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1
METHOD OF CORRECTING REFLECTIVITY
MEASUREMENTS AND RADAR
IMPLEMENTING THIS METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to foreign French patent
application No. FR 10 02272, filed on May 28, 2010, the
contents of which are incorporated in their entirety herein by
reference.

FIELD OF THE INVENTION

The invention relates to a method of correcting reflectivity
measurements and to a radar implementing this method. It
applies notably to the field of weather radars onboard aircraft,
such as for example radars operating in the X band, i.e. the
frequency (f) within which being close to 10 GHz. However,
the invention is applicable at other frequencies.

BACKGROUND OF THE INVENTION

A weather radar transmits pulses of very short duration
followed by listening time. The position and intensity of
precipitation is estimated by analyzing the echoes of these
pulses. This analysis is carried out, for example, on the basis
of'a measurement of the reflectivity level over the resolution
volume of the radar.

There are components that cannot be detected using reflec-
tivity measurements. These components are mainly cloud
droplets, atmospheric gases and the effects due to the non-
uniformity of filling of the radar resolution volume.

Liquid water clouds consist of microscopic spherical water
droplets that are encountered at positive but also negative
temperatures. In the latter case, they are in a meta-stable
supercooled state observable down to —42° C. The droplets
play an essential role in the physics of precipitating systems
as they are involved in the formation and growth of precipi-
tation, for example hail. The water droplets have a low reflec-
tivity, of less than —15 dBZ as indicated in the article by H.
Sauvageot and J. Omar entitled Radar reflectivity of cumulus
clouds, Journal of Atmospheric and Oceanic Technology, vol.
4, pages 264-272, 1987. They are therefore undetectable by
the radar because of reflectivity below the detectable signal,
although they do significantly attenuate microwaves, in par-
ticular in the X band and at higher frequencies, as explained
in the article by O. Pujol, J.-F. Georgis, L. Féral and H.
Sauvageot entitled “Degradation of radar reflectivity by
cloud attenuation at microwave frequency”, Journal of Atmo-
spheric and Oceanic Technology, vol. 24, pages 640-657,
2006.

Atmospheric gases are also undetectable by a radar and
contribute to the attenuation of electromagnetic waves and
therefore attenuation of the radar signal. In the frequency
range in question, the attenuating gases are mainly dioxygen
O, and water vapor H,O, as indicated in the work by H.
Sauvageot entitled “Radar Meteorology”, Artech House Pub-
lisher, 1992. Dioxygen has two absorption bands centered
around 60 and 119 GHz. As for water vapor, this has two
absorption bands with central frequencies approximately
located at 22 and 183 GHz. It follows that these gases affect
the propagation of microwaves, especially those in the X
band.

The homogeneity of the target in the resolution volume is
an implicitly accepted assumption in radar observations and
in the algorithms conventionally used for correcting attenua-
tion.
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The measured reflectivity Z,,, expressed in mm®m™, of a
resolution volume V, centered on a point M may be expressed
by the following equation:

v ®
Zn(r) = Z(r)expq1nl0 x [—0, Zf k(s)ds]
0

in which:

r is the distance expressed in km between the point M and the
radar;

k denotes the specific attenuation expressed in dB-km™'; and

Z(r) is the unattenuated reflectivity at the distance r, also
called the true reflectivity and expressed in mm®m™>,
which term contains useful information for the detection.

The specific attenuation k has three contributions: that of
precipitations, that of cloud droplets and that of atmospheric
gases. The first contribution can be calculated directly since
precipitations are detectable, and does not form the subject
matter of the first part of this patent. This first contribution
will therefore be omitted in the rest of the discussion relating
to the non-detectable components. However, it is of course
taken into consideration later (in the second part of the
patent).

In equation (1) the specific attenuation k depends on the
distance r between M and the radar. No information about the
geometry of the resolution volume V, is involved in this
equation. To be precise, k is an average specific attenuation in
V,. It follows that the measured reflectivity Z,, is also a
quantity which is smooth over the resolution volume in ques-
tion. This smoothing effect necessarily has an influence on the
attenuation correction and introduces a bias in the measure-
ments. This situation is not taken into account in a simple
manner in the solutions of the prior art. It is very difficult to
correct it as what is measured remains a value smooth over a
resolution volume. On account of the 3 dB aperture of the
beam of an onboard radar, this aperture being for example
equal to 4°, the resolution volume may be very large. Thus, at
some 150 km away, its vertical extension amounts to about 10
km, so that, at average latitudes, the resolution volume con-
tains the entire troposphere. The non-uniform filling of the
resolution volume is then the general case. It may therefore be
seen that this non-uniformity becomes a problem for obser-
vations at moderate and large distances.

