pr. If we assume, to make it simpler, that the 
attenuation L is negligible and if we integrate the dielectric factor I K 12 in coeffi- 
cient C, we obtain: 

Z = C - l p r  r2 (22) 

At the vertical of a given point u, the radar reflectivity Z at altitude h can be 
described by relation: 

Z(u,h) =Zo(u)z (h)  (23) 

where u =  (x,y) and Zo(u) is the reflectivity at ground level, that is to say that 
corresponding to the intensity of the precipitation measured at the ground, z (h) 
is a function describing the ratio between the reflectivity at an altitude h and the 
reflectivity at the ground: this function is called vertical profile of the reflectivi- 
ties and noted VPR. If  the VPR is assumed to be horizontally homogeneous on 
the observed area, that is to say independent  from x and from y, Eq. (14) can be 
written: 

Z(u,h ) =Z(r,h ) =Zo(r)z(  h ) (24) 

where r is the radial distance between the radar and the target. 
In fact, the VPR observed by the radar is the convolution of the real VPR and 

of the antenna radiation pattern, so that it is necessary to replace in Eq, (24) the 
z(h)  function by a new one, the apparent reflectivity proffl depending on the 
aperture of the beam 0o, on the site angle S, on the radial distance r and of course 
on z(h),  that is to say za(Oo, r, S, z) and Eq. (24) must  be rewritten: 

Z( r,h ) = Zo( r)za( Oo,r,S,z) (25) 

If we consider measurements at two site angles, the ratio of the reflectivities 
measured at high site (Sh) and low site (Sb) for a same mesh i of the radar picture 
situated a distance r, is expressed by: 

Zh(i) Za(Oor,Sh,Z) 
QZ( i) - Zb(i) -- za( Oo,r,Sb,z) (26) 

This ratio is independent from the precipitation rate for this mesh and only 
depends on the values taken by the apparent VPR for the two site angles. With 
the hypothesis that the VPR is horizontally homogeneous, the ratio of the reflec- 
tivities for a mesh located at distance r is given by Eq. (26). In practice, we work 
on the precipitation rates Rh and Rb attributed to the radar meshes of the rough 
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pictures obtained at high and low sites. The ratio of these rainrates for all the 
meshes situated at distance r can be written, using Eq. ( 15 ): 

QR( r) _Rh( r)_ [ za( Oo,r, Sh,Z) /Za( Oo,r, Sb,z) ]l/b=J[ z( h ) ] (27) 
Rb(r)  

To sum up, the correction of  effect of  the vertical profile of the non-uniform 
reflectivities is made in two stages: the first one is the determination of the VPR 
which consists in estimating the parameters describing z(h) from the mean val- 
ues of  QR(r) obtained for all the meshes situated at distances r and from the 
model linking QR(r) to Z(h) established after Eq. (27). The pixel previously 
recognized as not valid because of  screening or ground echoes are not taken into 
account in the calculation of  the QR (r) values. 

The second stage is correction. At each of the r distances from the radar, cor- 
responding to altitudes h used for the determination of  the z(h) profile, correc- 
tion factors are computed and affected homogeneously to the set of pixets situ- 
ated at that distance r. 

Taken as a whole, the uncertainty in the measurement of the quantity of water 
reaching the ground decreases when the surface considered and the duration of 
integration increase. For example, for surfaces smaller than 50 km 2 and integra- 
tion durations under 10 rain, the error in the measurement of precipitation is 
greater than 35%. In current cases of  convective rain, a radar calibrated by two 
raingages for an area of  1000 km 2, allows the same accuracy as an array of 50 
raingages distributed over the same area, i.e. approximately 20%. Over 1000 km 2, 
the quantity of  precipitation integrated over 1 h is estimated at 40% with 10 rain- 
gages; if a calibrated radar is added, an accuracy greater than 15% is obtained. 

According to the results of the various authors cited, it seems that for long in- 
tegration durations ( > 24 h), the measurement of the precipitation, by combin- 
ing radar data and a rain&age network leads to average uncertainties of  approxi- 
mately 10 to 30% for a raingage network with one measurement point per 1000 
to 2000 km 2. Whereas the uncertainty decreases when the spacing between the 
rain&ages decreases, the value of  the radar contribution also vanishes because a 
rain&age network by itself, if it is sufficiently dense, leads to the same accuracy as 
the combined data. For integration durations longer than 24 h, the equality be- 
tween the accuracy of the network by itself and the combination of the network 
and radar is reached with a network consisting of  one raingage for an area of 250- 
300 km 2 (Hildebrand et al., 1979). 

