
Proceedings of ERAD (2002): 11–16c© Copernicus GmbH 2002 ERAD 2002

A variational method for attenuation correction of radar signal
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Abstract. Most operational radars in Europe, Canada and
Asia are C-band radars. Therefore, they are significantly af-
fected by wet radome and precipitation attenuation, which
makes quantitative use of radars difficult.

Most of the proposed attenuation correction methodolo-
gies use different sources of information (ground-echo mea-
surements, dual-radar systems . . . ) to constrain the cor-
rection. Here, using the equation of Hitschfeld and Bor-
dan (1954) and rain gage data as constraints, a correction
based on the minimization of a cost function is suggested. In
this cost function, control variables are the corrected rainfall
field, a “recalibration” constant of the radar and the param-
eters of the DSD. The method can incorporate other sources
of information to further constrain the problem.

Here, errors due to C-band attenuation are analyzed by
simulating C-band data from non-attenuated S-band data.
The simulated C-band data are then compared with the S-
band data to derive long-term statistics and the Path Inte-
grated Attenuation (PIA) is compared with the Path Inte-
grated Reflectivity. Wet radome attenuation is estimated
from the variation in the spatial average reflectivity over a
large area (assuming that it is more important than the natu-
ral variability of precipitation fields).

1 Introduction

Traditionally, the choice of the operating wavelength of a
weather radar has been faced up as a compromise between
the high cost of almost non-attenuated S-band and dealing
with moderate attenuation rates of C-band radars.

This is the reason why many operational radars in Europe,
Canada and Asia (both for meteorological and hydrological
uses) are C-band radars and, therefore, attenuation is an ob-
stacle for quantitative use. To illustrate this, Duncan et al.
(1991) found that the signal attenuation by rain produced
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20% underestimation of accumulated rainfall and a maxi-
mum value of area affected by total attenuation of 5% in a
study over 6 events. In a similar way, Delrieu et al. (2000)
studied attenuation statistics at different ranges on the south
of France, obtaining more than 5% of rainrate profiles ex-
ceeding a Path Integrated Attenuation of 3 dB at 50 km.

Historically, the studies by Atlas and Banks (1951) and
Hitschfeld and Bordan (1954) induced the progressive aban-
donment of most attenuated wavelengths (λ <5 cm) because
of their high degree of signal attenuation and the difficulty
of correction. In 1954, Hitschfeld and Bordan derived the
analytical solution of the attenuation correction supposing a
potential Z-k relation. However, they also stated the high
instability of this expression (particularly with small errors
in the radar calibration constant) that makes the correction
useless “unless the calibration error can be kept within ex-
tremely narrow limits”. They already proposed the use of “a
gage deep in the storm” to reduce the radar calibration error.

However, the use of attenuated-frequencies for air or
satellite-borne radars promoted the development of different
methods to correct for attenuation (using single or double-
frequency, single or double-beam and single or double-
polarized radars). Most of the single-frequency methodolo-
gies (Meneghini et al., 1983, Iguchi and Meneghini, 1994,
Marzoug and Amayenc, 1994, Iguchi et al., 2000) are based
on the Surface Reference Technique (SRT) that consists on
constraining the Path Integrated Attenuation with the surface
return. In a similar way, Delrieu et al. (1997) proposed the
use of mountain returns to correct for attenuation of ground-
based radars.

Here, a methodology to correct for attenuation (mainly in
C-band radars) is presented. It consists on the minimiza-
tion of a cost function, that includes the equation derived
by Hitschfeld and Bordan (1954) and as many constraints as
available. In a preliminary form, it uses punctual measure-
ments of rainfall as constraints.
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2 Attenuation theory/attenuation equations

From the radar equation (see e.g. Doviak and Zrnic, 1992),
the measured (attenuated) reflectivity at a ranger can be writ-
ten as:

Zm(r) =
Pr(r) · r2

C
(1)

wherePr(r) is the received power andC is the radar con-
stant that depends on radar paramaters such as peak power,
wavelength, antenna gain, beam width, pulse duration, . . . .

