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1  Rainfall and snowfall observa-
tion using polarimetric radar

Radars with polarization diversity have a
variable transmitted and/or received wave
polarization, or provide for dual channel
reception of orthogonally polarized waves.
This allows measurement of hydrometeor
characteristics such as size, shape, spatial ori-
entation, and discrimination of thermodynam-
ic phase.  Various hydrometeor types, such as
raindrops, ice crystals, snowflakes, hail, or
graupel, may be identified based on differ-
ences in scattered echo by the particles.  In
recent years, a number of researchers have
focused on polarimetric information on
hydrometeors[1] as a potential source for an
improved understanding of physical processes
within precipitating cloud systems and
improved rainfall rate estimation.  Regarding
raindrops, small drops (of 1 mm or less in
diameter) are spherical, dominated by the sur-
face tension of water, while large ones (2-7
mm in diameter) become oblate due to fric-
tional forces arising from their motion relative
to the air[2].  Researchers have attempted to
estimate the distribution of drop sizes and to

increase the accuracy of estimates regarding
rainfall rates, based on a property that the
backscattering of oblate raindrop at horizontal
polarization is stronger than that at vertical
polarization.  In propagation (forward scatter-
ing), the degree of phase rotation of electro-
magnetic waves differs between at horizontal
and at vertical polarization.  This feature has
been used for a method of estimating rainfall
rate insensitive to differences in drop size dis-
tribution, and for a method of attenuation cor-
rection in case of heavy rainfall[1][3].  Ice par-
ticles present a more complex case.  The basic
shape of the ice crystal depends on the tem-
perature and relative humidity of the air in
which it develops.  In the (0℃, －3℃) and
(－8℃,－25℃) approximate intervals, plates
or dendrites crystals form if the humidity is
high.  In the (－3℃,－8℃) and (< －25℃)
intervals, columns or needles from if the
humidity is high[4].  If the shape of ice parti-
cles is known from the polarimetric character-
istics in radar echo, the creation/growth
process and ambient weather conditions can in
turn be estimated.  This makes it possible to
clarify the physics of precipitating clouds.  As
in the case of ice crystals, knowing the shapes
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of hydrometeor forms such as snow, hail, and
graupel particles improves our understanding
of meteorological phenomena.  In particular,
with respect to hail, there is demand for reli-
able methods of detection and prediction in
order to avert damage to agricultural crops.
Polarimetric radar has been investigated as a
promising tool to this end.  In this paper, we
have tried to identify each hydrometeos type
in precipitating clouds over the Japan Sea in
winter, based on polarimetric measurement
data taken in flight tests using CRL Airborne
Multiparameter Precipitation Radar (CAMPR).

2  CRL Airborne Multiparameter
Precipitation Radar (CAMPR)

The CAMPR system[5], which uses the
Ku-band frequency (13.8 GHz) also employed
by TRMM (Tropical Rainfall Measuring Mis-
sion) Precipitation Radar[6], was developed to
validate the capabilities of TRMM precipita-
tion radar[7].  A dual beam antenna for air-
borne experiments CAMPR-D, installed in
1997, makes it possible to perform either dual
Doppler or polarimetric observations of rain-
fall[8][9].  Table 1 lists the major specifications
of the CAMPR system.  In the CAMPR-D,
two beams (forward and nadir beams) are
available, with the nadir beam is available at
both horizontal (H) and vertical (V) polariza-
tion.  Two transmit polarization sequences,
HV and HHVV, are selective, and two hori-
zontal and vertical receivers simultaneously
capture copolar and cross-polar components of
radar echo.  The data acquisition system has
two modes: (a) an integral mode that can use
both intensity and Doppler information on
radar echo, Doppler velocity and spectrum
width estimated with pulse pair method, and
(b) an all-hit mode that can record successive
in-phase and quadrature phase components of
radar echo (max. 1024 hits).  In case of inte-
gral mode, the correlation coefficient between
horizontal and vertical polarization is not
recorded, but the intensity and Doppler infor-
mation are recorded almost continuously
because the amount of recorded data is rela-

tively small owing to data averaging in hard-
ware.  In case of all-hit mode, the amount of
captured data is so large that the data transfer
time needs and its recorded data is intermit-
tent.  However, in the December 2000, a
replacement of the computer in the data acqui-
sition system has helped reduce the above dis-
advantage by increasing data transfer and
recording rate.  This paper uses the data cap-
tured by all-hit mode. 

