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ABSTRACT

This paper is an overview of weather radar polarimetry emphasizing surveillance applications. The following po-
tential benefits to operations are identified: improvement of quantitative precipitation measurements, discrimination of
hail from rain with possible determination of sizes, identification of precipitation in winter storms, identification of elec-
trically active storms, and distinction of biological scatterers (birds vs insects). Success in rainfall measurements is at-
tributed to unique properties of differential phase. Referrals to fields of various polarimetric variables illustrate the
signatures associated with different phenomena. It is argued that classifying hydrometeors is a necessary step prior to
proper quantification of the water substance. The promise of polarimetry to accomplish classification is illustrated with
an application to a hailstorm.

1. Introduction measurements will not be realized until analyses in-
clude a more complete set of simultaneous multipa-
Scientific evidence accumulated over the last deemeter radar observations.” To reach a broad
cade indicates that weather radar polarimetry hasdience, the paper touches aspects of polarimetry that
passed two important tests. First, as suggestedang implicitly known to most radar meteorologists.
theory, polarimetric signals contain significant inforAlso, it provides examples of measurements obtained
mation about hydrometeor habits; and second, thelnoy- the National Severe Storms Laboratory (NSSL)
formation can be retrieved with sufficient accuracy @imarron polarimetric radar and speculates on future
be useful. If it passes the cost effectiveness test, tagpabilities.
technigue should be adopted for operational applica-
tions. Although this could occur in less than 10 years,
there is a large number of radar meteorologists !t Polarization
have not been exposed to radar polarimetry. Hence, the
motivation for this paper is to present a simplified At far distances from a source, the electromagnetic
overview of the subject. Emphasized are applicatiofisld is confined in a plane of polarization that is per-
to weather surveillance radars. We attempt a steppendicular to the propagation direction. Polarization
the direction well enunciated by Herzegh and Jamegeffers to the orientation (direction) of the electric field
(1992), who state: “While a number of significant inin this plane. If its direction follows an ellipse, the field
ferences can be made fra,, LDR, andZ observa- is polarized; if the ellipse changes shape and/or orien-
tions alone, the full impact of dual-polarizatioration in time, it is partially polarized; otherwise, it is
not polarized. A special case is a linear polarization
- for which the field vector lies on a line. In nature, par-
*National Severe Storms Laboratory, Norman, Oklahoma. tially polarized and unpolarized radiation are ubiqui-
*Cooperative Institute for Mesoscale Meteorological Studieyus; polarized radiation is an exception. For example,
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radiation by cloud droplets at scattering angles of 90fthogonal direction. Analogous but opposite interac-
is linearly polarized. Solar or other radiation reflectetibn applies to vertically polarized fields. These two
from earth’s surface is partially polarized. orthogonal fields complement each other in that they
Anthropogenic radiation is almost always polacan probe a hydrometeor along two perpendicular
ized. Thus, signals for radio, television, and other comxes. Thus, differences in hydrometeor characteristics
munications are polarized, and so are radar wavakng these two axes produce corresponding responses
Therefore, polarization was a part of radar meteordtthe interacting fields.
ogy from the very beginning. It happens that in the There are two ways in which scatterers (hydrom-
early days there were very few deliberate attemptseteors) affect polarimetric measurements. One is the
utilize the polarimetric information. backscatter (intrinsic) effect by those located within
Models and computations were usually concernéte radar resolution volume; the other is the propaga-
with scatterers for which polarimetric dependence tibn effect by those between the radar and its resolu-
the signal was nonexistent. For example, raindrops diwh volume. The two are often coupled and should be
hailstones were modeled as spheres (Battan 1973%sded out for identifying the type of hydrometeors in
that the dependencies on the vertical or horizontal mther locale. The vertical-horizontal polarization ba-
larization were null. Yet measurements made withs is well suited for surveillance radars because the
differently polarized radars could not produce the sarakectric fields are aligned with the principal axis of
result because the drops’ backscattering cross sectiegmgeral hydrometeor types. This maximizes the con-
(and, therefore, reflectivity) depend on polarizatioasts between scattering properties of vertically and
(Seliga and Bringi 1976). A drop’s horizontal dimenaorizontally polarized waves.
sion exceeds its vertical dimension, and therefore (for
drops small compared to wavelength) the cross séc- Intrinsic polarimetric variables
tion is larger at horizontal polarizations. At least some In the linear polarimetric basis, there are six back-
of the variability in measured relations between tisgatter variables that can carry meaningful informa-
reflectivity factorZ and rain ratdR can be attributed tion (i.e., see Doviak and Zrnic 1993). These are
to differences in polarization (Zrnic and Balakrishnan
1990). That is, for the same rain rate, the reflectivift) the reflectivity factor for horizontal polarizatiiy
factor for horizontal polarizatiod is larger than the 2) the ratio of reflected power at horizontal-vertical

one for verticalZ,. polarizationP, /P, called differential reflectivity
Z .
DR’
a. Polarization basis 3) the ratio of cross-polar power (obtained by trans-

To fully capitalize on polarimetry, it is necessary mitting horizontal and receiving vertical polariza-
to probe the hydrometeor medium with two orthogo- tion) to copolar poweP /P, called linear depo-
nal polarizations. Thus, polarization diversity implies larization ratio LDR;

a capability to rapidly measure echo characteristics4at the correlation coefficient between copolar hori-
two orthogonal polarizations. This can be achieved zontally and vertically polarized echo signalg?®,
either by changing polarization from pulse to pulse, and

by transmitting one and simultaneously receiving tws) two complex correlations between the cross-polar
polarizations, or both. Circular and linear polarizations and copolar echodXV, 'V, ) andE(V, V., ).