5. Attenuation methods 

Let Qt(D) be the total attenuation cross section of a raindrop with a D diame- 
ter. The attenation rate (cf. Eq. 3) of microwaves by a rainfall with aN(D) dis- 
tribution is: 
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Dmax 

a=0.4343  f Qt(D)N(D)dD 
Drain 

(28) 

with ot in dB k m -  ' 
Q, is the summation of an absorption term (proportional t o  D 3 ) and of a scat- 

tering term (proportional t o  D 6 ) .  Moreover Qt depends on the dielectric factor 
K (of. Eq. 4) and on the radar wavelength (see for example Sauvageot, 1992 ). 

The result of  these diverse dependences is that for fixed temperature and wave- 
length, the attenuation rate by precipitation as a function of R can be approxi- 
mated with a relation of the form: 

ap=kR ~ (29) 

In Table 1 are given the values of the coefficients of Eq. (29) for various values 
of the wavelength. 

5.1. Single wavelength method 

It can be seen in Table 1 that the attenuation rate is very low for 2 >/10 cm and 
increases as the wavelength decreases. C~p is a quasi linear function of R for the 
wavelengths around 1 cm (7 close to 1 ). This linearity implies a relative inde- 
pendence of Eq. (29) with respect to the size distribution of the rainfall. When 
y= 1, the same quantity of rain on the radar-target path creates the same atten- 
uation whatever the distribution of R along the path. 

Let us consider a point target with a known radar cross section observed at 
distance r through a precipitation. Let Pra and Pr be the mean powers returned by 
the target with and without rainfall respectively, that is: 

P,a =Pr L2 (30) 

Substituting Eq. (29) with 7= 1 in Eq. (3) and taking the logarithm, we have: 

Table 1 
Attenuation rate for rain at 18 ° C as a function of 2 in cm. k and 7 are the coefficients of Eq. (29) with 
ce v in dB km-  t and R in mm h -  

2 k 
(era) 

10 0.0003 1.00 
5.7 0..0022 1.17 
3.2 0.0074 1.31 
1.8 0.045 1.14 
1.24 0.12 1.05 
0.86 0.22 1.00 
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r 

IogloL2~--- _0.2kfR(r)dr 
o 

Using F-~I. (31) in Eq. (30), we obtain: 
r 

5 P, - f R(r)dr=-~log,o(-ff~,~)=rR 
o 

with: 

(31) 

(32) 

r 

o 

(33) 

Thus the Pr/Pr~ ratio is a measurement of the rainfall rate averaged over the 
radar-target path. 

The method is valuable because of its precision. It presents various inconveni- 
ences. It is a global measurement which does not give the spatial distribution of 
R. It requires on the field as many reflectors as the radials to be measured. The 
values of the attenuation coefficients are such that the measurement dynamics at 
a given wavelength is limited (with the same 2, it is impossible to measure with 
precision the weak and strong intensities on a path with a given length). It is thus 
rarely used for the meteorological measurement of  the precipitation with terres- 
trial radars. On the other hand, it is the main method usable to measure the pre- 
cipitation from spaceborne radar (Meneghini and Kozu, 1990). 

5.2. Dual wavelength methods 

To overcome the operational limitations of the single wavelength attenuation 
method, a clever solution consists in using a dual-wavelength radar, of  which at 
least one is attenuated by rain, and to consider differential attenuation between 
two radial distance r and r+zlr (Eccles et Mueller, 1971 ). 