Exploitation of the radar signal, in particular for estimat-
ing, remotely, and realistically, the hazardousness of a pre-
cipitating system, requires the attenuation due to the afore-
mentioned causes to be optimally corrected so as to obtain a
value of the reflectivity as close as possible to the actual
reflectivity.

The attenuation by cloud droplets is considerable if the
electromagnetic wave propagates within a precipitating sys-
tem. This is for example the case for observations of convec-
tive cells embedded in an extended stratiform background.
Likewise, observation of two convective cells aligned along
the radial radar direction necessitates, in order to assess the
hazardousness of the situation, correcting the attenuation by
the undetectable component, represented by the cloud drop-
lets. Thus, a hazard associated with an observed precipitating
system may be underestimated, in particular when the radar
operates in the X band and at higher frequencies.

Correcting the attenuation due to cloud droplets would be
easy if they could be detected directly or even indirectly.
Several indirect methods have been developed in this regard.
A first method consists in using a dual-frequency radar, that is
to say in making two observations located at the same point in
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the time space at different frequencies (Gosset and Sauvageot
1992). For example, the 10 GHz/35 GHz frequency pair is
suitable for this. However, such technique is not free of ambi-
guity in the measurements, such as those associated with the
confusion between non-Rayleigh effects and the attenuation.
Furthermore, it is difficult to implement this technique for
airborne radars that operate at a single frequency, especially
for space requirement reasons.

An alternative approach enabling the non-Rayleigh ambi-
guity to be eliminated is based on the use of three frequencies,
as explained in the article by N. Gaussiat, H. Sauvageotand A.
J. lllingworth entitled “Cloud liquid water and ice content
retrieval by multi-wavelength radar”, Journal of Atmo-
spheric and Oceanic Technology, Vol. 20, pages 1264-1275,
2003. This mechanism is technically sophisticated, and even
less realistic as regards airborne radars.

Thus, at the present time, in the context of radars operating
at a single frequency, such as for example airborne radars,
there is no exploitable method for correcting the attenuation
of microwaves due to cloud droplets.

The attenuation by atmospheric gases can be neglected
only for short-range observations, such not being the case, for
example, in the context of civil aviation as a pilot must ascer-
tain the meteorological hazard at distances in excess of 100
km.

The non-uniformity of the resolution volumes may itself be
neglected for short-range observations and small apertures of
the radar beams. Here too, this is not the case in civil aviation:
the radars used have relatively large 3 dB apertures, for
example 4°, and the information sought by the pilot is at least
a few 100 km away from the aircraft.

SUMMARY OF THE INVENTION

One object of the invention is notably to remedy the afore-
mentioned drawbacks.

For this purpose, an embodiment of the invention is a
method of correcting the reflectivity measurements per-
formed by a radar such as a weather radar, a reflectivity
measurement being associated with a resolution volume. The
method comprises at least:

a step of acquiring the reflectivity measurement Z,, (i) cor-

responding to the current resolution volume;

a step of estimating the attenuation k_ introduced by the
cloud droplets, said estimating being carried out by
using an average vertical profile of the cloud liquid water
content;

a step of estimating the attenuation k, , introduced by
dioxygen;

a step of estimating the attenuation k, ,,,,, introduced by
the water vapor;

a step of determining the total specific attenuation k due to
the non-detectable components taking into account the
attenuation k., the attenuation k, ., and the attenuation
k, 212 estimated in the preceding steps; and

a step of correcting the measured reflectivity taking into
account the estimated total specific attenuation k.

According to an embodiment of the invention, the attenu-
ation k_ introduced by the cloud droplets is estimated by
applying an average vertical profile of the cloud liquid water
content.