have been used on weather surveillance radars. This

article deals exclusively with linear polarizations Here, the indexes on powers and voltages tell the
whereby the orthogonal fields are designated as vepilarization of backscattered and incident fields, ex-
cal and horizontal; at low elevation angles, these twept the indexes on the magnitude of the correlation
directions almost coincide with the local horizontaloefficientp, , specify both fields. The phadef the

and vertical direction at the radar resolution volumeorrelation coefficient is the backscatter differential
A review of polarimetric radar technology, includingphase; it is the difference in phase between the hori-
linear and other bases, is presented by Bringi amohtally and vertically polarized fields caused by back-
Hendry (1990). scattering. The nine quantities (complex quantities

Horizontally polarized fields induce strong electricount as two real quantities) compose a complete set
field responses in the same direction within thef intrinsic backscatter variables for the linear polar-
scatterer and considerably weaker responses in itegion basis. Of these, the correlations in 5) have not

390 Vol. 80, No. 3, March 1999



been sufficiently explored, although they contain diwo variablesZ andK ) depend on the number den-
rect information about the mean canting anglsity of hydrometeors (Table 1). Thus, properties other
Henceforth, there will be no further discussion of thetigan the number density are contained in four of the
variables, and the first three, plag andd, are con- variables. Sometimes these properties are interdepen-
sidered to be fundamental. Suitable combinationsaednt, so that the fundamental variables are not always
these generate any other variable (e.g., ZoamdZ__, independent.
one can obtai# ).

d. Wavelength

c. Propagation The probing wavelength can have a significant ef-
Propagation effects that influence polarimetrifect on the polarimetric variables. For oblate spheroids
measurements are with small sizes compared to the radar wavelength and
that have the dielectric constant of water, the gradual
1) attenuation of the horizontal component, changes in size, axis ratio, and dielectric constant pro-
2) attenuation of the vertical component, duce gradual changes in the polarimetric variables. But
3) depolarization, and as the size increases, changes in hydrometeor proper-
4) differential phase shifb . ties create nhonmonotonic variations in the polarimet-

ric variables. The backscatter differential phase can be

The difference in attenuations between the hod-good indicator of a size larger than about a tenth of
zontally and vertically polarized waves (i.e., differera wavelength because at that size, it exhibits an abrupt
tial attenuation) is caused by preferentially orienteédcrease (Aydin and Giridhar 1992). At smaller sizes,
hydrometeors. Differential attenuation is difficult tahe backscatter differential phase decreases to zero.
measure, and it can adversely affect the differentifthe transition is at 10, 5.5, and 3.5 mm for the wave-
reflectivity. Depolarization is also hard to estimatdengths of 10, 5, and 3 cm, respectively.
but the differential phase is a readily measured and Clearly, é at the 10-cm wavelength is insensitive
useful parameter. In rain, the horizontally polarize@d changes in raindrops’ sizes (because drops are
waves experience larger phase shifts (lags) and prograaller than 10 mm), whereas at 5 and 3 cm it could
gate slower than the vertically polarized waves bbe adversely affected by the drops in the range from 3
cause raindrops are oblate and have a preferentied mm. Therefore, at the 10-cm wavelength, the rain-
orientation. Specific differential phakg,, is a range rate measuremeR(K_) should be more robust than
derivative of the differential phase and can be a goatithe two shorter wavelengths. For the same rain rate,
indicator of liquid water and rain rate along the propaewever, the specific differential phase is inversely
gation path (Sachidananda and Zrnic 1986, 198pjoportional to wavelength. Hence, the phase shifts at
Relations between these two quan-
tities andK_, with no reference
whatsoever to other radar variables Tas.e 1. Attributes of polarimetric variables (for 5- and 10-cm wavelengths).
have been developed (Doviak and

Zrn!c_ 1993),_but |ncIu5|on. of N\ Attribute Immune to

additional variables (e.gZ_.) is Independent propagation Used for Independent

thought to improve rainfall esti- of absolute  effects  Immuneto quantitative of concen-

mates (Ryzhkov and Zrnic 1995b). Variable radar calibration noise bias  estimation tration
To the five intrinsic polarimet-

