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WEATHER RADAR APPARATUS AND
RAINFALL RATE CALCULATION METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from Japanese Patent Applications No. 2009-173519,
filed Jul. 24, 2009; No. 2009-194548, filed Aug. 25, 2009; No.
2009-195370, filed Aug. 26, 2009; No. 2009-195371, filed
Aug. 26,2009; and No. 2009-195372, filed Aug. 26, 2009; the
entire contents of all of which are incorporated herein by
reference.

FIELD

Embodiments described herein relate generally to a
weather radar apparatus and a rainfall rate calculation
method.

BACKGROUND

A conventional weather radar apparatus calculates the rain-
fall rate using a method based on one of observation param-
eters, i.e., the specific differential phase (K,5), radar reflec-
tivity factor (Z), and differential reflectivity factor (Z,z).
Alternatively, as disclosed in “V. N. Bringi and V. Chan-
drasekar, “POLARIMETRIC DOPPLER WEATHER
RADAR”, CAMBRIDGE UNIVERSITY PRESS, p. 538-
539, 20017, rainfall rate calculation is performed by selec-
tively using one of the three methods in accordance with the
level of the predicted rainfall rate or the clutter level.

However, the specific differential phase (K, ) can obtain
only a coarse range resolution. Although the radar reflectivity
factor (Z) maintains the relative relationship of the level of the
rainfall rate, its absolute accuracy is low. The radar reflectiv-
ity factor (Z) and the differential reflectivity factor (Z ) have
poor accuracy in case of radio attenuation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing a weather radar appa-
ratus according to an embodiment;

FIG. 2 is a block diagram showing another arrangement
example of the weather radar apparatus;

FIG. 3 is a flowchart of rainfall rate calculation processing
according to the first embodiment;

FIG. 4 is a flowchart of specific differential phase calcula-
tion processing in FIG. 3;

FIG.5A is a graph showing a differential phase before filter
processing in FIG. 4;

FIG. 5B is a graph showing a differential phase after filter
processing in FIG. 4;

FIG. 6 is a view showing the rainfall rate calculation pro-
cessing in FIG. 3;

FIG. 7 is a flowchart of rainfall rate calculation processing
according to Example 1;

FIG. 8 is a view showing the rainfall rate calculation pro-
cessing in FIG. 7;

FIG. 9 is a view showing smoothing processing in FIG. 7;

FIG.10is a flowchart of rainfall rate calculation processing
according to the second embodiment;

FIG. 11 is a flowchart of rainfall rate calculation processing
according to Example 2-1;

FIG. 12 is a view showing the rainfall rate calculation
processing in FIG. 11;
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FIG. 13 is a flowchart of rainfall rate calculation processing
according to Example 2-2;

FIG. 14 is a table showing an example of table data repre-
senting a constant B for the radar reflectivity factor; and

FIG. 15 is a flowchart of rainfall rate calculation processing
according to Example 2-3.

DETAILED DESCRIPTION

In general, according to one embodiment, a weather radar
apparatus includes a transmitting/receiving unit, a signal pro-
cessing unit, an observation parameter calculation unit, and a
rainfall rate calculation unit. The transmitting/receiving unit
is configured to simultaneously transmit a radar wave of a
horizontally polarized wave and a radar wave of a vertically
polarized wave and receive reflected waves. The signal pro-
cessing unit is configured to perform dual polarization obser-
vation based on a reception output from the transmitting/
receiving unit and calculate a received power of each
polarized wave. The observation parameter calculation unit is
configured to calculate, based on the received powers, a first
observation parameter having a first spatial resolution based
on a beam width and a pulse width of each radar wave, and a
second observation parameter having higher correlation with
a rainfall rate than that of the first observation parameter and
a second spatial resolution lower than the first spatial resolu-
tion. The rainfall rate calculation unit is configured to syn-
thetically determine the rainfall rate based on the first obser-
vation parameter and the second observation parameter.

An embodiment will now be described in detail with ref-
erence to the accompanying drawing.

FIG. 1 is a block diagram showing the arrangement of a
weather radar apparatus having a multi-parameter radar
according to this embodiment. The apparatus includes an
antenna unit 11, transmitting unit (horizontal polarization)
12, receiving unit (horizontal polarization) 13, transmitting
unit (vertical polarization) 14, receiving unit (vertical polar-
ization) 15, frequency conversion unit (vertical polarization)
16, signal processing unit 17, monitor control unit 18, data
conversion unit 19, data display unit 20, data accumulation
unit 21, data communication unit 22, remote monitor control
unit 23, and remote display unit 24.

As shown in FIG. 2, the transmitting unit 12 may be com-
mon to horizontal polarization and vertical polarization. In
FIGS. 1 and 2, for example, the frequency conversion unit 16
may be separated.

Referring to FIG. 1, when a monitor control signal from the
remote monitor control unit 23 is sent to the signal processing
unit 17 via the monitor control unit 18, the signal processing
unit 17 generates digital data of a seed signal stored inside,
D/A-converts it, and sends it to the frequency conversion unit
16 as transmission IF signals of the horizontally polarized
wave and vertically polarized wave. The frequency conver-
sion unit 16 up-converts the transmission IF signals into RF
signals.

The transmission RF signals of the horizontally polarized
wave and vertically polarized wave obtained by the frequency
conversion unit 16 are amplified by the transmitting units 12
and 14 into transmission powers observable at a long dis-
tance. The antenna unit 11 outputs the two, amplified hori-
zontally polarized wave and vertically polarized wave into air.