The cloud water content M,, is determined, for example,
using the following vertical profile:

Mn(l-)zlo{almxT(i)faz'”}

in which:
M,, represents the cloud water content expressed in g-m™>;
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T re$resents the temperature expressed in ° C.;
101 represents the power function of 10; and
a,” and a,” are known parameters that depend on the
weather conditions in the geographic location.
The attenuation k. is deduced, for example, from the value
of' M,, estimated using the expression:

k (i)=axM, i)

in which a has a real value dependent on the temperature.
The specific attenuation due to dioxygen is estimated, for
example, using the expression:

kg,oz(i):C1XP(i)2
in which:
C, is a constant chosen according to the geographic location
and the season; and
p(1) represents the pressure.
The specific attenuation due to water vapor is estimated, for
example, using the expression:

kgﬂzO(i):C2Xp(i)XMv(i)
in which:
C, is a constant chosen according to the geographic location
and the season; and
M, represents the water vapor content.

The pressure field is estimated, for example, using a
decreasing function of the pressure with the altitude of the
standard atmosphere.

The water vapor content M, is estimated, for example,
using a standard vertical profile of the water vapor content
defined by the expression:

M) =

Al oy T
T+273.156Xp( 2% T—A3)

in which the coefficients A,, A, and A, are average values
obtained from radiometric measurements chosen according
to the weather conditions.

The total specific attenuation in a resolution volume n is
estimated, for example, using the following expression:

k(m)=k(n)+kg(n)

in which:
k(n) represents the sum of the estimates k, ,, and k, ., in
the nth resolution volume.

Another embodiment of the invention is a method of cor-
recting the reflectivity measurements performed by a radar
such as a weather radar, a reflectivity measurement being
associated with a resolution volume. The current resolution
volume is analyzed so as to determine whether the plane
representing the 0° C. isotherm passes through it. When the
plane representing the 0° C. isotherm passes through the
current resolution volume, said volume is split into two parts
lying on either side of said plane, the attenuation associated
with the resolution volume is determined by taking into
account the contribution of each of the parts to the measured
reflectivity. The reflectivity associated with the current reso-
Iution volume is corrected using the attenuation thus deter-
mined.

According to an embodiment of the invention, the attenu-
ation, for precipitation, is determined using the expression:

k=ax(1-a)°x(Z,) +a'xax(Z,)*

in which a, b, a' and b' are real constants to be chosen accord-
ing to the weather conditions and the type of precipitation.



US 8,502,727 B2

5

Another subject of the invention is a weather radar on board
an aircraft, characterized in that it includes means for imple-
menting at least one of the methods as described above.

BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the invention will become
apparent from the following description, given by way of
non-limiting illustration and in conjunction with the
appended drawings in which:

FIG. 1 gives an example of an S-band radar image of a
squall line extending over about 200 km;

FIG. 2 gives an example of the reflectivity in the X band
measured by an airborne radar in the presence of the squall
line shown in FIG. 1;

FIG. 3 gives an example of a method for estimating the
attenuation due to the cloud droplets;

FIG. 4 represents the cumulative X band attenuation field
due to the cloud droplets;

FIG. 5 shows the cumulative attenuation field due to the
atmospheric gases;

FIG. 6 summarizes the various steps that can be carried out
by the method according to the invention so as to correct the
reflectivity for a given pixel;

FIG. 7a illustrates the problem of reflectivity variability
within a resolution volume;

FIG. 7b illustrates the case in which the sum of the attenu-
ations in a given resolution volume is greater than the specific
attenuation calculated on the basis of an average value {Z};

FIG. 8a illustrates an example in which the resolution
volume has a uniform reflectivity Z and different cumulative
attenuations along different paths;

FIG. 8b illustrates the effect on the measured reflectivity of
large and very different cumulative attenuations;

FIG. 8c illustrates the effect on the measured reflectivity of
small and similar cumulative attenuations; and

FIG. 9 gives an example of a method for correcting the
reflectivity non-uniformity due to the 0° C. isotherm.

DETAILED DESCRIPTION

FIG. 1 gives an example of an S band (=3 GHz) radar
image of a squall line extending over around 200 km. A radar
image is made up of pixels, each of them being associated
with a resolution volume with which a radar measurement is
associated. These pixels are usually colored, and their color
corresponds for example to a reflectivity level. The colored
radar image generated thus makes it possible for the presence
of precipitation to be visually discerned. Since FIG. 1 is in
black and white, the reflectivity level is not shown in color but
according to a gray scale 100, the principle remaining the
same.