ric variables we add the specific % no no no yes no

differential phase to form a set of - o o . -

six fundamental variables. Othel or

Val’iab|eS that are incorporated in KDP yes yes yes yes no

some of the six can also be desig-

nated as fundamental. The presel  p,, yes yes no no yes

choice has practical motivation. All

but one variableZ) are indepen- yes no yes no yes

dent of_ the ab_solu_te receiver o | pr yes o - o yes

transmitter calibration, and only
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shorter wavelengths might be measured with lowtiver LDR norp,  has provided quantitative estimates
relative errors, and that could result in better rain-radé precipitation parameters (column 5 in Table 1),
estimates. Also, detection of mixed-phase hydromethese variables have ample potential for other appli-
ors might be enhanced at the 3- and 5-cm wavelengthtions. For example, both variables can indicate the
because mixed phase is often composed of wet aggnesence of mixed-phase precipitation, which is very
gates 5—-10 mm in size, which would increase polaninportant in winter storms. Last, variables that are
metric contrasts in LDRZ__, orp, . independent of concentration can reveal a property that
is otherwise hidden (e.g., measure of axial ratio, rough-
ness of shape); nonetheless, concentration is needed
3. Polarimetric variables and for determining bulk amounts. Therefore, the yes/no
hydrometeor properties qualifiers in the last column are not associated with a
particular advantage; rather, they serve only to describe
Hydrometeor properties that determine the valugee attribute.
of polarimetric variables amumber density, dielec- Indications are that polarimetry has the potential to
tric constant, shape, size, and orientatibar the same
properties exclusive of the dielectric constant, liquidd improve quantitative precipitation estimation;
(or liquid coated) hydrometeors have the strongest discriminate hail from rain and possibly gauge hail
polarimetric signatures. Random orientation and ir- size;
regular shape enhance some variables (L@Rbut + identify precipitation type in winter storms (dry/
diminish othersZ__, K ). Although snow particles  wet snow, sleet, rain);
have a ragged shape, those growing into low-dengity identify electrically active storms;
aggregates quickly lose their polarimetric character- identify biological scatterers (birds, insects) and
istics. The interplay of the properties crucially influ- their effects on wind measurements; and
ences the polarimetric variables.  identify the presence of chaff and its effects on pre-
Inrain,Z__ is positive and related to the axis ratio cipitation measurements.
of drops (Jameson 1983); it is proportional to the me-
dian diameter raised to a power of about 1.6 (Seliga These claims have been demonstrated by a variety
et al. 1986). In clouds composed of horizontallgf experiments. Still, much more research is needed
aligned ice crystalg, _ is slightly positive. In hail/, to determine the detection probabilities, errors in mea-
can be slightly positive, zero, or negative dependisgrements, and false alarm rates.
if the hail is horizontally, randomly, or vertically Two additional promising capabilities are being
oriented. investigated, and it is unknown to what extent they
The correlation coefficient is high for hydrometemight hold true. These are to
ors that are oriented and smooth or small compared
to wavelength. Thus, in rain and snow, the values are provide initial conditions and constraints to nu-
< 0.95. Tumbling hail and wet snow aggregates reduce merical models for short term forecasts, and
the correlation to below 0.9.  identify aircraft icing conditions.
Specific differential phase is almost linearly related
to rain rate (Sachidananda and Zrnic 1987). Because
itis not affected by the presence of randomly orientdd Applications
scatterers, it can isolate the rain amount in the mix-
ture with hail (Balakrishnan and Zrnic 1990; Aydin For operational purposes, the reflectivity field is
et al. 1995). currently the primary indicator of hail or heavy rain-
Some polarimetric variables can be affected Iigll. Accurate warning about these events is important
propagation effects, calibrations of the transmitter atal initiate evasive actions appropriate for each.
receiver, and noise. Furthermore, some are suited Bacause inferences from the reflectivity factor are in-
guantitative estimation of precipitation parameterdirect and require analysis of storm structure and its
For comparison, a summary of attributes is providesvironment, they are less reliable than those possible
in Table 1. Independence of transmitter—receiver cdliem the polarimetric variables, which involve direct
brations is a definitive advantage and so is immunityeasurements. A succinct review based on achieve-
to propagation effects and noise bias. Although nanents in the 1980s with vivid illustrations of the LDR,
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Fic. 1. (a) Reflectivity factor at the elevation of 0.5° for a squall line of 9 June 1993 in Oklahoma. No correction foraithasati
been applied, and the radar is located at X = 140 km, Y = 160 km. Color bar indicates the vaiesitsd®) Differential reflectivity,
dB units are indicated by the color bar. (c) Differential phase, degrees are indicated by the color bar. (d) Field oR&jp)rate
obtained from the specific differential phase (mm).He) Field of rain rate obtained usiddn theR(2) relation; data are from the
polarimetric radar, that iZ in (a). (f) Field of rain rate obtained usiBign theR(2) relation; data are from the WSR-88D radar. In this
and the rest of the figures, contour levels coincide with the numerical numbers under the color bars.

Z .. andZ fields in storms and stratiform precipitatiomeveal key characteristics of the precipitation type.
is presented by Herzegh and Jameson (1992), witeey point out thaf__ can provide the location of lig-
conclude that a simple examination of these fields caial precipitation above the 0° isotherm in addition to
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Cimarron extending over the radar site (located at x = 140 km
\5

Radar 74 Twin and y = 150 km in Fig. 1a, outside of the top frame).
/"\'-a:es This event was examined closely to explore the util-

N & ity of polarization radar techniques for rainfall moni-

r o WSR88D  {oring (Ryzhkov and Zrnic 1995a). A surprise finding
was an unexpectedly large attenuation (over 10 dB
beyond 120 km) for the 10-cm wavelength, leading to
large errors in conventional rainfall estimates, as will

ARS xx | ¥ be demonstrated shortly. Furthermore, differential at-
XX X XXX L tenuation of 3—4 dB affected tlg_ at far ranges, as
XXX XXXXX| ¢ can be seen by the step-like decrease o thevith
XX XXX X XXX g range (Fig. 1b). The total differential phase signature
XXX XX XXX (Fig. 1c) clearly demonstrates the increase caused by
X >><<>><< XXX heavy precipitation. Rain, possibly drops with ice
cores, and small, horizontally elongated hail were
R —— along the beam path in this example.
Fic. 2. Location of the polarimetric radar, the WSR-88D ra- In Fig. 1d the rain ratB(K ) is obtained using the
dar, and the Little Washita rain gauge network. specific differential phase. To reduce the effects of sta-