Precipitation in a space reflects the horizontally polarized
wave and vertically polarized wave. The antenna unit 11
captures each of the reflected waves of the horizontally polar-
ized wave and vertically polarized wave, and the receiving
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units 13 and 15 receive them. The frequency conversion unit
16 converts the signals into IF signals and sends them to the
signal processing unit 17.

The signal processing unit 17 A/D-converts the received IF
signals of the horizontally polarized wave and vertically
polarized wave, which are sent to the horizontal polarization
and vertical polarization, performs 1/Q detection, and calcu-
lates the received power (for each of the horizontally polar-
ized wave and vertically polarized wave), differential phase,
correlation coefficient between two polarizations, Doppler
velocity, and the like.

The data conversion unit 19 calculates a plurality of obser-
vation parameters such as the specific differential phase
(K,p), radar reflectivity factor (Z), and differential reflectiv-
ity factor (Z,z) from the received power obtained by the
signal processing unit 17, and calculates the rainfall rate (R)
using the plurality of observation parameters. Detailed pro-
cess contents will be described later.

The data display unit 20 displays the data analyzed by the
data conversion unit 19. The data accumulation unit 21 accu-
mulates the data analyzed by the data conversion unit 19. The
data communication unit 22 transfers the data analyzed by the
data conversion unit 19 to the outside of the radar site via a
communication means. The remote display unit 24, for
example, displays or analyzes the data transferred from the
radar site. The remote monitor control unit 23 can monitor the
radar apparatus, like the monitor control unit 18.

Rainfall rate calculation processing by the data conversion
unit 19 of the weather radar apparatus with the above-de-
scribed arrangement will be explained below.

First Embodiment

FIG. 3 is a flowchart of rainfall rate calculation processing
according to the first embodiment. This method is character-
ized by converting, in a process of calculating the rainfall rate
(R) from the specific differential phase (K,z), the specific
differential phase (K, ) calculated at a low resolution (sec-
ond spatial resolution) into a high resolution based on the
radar reflectivity factor (Z) calculated at a high resolution
(first spatial resolution). Referring to FIG. 3, the normal cal-
culation method complies with Fukao & Hamazu, “Radar
Remote Sensing of Weather and Atmosphere”, Kyoto Uni-
versity Press, 2005, March.

In radar reflectivity factor calculation processing 101, the
radar reflectivity factor (Z) is calculated from the received
power (Pr). The resolution of the radar reflectivity factor (Z)
corresponds to the horizontal beam width in the azimuth
direction and the pulse width in the range direction. When
calculating the radar reflectivity factor (Z), the radio attenu-
ation amount of each of the horizontally polarized wave and
vertically polarized wave up to the region is estimated from
the differential phase (¢,,) and corrected.

In specific differential phase calculation processing 102,
the specific differential phase (K ) is calculated from the
differential phase (¢,,5). FIG. 4 is a flowchart of the specific
differential phase calculation processing. For the differential
phase (¢5), since high-frequency components are removed
as much as possible, average value of many hits in the azimuth
direction are needed. Due to this influence, a predetermined
number of radar hits are obtained even in the azimuth direc-
tion so that data is generated in a beam width equal to or larger
than the horizontal beam width. In addition, since high-fre-
quency components are present in the range direction,
directly calculating the specific differential phase (K,5) that
is the range derivative of the differential phase (¢ ) yields
data containing many noise components. To prevent this, in
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4

low-pass filter processing 111, the high-frequency compo-
nents are removed from the differential phase (¢,). FIGS.
5A and 5B show this processing. FIG. 5A shows the differ-
ential phase before filter processing, and FIG. 5B shows that
after filter processing. The abscissa represents the range (r),
and the ordinate represents the differential phase (¢ ).

When removing the high-frequency components, the reso-
Iution in the range direction lowers. Hence, the distance
between two points in specific differential phase calculation
processing 112 is set as the resolution in the range direction
after passing through the low-pass filter. The resolution can
also be set based on the distribution of the values of the
differential phase (¢,5), radar reflectivity factor (Z), difter-
ential reflectivity factor (Z,z), or correlation coefficient
(pHV) between two polarizations. Since the high-frequency
components are removed as much as possible, average value
of many hits in the azimuth direction are obtained for the
differential phase (¢,). Due to this influence, a predeter-
mined number of radar hits are obtained even in the azimuth
direction so that data is generated in a beam width equal to or
larger than the horizontal beam width. When the specific
differential phase (K ) is calculated in this way, a value with
a lower resolution in both the azimuth direction and the range
direction is recorded.

More specifically, the differential phase (¢,) that has
passed through the low-pass filter has a lower resolution. For
this reason, when the distance between two points corre-
sponding to the difference in calculating the specific differ-
ential phase (K,,) is set as the resolution, the specific differ-
ential phase (K ) corresponding to the total rainfall between
the two points is obtained by

Kpp={0pp(r2)-0pp(r)}/2(r-11)

In rainfall rate calculation processing 103, the accurate
rainfall rate (R) with a high spatial resolution is calculated by
combining the specific differential phase (K,5) which has a
low spatial resolution but high correlation with the rainfall
rate and the radar reflectivity factor (Z) which has a high
spatial resolution but low correlation with the absolute value
of the rainfall rate and is represented by a relative value near
the location, as shown in FIG. 6.

This will be described in detail using the example shown in
FIG. 6. The total rainfall per azimuth of 2° and range of 1.5
km is obtained by the K, method, and divided into rainfalls
per azimuth of 1° and range of 150 m based on Z,, without
knowing the radar reflectivity factor. To obtain the total rain-
fall information, the specific differential phase (K,;) is mul-
tiplied by the ratio of the radar reflectivity factor (Z,) at each
location to obtain (K,) at the location, and the rainfall rate
(R) is calculated from (K,z). Finally, smoothing processing
104 of the data is executed for each azimuth and range to
obtain data without steps.