The S band is hardly attenuated so that it constitutes a good
reference. The presence of convective cells 101, 102, 103,
104 of high reflectivity, greater than 40 dBZ, indicates the
possible presence of hail and therefore attests to the hazard-
ousness of this system. An X band radar 105 is positioned on
the image. A line 106 corresponds to a radial line, i.e. a line in
a direction in which the antenna points. The X band micro-
waves, when observing along the radial line defined by the
direction AB, will be attenuated, not only by any precipita-
tion, butalso by atmospheric gases and cloud droplets present
in the convective cells and the stratiform region (Z<25 dBZ).
The hazard will therefore be underestimated if attenuation
due to these undetectable components is not taken into
account.
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FIG. 2 gives an example of the reflectivity measured, in the
X band, by an airborne radar in the presence of the squall line
shown in FIG. 1.

As explained above, the undetectable components intro-
duce an error leading notably to an underestimate of the
hazard associated with a precipitating system.

The invention advantageously enables the measured
reflectivity to be corrected by estimating the attenuation due
to the cloud droplets on the one hand and to the atmospheric
gases, such as dioxygen (O,) and water vapor (H,O), on the
other, and also by taking into account the lack of homogene-
ities in the resolution volumes.

This correction may be performed using, for example, an
equation derived from equation (1) obtained by considering
the logarithmic form of the quantities in this equation:

10x1g(Z,) = 10x1g(Z) — 2% frk(s)ds @
0

Expressing 10x1 g(Z,) as Z,,“%% and 10x1 g(Z) as Z%5%,
equation (2) becomes:

7482 = 78Z _ 9 x f k(s)ds @
0

Z.,,%5% and 7*5% being expressed in dBZ while Z,, and Z were

expressed in mm®m=.

In discretized form, if i denotes the index of a pixel along a
radial direction, that is to say along a line of sight of the radar
(a given direction in which the antenna points), the following
equation may be used to obtain the true reflectivity Z(i) from
the measured reflectivity Z,,(i):

2wz izl )
7424y = 7 (z)+2><Ar><Zk(n)

n=1

in which:

Ar is the distance between two consecutive pixels;

k(n) is the specific attenuation.

The second term on the right of the equals sign corresponds to
the cumulative attenuation along the direction of sight for a
round-trip journey, which explains the presence of the factor
2.

For undetectable components (clouds, gases), the esti-
mated specific attenuation k(n) in the current nth resolution
volume along the line of sight may be decomposed using the
following equation:

k(m)=k(n)+kg(n) ®

in which:

k.(n) is the contribution to the specific attenuation due to

the cloud droplets; and

k,(n) is the contribution to the specific attenuation due to

the gases (dioxygen and water vapor).

Consequently, once the contributions to the specific attenu-
ation due to the undetectable components has been estimated,
the measured reflectivity may be corrected thereby.

FIG. 3 gives an example of a method for estimating the
attenuation due to the cloud droplets.

The objective of the first step is the acquisition 300 of data,
notably to measure the reflectivity Z,,“%(i) for the resolution
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volume being processed, called in the rest of the description
the current resolution volume, and its altitude z(i).

The procedure then checks whether three conditions are
fulfilled. If one of these conditions is not validated, this means
that there cannot be cloud droplets. It is then unnecessary to
calculate k...

Cloud droplets are necessary in order for precipitation to
occur. Consequently, a precipitating system detectable using
reflectivity measurements is necessarily associated, in alti-
tude, down to temperatures above —42° C., with a generator
cloud, i.e. an undetectable component using reflectivity mea-
surements. The first condition 301 to be verified is therefore
that the temperature T in the resolution volume is above —42°
C.

The second condition 302 to be verified is that the mea-
sured reflectivity Z,,“““ exceeds a chosen threshold value A, .
For example, this threshold may be chosen such that A, =0
dBZ.

The third condition to be verified is that the altitude z(i) at
the center of the current resolution volume is above a calcu-
lated altitude z,. This altitude z, corresponds to the base of the
clouds and is called, in the rest of the description, the base
altitude. This is determined beforehand for each climatic
region and each season, for example on the basis of a statis-
tical climatic average deduced from a reanalysis database
used for forecast models. An example of a database that can
be used for this purpose is a data base containing the reanaly-
sis for the ECMWF ERA 40 model, ECMWF being the
acronym for European Centre for Medium Range Weather
Forecasting. It is also possible to use outputs from actual
models and weather information deduced, for example, from
radiosondes or onboard instruments.