tistical errors, we have adapted the polarimetric rain-
fall estimatoiR = 40.6K _,*#**from Sachidananda and
its application in rainfall estimation and surface haflrnic (1987) as follows. We separate light from heavy
detection algorithms. It is now accepted that heavginfall with a 40-d& reflectivity threshold. In areas
rainfall, even in the presence of hail, can be well estif light rain, we use an averaging scale (~10 km) for
mated usindC, (Aydin et al. 1995; Balakrishnan andlifferential phase data three times longer than in ar-
Zrnic 1990), whereas combined useZodndZ__ is eas of heavier rainfall,
suitable for hail identification. Determination of hail The rain-rate field in Fig. 1e is obtained by apply-
size might be possible, and much work remains to @sg the Marshall-Palmer relatich= 20(R*® to the
tablish the best procedures. reflectivity field of Fig. 1a. At about the time the data
This section deals with the potential of polarimein Figs. 2a—e were collected, a WSR-88D radar was
ric variables for measurements and identification efirveying the same storm. Because the WSR-88D is
meteorological scatterers. Various fields of polarimdtcated at x = 190 km and y = 140 km (Fig. 2; see lo-
ric variables are presented and related to their physition grid, Fig. 1), its radiation did not experience as
cal causes to illustrate several of the potentials listedich attenuation in the squall line as did the radia-
in the previous section. Also included are exampl&sn from the polarimetric radar. This is confirmed by
of discrimination between meteorological anthe field of rain rate in Fig. 1f, which agrees with the
nonmeteorological scatterers. R(K,,) field (Fig. 1d). Clearly, the reflectivity factor
values of the polarimetric radar are attenuated, lead-
a. Measurements of rain ing to underestimation of rainfall (Fig. 1e). The large
Advantages of rainfall estimation froiy, as op- attenuation is attributed to small hail and/or large drops
posed t& are (Zrnic and Ryzhkov 1996) 1) it is indewith ice cores (Ryzhkov and Zrnic 1995a).
pendent of receiver and transmitter calibrations, 2) it Differential phase allows rainfall estimation in
is not affected by attenuation, 3) it is less affected bggions where the beam is partially blocked. This is
beam blockage, 4) it is not biased by ground cluttenportant because lowering elevations minimizes
cancelers, 5) it is less sensitive to variations in distfi} the influence of precipitation evolution with height,
bution of drops, 6) it is little biased by the presence ®f the horizontal drift of hydrometeors as they fall
hail, and 7) it can be used to detect anomalous propagam the resolution volume to the ground, and
tion. Examples of some advantages follow. 3) contamination by the bright band (the enhanced
On 9 June 1993, a squall line passed over the NS$flectivity region at the height where ice hydromete-
Cimarron radar, and polarimetric data from this eveats are melting). For the Cimarron radar, the beam is
were recorded. The line produced heavy rain and béttcked to 0.2° by a ridge that extends from south-
the time of the analysis, was oriented north—sou#mgst to west of the radar. This is also where a network
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of 42 rain gauges is located (Fig. 2) o R(Z) rain accumulation (mm)
which prompted us to compare rain +0 == .
fall accumulations by the gauges, th
R(Z) method, and the polarimetric
R(K,,) method at the 0° elevation.
The two-hour rain accumulation
field obtained fronR(K ) has signifi-
cantly larger values than the field ob
tained fromR(Z), and it agrees much
better with the gauges (Fig. 3). Th
mean rainfall rate R> (defined as
accumulations divided by area an 10
time) areas follow: for the gauges
3.9 mm ht; and forR(Z), 1.8 mm R,

30

20

Y (km)

The underestimate is mostly due t 0

beam blockage; over 70% of the beal 0 10 20 30 40 50
is blocked, which amounts to abou o X {ken) .

6.4 dB of power loss (Zrnic and <] = i 2 A=
Ryzhkov 1996). (b) R(Kge) rain accumulation (mm)

In 15 Oklahoma rain storm cases
R(K,,) outperformed thR(Z) estimates
both in terms of bias and standard erro
of the estimates (Ryzhkov and Zrnic
1996). The fractional standard error fo
theR(K_,) algorithm was 14%, whereas
it was 34% for theR(Z) algorithm.
Corresponding biases were abal®%
and-28%. This favorable performance
of theR(K,,,) estimator is likely caused
by its lower sensitivity to drop size
distribution variations compared tc
the R(Z) estimator. Nonetheless,
R(K,,) is affected by the median droy
size, its oblateness, and to som
extent by the presence of large drop
Jameson (1991) and Ryzhkov ana
Zrnic (1995b) combinel ,andZ__ to

obtain a rain rate almost independent Fie. 3. Rain accumulations (mm) computed from (a) the Marshall-P&(@pr
of the median drop shape. Statisticé?lation and (b) th&(K,) relation, from data at the 0° elevation. The white numbers

. : dicate rain depths at locations.
analyses of data from different climatg ¢'¢2' fain depins at gauge focafions

regions are required to evaluate this
combined use of the two polarimetric variables.  1994). Thus, a threshold applieddg could separate
Anomalous propagation (AP) affects precipitatioprecipitation from ground clutter. A value of 0.7 works
measurements in that it causes ground echoes atifali on the data from the Cimarron polarimetric ra-
distances from the radar. Two facets of the problesar, as can be seen in Fig. 4. The precipitation cells in
need to be addressed. AP-induced ground clutkgg. 4a are south of the radar and advect to the south-
should be recognized, and rainfall should be estimatskt. Immediately behind the cells is a stratiform rain
in the area contaminated with the clutter. Somewhagion, and west through northeast is where ground
fortuitously, polarimetry addresses both aspects. clutter appears. Application of the 0.7 threshold elimi-
It has been experimentally determined thaighe nates most of the contaminated reflectivity data
of ground clutter is relatively low (Ryzhkov et al(Fig. 4b). This we have verified by comparing to

Y (km}
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Use of the specific differen-
tial phase to estimate rainfall
automatically excludes areas
contaminated with the ground
clutter. This is because the
standard deviation of the
differential phase from ground
clutter is very large and, there-
fore, does not pass a valid data
test, leaving data-void segments.
These gaps in data are linearly
interpolated. If there is rain in
the region of a data gap, it would
show as an increase of differen-
tial phase at the end of the gap,
so the interpolated values repre-
sent a path-averaged rainfall.
lllustration of this useful feature
is in Fig. 5. The granular texture
of the reflectivity factor in
the rain gauge area (Fig. 5a)
suggests the presence of AP
clutter. Comparison of the rain
depth field (Fig. 5b), obtained
using theR(Z) relation, with the
gauges’ field (Fig. 5c), reveals
regions contaminated by the AP
clutter. Note that the gauges’
rain depth field was obtained by
interpolating individual accu-
mulations to a Cartesian grid
with 1-km spacing. The rain ac-
cumulation fromR(K ) agrees
well with the gauges, as can be
seen in Fig. 5d.