As described above, according to the first embodiment, the
rainfall rate (R) is calculated considering all factors involved
by combining the specific differential phase (K, ) which has
a low spatial resolution but high correlation with the rainfall
rate and the radar reflectivity factor (Z) which has a high
spatial resolution but low correlation with the absolute value
of the rainfall rate and is represented by a relative value near
the location. Hence, according to the above-described rainfall
rate calculation method, it is possible to calculate the accurate
rainfall rate (R) with a high spatial resolution.

Example 1

Example 1 of the rainfall rate calculation processing
according to the first embodiment will be described. FIG. 7 is
aflowchart of rainfall rate calculation processing according to
Example 1.
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In radar reflectivity factor calculation processing 121, the
radar reflectivity factor (Z) is calculated from the received
power (PrH) of the horizontally polarized wave based on the
radar equation. The resolution of (Z) corresponds to the
horizontal beam in the azimuth direction and the pulse width
in the range direction. The resolution of (Z,,) will be referred
to as a high resolution.

In low-pass filter processing 122, the differential phase
(¢pp) is filtered in the range direction using a low-pass filter
such as IIR or FIR. For the differential phase (¢,5), since
high-frequency components are removed as much as pos-
sible, average value of many hits in the azimuth direction are
needed. Due to this influence, a predetermined number of
radar hits are obtained even in the azimuth direction so that
data is generated in a beam width equal to or larger than the
horizontal beam width. In addition, since high-frequency
components are present in the range direction, directly calcu-
lating the specific differential phase (K,,,) that is the range
derivative of the differential phase (¢ ) yields data contain-
ing many noise components. For this reason, the high-fre-
quency components in the range direction are removed from
the differential phase (¢,,) by the low-pass filter processing
122, as shown in FIG. 5B.

In attenuation correction processing 123, for the radar
reflectivity factor (Z,,), the radio attenuation amount of each
of the horizontally polarized wave and vertically polarized
wave up to the region is estimated from the differential phase
(¢p) and corrected. More specifically, the corrected radar
reflectivity factor (Z;,) is obtained by the following equation.
Letting Z,(r)' be the radar reflectivity factor at a location r
before correction, the radar reflectivity factor (Z) can be
calculated by

10 log,0Zy(r)=10 log,oZ(r)'-0@pp(r)-¢pp(0))

where o is a constant. As the differential phase (¢,5), the
value after the filter processing in the low-pass filter process-
ing 122 may be used.

In specific differential phase calculation processing 124,
the range derivative of the differential phase (¢,) is calcu-
lated to obtain the specific differential phase (K,,). Let
dppp1y and Opp,0y be the differential phases at two locations
rl and r2 in the range direction after passing through the filter.
The specific differential phase (K,) corresponding to the
total rainfall between the two points can be calculated by

Kpp={0pp(r2)-0pp(r)}{20r-71)}

As shown in FIG. 5B, when removing the high-frequency
components of the differential phase (¢ ), the resolution in
the range direction lowers. Hence, the distance between the
two locations rl and r2 (L=r2-r1) is set as the resolution in the
range direction after passing through the low-pass filter. The
magnitude of . depends on the resolution of the low-pass
filter. Since the data is generated in a beam width equal to or
larger than the horizontal beam width when calculating the
differential phase (¢,,5), the resolution lowers in the azimuth
direction as well. For this reason, the specific differential
phase (K ) obtained here has a lower resolution in both the
range direction and the azimuth direction. The resolution of
the specific differential phase (K, ) here will be referred to as
a low resolution.

In resolution conversion processing 125, the low-resolu-
tion specific differential phase (K,,) is converted into a high
resolution based on the radar reflectivity factor (7). As shown
in FIG. 8, the specific differential phase (K,) has a low
spatial resolution but high correlation with the rainfall rate.
On the other hand, the radar reflectivity factor (Z) has a high
spatial resolution but low correlation with the absolute value
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of the rainfall rate and is represented by a relative value near
the location. Hence, the low-resolution specific differential
phase (K,,») is converted into a high resolution based on the
high-resolution radar reflectivity factor (7). In this case, the
following two conversion methods are used.
[First Conversion Method]

This will be described in detail using the example of FIG.
8. In the specific differential phase calculation processing
124, the total rainfall (K, ) at a low resolution per azimuth of
2° and range of 1.5 km is obtained by the K, method. The
total rainfall is divided into rainfalls per azimuth of 1° and
range of 150 m based on the high-resolution radar reflectivity
factor (Z) in accordance with the equation below. Note that
the mesh numbers in the high-resolution azimuth direction
are defined as i=1 to m, and those in the range direction are
defined as j=1 to n.

Zu(is )

H

Kpp(i, J) = Kpp-

m

Zizy(i, J

=1 j=1
=

That is, the obtained specific differential phase (K,z) is
multiplied by the ratio of the radar reflectivity factor (Z,,(i,)))
at each location (i,j) to obtain the specific differential phase
(Kpp(14))) at that location.

[Second Conversion Method]

In the second conversion method, first, the temporary rain-
fall rate (Rz) is obtained at a high resolution per azimuth of 1°
and range of 150 m based on Z,(i,j) from the radar reflectivity
factor (Z ). For rainfall rate calculation using the radar reflec-
tivity factor Z,

Z=BxR"
is known, where B and f are constants. For example, N is 200,
and f is 1.6.
From the above equation, we obtain
R(Zy=(Z/B)™"

The total rainfall at a low resolution per azimuth of 2° and
range of 1.5 km, which is obtained by the K,,, method, is
divided into rainfalls per azimuth of 1° and range of 150 m for

Z5(i,j) based on the temporary rainfall rate (R(Z)), as indi-
cated by

Zy By P
Kor(i, ) = Kpp- 222"
R
>3 @uti, pIBF
=l
R=
mxn

That is, the obtained specific differential phase (K,») is
multiplied by the ratio of the temporary rainfall rate (R(Z)(1,
7)) ateach location (i,)) to obtain the specific differential phase
(Kp(1,))) at that location.