Thus, step 303 verifies that z(i)Zz,. If this is the case, the
third condition is verified and a succession of steps 304, 305
resulting in an estimate of the attenuation k_ is applied.

The principle of determining the attenuation k. is based on
the use of an average vertical profile of the cloud liquid water
content M,,, where M,, corresponds to the total mass of cloud
droplets, excluding raindrops and other hydrometeors, in one
cubic meter of dry air. This average vertical profile may be
determined as described below.

The shape of the vertical profile of M,, is an average shape
derived from statistics collected over a large number of geo-
graphic sites, for example using multichannel microwave
radiometric profilers and measurements by instrumented air-
craft.

This profile may be chosen such that it depends only on the
temperature T, the temperature playing the role of vertical
coordinate.

Thus, a step 304 of the method determines a value of M,,,(1)
corresponding to the pixel i.

To determine M,, (i), itis then possible for example to use an
equation of the form:

1g/M,(&)]=a,"xT{)-a"
in which:

M,,(i) represents the cloud liquid water content expressed
in g'm™ for the pixel i;

a,” and a,™ are known parameters that are dependent on
the weather conditions, for example for average conti-
nental latitude regions: a,”=~0.023 and a,”=0.920;

T(i) represents the temperature expressed in degrees Cel-
sius (° C.) for the pixel i; and

1g() represents the logarithmic function in base 10.

Thus, to obtain M, (i) directly, it is sufficient to apply the
following equation:

Mn(i)zlo{al'”xT(i)faz

Q)
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To avoid aberrant values of M,,, it is judicious to restrict the
application of equation 7 to temperatures below a certain
value, for example 10° C., this value often being that for
which the cloud liquid water content is a maximum. Above
this threshold temperature, it may be assumed that the cloud
liquid water content is constant, equal to its value for T=10°
C.

The vertical integral over T of the M, profile is constrained
to verify the integrated value derived from the reanalysis
database at each point on the globe or, more precisely, for
each climatically homogeneous area. Thus, to determine the
values of M,, for various altitudes, a temperature profile T may
be used. This profile may be derived from databases obtained
from radiosondes or satellite profiles. If this type of data is not
available, it may be considered that, inside the detectable
cloud, there is a linear decrease in the temperature equal to the
moist adiabatic gradient dT/dz=-6.5° C.-km™", the ground
temperature having to be chosen according to the weather
situation, the season and the location.

Since the attenuation k. of the pixel i is proportional to
M, (i), it can be obtained in step 305 using the following
equation:

k(iy=axM, (i) ®

in which a has a real value dependent on the temperature.
Thus, in the X band, the following values of a may advanta-
geously be chosen:

a=11.2x1072 if =42° C.=T<0° C.;

a=8.58x1072 if 0° C.=T<10° C.;

a=6.30x1072 if 10° C.=T<20° C.;

a=4.83x1072 if T=20° C.

In step 306, if there are other pixels to be processed, and
therefore the attenuation k_(i) has to be calculated for the
resolution volumes that are associated therewith, the steps
described above are applied again for this purpose.

FIG. 4 shows the cumulative attenuation, in the X band,
due to the cloud droplets for the case of the system shown in
FIG. 2.

It may be seen that the attenuation may exceed 3 dB for
distances greater than 150 km, even reaching 6 dB, at the end
of the radial line. These values are significant and advanta-
geously considered in the attenuation correction method
according to the invention.

As regards the atmospheric gases O, and H,O, the attenu-
ation depends on the temperature T, on the atmospheric pres-
sure p expressed in atmospheres and on the water vapor
content M, expressed in g'm~>. It is also possible to express
the specific attenuation due to these gases, for the pixel using
the following equations:

kg,oz(i):C1XP (i)2 )

kgﬂzo(i):C2XP (HxM. (i)

in which C, and C, are constants, to be chosen according to
the weather conditions, but are influenced by the temperature.
Further information regarding these models may be found in
the book by H. Sauvageot entitled Radar Meteorology,
Artech House Publisher, 366 pages, 1992.

The pressure, temperature and water vapor content fields
are not known with any precision at any instant and at any
point in the atmosphere.