3 Rainfall observation with
CAMPR-D multiparameter radar

CAMPR-D is capable of beam scanning
over a wide range by mechanically rotating
the antenna in its radome.  The beam scan
range is 60 degrees on the right side of the air-
craft and 85 degrees on the left, as measured
from the nadir direction, as shown in Fig.1(a).
For hydrometeor observations using polari-
metric radar, typically measured are the radar
reflection factor (Z) for co-polarization (hori-
zontal polarization in most weather radar sys-
tems); the differential reflectivity between
horizontal and vertical polarization, ZDR
(=ZHH/ZVV), which results from the flattening
of rain drops caused by their motion relative
to the air; the differential propagation phase
between horizontal and vertical polarization,
φDP (and its derivative in the range direction,
KDP), the intensity ratio, LDR (=linear depo-
larization ratio=ZHV/ZHH), between cross-polar
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Frequency

Transmitter

Receiver

Pulse Width

Range Resolution

PRF

Doppler Unaliased
Speed

Transmit Polarization
Sequence

Data Acquisition
Mode

Antenna Mode

13.8 GHz (Ku-Band)

TWTA 2kW (peak)

2 sets (one is for H, the other 
is for V or Forward Beam) 

0.5, 1, 2 μsec

75, 150, 300 m

2, 4, 8 kHz

10.9, 21.7, 43.4 m/sec

H, V, HV, HHVV
or F, HF, HHFF

(a) Integral Mode
(b) All Hit Mode (max 1024 hits)

(a) Dual Beam (HF) mode
(b) Polarization (HV) Mode

Major CAMPR specificationsTable 1
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and copolar radar reflectivity, which also
results from the non-spherical shape of drops;
and the cross correlation coefficient,ρHV (0),
between horizontal and vertical polarization
radar echo[1][3].  Among these parameters,
ZDR,φDP, and KDP are related to differences
between the horizontal and vertical dimen-
sions of hydrometeor particles.  These param-
eters can be measured when the radar beam is
directed close to horizontal.  However, when
the beam is directed close to vertical, these
parameters cannot be measured if the hydrom-
eteors are oriented randomly.  Given these
characteristics of CAMPR-D, we have sum-
marized in Table 2 the effects of beam direc-
tion for polarimetric observation using
CAMPR-D.  In terms of polarimetric observa-
tion, the nadir beam has the disadvantage,
compared to the horizontal beam, of providing
data of fewer variables.  

Nevertheless, due to the data characteris-
tics of CAMPR-D (see Fig.1(b)), it offers the
advantage of the radar’s range resolution
becoming the vertical resolution of the data
actually measured.  This vertical resolution
can be as high as 150 m, made possible by a
pulse width (1μsec.) that is usually available
in flight experiments using CAMPR-D.  In
contrast, the horizontal beam has the advan-
tage of providing data of many polarimetric
variables.  However, the antenna beam width
(about 7 degrees) of CAMPR-D results in a
horizontal beam widening of 700m or so at a
range of 6 km, which adversely affects vertical
resolution.  Moreover, when measurements
are performed at high altitudes in the sky
along the horizontal beam, it must travel a
considerable distance to the melting layer, the
target of polarimetric measurements.  It means
that the data quality of returned signals is rela-
tively low.  Taking into account all these
advantages and disadvantages, we decided to
use data provided by the nadir beam for the
current analysis. 

4  Hydrometeor-type classification
with polarimetric radar observ-
ables

For hydrometeor-type classification, the
relationship between polarimetric radar
observables and kind of hydrometeors are
summarized in Table 3.  The information pro-
vided in this table with respect to Z,ρHV (0),
and LDR used in our research has been
excerpted from Doviak and Zrnic (1993)[3].
Table 3 indicates that the linear depolarization
ratio (LDR) of raindrops is small, and that the
correlation coefficient between horizontally
and vertically polarized returned signals,ρHV

(0), approaches 1 due to their geometric sym-
metry.  In wet-melting snow often observed in
the melting layer, the cross-polar component
of returned signals grows large.  LDR grows
and the correlation coefficientρHV (0) decreas-
es from 1 to around 0.8. In hail, the cross-
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Antenna scanning and measurable
volume of CAMPR-D

Fig.1
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Nadir

Horizontal
al

Observables

Z,
ρHV (0),

LDR

Z,
ρHV (0),

LDR
ZDR
φDP
KDP

Advantage

High vertical
resolution

Many
observables

Disadvantage

Fewer
observables

Low vertical
resolution

Poor sensitivity
near the ground

Aircraft-based polarimetric meas-
urement using CAMPR-D

Table 2



polar component is large and LDR grows,
while the correlation coefficient remains
around 0.95, with no significant decline.
Unlike the results of CAMPR measurement
using the Ku band, the figures in Table 3 are
for another measurement using an S-band (i.e.,
lower frequency than Ku band) polarimetric
radar; thus the figures differ slightly.  Never-
theless, they provide sufficiently useful infor-
mation for understandings of changes in LDR
andρHV (0) across the melting layer.  In
CAMPR-D, the LDR limit is estimated to be
around -25dB from the polarimetric antenna .
Thus, unless S/N for the rainfall echo is
enough high, observed LDR values is mean-
ingless.  Meanwhile,ρHV (0) may be estimated
with satisfactory accuracy even when S/N in
the rainfall echo is not high, since it derives
from copolar components.  