In rainfall rate calculation processing 126, the high-reso-
lution rainfall rate (R(K,)) is calculated from the high-
resolution specific differential phase (K,) converted by the
resolution conversion processing 125. More specifically, the
high-resolution rainfall rate (R(K,5)) is calculated by

R(Kpp(i,)=129%(K ppli )N

where f is the transmission frequency [GHz], and b2 is a
constant (for example, 0.85).
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In smoothing processing 127, smoothing processing of the
data is performed in the azimuth direction and range direction
to generate data without steps. For the smoothing, for
example, the following two methods are used.

[First Smoothing Method]

In the first smoothing method, four patterns of low-resolu-
tion meshes shifted from each other in the range direction and
azimuth direction are arranged on a high-resolution mesh, as
shown in FIG. 9. In the specific differential phase calculation
processing 124, the specific differential phase (K,p) is
obtained for each of the four patterns of low-resolution
meshes, thereby calculating the high-resolution rainfall rate
(R(Kpp)) for each of the four patterns of specific differential
phases (K,). In the smoothing processing 127, a value near
the center of each low-resolution mesh is employed from the
four patterns of high-resolution rainfall rates (R(K,p)), as
shown in FIG. 9, thereby obtaining the smoothed rainfall rate
(R(Kpp)). Alternatively, a weighted mean may be calculated
for the four patterns of overlapping meshes.

[Second Smoothing Method]

In the second smoothing method, when calculating the
low-resolution specific differential phase (K,) by the spe-
cific differential phase calculation processing 124, a con-
straint is provided not to generate a predetermined difference
or more relative to the specific differential phase (K ) of an
adjacent low-resolution mesh. For example, the specific dif-
ferential phase is determined within the range of +10% of the
value of the specific differential phase (K,) of another
peripheral mesh region.

As described above, according to Example 1, the specific
differential phase (K ) which has a low spatial resolution
but high correlation with the rainfall rate is converted into a
high resolution based on the radar reflectivity factor (Z)
which has a high spatial resolution but low correlation with
the absolute value of the rainfall rate and is represented by a
relative value near the location. The rainfall rate (R) is then
calculated from the specific differential phase (K, ) con-
verted into the high resolution. Hence, according to the
above-described rainfall rate calculation method, it is pos-
sible to calculate the accurate rainfall rate (R) with a high
spatial resolution.

Second Embodiment

FIG.10is a flowchart of rainfall rate calculation processing
according to the second embodiment.

In radar reflectivity factor calculation processing 201, the
radar reflectivity factor (Z) is obtained from the received
power Pr,, of a horizontally polarized wave. In differential
reflectivity factor calculation processing 202, the differential
reflectivity factor (Z ) is obtained from the received powers
Pr,, and Pry, of the horizontally polarized wave and vertically
polarized wave and the differential phase (¢ ). In specific
differential phase calculation processing 203, the specific
differential phase (K,) is obtained from the differential
phase (¢57)-

In rainfall rate calculation processing 204, the rainfall rate
(Rr) is obtained from the radar reflectivity factor (Z), differ-
ential reflectivity factor (Z,z), and specific differential phase
(K,p) obtained in the above-described processes 201 to 203.
The rainfall rate (Rr) obtained here is selectively subjected to
smoothing processing 205 and output.

More specifically, the method shown in FIG. 10 calculates
the rainfall rate using the relationship between the radar
reflectivity factor (Z) and the rainfall rate (R). A low-resolu-

10

15

20

25

30

35

40

45

55

60

65

8

tion rainfall at an azimuth angle © [deg| and range L. [m] is
calculated by K. Z and Z,, are calculated in the same
region. When calculating 7 and Z,,, the radio attenuation
amount of each of the horizontally polarized wave and verti-
cally polarized wave up to the region is estimated from ¢,
and corrected.

For rainfall rate calculation using the radar reflectivity
factor (7),

Z=BxRF 1)

is known, where B is determined by methods according to
Examples 2-1 to 2-3.

Example 2-1

B of the rainfall rate calculation formula Z=B-RP is set to
B=200 or the like in advance. For B, a table may be prepared
in advance in accordance with the value Z, and a value in the
table may be used.

FIG. 11 is a flowchart of rainfall rate calculation processing
according to Example 2-1.

In radar reflectivity factor calculation processing 211, the
radar reflectivity factor (Z,,) is calculated from the received
power (Prj,) of the horizontally polarized wave based on the
radar equation. The resolution of the radar reflectivity factor
(Z,) corresponds to the horizontal beam in the azimuth direc-
tion and the pulse width in the range direction. The resolution
of'the radar reflectivity factor (Z) will be referred to as a high
resolution (first spatial resolution).

In low-pass filter processing 212, the differential phase
(bpp) 1s filtered in the range direction using a low-pass filter
such as IIR or FIR. For the differential phase (¢,5), since
high-frequency components are removed as much as pos-
sible, average value of many hits in the azimuth direction are
needed. Due to this influence, a predetermined number of
radar hits are obtained even in the azimuth direction so that
data is generated in a beam width equal to or larger than the
horizontal beam width. In addition, since high-frequency
components are present in the range direction, directly calcu-
lating the specific differential phase (K,,,) that is the range
derivative of the differential phase (¢,,) yields data contain-
ing many noise components. For this reason, the high-fre-
quency components in the range direction are removed from
the differential phase (¢,,) by the low-pass filter processing
111, as shown in FIG. 5B. FIG. 4 shows this state.