The measured reflectivity can be expressed as:

Zm(r) = Z(r) ·A(r)

= Z(r) · exp
(
−0.2 · ln(10) ·

∫ r

0

k(s)ds

)
(2)

where,
Z(r): “equivalent” (non-attenuated) reflectivity factor
(mm6 m−3).

A(r): path integrated attenuation factor at a ranger.

k(s): specific attenuation (dB km−1).

Assuming that the specific attenuation can be related to
Z(r) by a power-law,

k(r) = α · Z(r)β (3)

Hitschfeld and Bordan (1954) expressed (2) as (see the de-
velopment of the current expression in Meneghini, 1978):

Z(r) =
Zm(r)[

1− 0.2 · ln(10) · β
∫ r

0
α · Zm(s)β ds

] 1
β

(4)

In principle, Eq. (4) is analytically obtained from (2), but
small errors in the denominator (errors inZm, in the param-
eters, . . . ) may cause the divergence of the solution. Because
of this, it makes necessary to constrain the solution with in-
dependent measurements of path-integrated-attenuation (es-
timated, for example, from ground echoes).

3 Methodology

The presented methodology is conceptually very simple: it
combines information given by the analytical solution (4)
and measurements able to be used as constraints.

It consists on the minimization of a cost function (5). The
first part of the cost function (first summand) uses the cor-
rected (non-attenuated) rainfall field as background. The sec-
ond part (the rest) represents the observation term, constrain-
ing the result with observations from different sources. In
a first formulation, the cost function uses punctual measure-
ments of rainfall rate (for instance, given by rain gages):

J(∆c, a, b, α, β, R) = w1 ·
nbins∑
j=1

(
Ri −RH−B∗

i

)2
+w2 ·

ng∑
j=1

(
Rj −Rgj

)2 + w3 ·
ng∑

j=1

(
RH−B∗

j −Rgj

)2
(5)

where,
a, b: parameters of a power-law Z-R relationship.

∆c: estimation of the radar calibration error (in dB).

wi: weights associated to each term of the cost function.

nbins : number of bins where the reflectivity field is
measured by the radar.

Ri: rainfall rate at the bini (i = 1, . . . , nbins ). This is
the field to be derived from the minimization of the cost
function.

ng: number of gages.

Rg,j : rainfall rate measured at the gagej (j = 1, . . . , ng).

RH−B∗

i : rainfall rate estimated from the measurement of
the reflectivity field after being corrected using the Hitsch-
feld and Bordan algorithm.

RH−B∗

i =

(
ZH−B∗

i

a

) 1
b

(6)

ZH−B∗

i is the non-attenuated reflectivity estimated using the
Hitschfeld and Bordan expression, but taking into account
that the measured reflectivity may be affected by an error in
the radar constant (∆c):

ZH−B∗

j

=
Zm (rj)[

10
β
10∆c − 0.2 · ln(10) · β

∫ rj

0
α · Zβ

m(s) ds
] 1

β

(7)

The first term in the cost function (5), accounts for the
similarity of the derived rainfall field and the solution of the
Hitschfeld and Bordan equation when it is applied to correct
the measurement of radar affected by a calibration error (7).
The second term constrains the rainfall with the measure-
ments in the rain gages, while the third summand is redun-
dant, useful to give more robustness to the solution.

It is important to state that the correction does not impose
the control variables to take a given value (for example, the
derived rainfall field in the gages should not take the gage
measurement), because it supposes that the different terms
may be affected by some uncertainties. However, the con-
fidence in each term may be controlled with the weightswi

given to each term in the cost function. Another advantage
of this methodology is that additional constraints may be in-
troduced very easily in the cost function.

4 Application

In order to assess the behavior of the proposed methodology,
it has been applied in a simulation context using the first el-
evation of an S-band radar, under the hypothesis of knowing
the Z-R and Z-k relationships. Because of this, the control
variables to be derived from the proposed methodology are
the calibration error (∆c) and the rainfall field(R). The ap-
plication of the methodology has been done correcting each
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Fig. 1. Simulation of the rainfall field measured by a C-band radar affected by a calibration error of +1.5 dB.(a) Accumulated rainfall
field estimated from the measurement of McGill S-band radar (the reference);(b) accumulated rainfall field estimated from the simulated
measurement of a C-band radar;(c) accumulated rainfall field estimated from the simulated measurement of a C-band radar affected by a
calibration error of +1.5 dB. In the lower part, scatter plots of the attenuated rainfall accumulations versus the reference field when the radar
is well-calibrated(d) and when it is affected by a bias of +1.5 dB (e).

scan separately, estimating the calibration error every 5 min-
utes.