Inthe case of dioxygen, the coefficients, such as the above-
mentioned attenuation constant C, are considered to be stan-
dard.

In addition, to calculate the attenuation correction the pres-
sure field has to be known. To do this, it is possible to use, for
example, the decrease in pressure with the altitude of the

(10)
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standard atmosphere. In other words the pressure p(i) associ-
ated with the pixel i may be expressed using the following
equation:

i 11
P = Pgrouna X eXP[iHl)] an

in which:

Dgrouna t€Presents the pressure at ground level;

7(1) represents the altitude of the ith pixel; and

H corresponds to the height scale, this representing the

altitude, starting from ground level, at which the relative
pressure variation with respect to the ground Ap/p,,.,,...4
is equal to 1/e: forz=H and Ap/p,,,,,,,/~1/e, His equal to
8.3 km.

The attenuation k, , corresponding to dioxygen can then
be determined using equation (9).

In the case of water vapor, in clear air, a similar methodol-
ogy is adopted, namely that with reference to the pressure in
the standard atmosphere. In addition to the coefficients such
as the abovementioned attenuation constant C,, a standard
vertical profile of the water vapor content is used. To calculate
it, the equations given in the article by A. lassamen, H. Sau-
vageot, N. Jeannin and S. Ameur entitled Distribution of
tropospheric water vapor in clear and cloudy conditions from
microwave radiometric profiling, Journal of Applied Meteo-
rology, vol. 48, pages 600-615, 2009 may for example be
used. These equations are then used by making it a distinction
between the case of clear air (not saturated with vapor) and the
case of clouds and precipitation (saturated vapor), in which
the reflectivity is not zero. These equations are of the form:

(12

Az X T® )

, Al
M) =77 273.156""( T—A;

in which the coefficients A,, A, and A, are average values
obtained from radiometric measurements chosen according
to the weather conditions and the temperature T is expressed
in degrees Celsius (° C.).

The attenuation k, ,,, corresponding to water vapor can
then be determined using equation (10) for which all the terms
have been estimated.

FIG. 5 shows the cumulative attenuation field due to the
atmospheric gases, calculated as indicated above. It shows
that cumulative attenuations ranging up to more than 3 dB
may be achieved, over the round trip of the radar signal, for
propagations over large distances.

Of course, the methods presented here in the X band may
be readily adapted to other frequencies used by onboard
radars.

FIG. 6 summarizes the various steps that can be imple-
mented by the method according to the invention for correct-
ing the reflectivity for a given pixel.

Firstly, the reflectivity associated with the current pixeli is
measured (step 600). The attenuation due to the cloud drop-
lets (step 601), the attenuation due to dioxygen (step 602) and
the attenuation due to water vapor (step 603) are estimated as
explained above. Finally, these estimates are used for obtain-
ing a corrected value Z“?Z of the measured reflectivity 7, %%
(step 604).

Thus, the invention advantageously enables the propaga-
tion attenuation of the microwaves emitted by a weather
radar, for example on board an aircraft, to be corrected.
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FIG. 7a illustrates the problem of reflectivity variability
within a resolution volume. The illustration is two-dimen-
sional in order to simplify the representation.

As mentioned in the article by M. Gosset and 1. Zawadzki
entitled Effect of non-uniform beam filling on the propaga-
tion of the radar signal at X band frequencies, Part I: changes
in the k(Z) relationship, Journal of Atmospheric and Oceanic
Technology, vol. 18, pages 1113-1126, 2001, the non-unifor-
mity of the reflectivity field has an influence on the attenua-
tion correction through two types of effect. One is due to the
variability in reflectivity and the other is due to the cumulative
attenuation between the radar and the target.

Letus consider now a radar beam with a resolution volume
V, atthedistance r. The resolution volume is for example split
into two portions 700, 701.

The first portion 700 is defined by a direction 0, and the line
of'sight 704 of the radar. The reflectivity of this portion of the
resolution volume is Z, (8, r).

The second portion 701 is defined by a direction 6, and the
line of sight 704 of the radar. The reflectivity of this portion of
the resolution volume is Z,(0,, r)=Z,(0,, r).

Corresponding to each of these portions is a specific
attenuation due to precipitation, namely the respective
expressions axZ,” and axZ,?, for example, where a and b are
real constants chosen such thata>0 and b=1 depending on the
weather conditions and the type of precipitation.