We assume the two radar beams are colinear and matched. The mean power 
backscattered for the wavelength i (with i =  l, 2 ) at the distance r is given by Eq. 
(5). We have: 

Pi/ Ci = Z ir -2  ] Kl 210 -0"2 f ~a'dr (34) 

;t~ and '~,2 a r e  such that the raindrops are Rayleigh scatterers (i,e. D < 2 / 1 6 ) .  
Thus Z~ = Z2 and we can write a dual wavelength ratio: 

r 

y(r) = log [P~ (r)/G ] -log[PE(r)/C2] = - 0 . 2 )  (a~ - a2)dr  (35) 
o 
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If).2 is chosen in such a way that or2 is negligible comparatively to al ,  the dif- 
ference of the ratio for the two distances r and r+Ar is: 

r+Ar 

y(r+Jr)-y(r)=-0.2 j ( a~ -o t2 )d r - - - -O .2~J r  (36) 
~ t  

r 

Using Eq. (29) in Eq. (36) we obtain: 

R=(~r[Y(r)--y(r+ Ar) ] ) '/' (37) 

This method is usable even if t~l is not negligible and enables likewise the esti- 
mation of the water content M. Moreover, it does not require the radar calibra- 
tion. However, the method presents difficulties concerning the coincidence of the 
beams relative to each wavelength (Rinehart and Tuttle, 1982), the attenuation 
differences (Tuttle and Rinehart, 1983 ), the measurement simultaneousness and 
the fact that it is difficult to have Rayleigh scattering at both wavelengths while 
still ha~ing enough attenuation at the shorter wavelength. The validity of this 
method is considered to be insufficiently established. 

Goldhirsh and Katz (1974) have suggested another approach of the measure- 
ment of R with a dual wavelength radar. It consists in using the data to determine 
the two parameters of the distribution N(D). As in the above method, the mean 
powers backscattered at distances r and r+Ar respectively enable the computa- 
tion of the average on Jr  of the attenuation rate ~ and of the radar reflectivity 
factor Z (supposing that on the J r  interval the rain is uniform ). If we assume that 
the DSD is a dual parameter distribution such as the exponential function of Eq. 
( l 1 ) and that Qt can be approximated with a power function of D (Atlas and 
Ulbrich, 1974), then Eq. (28) can be analytically integrated between zero and 
infinity and we find that t~ is a function of No and A, the two parameters of the 
DSD. Using Eq. ( 11 ) in Eq. (6) and integrating enables the expression of Z as a 
function of No and L. We thus have two equations from which the two unknowns 
No and A can be computed. 

This method works only if the hypotheses concerning the form of the distribu- 
tion N(D) and the local uniformity of the rain rate are satisfied. It also suffers 
from the constraints of the beams coincidence and the measurement 
simultaneousness. 

Dual wavelength radars were also used by Eccles and Atlas (1973 ) to locate 
hail in storms: non Rayleigh scattering by hailstones implies that hails shafts may 
be characterized by measurably different equivalent reflectivity factors for two 
selected wavelengths. More recently Gosset and Sauvageot (1992) proposed a 
dual wavelength radar method to differentiate supercooled water from ice and to 
measure mass content in each phase in cold stratiform clouds. 

6. Polarimetry methods 

The shape of raindrops is determined by resultant of the surface tension forces 
(which, if there was no other term, would act isotropically and maintain spher- 
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icity) and the aerodynamical constraints due to fall in air, whose main compo- 
nent is vertical. Hence falling ~ n d r o p s  are not spherical but have an oblate shape 
with, in still air, minor axis (i.e. revolution axis) vertical. Drop axial ratios only 
depend on the De diameter of the equivalent sphere. For 0.1 cm < De < 0.6 cm the 
ratio of the minor vertical axis, 2a long, to the major horizontal axis, 2b long, is 
approximately given by the formula (Pruppacher and Pitter, 1971 ): 

a/b= 1.03-0.62De (38) 

Polarimetric radar method for rainfall rate measurements is based on the de- 
pendance expressed by Eq. ( 38 ): varying the polarization of the radar waves per- 
mits one to sense the shape of the drops and this piece of  information can be 
interpreted in term of drop size. 

At wavelengths such that raindrops satisfy the Rayleigh conditions, the radar 
backscattering cross-sections in linear (H) or vertical (V) polarizations (an,v) 
can be calculated from Gans' theory (Gans, 1912 ) as a function of De (see for 
example Seliga and Bringi, 1976). We have: 

16/t7D6 m2- 1)GHv 
tr~.v- 92 ~ 4 r t + ( ~ - ~  1 . (39) 

where m is the complex refractive index and GH,V are geometrical factors only 
depending on the axial ratio of the main elliptic section of the drop, Fig. 6 shows 
the values of tru and av for oblate spheroids of water (i.e. raindrops ) as a function 
of De at the wavelength of 10 cm. 