5  Polarimetric rainfall observation
over the Japan Sea during win-
ter in WMO-01[10](Winter MCSs
Observations over the Japan
Sea-2001)

In a flight experiment for snowfall obser-
vation, which was a part of WMO-01 (Winter
MCSs Observations over the Japan Sea-2001),
we used a KingAir equipped with CAMPR-D
and a Gulfstream Jet equipped with SPIDER
(Special Polarimetric Ice Detection and Expli-
cation Radar) and a particle probe, as well as
meteorological measurement instruments (pro-
vided by the Meteorological Research Insti-
tute) on the afternoon of January 27, 2001.
These aircraft flew the same course along
137.30 ˚E longitude during the same period of
time.  Fig.2 shows the flight course. 

The KingAir equipped with CAMPR flew
south to north (latitude 36.7 ˚N to 39 ˚N) from
13:45 to 14:15 at an altitude of 6 km.  The
Gulfstream Jet equipped with the particle
probe and SPIDER took flight somewhat ear-
lier, 12:34-12:49, from south to north (latitude
37.4 ˚N to 39.2 ˚N) at an altitude of 10.2 km.
The Gulfstream Jet continued to fly along lon-
gitude 137.30 ˚E at altitudes of 3.6, 1.5, and

0.3 km to measure the internal structure of
cloud systems by using the particle probe[10].
The KingAir equipped with CAMPR was a
propeller plane, while the Gulfstream Jet
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Types

Drizzle

Rain

Snow, dry,

low density

Crystals, dry,

high density

Snow, wet

melting

Graupel, dry

Graupel, wet

Hail, small

< 2cm, wet

Hail, large

> 2cm, wet

Rain & Hail

Z (dBZ)

< 25

25 to 60

< 35

< 25

< 45

40 to 50

40 to 55

50 to 60

55 to 70

50 to 70

ρHV (0)

> 0.99

> 0.97

> 0.99

> 0.95

0.8 to 0.95

> 0.99

> 0.99

> 0.95

> 0.96

> 0.9

LDR

< -34

-34 to -27

< -34

-34 to -25

-18 to -13

< -30

-25 to -20

< -20

-15 to -10

-20 to -10

Values of Polarimetric Measurands
for Various Precipitation Types

Table 3

Flight course of the KingAir equipped
with CAMPR and the Gulfstream Jet
equipped with SPIDER, a particle
probe, and meteorological measure-
ment instruments

Fig.2
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equipped with SPIDER was a jet one.  Thus,
their cruising speeds were significantly differ-
ent: the Gulfstream Jet took 15 minutes to fly
along the flight path shown in Fig.2,while the
KingAir took 30 minutes.  CAMPR used
polarimetric observation mode, fixing the
antenna beam in the nadir direction and col-
lecting data by using the all-hit mode in data
acquisition.  The transmit pulse width was 1
μsec, and the range resolution (vertical reso-
lution) was 150 meters.  Since horizontal and
vertical polarization wave pulses were trans-
mitted alternately, the transmit PRF (pulse
repetition frequency) was 4 kHz, while that of
horizontal polarization alone was equivalent to
2 kHz, and the Doppler aliasing frequency
was about +_10 m/sec.  Each record consisted
of 1024 hits, and the record intervals were 2.4
sec, or about 190 m horizontally.  As demon-
strated in Fig.1(b), the CAMPR-D scattering
resolution volume for nadir measurements at
an altitude of 6 km was 700 m horizontally.
Thus, we believe there are no significant gaps
in this measurement.  Fig.3 shows the vertical
cross-sections of rainfall echo observed by
CAMPR.  The lateral axis represents the hori-
zontal distance along the longitude 137.30 ˚E,
with the left side of the figure representing
south (altitude 36.8 ˚N) and the right repre-
senting north (altitude 39 ˚N).  The total flight
path was about 240 km, since the aircraft flew
about 30 minutes at a speed of about 130
m/sec. The vertical axis represents the alti-
tude.  The sea surface corresponded to 0 km;
the top is the altitude of 6 km, where the air-
craft flew; and the bottom is 2 km below the
sea surface.  The undersea echo is called “mir-
ror echo.” Here, a radio wave is emitted from
the radar, reflected from the sea surface, scat-
tered by rain in the sky, then reflected once
again from the surface, thus returning to the
radar after being reflected twice on the sur-
face, and mirroring the real echo across the
surface.  In Fig.3, the top plate shows radar
reflection factor ZVV of the copolar component
(vertical transmission/reception); the middle
plate is radar reflection factor ZHV of cross-
polar component (horizontal transmission,