In attenuation correction processing 213, for the radar
reflectivity factor (Z;;), the radio attenuation amount of each
of the horizontally polarized wave and vertically polarized
wave up to the region is estimated from the differential phase
(bpp) and corrected. More specifically, the corrected radar
reflectivity factor (Z;,) is obtained by the following equation.
Letting Z,,(r)' be the radar reflectivity factor at a location r
before correction, the radar reflectivity factor (Z) can be
calculated by

10 log,0Zp(r)=10 log,0Z(¥)'~0@pp(r)-¢pp(0))

where o is a constant. As the differential phase (¢,5), the
value after the filter processing in the low-pass filter process-
ing 212 is used.

In specific differential phase calculation processing 214,
the range derivative of the differential phase (¢,,) is calcu-
lated to obtain the specific differential phase (K,p).
Let ¢ p¢1) and § 5,0y be the differential phases at two loca-
tions rl1 and r2 in the range direction after passing through the
filter. The specific differential phase (K ) corresponding to
the total rainfall between the two points can be calculated by

Kpp={0pp(r2)-0pp(r) }{20r-11)}
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In this case, a rainfall at the azimuth angle © [deg] and
range L [m] is calculated by K, as a rainfall with a low
resolution (second spatial resolution). As shown in FIG. 5B,
when removing the high-frequency components of the differ-
ential phase (¢ ), the resolution in the range direction low-
ers. Hence, the distance between the two locations rl and r2
(L=r2-r1) is set as the resolution in the range direction after
passing through the low-pass filter. The magnitude of L
depends on the resolution of the low-pass filter. The resolu-
tion of the azimuth angle ® depends on hits necessary for
calculating ¢, 5.

In average rainfall rate calculation processing 215, the
average rainfall rate (R,,,) in each low-resolution region is
calculated based on the low-resolution specific differential
phase (K,). More specifically, the average rainfall rate
(R,,.) is calculated by

ave

R 129%(K )2

where f is the transmission frequency [GHz], and b2 is a
constant (for example, 0.85).

In relational expression estimation processing 216, the
relational expression between the radar reflectivity factor (Z)
and the rainfall rate (R) is estimated. In calculating the rainfall
rate (R) using the radar reflectivity factor (Z),

Z=BxRF (1-1)

is known, where B and [} are constants determined by the rain
type or the like. To prevent an enormous calculation amount,
the constant f is estimated while fixing the constant B to, for
example, 200. However, both the constants B and j may be
estimated.

In this case, the radar reflectivity factor (Z) is calculated at
a high resolution based on the azimuth angle © [deg] and the
range 1 [m]. The relationship between the high resolution and
the low resolution is considered as follows.

O=mx0

L=nxl

As shown in FIG. 12, when the mesh numbers in the
high-resolution azimuth direction are defined as i=1 to m, and
those in the range direction are defined as j=1 to n, equation
(1-1) is transformed into

A I (1-2)

From equation (1-2), we obtain
R(i./)=(2(./)/B)

In equation (1-3), when the total rainfall in the region of the

azimuth angle © [deg] and range [ [m] is assumed to remain
the same independently of the resolution,

(1-3)

(1-4)

m on
XX Ry =ZZR(i, )

i=1 j=1

holds.

The constant § is analytically estimated from equations
(1-2) and (1-4). Note that in calculating the constant f,
smoothing processing may be performed based on a con-
straint that, for example, the constant 3 is determined within
the range of +10% ofthe value [} in an adjacent low-resolution
region.

In rainfall rate calculation processing 217, the high-reso-
Iution rainfall rate (R(i,j)) is calculated based on equation
(1-3) using the constant [ estimated in the low-resolution
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region and the radar reflectivity factor (Z(i,j)) calculated in
the high-resolution region. The constant B is the same as that
in estimating 3.

In smoothing processing 218, data smoothing processing
in the azimuth direction and range direction is performed to
obtain data without steps. As the smoothing method, for
example, the two methods of Example 1-1 are usable.

As described above, in Example 2-1, based on the average
rainfall rate (R,,,) obtained from the specific differential
phase (K,») which has a low spatial resolution but high
correlation with the rainfall rate and the radar reflectivity
factor (Z) which has a high spatial resolution but low corre-
lation with the absolute value of the rainfall rate and is rep-
resented by a relative value near the location, the relational
expression between the radar reflectivity factor (Z) and the
rainfall rate (R) is estimated. The high-resolution rainfall rate
(R(i,j)) is calculated using the relational expression. Hence,
according to the above-described rainfall rate calculation
method, it is possible to calculate the accurate rainfall rate
with a high spatial resolution.

Example 2-2

The method of Example 2-2 determines B from Z. B is
determined by B=axZ, where a is a constant. The resolution in
obtaining B can be either the resolution of K, or the original
resolution of Z.

FIG. 13 is a flowchart of rainfall rate calculation processing
according to Example 2-2. Note that processes 221 to 225 are
the same as the processes 211 to 215 of Example 2-1, and a
detailed description thereof will not be repeated.

In first constant calculation processing 226, the constant B
(first constant) that forms the relational expression between
the radar reflectivity factor (Z) and the rainfall rate (R) is
calculated. In calculating the rainfall rate (R) using the radar
reflectivity factor (),

Z=BxRF (2-1)

is known, where B and [} are constants determined by the rain
type or the like.