If PH and Pv are the powers backscattered from a same distance for horizon- 
tally and vertically polarized waves respectively, we can define the Zog ratio called 
differential reflectivity (Seliga and Bringi, 1976 ) as follows: 

PH ZH 
ZDR = 10lOggy = 101og~--~- v (40) 

where ZH and Zv are the radar reflectivity factors for H and V linear polarization 
respectively. If we assume that the DSD of the target is a two parameter distri- 
bution given by Eq. ( 11 ), we can write from Eq. (6): 

/)max Dmax 

ZDR=I01og ( f tTH(De)e-ADedDe/ f tTv(De)e-ADedDe) (41) 
0 0 

This equation shows that ZDR only depends on A. 
The measurement of ZDR can be made relatively simply by alternatively trans- 

mitting and receiving radar pulses in linear polarization H and V, However, the 
measurement of the two terms of the ratio must be made very quickly, before the 
target geometry is modified (i.e. inside the autocorrelation time of the target) 
because precipitations are distributed targets and the decorrelation during the 
interpulse time deteriorates the information on ZDR- 

In this discussion the A parameter can be replaced by Do, the median volume 
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diameter (such that half the water is in larger drops and half in smaller drops) 
because for an exponential DSD we have: 

ADo =3.67 (42) 

Fig. 7 shows the calculated evolution of  ZDR as a function of  Do. The values of  
Do put in abscissa correspond to a precipitation rate ranging between 0.16 and 
300 mm h -1. In using Eq. ( 11 ) in Eq. (6).  we can write: 

D m a x  

No=ZH(nS~Ki2~tr(De,e-A°edDe) (43,  
0 

This equation shows that once A has been obtained from ZDR. the simultane- 
ous measurement of  ZH permits one to calculate No. The ratio ZH/No is also rep- 
resented on Fig. 7. In conclusion the simultaneous measurement of ZDR and ZH 
by the polarimetric radar enables the determination of A and No and thus the 
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computation of  R from N(D). This method applies to the rain because the rela- 
tion between De and the axial ratio a/b of the drops is determined (Eq. 38 ). 

Equations similar to Eqs. (41) and (43) can also be written in the hypothesis 
of  a drop size distribution of  log normal or gamma form on condition that we link 
2 of  the 3 parameters of these distributions. 

Combining these various Eqs. ( 12, 41 and 43 ), we can write an analytical re- 
lation expressing R as a function of  ZOR and ZH. For intensities under 200 mm 
h -1 and exponential distributions with 30<No<30000  (mm - l  m - 3 )  and 
1 .0<A<4.5  (ram -1 ), Sachidananda and Zrnic (1987) find: 

LogloR = 0.835 + 0.1 (Zrt - 3 0 -  4 .86ZDR ) (44) 

with R in mm h-  1, Z in dBZ and ZDR in dB. This empirical formula matches the 
theoretical values at less than 3%. Analytical expressions between R, Z and ZDR 
were also proposed by Illingworth and Caylor (1989). 

The polarimetric method is also applicable using the measurement of  the cir- 
cular depolarization ratio (or CDR),  Indeed, in the rain, because there is a com- 
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mon orientation of the scatterers, ZDR and CDR bring the same information. The 
superiority of ZDR over CDR is due to the fact that the linear polarizations are 
less sensitive than the circular ones to the propagation effects. 

The precision of the measurement of R depends on that of ZH and ZDR. The 
precision of the measurement of ZOR depends on the cross-correlation of the terms 
of the ZH/Zv ratio. With a very good polarimetric radar and with a slow antenna 
scan, it is possible to measure ZDR with a precision of 0.1 dB, which is equivalent 
to a change in the axial ratio of the drops of about 0.01. 

All of the measurements involved in polarimetry methods are reflectivity 
weighted and consequently dominated by the larger raindrops, thus uncertainties 
on the form for the smaller diameter end of the DSD has little impact on the 
results. 