The simulation has been done over a 1-hour dataset reg-
istered by McGill S-band Doppler radar on 16 September
1999. The only correction that has been applied to these data
is the identification and elimination of ground echoes. There-
fore, it is easy to see in the accumulation map several gaps
corresponding to ground echoes or some azimuths affected
by partial beam blocking (see Fig. 1a). However, this S-band
dataset has been used to simulate both the C-band (attenu-
ated) reflectivity field and rain gage measurements and to
estimate a “reference” rainfall field (applying the Z-R rela-
tionship of Marshall and Palmer, 1948), supposing that it is
perfectly calibrated and that it does not suffer from attenua-
tion, to compare the derived rainfall field with.

4.1 Simulation

Both C-band (attenuated) reflectivity fields and rain gages
measurements have been simulated. S-band reflectivity fields
have been attenuated using a given Z-k relationship applying
the attenuation equation (2) to simulate attenuated C-band

measurements. A power-law Z-k relationship has been con-
sidered (3) using the coefficients proposed by Battan (1973)
for C-band wavelengths (α = 2.24 · 10−4; β = 0.62).

After the simulation of the attenuated data, a bias of
+1.5 dB has been introduced in the radar system to simu-
late a calibration error (see Fig. 1), which is supposed to
be corrected by the proposed methodology. The rain rate
measurements made by a uniformly distributed network of
rain gages are also simulated (see Fig. 2a). To do this, an
unbiased random error (uniformly distributed in the interval
(−100%,+100%)) is introduced in the estimates of rainfall
from the S-band over the gage locations to simulate the dis-
crepancies between radar and rain gages measurements, nor-
mally observed in reality (Fig. 2).

4.2 Results

In this section the results obtained after the application of
the proposed methodology are presented. Figure 3 shows a
comparison between the estimates of 1-hour accumulations
obtained from the attenuated C-band measurements and the
corrected rainfall field. The results show a quite good im-
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Fig. 2. Simulation of rainfall measured by a network of rain gages(a), over the map of 1-hour accumulated rainfall.(b) Scatter plot of
the 1-hour accumulated rainfall simulated at the gage points versus the S-band radar estimate.(c) and(d) Comparison of the S-band radar
estimate of rainfall at two rain gage points (dotted line) and the simulation of the measurements at the gages (continuous line).

provement in the 1-hour accumulated rainfall field with re-
spect to the estimate obtained from an attenuated radar (cor-
recting the bias and reducing the scattering).

The proposed methodology has fixed the calibration error.
In spite of the discrepancies introduced between the gage
measurements of rainfall and the reference at these points,
the applied methodology seems to be little affected. How-
ever, it is important to point out that when there is a bias in the
measurements at the gages, it is reproduced by the estimated
calibration error that introduces this tendency in the derived
rainfall field. To avoid it and to increase the robustness of the
method, it is important to introduce additional constraints in
future developments. Another way to solve this may be to
consider the calibration error to be nearly constant and able
to be estimated working with more than one radar scan.

On the other hand, the hypothesis of knowing the param-
eters of the Z-R and Z-k relationships seems to be too hard,
and this may be a reason of the good results obtained.

5 Conclusions

Attenuation is an important difficulty for quantitative use of
C-band radars, for which it is not negligible. However, oper-
ative C-band radars do not use to be corrected because of the
instability of the correction equations with different sources
of errors.

A variational method based on the minimization of a cost
function is proposed for the correction of the attenuation ef-
fects in C-band radars using (in preliminary development)
punctual measurements of rainfall to constrain the correction
equation in which the radar calibration error is introduced.
The form of the cost function avoids the divergence of the
analytical solution and allows more constraints to be easily
incorporated.