vertical reception); the bottom plate is the cor-
relation between horizontal and vertical polar-
ization,ρHV (0).  A sea surface echo is seen
in these figures at around zero km in altitude.
A rain echo is also recognized above the sea
surface up to 4 to 5 km (see the copolar com-
ponent ZVV at the top plate of Fig.3).  The
strong echo near the aircraft (at an altitude of
about 6 km) is caused by the leakage of the
transmit power.  A blurred mirror-image echo
is also seen under the seasurface echo in the
region where the rainfall echo was strong. 

Listed below are points in the characteris-
tics of observed rainfall echoes shown in
Fig.3. 

Copolar component (Zvv):
(a) There exists an echo peak that probably
indicates the existence of a melting layer.  Its
altitude changes from 300 to 800 m above sea
surface. 
(b) The above melting layer altitude is highest
near the center (latitude 38 ˚N) region in the
figure and likely to be lower on its south and
north sides. 
(c) There exists a stripe pattern rising toward
north in the sky over the land region (as
shown in the left half of the figure). 

Cross-polar component (Zhv):
(d) There is an echo at almost the same alti-
tude of the melting layer altitude detected by
the copolar component. 
(e) The thickness of the observed melting
layer is larger over and near the land region
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Polarimetric measurement of rainfall
using CAMPR in WMO-01 experiment
conducted over the Japan Sea (Janu-
ary 27, 2001)

Fig.3
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(as shown left in the figure) than that of off-
shore region. 

Correlation coefficient (ρHV (0)):
(f) Has a pattern similar to the copolar compo-
nent. 
(g) There appears to be a peak corresponding
to the melting layer detected by the copolar
component. 

The altitude changes (a), (b) of the melting
layer indicated by the copolar component
were also recognized in in-situ atmospheric
measurements using meteorological instru-
ments installed in the Gulfstream Jet.  Accord-
ing to an analysis of a mesocyclone in the
Japan Sea on the day based on both the cloud
radar (SPIDER) observation and the meteoro-
logical observation with the Gulfstream
Jet[10], the mesocyclone developed in the
Japan Sea between Noto Peninsula and Sado
Island when a south low-pressure system
passed by the south coast of Japan, and the
mesocyclone moved slowly to the northeast.
The core of the small low-pressure system was
warmer than the surrounding area, approxi-
mately 2 to 3 K higher in equivalent potential
temperature.  The rainfall region obtained by
SPIDER was concentrated in both north and
south sides of the mesocyclone where the gra-
dient of equivalent potential temperature was
large.  The rain echo in the top plate of Fig.3
observed by CAMPR was weak around lati-
tude 38 ˚N where the melting layer was high-
est, while the rain echo was strong on its south
and north sides.  Thus, two different radars,
CAMPR and SPIDER, observed the same
mesocyclone.  The altitude difference of 500
m detected by CAMPR radar echo agreed with
the difference in equivalent potential tempera-
ture (2 to 3 K) measured by meteorological
instruments aboard the Gulfstream Jet. 

The regular (stripe) structure of the rain
echo (c) was not investigated in detail in this
study.  However, since its area of occurrence
is limited to areas near land, its origin might
be land or mountainous terrain.  In the proper-
ty (d), the cross-polar component was large
near the melting layer.  This agrees with con-
ventional observations obtained from LDR

measurements.  The difference in thickness of
the melting layer (e) may suggest a difference
in atmospheric turbulence at the altitude of the
melting layer, and should be investigated in
the future.  In terms of (f), the correlation was
equal to almost 1 in areas where the rain echo
was recognized, but close to zero where no
echo was recognized.  This result agrees with
conventional observations.  The characteristic
noted in (g) － the coincidence of peaks
between the copolar component and correla-
tion component － appears to contradict the
ordinary observation results showing that Z
and LDR indicate peaks in the melting layer,
whileρHV (0) shows a negative peak.  Thus,
we examined the vertical profile of the three
variables in the following section in detail. 