The sources of uncertainty (Sachidananda and Zrnic, 1987; Chandrasekar and 
Bringi, 1988 ) are of two types. First are the uncertainties on the measurement of 
ZDR and notably by the side lobes contamination, then the uncertainties due to 
the fact that the target does not meet the considered hypotheses in the theory and 
notably DSD significantly moving away form the exponential or gamma forms, 
drop average axial ratios moving away from the equilibrium, or the presence of 
non Rayleigh scatterers for the used wavelength. In fact, the analytical distribu- 
tions such as Eq. ( 11 ) correspond to averages whose instantaneous distributions 
in one point often draw noticeably apart. Applied in bad conditions, the methods 
of estimation of R by the dual polarization techniques can lead to results inferior 
to those using the simple Z-R relation. 

There remains an uncertainty concerning the quantitative interpretation of the 
polarization parameters ZDR or CDR for the determination of the drop size dis- 
tribution. Consequently, the methodology of the precipitation rate estimation 
from the polarization measurement and the quality of the results (i.e. the "attain- 
able" improvement compared to the other methods) has not yet led to firm and 
definitive conclusions. 

7. Fractional area methods for areal average rainfall estimation 

The current experiments suggest the evidence that there is some correlation 
between, on the one hand, the rainfall output generated by the convective cells 
and, on the other hand, the activity duration and the area occupied by these cells. 
In the same way it seems obvious that the parameters of this relation must be 
influenced by the climatic characteristics of each region. It was however a sur- 
prise when various investigators (Doneaud et al., 1984; Chiu, 1988; Lopez et al., 
1989) showed that, if a large enough sample of convective conditions is consid- 
ered, this relation is linear and extremely tight and that the measurement of the 
precipitation area can thus be interpreted as an accurate measurement of the 
rainfall output. 

Indeed, the experiment shows that if, for an observation at time t, A (z) is the 
area occupied by the rainfall with rate R > z and Ar the area corresponding to 
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z>O, the ratio F(z)=A(z)/Ar, i.e. the fractional area is linked to the A, area 
average rain rate, ( R ) ,  by the relation: 

< R >  =S(z)F(t) (45) 

S(z) is a proportionality factor which depends only on z and the climatic con- 
text. In practice Ar is replaced by Ao, the observed area. 

The condition of validity of the method is that the precipitating field consid- 
ered is sufficiently wide for the population of convective cells included in At, 
observed at the time t, each in a different stage of evolution, constitutes a repre- 
sentative sample of the probability density function of  R. A typical value Of Ar is 
10 4 km 2. The value of ( R )  thus determined at a given moment is representative 
of the intensity of rain generated by the convective field considered during its 
autocorrelation time, i.e. for At> 104 km 2, a typical duration of 5 to 6 h. 

If we consider a set of isolated convective cells with a limited extension (or 
even a single storm), the sample of sufficient size can be obtained by measuring 
the areas for a certain duration T. This approach leads to the notion of Area- 
Time Integral or ATI proposed by Doneaud et al. (1984) which gives access to 
the volumetric rainfall generated by all the convective cells throughout the con- 
sidered duration. Indeed, if we consider a series of observations at the ti times for 
which Ai(z) represents the area where R >  z and ziti the time interval centered 
between the observations, we can write from Eq. (45): 

( Ri ) Arizlli = S(  z) ~,Ai ( Z)Ali (46) 

or: 

V=S(T) [ATI] (47) 

The volumetric rain V is thus a linear function of the ATI. For example, for a 
radar reflectivity threshold of  25 dBZ (i.e. about 1 mm h -1 ) Doneaud et al. 
( 1984 ) find that, for the North Dakota storms, the volumetric rainfall V (in km 2 
mm) is equal to the ATI (in km 2 h)  multiplied by a factor S(z) of 3.7 with a 
correlation coefficient of 0.98 and a standard deviation of + 45% and - 31% (the 
two values differ because the regression is done from the log). 

In practice, the determination of the isopleths of R (or isohyets) and of the 
area with R > z is done from the value field of Z observed by the radar, using the 
Z-R relation which is the best climatologically adapted (i.e. we consider a thresh- 
old of Z). Fig. 8 shows a comparison of radar-estimated rainfall to the Area- 
Time Integral rainfall for 865 clusters for which time histories are available. The 
correlation is very good over a range of five orders of  magnitude in rainfall (the 
correlation coefficient is 0.988 ). 