The results obtained in a simulation case under important
simplifications seem to be encouraging and more develop-
ment should be made. The comparison of the derived 1-hour
accumulated rainfall has shown that the proposed methodol-
ogy has removed part of the scattering and the bias observed
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Fig. 3. Comparison between the estimates of 1-hour accumulated rainfall field made from:(a) the reflectivity field measured by the McGill
S-band radar;(b) the simulated reflectivity field measured by a C-band radar affected by a calibration error of +1.5 dB;(c) the corrected
rainfall field. (d) Scatter plot of the estimation of accumulated rainfall made from the simulated C-band measurement versus the reference;
(e)scatter plot of the corrected accumulated rainfall field versus the reference.

in the estimation of rainfall from a C-band radar. However,
uncertainties in the DSD parameters must have an important
effect, introducing important scatter in the results. Therefore,
this is a key point to be assessed in future work.

Although we have used rain gages to constrain the correc-
tion, this does not seem to be a perfect solution and more
constraints should be used. An interesting point to take into
account is the need of constraining the correction using radar
measurements. Among the additional constraints able to be
used we will consider:

– The attenuation constraint estimated from mountain re-
turns (similarly to what was proposed by Delrieu et al.,
1997).

– An additional constraint may be introduced if the mea-
surements of two ore more radars were available in an
overlapping region, taking the idea of Srivastava and
Tian (1996).

Acknowledgement.This work has been carried out in the frame-
work of the CICYT project REN2000-1755-C03-01, and of the
EHIMI project, funded by the Ag̀encia Catalana de l’Aigua.

References

Atlas, D. and H. C. Banks, 1951: The interpretation of microwave
reflections from rainfall. J. Meteor., 8, 271-282.

Battan, L. J., 1973: Radar Observation of the Atmosphere. Univer-
sity of Chicago Press, 324 pp.

Delrieu, G., S. Caoudal, and J. D. Creutin, 1997: Feasibility of us-
ing mountain return for the correction of ground-based X-band
weather radar data. J. Atmos. Oceanic Technol., 14, 368-385.

Delrieu, G., H. Andrieu, and J. D. Creutin, 2000: Quantification of
path-integrated attenuation for X- and C-Band weather radar sys-
tems operating in Mediterranean heavy rainfall. J. Appl . Meteor.,
39, 840-850.

Doviak, R. J. and D. S. Zrnic, 1992: Doppler radar and weather
observations. 2dn ed. Academic Press, 562 pp.

Duncan, M. R., A. Bellon, G. L. Austin, and I. Cluckie, 1991: At-
tenuation effects in C and X-band radar used for urban hydrol-
ogy. 25th Conf. on Radar Meteor., Paris, France, AMS.

Hitschfeld, W. F. and J. Bordan, 1954: Errors inherent in the radar
measurement of rainfall at attenuating wavelengths. J. Meteor.,
11, 58-67.

Iguchi, T. and R. Meneghini, 1994: Intercomparison of single-
frequency methods for retrieving a vertical rain profile from air-



16 M. Berenguer et al.: A variational method for attenuation correction of radar signal

borne or spaceborne radar data. J. Atmos. Ocean. Tech., 11,
1507-1516.

Iguchi, T., T. Kozu, R. Meneghini, J. Awaka, and K. Okamoto,
2000: Rain-profiling algorithm for the TRMM precipitation
radar. J. Appl . Meteor., 39, 2038-2052.

Marshall, J. S. and W. M. Palmer, 1948: The distribution of rain-
drops with size. J. Meteor., 5, 165-166.

Marzoug, M. and P. Amayenc, 1994: A class of single- and dual-
frequency algorithms for rain-rate profiling form a spaceborne
radar. Part I: Principle and tests from numerical simulations. J.

Atmos. Oceanic Technol., 11, 1480-1506.
Meneghini, R., 1978: Rain-rate estimates for an attenuating radar.

Radio Sci., 13, 459-470.
Meneghini, R., J. Eckerman, and D. Atlas, 1983: Determination of

rain rate from a spaceborne radar using measurements of total
attenuation. IEEE Trans. Geosci. Remote Sensing, 21, 34-43.

Srivastava, R. C. and L. Tian, 1996: Measurement of Attenuation
by a dual-radar method. Concept and error analysis. J. Atmos.
Oceanic Technol., 13, 937- 947.