In this case, the constant B is determined by the following
two methods using the low-resolution radar reflectivity factor
(Z). Note that the low-resolution radar reflectivity factor (Z) is
obtained by employing, for example, a value obtained by
averaging, in a low-resolution region, the radar reflectivity
factors (Z,,) calculated at a high resolution and having under-
gone attenuation correction, or a value near the center in the
low-resolution region.

[First B Calculation Processing]

The constant B is represented by, for example,
B=axZ (2-2)
or
B=axZ+b (2-3)

where a and b are empirically obtained constants. Based on
equation (2-2) or (2-3), the constant B can be obtained from
the low-resolution radar reflectivity factor (Z).

In the above-described method, a constraint that the con-
stant B falls within the range of +10% of B of an adjacent
low-resolution mesh may be provided.

[Second B Calculation Processing]

As shown in FIG. 14, table data representing the constant B
corresponding to the radar reflectivity factor (7) is created in
advance. The constant B may be obtained from the low-
resolution radar reflectivity factor (Z) using the table data.
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In second constant estimation processing 227, the constant
[ that forms the relational expression between the radar
reflectivity factor (Z) and the rainfall rate (R) is estimated.

In this case, the radar reflectivity factor (Z) is calculated at
a high resolution based on the azimuth angle 6 [deg] and the
range 1 [m]. The relationship between the high resolution and
the low resolution is considered as follows.

O=mx0
L=nxl

As shown in FIG. 12 described above, when the mesh
numbers in the high-resolution azimuth direction are defined
as i=1 to m, and those in the range direction are defined as j=1
to n, equation (2-1) is transformed into

Z(,)=BxR(ij)? (2-9)
From equation (2-4), we obtain
RGj)~(ZG)B) (2-5)

When the total rainfall in the region of the azimuth angle ®
[deg] and range I [m] is assumed to remain the same inde-
pendently of the resolution,

(2-6)

m on
XX Ry =ZZR(i, )

=1 j=1

holds.

The constant § is analytically estimated from equations
(2-4) and (2-6). Note that in calculating the constant f,
smoothing processing may be performed based on a con-
straint that, for example, the constant 3 is determined within
the range of +10% ofthe value [} in an adjacent low-resolution
region.

In rainfall rate calculation processing 228, the high-reso-
Iution rainfall rate R(i,j) is calculated based on equation (2-3)
using the low-resolution constant B calculated in the first
constant calculation processing 226, the low-resolution con-
stant § estimated in the second constant estimation process-
ing 227, and the high-resolution radar reflectivity factor (Z(i,
j)) corrected in the attenuation correction processing 223.

In smoothing processing 229, data smoothing processing
in the azimuth direction and range direction is performed to
obtain data without steps. As the smoothing method, for
example, the two methods of Example 1-1 are usable.

As described above, in Example 2-2, the average rainfall
rate (R ) obtained from the specific differential phase (K )
which has a low spatial resolution but high correlation with
the rainfall rate and the radar reflectivity factor (Z) which has
a high spatial resolution but low correlation with the absolute
value of the rainfall rate and is represented by a relative value
near the location are obtained. The constant B that forms the
relational expression between the radar reflectivity factor (Z)
and the rainfall rate (R) is calculated from the radar reflectiv-
ity factor (7). The constant [} of the relational expression is
estimated from the average rainfall rate (R,,,.). The high-
resolution rainfall rate (R(i,j)) is calculated using the rela-
tional expression. Hence, according to the above-described
rainfall rate calculation method, it is possible to calculate the
accurate rainfall rate with a high spatial resolution.

Example 2-3

The method of Example 2-3 determines B from Z,,5. B is
determined by B=axZ ., where a is a constant. The resolu-
tion in obtaining B can be either the resolution of K, or the
original resolution of Z .
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The radar reflectivity factor (Z) is calculated at a high
resolution based on the azimuth angle 0 [deg] and the range 1
[m]. The relationship between the high resolution and the low
resolution is considered as follows.

O=mx0 3

L=nxl (©)]

When the mesh numbers in the high-resolution azimuth
direction are defined as i=1 to m, and those in the range
direction are defined as j=1 to n, equation (1) is transformed
into

Z, ~BxR. ®

The total rainfall in the region of the azimuth angle © [deg]
and range [, [m] is assumed to remain the same independently
of the resolution. If the average rainfall rate in a predeter-
mined region is represented by Rave,

mxnxRave=2R;;

(6
holds. The constant 3 is analytically estimated from equations
(5) and (6). The resolution in obtaining f§ can be either the
resolution (low resolution) of K, or the original resolution
(high resolution) of Z or Z .

The values m and n can be determined from the filtering
resolution in calculating K, or by analytically solving
simultaneous equations by defining m and n as parameters on
the same line as f3.

Based on the constants B and 3 estimated finally, the high-
resolution rainfall rate R, | is calculated.

FIG. 15 is a flowchart of rainfall rate calculation processing
according to Example 2-3. Note that processes 231 to 235 are
the same as the processes 211 to 215 of Example 2-1, and a
detailed description thereof will not be repeated.

In differential reflectivity factor calculation processing
236, the differential reflectivity factor (Z,5) defined by the
ratio of the radar reflectivity factor (Z,,) of the horizontally
polarized wave and the radar reflectivity factor (Z,) of the
vertically polarized wave is calculated at a low resolution.
Note that the low-resolution differential reflectivity factor
(Zpz) is obtained by employing, for example, a value
obtained by averaging, in a low-resolution region, the radar
reflectivity factors (Z,,and Z,,) calculated at a high resolution
and having undergone attenuation correction, or a value near
the center in the low-resolution region.