b. Measurements in snow

A large part of the United
States is frequented by snow-
storms. Further, because the
United States extends substan-
tially in latitude, a single weather
system can produce rainfall in

Fic. 4. The reflectivity factoZ field at the elevation of 0.5° for the storm of 30 Junth€ south and snowfall in the
1994; (a) allZs are displayed; (s with p,, < 0.7 are displayed. The white rectangle erorth of the country. In between,

closes the gauge network. Contours are drawn every 10 dB starting aZ.10 dB
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there can be mixed-phase pre-
cipitation. Often, there is a tem-
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poral transition between these three types of precipf-Z, Z _, K, andp, , (Fig. 7). The values in Fig. 7 are
tation at the same location. Remote delineation of taeerages over a 10 10 karea [centered on Norman
transition region between rain and snow is of great imt coordinates (210, 156) km in Fig. 6] of the data
portance because these two precipitation types hawgich were collected at 0.5° in elevation. Therefore,
vastly different, yet significant, social and economic inthe corresponding height of the beam center is between
pacts irthe regions of occurrence. Forecasts of the e30 and 550 m above ground. The change from pure
pected location of rain/snow boundaries are somewhaih to rain—snow mixture occurred at time = 103 min
elusive and often based on incomplete or inadequéé&40 UTC). That time is within the interval of abrupt
climatological information. Knowledge of the exactransition inZ__ (from 2.3 to 0 dB). The correlation
location of the rain—snow boundary is also necessaefficient reaches its minimum at time = 95 min, just
to accurately determine the precipitation amounts. before snow was first detected on the ground. The spe-
Polarimetry can help identify the precipitation typegific differential phase exhibits its maximum simul-
and the transition region, and has the potential to ilaneously with thg, minimum. At time = 133 min,
prove guantitative measurement. Recent observatioesy large (~2 cm) snowflakes were detected on the
in winter Oklahoma storms indicate thqf, andZ_, ground; that is the time the reflectivity reaches its
from dry snow are independent of the reflectivity fasnaximum, whereaZ . andK_, are low because the
tor if Z < 35 dBZ (Ryzhkov and Zrnic 1998). Both arebulk density of snowflakes is very low.
small withK__ < 0.08 deg kit andZ__, < 0.6 dB. In Correct mapping of the reflectivity factor field
convective winter storms with mixed precipitation anlom snow into snowfall amounts is more complicated
Zabove 35 d&,Z_, provides significant contrast bethan relatingZ to rain, and verification of snowfall
tween rain and snow, and a decrease, jicoincides rates is very difficult. That is, perhaps, why significant
with the transition region between rain and snow. attempts to develop polarimetric methods for snow-
As a typical example, thefield from the storm of fall measurements have yet to be made. Nonetheless,
18 December 1995 (Fig. 6a) exhibits a maximum pblarimetric potential can be demonstrated on mea-
about 45 d&. The radar reflectivity pattern gives no cluesurements of ice water content (IWC) in clouds.
of a transition between snow and
rain, whereas the corresponding
differential reflectivity patternis « / _R(2) totol {mm) e
highly informative (Fig. 6b). A : E
ridge of highZ__ exceeding 2 dB
clearly delineates the transition
region between snow and rain.
The position of the 1°C isotherm
near the surface coincides with
the actual snow-rain transition
line. At the same location, a lo-
calized deep minimum of the
correlation coefficienp, , was ©
also observed. The signature in  ,,
the two fields is similar to the
one found in the horizontal melt-
ing layer of stratiform rain and
is attributed to the transforma-
tion of large snowflakes into
raindrops. In this winter storm, . , ] . :
the “bright band” is vertically 0 10 20 30 ° 10 20 30

X {km}) X {km)

elongated (Stewart 1992) and TR e B

eXtend.S only for abO.Ut 10 kmin Fic. 5. (a) The reflectivity field in the area of the gauges for the same storm as in Fig. 4.

the honzon_tal dlrectlgn. . (b) The rain depth field for one hour of rain obtained from the Marshal-PR({@erela-
Advection of this bright ton. (c) The rain depth field from the rain gauges. (d) The rain depth field froR{he

band is seen in temporal changeaslation.

Y (km)

Total rainfall {(mm}) @
T T e T
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Vivekanandan et al. (1994) de-
rived a linear relation between
K,e @and IWC that contains
the axis ratio of hydrometeor.
Ryzhkov et al. (1998) proposed
the relation IWC = 0.29 K__.
Crystals have well-pronounced
polarimetric signatures and,
thus, can be quantified usiKg,,
andZ_, with the following equa-
tion (Ryzhkov et al. 1998): IWC
= 0.044) K_ /(1 - 10°%
where IWC is in g ¥, A is the
radar wavelength in cm, akd,
is in deg km'. The formulas are
valid for pristine and lightly to
moderately aggregated crystals.

A test of the method was
made for the case of 21 May
1995 ,during which the Cimarron
polarimetric radar dected a re-
gion of highk _ aloft in the trail-
ing precipitation behind a squall
line. A well-pronounced region
of high specific differential
phase was centered at the height
of 6 km and extended about
20 km in the horizontal direction.
Maximum K in this region
was about 0.6 deg kf maxi-
mum Z__ was slightly above
1 dB, whereas the reflectivity fac-
tor was less than 25 @B

The instrumented T-28 air-
craft (South Dakota School of
Mines and Technology) pen-
etrated the region of higk,  at
an average altitude of 6.3 km,
where the ambient air tempera-
ture was betweer15° and