As illustrated in FIG. 754, the sum of these attenuations is
greater than the specific attenuation a{Z}?, calculated from
the average value {Z} of Z, and Z,, since the equation
involved is non-linear.

Thus, the specific attenuation of this resolution volume is
underestimated when taking the average value of its reflec-
tivity. In other words, the averaging effect introduces a nega-
tive bias into the specific attenuation, which bias is also unob-
tainable by measurement since the measured value is a spatial
average over the set of V, values. Of course, this bias is greater
the more 7, differs from Z,. The specific attenuation is there-
fore more greatly overestimated the larger the variability in
reflectivity within the resolution volume. This is the case if
the volume in question is for example bordering an intense
hail-laden convective region in which the reflectivity may go
from some 50-60 dBZ to 30 dBZ over 1 or 2 km.

FIG. 8a illustrates an example in which the resolution
volume 800 has a uniform reflectivity Z and the cumulative
attenuations along the paths defined by 6, (802) and 6, (801)
are different.

FIG. 8b shows that for large cumulative attenuations, one
of'the portions is much more attenuated than the other so that
7.,<<Z,.Thetotal specific attenuation axZ, *+axZ.,” may then
be smaller than the actual specific attenuation axZ” obtained
from the reflectivity Z that corresponds to the reflectivity for
a uniform or zero cumulative attenuation. In this case, the
attenuation is overestimated. This time the variability in the
cumulative attenuation introduces a positive bias, again inac-
cessible thereto.

FIG. 8¢ illustrates the case in which the cumulative attenu-
ations are small and similar, or if one of them is virtually zero.
This is then the opposite situation; the bias is negative and the
attenuation is underestimated.

To take into account the non-uniformity of the reflectivity
within a resolution volume V,, it is useful to know, at least
partially, how the reflectivity varies within the volume. If, for
example, FIG. 1 is examined, the structure of the field pre-
vents any correction to the non-uniformity. This is because
the reflectivity measurement for V, may result from a region
in which there is, in the very region V,, a clear separation
between a portion having a high reflectivity and a portion
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having a low reflectivity, or from a region which is instead
uniform, in which the reflectivity varies very little. The latter
case may for example correspond to the convective or strati-
form portion of a squall line. Since, in these extreme cases, the
variations in reflectivity within V, are completely different,
any attempt to obtain a precise correction is arbitrary and
ineffective.

In contrast, the method according to the invention takes
into consideration the variation in reflectivity within the reso-
Iution volume due to the separation marked by the T=0° C.
isotherm. Except for hail-laden areas, this isotherm marks a
separation between rain (T>0° C.) and snow (T<0° C.).

One example of the method for correcting the non-unifor-
mity of the reflectivity due to the 0° C. isotherm is illustrated
in FIG. 9.

Firstly, using the initially defined temperature profile, the
altitude 7, of the 0° C. isotherm is determined (step 901). If
the altitude is negative or zero, the isotherm does not exist,
which means that only snow is present in the resolution vol-
ume (there being no rain). In which case, there is no need to
apply the other steps of the method.

If the altitude is positive (step 902), a pixel along the
vertical corresponding to a resolution volume at a distance r
and an elevation 6 of the radar is isolated (step 903).

The spatial extent of this pixel is then determined (step
904) using for example the following equation:

Az=rxtan(0z;5) (13)

in which 0, 4z is the 3 dB aperture, for example equal to 4°.
The minimum and maximum altitudes of the beam,
denoted by z,,,,, and Z,,,. respectively, may be determined

(step 906) using the following equations:

z, z—-Az/2 (14)

min~

Z =2 +AZ/2 (15)

In equations (14) and (15), the altitude z, which is that
corresponding to the central point M of the resolution volume
associated with the isolated pixel, may be obtained (step 905)
using the equation:

) I (16)
z=rxsin(0) + z, + m
in which:

7, 1s the fixed altitude of the radar (for example 8 km); and
the third term r*/(2xR ;) is due to the Earth’s roundness, this
being ascribed what is called a radioelectric radius R ,=8
490 km, enabling the atmospheric refraction to be taken
into account.
The difference z,,,.~7, is then compared with Az (step
907).1fz,,,, —-7,<Az,this means that the 0° C. isotherm passes
through the resolution volume. The resolution volume is then
split into two volume fractions (step 908). The volume frac-
tion lying above the isotherm is given by:

Zmax = %0 17

Zmax — Zmin

Ifthe value of z,,,,, defined beforehand (step 906) is negative,
it is forced to be O for the calculation of c.