In first constant calculation processing 237, the constant B
(first constant) that forms the relational expression between
the radar reflectivity factor (Z;,) of the horizontally polarized
wave and the rainfall rate (R) is calculated. In calculating the
rainfall rate (R) using the radar reflectivity factor (Z;,) of the
horizontally polarized wave,

Zy=BxRP (3-1)

is known, where B and [} are constants determined by the rain
type or the like.

In this case, the constant B is determined by the following
method using the differential reflectivity factor (Z,z) calcu-
lated in the differential reflectivity factor calculation process-
ing 236.

The constant B is represented by, for example,

B=axZpg (3-2)
or

B=axZpg+b (3-3)
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where a and b are empirically obtained constants. Based on
equation (3-2) or (3-3), the constant B can be obtained from
the low-resolution differential reflectivity factor (Z ).

In the above-described method, a constraint that the con-
stant B falls within the range of +10% of B of an adjacent
low-resolution mesh may be provided.

In second constant estimation processing 238, the constant
[ that forms the relational expression between the radar
reflectivity factor (Z,) of the horizontally polarized wave and
the rainfall rate (R) is estimated.

In this case, the radar reflectivity factor (Z) is calculated at
a high resolution based on the azimuth angle 6 [deg] and the
range 1 [m]. The relationship between the high resolution and
the low resolution is considered as follows.

O=mx0

L=nxl

As shown in FIG. 12 described above, when the mesh
numbers in the high-resolution azimuth direction are defined
as i=1 to m, and those in the range direction are defined as j=1
to n, equation (3-1) is transformed into

Zp(i))=BxR(ij)? (3-4)
From equation (3-2), we obtain
RGj)~(ZulijyB) (3-5)

When the total rainfall in the region of the azimuth angle
[deg] and range I [m] is assumed to remain the same inde-
pendently of the resolution,

(3-6)

m on
XX Ry =ZZR(i, )

=1 j=1

holds.

The constant § is analytically estimated from equations
(3-4) and (3-6). Note that in calculating the constant f,
smoothing processing may be performed based on a con-
straint that, for example, the constant 3 is determined within
the range of +10% ofthe value [} in an adjacent low-resolution
region.

In rainfall rate calculation processing 239, the high-reso-
Iution rainfall rate R(i,j) is calculated based on equation (3-3)
using the low-resolution constant B calculated in the first
constant calculation processing 237, the low-resolution con-
stant § estimated in the second constant estimation process-
ing 238, and the radar reflectivity factor (Z,(i,j)) of the hori-
zontally polarized wave corrected in the attenuation
correction processing 233.

In smoothing processing 240, data smoothing processing
in the azimuth direction and range direction is performed to
obtain data without steps. As the smoothing method, for
example, the two methods of Example 1-1 are usable.

As described above, in Example 2-3, the average rainfall
rate (R ) obtained from the specific differential phase (K )
which has a low spatial resolution but high correlation with
the rainfall rate, the radar reflectivity factors (Z;and Z,) each
of'which has a high spatial resolution but low correlation with
the absolute value of the rainfall rate and is represented by a
relative value near the location, and the differential reflectiv-
ity factor (Z,y) are obtained. The constant B that forms the
relational expression between the radar reflectivity factor
(Z,) and the rainfall rate (R) is calculated from the differen-
tial reflectivity factor (Zz). The constant § of the relational
expression is estimated from the average rainfall rate (R, ).
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The high-resolution rainfall rate (R(i,j)) is calculated using
the relational expression. Hence, according to the above-
described rainfall rate calculation method, it is possible to
calculate the accurate rainfall rate with a high spatial resolu-
tion.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel methods and systems described herein may
be embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the meth-
ods and systems described herein may be made without
departing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

What is claimed is:

1. A weather radar apparatus comprising:

a transmitting/receiving unit configured to simultaneously
transmit a radar wave of a horizontally polarized wave
and a radar wave of a vertically polarized wave and
receive reflected waves;

a signal processing unit configured to perform dual polar-
ization observation based on a reception output from the
transmitting/receiving unit and calculate a received
power of each polarized wave;

an observation parameter calculation unit configured to
calculate, based on the received powers, a first observa-
tion parameter having a first spatial resolution based on
abeam width and a pulse width of each radar wave, and
a second observation parameter having higher correla-
tion with a rainfall rate than that of the first observation
parameter and a second spatial resolution lower than the
first spatial resolution; and

a rainfall rate calculation unit configured to synthetically
determine the rainfall rate based on the first observation
parameter and the second observation parameter.

2. The apparatus according to claim 1, wherein

the observation parameter calculation unit calculates a
radar reflectivity factor (Z,) of the horizontally polar-
ized wave as the first observation parameter, and calcu-
lates a specific differential phase (K,,) based on a dif-
ferential phase (¢ ) of the received power as the second
observation parameter, and

the rainfall rate calculation unit converts the specific dif-
ferential phase (K,) into the first spatial resolution
based on the radar reflectivity factor (Z), and calculates
a rainfall rate (R(K ) [mm/h]) of the first spatial reso-
Iution from the converted specific differential phase
Kpp)-

3. The apparatus according to claim 2, wherein in the
conversion, the specific differential phase (K ) is converted
into the first spatial resolution based on a temporary rainfall
rate (R(Z) [mm/h]) obtained from the radar reflectivity factor
@.

4. The apparatus according to claim 2, further comprising
a filter unit configured to remove a high-frequency compo-
nent of the differential phase (¢,p)-

5. The apparatus according to claim 2, further comprising
a correction unit configured to correct an attenuation amount
of'the radar reflectivity factor (Z) with respect to a range using
the differential phase (¢,5).