Fic. 6. Fields of (a) reflectivity fac-
tor (in dBZ), and (b) differential reflec-
tivity (in dB), to which the 0° and 1°C
surface isotherms are superposed.
Color categories at the bottom of each
figure indicate the actual values of the
variables; this snow storm occurred on
18 December 1995.
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—-16°C. From this height 2D-P probe data zs 7 1+ /T T
indicate the presence of pristine crystals
and small aggregates with maximum

sizes below 3 mm. Ice water contents " /v /
computed from the measurements o@; N ,
board the T-28 aircraft and the radar es*

timates are illustrated in Fig. 8. The po-: "
larimetric algorithm IWCK_,, Z,.) ~ RAIN SNbw \_

w
o

ety

»
o

130

7 (dB2)

yields a better agreement with in situs ;
measurements than the algorithm thag

uses an IWCX) relation (Atlas et al. i
1995). N osEC =

20

peverrra ey

DR
/

C_Siven the accuracy &€, estimates r /\//\
achievable at the 10-cm wavelength, our o ]
results suggest that reasonable estimates of 'y~~~ 50 T 0 10 avo - om0 o0
IWC should be possible for amounts ex- Time (min)

Ceedmg a,‘bOUt 0'_1 g'ﬁ]TO qua_ntlfy lower Fic. 7. Temporal dependence&fZ , K, andp,  at Norman for the storm
IWCs using a similar technique, radargs 18 pecember 1995.

with shorter wavelengths are needed.

c. Measurements in a hail storm likely rain. Presence of the heaviest rain is implied
Soon after the introduction of linear dual polarizawhere the specific differential phase has maximum
tion (LDR) to radar meteorology, the role of differvalues. These locations coincide with the reflectivity
ential reflectivity for hail detection was recognizedore up to about 7 km in height. Note the collocation
(Bringi et al. 1984). Numerous examples of ha#nd difference in widths of th& . and theK , col-
signatures, consisting of highand near-zerd_, in umns (x = 60 km, Figs. 9b,c). Some of the increase in
the precipitation core close to the surface, have béba width of the _, column could be caused by filter-
reported. A fine example, which also contains LDRyg in range (~2 km). Low values of extend through
is from a severe Denver storm of 1984 (Herzegh atig height of the reflectivity core, perhaps due to tum-
Jameson 1992). The case that we present next is Jdiryg hail. Thus, concerning the core of the storm, from
similar, except it has no LDR but hig, andp, . polarimetry, one can infer that rain mixed with hail is
Vertical cross sections &, Z__, K_., andp, ~ falling between 50 and 70 km in range, and mainly rain
(Fig. 9) illustrate the additional information abouis falling at x < 50 km. Furthermore, a significant
hydrometeors that these variables together provide.
The information is relevant for hail detection, which 3p0#-—7no64e-0:H+— — - —

is discussed next, as well as identification of hydrom- 28
eteors in general. The cross sections are reconstriic- - ’ IWC (Kpp, Zpg) ]
tions from conical scans. 2 | L IWC ()

In this case, the extent of the 55Z4i8re (Fig. 9a) & 2| \ : }

suggests that the storm is producing hail. This is reiﬁ— 4
forced by the intrusion of low _ values (Fig. 9b, 8 '
X =65 km, y = 2.5 km) below the melting level, whicH ]
is marked with the gradient &f _ (x = 40 to 60 km,
y = 3.5 km) and a decreasemf (Fig. 9c, x = 40 to
60 km, y = 3.5 km). The intrusion of Iy values is
caused by hail that did not have enough time to melt.

ICE WAT

|
1

1 ; : h 1 L
200 400 600 800 1000 1200

0
Closer to the ground (at the same range), the smallest TIME (s)
hail has melted and/or larger hail has started to sheq: . o

1. 8. Comparison of the results of in situ measurements of

drops. . . . . IWC (thick solid line) with the IWC estimates derived usihg
~ Two intrusions 017488 ab_ove the m_eltmg level in- (dashed line) and the joikt , andZ,, measurements (thin solid
dicate the presence of horizontally oriented scattereirs).
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Fic. 9. Vertical cross section of (a) reflectivity factor @B(b) differential reflectivity (dB), (c) specific differential phase
(deg km?), and (d) correlation coefficient. This hail storm occurred on 6 June 1996.

amount of supercooled water is brought up above fleeaccurate determination of precipitation amounts. First,
melting level. a correct classification needs to be made, and then, ap-
Above the melting level, minima of differentialpropriate semiempirical relations should be applied to
reflectivity are generally collocated with the coreach class to estimate the corresponding amounts. This
(Fig. 9b), supporting the notion that hail is aloft. In the quite different from the current practice (with
anvil and top of the storm, tt#&_ is small and posi- reflectivity in the operational world), whereby the choice
tive, possibly due to oriented pristine ice crystals. Thgbetween a few relations, and the operators decide if pre-
specific differential phase exhibits an increasing trewmgpitation is frozen or liquid.
as the height decreases, perhaps due to increased nunWe classify the observed hydrometeors in the follow-
ber concentrations. Although we have no independémy categories: 1) light raifR®> 5 mm ht), 2) moderate
verification to corroborate conclusions based aain (5>R> 30 mm h'), 3) heavy raink> 30 mm ht),
the polarimetric variables, coherency and spatidl hail, 5) rain—hail mixture, 6) graupel or small hail,
continuity of the fields boost our confidence in thé) wet snow, 6) dry snow, and 7) ice crystals.

interpretation. Our automatic classification procedure (to be de-
scribed shortly) has produced the fields of hydromete-
d. Classification of hydrometeors ors (Fig. 10) that generally agree with the human

The example in Fig. 9 is well suited to demonstraigterpretation in the previous section. The hail column
the potential of polarimetry for the classification of hyis determined by thg, Z__ values, and within it, the
drometeors. This, we believe, is a fundamental conditifield of rain—hail mixture is primarily influenced by
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theZ, K, pairs. We recognize that the transition ben polarimetric variables is not always unique, the algo-

tween graupel and rain at 3.5 km reflects the weighithm is constrained by other physical factors such as the
ing by theZ__; however, the column of liquid waterenvironmental air temperature (e.g., at temperatures
associated with th&__ intrusion above the meltingabove freezing, dry snow usually does not exist).