6  Vertical profile of polarimetric
observables and hydrometeors
classification

Fig.4 shows the vertical profiles of the
radar reflectivity factor (Z), linear depolariza-
tion ratio (LDR) and copolar correlation coef-
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Vertical profiles of radar reflective factor
(Z), linear depolarization ratio (LDR) and
copolar correlation coefficient (ρHV(0))
(Lateral axis represents the altitude
above sealevel.)

Fig.4



ficient (ρHV (0)) for rainfall area near latitude
38.30 ˚N, which are shown on the right side of
Fig.3. 

In Fig.4, the lateral axis represents the alti-
tude above sealevel, where the right end repre-
sents the sea surface and left end represents an
altitude of 1200 m.  The CAMPR data has a
range resolution of 150 m determined by the
pulse width.  However, since the data was sub-
ject to oversampling at twice the frequency in
the range direction, data was sampled at every
75 m, as shown in Fig.4.  In Fig.3, the copolar
component, cross-polar component, and corre-
lation coefficient appeared to have peaks at
almost the same altitude.  However, if the data
is expanded vertically, the positive peak ① of
the radar reflectivity factor: Z, the positive
peak ② of the LDR, the positive peak ③ of
the correlation coefficientρHV(0), and the neg-
ative peak ④ of theρHV(0) lying below ③
have differing altitudes.  The Z positive peak
① , which is also recognized as “blind-
band”using conventional weather radar, lies at
an altitude of 450 m.  Both the LDR positive
peak ② and theρHV(0) negative peak ④ lie at
an altitude of 300 m, which corresponds to a
melting layer.  These results agree with con-
ventional observation results in which Z and
LDR show positive peaks near a melting layer,
whileρHV (0) has a negative peak, and the Z
peak lies at an altitude slightly higher than that
of the LDR andρHV (0) peaks.  TheρHV(0) pos-
itive peak ③ that appeared to correspond to
the Z positive peak ① in Fig.3 lies at an alti-
tude of 525 m, which is slightly higher than
that of the Z positive peak ①.  It is difficult to
provide a clear explanation for theρHV (0) pos-
itive peak ③; however, since it shows a high
correlation, it may indicate that the hydrome-
teors are actually somewhat spherical.  There
is no specific decrease (negative peak) of LDR
in the position of peak ③.  This result does not
agree with the conclusion[1] that LDR andρHV

(0) have a one-to-one relationship if there is
azimuthal symmetry in the distribution of
hydrometeors.  Thus, the current observation
result may suggest that there is no azimuthal
symmetry in the distribution of hydrometeors

and that hydrometeors are oriented in a specif-
ic direction － non-spherical hydrometeors are
arrayed in a specific direction.  

Finally, we attempted to identify hydrome-
teor types based on the relationship between
values of polarimetric measurands and various
precipitation types listed in Table 3.  Table 3
lists the results provided by measurement
using S-band weather radar and may be slight-
ly different from the results measured with the
Ku-band.  However, the basic characteristics
should not differ much.  Table 4 summarizes
the results of hydrometeors classification.
Table 4 provides the following insights that
agree with conventional ones.  Dry hydrome-
teors existing at high densities at high altitudes
gradually melt on the surface as they fall and
temperature rises.  Wet particles easily stick to
each other and grow in size through collision.
This increases the power of the returned sig-
nal, while the particle density decreases.
When the wet particles further melt and finally
become raindrops, the apparent volume
decreases and the radar reflectivity factor
decreases, while the falling speed grows.  As a
result, the radar reflectivity factor is made
even smaller, since the particle density per
unit volume decreases. 
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Altitude

600 m or
higher

500 m

450 m

300 m

Less than
300 m

Features

ρHV(0)≒0.9; both
Z and LDR
are small

Peak of ρHV(0)

Peak of Z factor

ρHV(0) has
a negative peak;
LDR has a peak

ρHV(0)≒1.0;
small LDR

Hydrometeor
Type

Crystals, dry,
high density

Snow, dry,
low density

Snow,
wet melting

Rain

Discrimination of hydrometeors
based on polarimetric observables

Table 4
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7  Summary and future challenges

We attempted to identify hydrometeor
types based on polarimetric data provided by
CRL Airborne Multiparameter Precipitation
Radar (CAMPR-D) measurements conducted
over the Japan Sea in winter.  Most of the
obtained insights agreed with conventional
observations provided by polarimetric meas-
urements.  However, one result － the detec-
tion of a positive peak ofρHV (0) in the upper
melting layer, with no corresponding negative
LDR peak － may include additional informa-
tion with respect to hydrometeors existing in
the upper melting layer.  We plan to compare
this data with other observations and calcula-

tions for the detailed scattering properties of
hydrometeors. 
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