To calculate ( R )  or V from area measurements, it is necessary to know the 
value of the proportionality "climatic parameter" S(z).  In a discussion aimed at 
justifying theoretically this proportionality, Atlas et al. (1990) show that it is the 
result of the fact that the distribution of  the rates of rainfall generated by the 
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convective cells follows a well-defined probability density function (PDF). Let 
us call this function P(R). The PDF can be determined, for example, from the 
distribution of the relative value of the rainfall rate frequency observed in the 
pixels of a radar snapshot on condition that the number ofpixels considered (i.e. 
Ao) is big enough. If P(R ) exists Eq. (45) can be written: 

O0 OD 

0 -r 

(48) 

Thus S(T) is determined if P(R) is known. Clearly the probability density 
function of rainfall rate and thus also the terms which are deduced from it, nota- 
bly S(z), are climatological characteristics of the convective fields considered. 
For convective rains, P(R) has a log normal distribution. S(z) can be obtained 
either from P(R) using Eq. (48) either by a linear fitting on all the measured 
values of (R )  and F(z). 

The method was initially demonstrated from radar data. However the same 
principle is also relevant for a transposition to the precipitation estimate from 
raingage network and especially from satellite data. For example, using the in- 
frared satellite imagery, the ATI or the snapshot distribution of convective areas 
can be determined considering, instead of the isopleths of R, isopleths of the in- 
frared brightness temperature ( Ta ) of the clouds top. We thus observe that (R )  
is proportional to the areas where T< Ta, i.e. to the areas where the clouds top is 
colder (and thus higher) than the isotherm corresponding to TB. 
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8. Conclusions 

Radar methods for rainfall estimation are very attractive because of their rela- 
tive simplicity and operational convenience. However a successful implementa- 
tion of these methods requires that correct conditions of measurement be satis- 
fied (notably concerning ground echoes, beam screening, range of measurements ). 

Seven methods have been surveyed. Single wavelength reflectivity measure- 
ment without gage adjustment but with careful radar absolute calibration is use- 
ful for approximate estimation. It is efficient in general hydrological survey, par- 
ticularly flood warning and nowcasting. Single wavelength attenuation method is 
precise but rarely used with a ground-based radar. It has an important potential 
for spaceborne radar applications. The principle of the dual wavelength differ- 
ential attenuation methods is very exciting but presents technical difficulties. It 
requires further efforts in order to be fully demonstrated. Similar conclusions can 
be applied to differential polarization method. Now, the classical radar-raingage 
technique remains the most effective and most firmly established way for precip- 
itation estimation with ground based radars. The fractional area methods are very 
promising. For an accurate estimate with high spatial and temporal resolution, 
these techniques are still not satisfactory. However, radar methods have evi- 
dently not reached their limits; important improvement can still be obtained, 
notably through a better combination of radar observables and from ameliora- 
tion of the measurement and processing conditions. 

The main shortcomings of these methods concern the problem of target ho- 
mogeneity. All the surveyed methods only deal with rainfall measurements. When 
the radar beam, whose width and height above the ground increase with the dis- 
tance, reaches the precipitation melting layer (i.e. a layer of about 400 m depth 
located just below the 0 °C isotherm level), the vertical profile of the radar reflec- 
tivity factor, of the attenuation coefficient and of hydrometer shapes (i.e. their 
polarimetric characteristics) are strongly modified. In such conditions the above 
methods are no longer usable. In the tropical regions, the rainfall layer is thick 
(i.e. 0 °C isotherm is high), conversely at mid-latitude and above, it generally is 
too shallow to ensure the homogeneity of the target at an adequate distance for 
radar observations. Some corrective schemes can be considered, however this 
pivotal question is again very badly understood. From the point of view of radar 
networks, the problem of target homogeneity suggests that it is better to limit the 
maximum distance of radar observations, that is to say to use radar networks 
with numerous radars each surveying a restricted area rather than the opposite. 
In the future orbital radars may offer very attractive and promising responses to 
the global rainfall monitoring. 
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