zone is not identified. The rain intensity decreases

away from the core, and crystals are located maidy Effects of lightning and electrification

in the anvil region. Sporadic misclassifications appear Three time constants pertinent to radar observa-
as isolated patches within continuous fields. The mens of electric phenomena in storms can be identi-

sults presented here and elsewhere (Straka and Zfigid. A short time constant from tens of microseconds

1993; Straka 1996; Meischner et al. 1997) are verya few hundred milliseconds is associated with the

promising, yet much testing and comparisons with lightning channel; to observe such fast phenomena, the
situ measurements are required to evolve the algoritamtenna beam needs to be fixed for the duration of the
into a useful tool. A brief description of the classifidischarge, and a thorough analysis requires spectral
cation scheme follows. processing (Zrnic et al. 1982). A medium time con-

For a given precipitation type, the polarimetric varstant of hundreds of milliseconds to a few seconds cor-
ables cluster in a specific region of the multidimensionasponds to the time it takes ice crystals to reorient
space. The crux of the classification process is to segfier abrupt change in electric fields caused by a dis-
rate overlapping clusters so that the probability of caharge. A longer time constant corresponds to buildup
rect classification is high, while the probability obf charge and, thus, fields; these, in turn, can orient the
misclassification is low. This is a classical statistical derystals in a preferential direction.
cision theory problem that could be solved if the statis- To the authors’ knowledge, spectra of polarimetric
tics relating the variables to the class of hydrometeatata from the lightning channel have not been reported.
were available. Approaches based on nonlinear mappiBgt there are documented cases where lightning inter-
exemplified by neural networks, are not suitable eitheected the beam and produced a decregse(Gfaylor
because there are no training sets to tune the networlknl Chandrasekar 1996). It is highly probable that light-
promising approach is that proposed by Straka and Zmiieg occurrence produces perturbations of the backscat-
(1993) and Straka (1996), which relies on fuzzy classiter polarimetric variables, which are interpreted as noise.
ers (Mendel 1995). The algorithm cannot “improve ifhe effects on the variables depend on the geometric
self by learning” as neural networks do, but is simplepnfiguration of lightning in the resolution volume.
easy to modify, and quite intuitive.

Classification is based upon weights assigned to the
various multiparameter variables. The choice of weig
is founded on previous measurements, physical rea
ing, modeling, etc., as alluded to in the preceding ¢
tion. In our version of the algorithm, the weigiifsare
functions of two variables at a time; one is always 1
reflectivity factor, and the other is one of the remaini
polarimetric measurands. For example, ice hydrome—
ors can be separated from rain by a curve iiZthe -
Zplane (Aydin et al. 1986). The boundary is not perfe-
and on either side, ice and liquid phase hydrometeors
coexist. At the boundary, the weighting function of i
and water are equal{(Z, Z,)) =W, (Z, Z)) = 0.5]. _
Toward the region of pure id@/ gradually increases tc %o
1, whileW, decreases to 0. Typically, weights are nc it
zero for more than one hydrometeor type because e e —————
eral species might produce the same values of some o S o
polarimetric variables. The hydrometeor type Chosen%)e}(d':'e' 10. Classification of precipitation whose polarimetric

. . . . s are in Fig. 9. Labels of the color bar are as follows: Rl is
the algomhm is the one with the hlgheSt mean score ( it rain, Rm is moderate rain, Rh is heavy rain, H is hail, H/R is

erage of weights corrg_spo_nding to each polarimetric Vati—rain mixture, Gr is graupel or small hail, Sd is dry snow, Sw
able). Because classification of hydrometeor types baseget snow, and C is ice crystals.
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propagation effects dominate
and that the backscatter effects
are not discernible. In the linear
polarization basis, the variables
that respond to changes &g,
and LDR. Convincing examples
of negativeK_, fields and
LDR attributed to vertically
oriented ice crystals at storm
tops are presented by Caylor and
Chandrasekar (1996). Absence
of associated signatures in the
Z ., fields suggests that the po-
larimetric signatures are caused
by propagation effects and that
the dominant contributors are by
small (1 mm or less) oriented ice
crystals.

Vertical cross sections of
(deg/km) the reflectivity factor (Fig. 11a)

T h_.—u W and specific differential phase

(a)

Height (km}

|]III|[II|III]|!I|[

(b) Specific differential phase

(Fig. 11b) through an Oklahoma
convective storm illustrate re-
gions of oriented crystals. The re-
gion of negativé<_, extends from
5to 10 km in height and 20 to
60 kminrange (Fig. 11b). This re-
gion is mostly above the strong
reflectivity core (Fig. 11a). Its
likely cause is intense electric
fields that have vertically tilted
numerous small ice crystals. Note
that horizontally oriented crystals
have created positi€_, signa-
tures adjacent to the negative one
between 6 and 10 km in height.
Significant positiveK , between

Height {km}

Range (km)
— L eee—— 45 and 65 km and below 4 km

0.0 a3 1.0 . . .
height is due to rain.