The attenuation of the pixel is then determined (step 909).
Rain attenuates the radar signal in the volume fraction lying
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beneath the isotherm. Moreover, snow attenuates the signal,
to a lesser extent, above the isotherm.

The reflectivity Z,, (expressed in mm®-m™) of the pixel is
considered to be partly due to that owing to rain as the pro-
portion (1-a) and to that owing to snow as the proportion c.
The attenuation is therefore given by:

k=ax(1-q)?x(Z,,) +a'xax(Z,,)?' (18)

in which expression a, b, a' and b' are real constants. To give
an example, the following values may be chosen:
a=1.05x10%

b=0.811;

a'=1.396x107"7;

'=1.25.

If other pixels are to be processed (step 910) the previous
steps are again applied. Otherwise, the execution of the
method terminates (step 911).

The invention has the key advantage of taking into account
the non-uniformity in the filling of a radar resolution volume
owing to the presence in this volume of the 0° C. isotherm.
This non-uniformity is itself, fundamentally, a component not
detectable using reflectivity measurements.

The invention claimed is:

1. A method of correcting a reflectivity measurement using
processing steps performed by a weather radar, the reflectiv-
ity measurement being associated with a resolution volume,
the method comprising:

acquiring the reflectivity measurement Z (i) correspond-

ing to the current resolution volume;

estimating the attenuation k_ introduced by the cloud drop-

lets, said estimating being carried out by using an aver-
age vertical profile of the cloud liquid water content;
estimating the attenuation k, ,, introduced by dioxygen;
estimating the attenuation k_ 5, , introduced by the water
vapor;
determining the total specific attenuation k due to the non-
detectable components taking into account the attenua-
tion k,, the attenuation k, ,,, and the attenuation k, ;,,,
estimated in the preceding steps; and

correcting the measured reflectivity taking into account the

estimated total specific attenuation k.

2. The method according to claim 1, wherein the attenua-
tion k. introduced by the cloud droplets is estimated by apply-
ing an average vertical profile of the cloud liquid water con-
tent.

3. The method according to claim 2, wherein the cloud
water content M,, is determined using the following vertical
profile:

M, (i)=10 {a1"xTG)-a2™}

in which:
M,, represents the cloud water content expressed in g-m™>;
T re$resents the temperature expressed in ° C.;
1017 represents the power function of 10; and

a,” and a,” are known parameters that depend on the

weather conditions in the geographic location.

4. The method according to claim 2, wherein the attenua-
tion k_ is deduced from the value of M,, estimated using the
expression:

k(H=axM,(i)

in which a has a real value dependent on the temperature.

5. The method according to claim 1, wherein the specific
attenuation due to dioxygen is estimated using the expres-
sion:

kg,oz(i):C1XP (i)2
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in which:
C, is a constant chosen according to the geographic loca-
tion and the season; and
p(i) represents the pressure.
6. The method according to claim 1, wherein the specific
attenuation due to water vapor is estimated using the expres-
sion:

kgﬂzo(i):C2XP(i)XMv(i)

in which:

C, is a constant chosen according to the geographic loca-

tion and the season; and

M, represents the water vapor content.

7. The method according to claim 5, wherein the pressure
field is estimated using a decreasing function of the pressure
with the altitude of the standard atmosphere.

8. The method according to claim 6, wherein the water
vapor content M, is estimated using a standard vertical profile
of the water vapor content defined by the expression:

14

M) =

exp(Azx LY )

Al
T +273.15 T-As

in which the coefficients A |, A, and A; are average values
obtained from radiometric measurements chosen
according to the weather conditions.
9. The method according to claim 1, wherein the total
specific attenuation in a resolution volume n is estimated
using the following expression:

k(m)=k(n)+kg(n)

in which:
kg(n) represents the. sum of the estimates k, ,, and k, 7,
in the nth resolution volume.
10. A weather radar on board an aircraft implementing the
method according to claim 1.

#* #* #* #* #*