6. The apparatus according to claim 2, further comprising
a smoothing unit configured to smooth the rainfall rate
(R(Kpp) [mm/h]) in an azimuth direction and range direction.
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7. The apparatus according to claim 1, wherein
the observation parameter calculation unit calculates a
radar reflectivity factor (Z;) of the horizontally polar-
ized wave as the first observation parameter, and calcu-
lates, as the second observation parameter, a specific
differential phase (K,) based on a differential phase
(¢ pp) of the received power, and an average rainfall rate
(R,,. [mm/h]) in each region of the second spatial reso-
Iution based on the specific differential phase (K, ), and
the rainfall rate calculation unit estimates a relational
expression between the radar reflectivity factor (Z) and a
rainfall rate (R [mm/h]) based on the average rainfall
rate (R,,, [mm/h]) and the radar reflectivity factor (Z),
and calculates a rainfall rate (R [mm/h]) of the first
spatial resolution using the estimated relational expres-
sion.
8. The apparatus according to claim 7, further comprising
a filter unit configured to remove a high-frequency compo-
nent of the differential phase (¢ ).
9. The apparatus according to claim 7, further comprising
a correction unit configured to correct an attenuation amount
of'the radar reflectivity factor (Z) with respect to arange using
the differential phase (¢,,5)-
10. The apparatus according to claim 7, further comprising
a smoothing unit configured to smooth the rainfall rate
(R(Kpp) [mm/h]) in an azimuth direction and range direction.
11. The apparatus according to claim 1, wherein
the observation parameter calculation unit calculates a
radar reflectivity factor (Z;) of the horizontally polar-
ized wave as the first observation parameter, and calcu-
lates, as the second observation parameter, a specific
differential phase (K,) based on a differential phase
(¢pp) of the received power and an average rainfall rate
(R,,. [mm/h]) in each region of the second spatial reso-
Iution based on the specific differential phase (K, ), and
when a relationship between the radar reflectivity factor
(Z) and a rainfall rate (R [mm/h]) is represented by

Z=BxRP(B and p are constants)

the rainfall rate calculation unit calculates the first constant
(B) based on the radar reflectivity factor (Z), estimates the
second constant () included in the relational expression
based on the first constant (B), the average rainfall rate (R,
[mm/h]), and the radar reflectivity factor (Z), and calculates
the rainfall rate (R [mm/h]) of the first spatial resolution using
the relational expression based on the first constant (B), the
second constant (f§), and the radar reflectivity factor (7).

12. The apparatus according to claim 11, wherein the first
constant is calculated based on table data which represents
the radar reflectivity factor (Z) and the first constant (B) in
correspondence with each other.

13. The apparatus according to claim 11, further compris-
ing a filter unit configured to remove a high-frequency com-
ponent of the differential phase (¢,5).

14. The apparatus according to claim 11, further compris-
ing a correction unit configured to correct an attenuation
amount of the radar reflectivity factor (Z) with respect to a
range using the differential phase (¢,,5)-
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15. The apparatus according to claim 11, further compris-
ing a smoothing unit configured to smooth the rainfall rate
(R(Kpp) [mm/h]) in an azimuth direction and range direction.

16. The apparatus according to claim 1, wherein

the observation parameter calculation unit calculates, as

the first observation parameter, a radar reflectivity factor
(Z;,) of the horizontally polarized wave, a radar reflec-
tivity factor (Z,) of the vertically polarized wave, and a
differential reflectivity factor (Z,z) based on the radar
reflectivity factor (Z,) of the horizontally polarized
wave and the radar reflectivity factor (Z,) of the verti-
cally polarized wave, and calculates, as the second
observation parameter, a specific differential phase
(K, ) based on a differential phase (¢ ) of the received
power and an average rainfall rate (R ,,,, [mm/h]) in each
region of the second spatial resolution based on the
specific differential phase (K,5), and

when a relationship between the radar reflectivity factor

(Z;,) of the horizontally polarized wave and a rainfall
rate (R [mm/h]) is represented by

Zy=BxRP(B and P are constants)

the rainfall rate calculation unit calculates the first constant
(B) based on the differential reflectivity factor (Z,z), esti-
mates the second constant () included in the relational
expression based on the first constant (B), the average rainfall
rate (R, [mm/h]), and the radar reflectivity factor (Z,,) of the
horizontally polarized wave, and calculates the rainfall rate
(R [mm/h]) of the first spatial resolution using the relational
expression based on the first constant (B), the second constant
(B), and the radar reflectivity factor (Z) of the horizontally
polarized wave.

17. The apparatus according to claim 16, further compris-
ing a filter unit configured to remove a high-frequency com-
ponent of the differential phase (¢,5).

18. The apparatus according to claim 16, further compris-
ing a correction unit configured to correct an attenuation
amount of the radar reflectivity factor (Z) with respect to a
range using the differential phase (¢,z).

19. The apparatus according to claim 16, further compris-
ing a smoothing unit configured to smooth the rainfall rate
(R(Kpp) [mm/h]) in an azimuth direction and range direction.

20. A rainfall rate calculation method used in a weather
radar apparatus which simultaneously transmits a radar wave
of a horizontally polarized wave and a radar wave of a verti-
cally polarized wave and receives reflected waves, compris-
ing:

performing dual polarization observation based on a recep-

tion output of the reflected waves and calculating a
received power of each polarized wave;

calculating, based on the received powers, a first observa-

tion parameter having a first spatial resolution based on
abeam width and a pulse width of each radar wave, and
a second observation parameter having higher correla-
tion with a rainfall rate than that of the first observation
parameter and a second spatial resolution lower than the
first spatial resolution; and

synthetically calculating the rainfall rate based on the first

observation parameter and the second observation
parameter.