Fic. 11. Vertical cross section of (a) reflectivity factor B&nd (b) specific differential Evolutions of this and simi-
phase (deg km). The storm occurred on 7 May 1995; the azimuth is 104°, and the timkgis changes i, occur at vol-
1933 UTC. ume update times of tens of

seconds. That is, the region of

Changes in polarimetric variables correspondingegative< is generally stable, but there are changes
to the medium and longer time constants have besrsmall-scale structure possibly due to lightning dis-
observed first by communication specialists interestekdarges between the scans. At volume update times of
in propagation effects (Hendry and McCormick 197&everal minutes, the changes can be so significant that
These were attributed to changes in orientation of id& successive fields bear no resemblance to each
crystals under the influence of electric fields. Receather. It remains to be seen if one could infer the
observations with a circularly polarized radar (Metcalfeld strength and charge amounts from similar
1993, 1997; Krehbiel et al. 1996) indicate that thebservations.
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f. Nonmeteorological scatterers 150 T

Some nonmeteorological scatterers, such as in- birds
sects, birds, ground clutter, and chaff, present discern- 100 L N ]
ible signatures in the fields of polarimetric variables. I
A discussion with some examples follows. @ I
S 50r ]
1) INSECTSAND BIRDS ©

Detection of insects and birds can have a twofold
significance. For entomologists and ornithologists,
there is an opportunity to identify days when insects i
or birds are migrating. If these biological scatterers are —30 : : ;
strong flyers, they produce a bias in Doppler wind =5 0 5 10 15
estimates that needs to be eliminated from meteoro- Zor (dB)
logical analysis. Th&__ backscatter differential phase Fic. 12. Thez 5 scattergrams for insects and birds. Data for
d pairs have discriminatory properties to separabeects were collected on 10 August 1993 in the morning hours.
small song birds from insects (Zrnic and Ryzhkoﬁ‘e bird data were collected on 7 October 1996, at night.
1998), as can be seen in Fig. 12. We do not have in
situ proof for the presence of either scatterer, but we
rely on accepted facts that the migration of songbiradsim of the cross section for horizontal polarization
is in the fall or spring and at night, and that insedtsthe tail look. The global maxima &f _ are slightly
permeate the boundary layer during hot summetffset from the side to the head view. Birds’ sizes are
afternoons. The insect echoes grow with the develagell into the resonance regime which explainszhe
ment of the mixed layer, which is what we observednd d patterns. In contrast to insecfschanges sig-
Particularly noteworthy are azimuthal patterns of thea#icantly with azimuth (about 100°, Fig. 13c). Such
variables for either species. Mueller and Larkin (1985)riking azimuthal pattern afis a characteristic tell-
present polar plots of differential reflectivity that showale signature of passerines.
maxima (about 7 dB) in azimuths where the radar is The correlation coefficient is lower than about 0.75
observing the broad (aligned with the wind) side @ind also has the same axial symmetrg asor K,
insects. We observed similar patternsZgf with  (Fig. 13d).
maximum values of over 10 dB (Zrnic and Ryzhkov
1998). The azimuthal variation &fvas less than 40°,  2) CHAFF AND GROUND CLUTTER
and thep, was between 0.3 and 0.5. The insect sizes Because chaff needles have high conductivity,
barely enter the resonance scattering regime aade very elongated, and are horizontally oriented,
therefore, do not produce a noticeable azimuthal patey would induce largeZ . andK__ values than
tern ofd. Although some contrast between insects apdecipitation with the same reflectivity factor. This
birds can be seen ify_ fields, it is strongest in theconjecture needs to be experimentally verified.
patterns ob. Measurements have been made in chaff that demon-

The reflectivity field of migrating passarinesstrate significant circular depolarization, which allows
(Fig. 13a) hints to the presence of anisotropic scattarapping of entrained chaff into a precipitation region
ers but by itself is somewhat deficient. The fields dMoninger and Kropfli 1987).
differential reflectivity (Fig. 13b) and backscatter dif- Ground clutter, including that caused by anomalous
ferential phase (Fig. 13c) are rich in detail, charactgropagation, has distinct polarimetric characteristics. On
istic of small birds (Zrnic and Ryzhkov 1998). Noticaverage, itZ . is zero,d is uniformly distributed in
how bothZ . anddare symmetric with respect to thehe 360° interval, and the  is smaller than 0.7.
45° azimuth but are not circularly symmetric. This is
because the bird’s head view is different from its tail
view. On that October evening (2123 CST), the mB. Summary and conclusions
gration was from northeast to southwest, so it follows
from Fig. 13a that the cross sections looking at the tails A heuristic overview of weather radar polarimetry
are considerably smaller than the ones presentedanyl its possible applications to surveillance radars has
the heads’ view. Als@_, indicates a small local maxi-been presented. Polarization has in its favor the infor-
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Fic. 13. Fields of (a) reflectivity factor (dBZ), (b) differential reflectivity (dB), (c) differential phase (deg), and (dptiorrelo-
efficient from migrating songbirds (passerines). The elevation angle is 0.5°, the date is 13 August 1997, and the titd€@ 0236

mation that it reveals about precipitation types argpes are feasible, and a result from one has been il-
amounts. This has been amply demonstrated by thelagtrated. It is argued that such classification is a nec-
amples of polarimetric fields. Better rainfall measur@ssary step in the path to better determination of
ments, identification of hail regions, and isolation gdrecipitation amounts. Another intriguing prospect is
rain amounts in the mixture with hail are possible @ monitor charge buildup and subsequent discharge
rain and hailstorms. Definite mapping of the rainia electrically active storms. It was shown that clear
snow boundary has been demonstrated and might leadaration of bird returns from insect returns can be
to a better quantitative estimation of precipitation imade in the differential reflectivity and backscatter dif-
winter storms. Relatively simple automatic proceduréerential phase data. These benefits come with a price,
to map the polarimetric radar data into precipitatiamamely, a threefold increase in data amounts that does
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require sophisticated processing. But as modern cof—, 1991: A comparison of microwave techniques for measur-
puting and display capabilities outrace existing meth- ing rainfall.J. Appl. Meteor.30, 32-54.

odologies, it is inevitable that polarization will find itd"€"Pi€: P~ T. Chen, S. McCrary, W. Rison, G. Gray, and
] . M. Brook, 1996: The use of dual channel circular-polarization
way into operational weather radars.

radar observations for remotely sensing storm electrification.
] Meteor. Atmos. Phys9, 65-82.
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