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The origins of meteorological radar (RAdio Detection And
Ranging) can be traced to the 1920s when the first echoes
from the ionosphere were observed with dekametric (tens of
meters) wavelength radars. However, the greatest advances
in radar technology were driven by the military’s need to de-
tect aircraft and occurred in the years leading to and during
WWIL. (A brief review of the earliest meteorological radar de-
velopment is given in Ref. 1; a detailed review of the develop-
ment during and after WWII is given in Ref. 2.) Precipitation
echoes were observed almost immediately with the deploy-
ment of the first decimeter (=0.1 m) wavelength military ra-
dars in the early 1940s. Thus, the earliest meteorological ra-
dars used to observe weather (i.e., weather radars) were
manufactured for military purposes. The military radar’s pri-
mary mission is to detect, resolve, and track discrete targets
such as airplanes coming from a particular direction, and to
direct weapons for interception.

Although weather radars also detect aircraft, their pri-
mary objective is to map the intensity of precipitation (e.g.,
rain, or hail), which can be distributed over the entire hemi-
sphere above the radar. Each hydrometeor’s echo is very

weak; nevertheless, the extremely large number of hydrome-
teors within the radar’s beam returns a continuum of strong
echoes as the transmitted pulse propagates through the field
of precipitation. Thus, the weather radar’s objective is to esti-
mate and map the fields of reflectivity and radial velocities of
hydrometeors; from these two fields the meteorologists need
to derive the fall rate and accumulation of precipitation and
warnings of storm hazards. The weather radar owes its suc-
cess to the fact that centimetric waves penetrate extensive
regions of precipitation (e.g., hurricanes) and reveal, like an
X-ray photograph, the morphology of weather system.

The first U.S. national network of weather radars, de-
signed to map the reflectivity fields of storms and to track
them, were built in the mid 1950s and operated at 10 cm
wavelengths. 1988 marked the deployment of the first net-
work of Doppler weather radars (i.e., the WSR-88D), which in
addition to mapping reflectivity, have the capability to map
radial (Doppler) velocity fields. This latter capability proved
to be very helpful in identifying those severe storm cells that
harbor tornadoes and damaging winds.

If a hydrometeor’s diameter is smaller than a tenth of the
radar’s wavelength, its echo strength is inversely proportional
to the fourth power of the wavelength. Thus, shorter wave-
length (i.e., millimeter) radars are usually the choice to detect
clouds. Cloud particle diameters are less than 100 u, and at-
tenuation due to cloud particles is not overwhelming. How-
ever, if clouds bear rain of moderate intensity, precipitation
attenuation can be severe (e.g., at a wavelength of 6.2 mm,
and rainrate of 10 mm h™!, attenuation can be as much as 6
dB km ™ (3). Spaceborne meteorological radars also operate in
the millimetric band of wavelengths in order to obtain accept-
able angular resolution with reasonable antenna diameters
required to resolve clouds at long ranges (4). Airborne
weather radars operate at short wavelengths of approxi-
mately 3 and 5 cm; these are used to avoid severe storms
that produce hazardous wind shear and extreme amounts of
rainwater (which extinguish jet engines), and to study
weather phenomena (5). The short wavelength waves are
used to obtain acceptable angular resolution with small an-
tennas on aircraft; however, short waves are strongly attenu-
ated as they propagate into heavy precipitation. At longer
wavelengths (e.g., >10 cm), only hail and heavy rain signifi-
cantly attenuate the radiation.

Weather radars are commonly associated with the map-
ping of precipitation intensity. Nevertheless, the earliest, of
what we now call, meteorological radars detected echoes from
the nonprecipitating troposphere in the late 1930s (1,2). Sci-
entists determined that these echoes are reflected from the
dielectric boundaries of different air masses (1,6). The refrac-
tive index n of air is a function of temperature and humidity,
and spatial irregularities in these parameters, caused by tur-
bulence, were found to be sufficiently strong to cause detect-
able echoes from refractive index irregularities.

FUNDAMENTALS OF METEOROLOGICAL DOPPLER RADAR

The basic principles for meteorological radars are the same as
for any radar that transmits a periodic train of short duration
pulses (i.e., with period T called the pulse repetition time
(PRT), and duration 7) of microwaves, and measures the delay
between the time of emission of the transmitted pulse and the
time of reception of any of its echoes. The PRT (.e., T}) is
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typically of the order of milliseconds, and pulsewidths 7 are of
the order of microseconds. The radar has Doppler capability if
it can measure the change in frequency or wavelength be-
tween the backscattered and transmitted signals.

The Doppler radar’s microwave oscillator (Fig. 1) generates
a continuous wave sinusoidal signal, which is converted to a
sequence of microwave pulses by the pulse modulator. There-
fore, the sinusoids in each microwave pulse are coherent with
those generated by the microwave oscillator; that is, the
crests and valleys of the waves in the pulse bear a fixed or
known relation between the crests and valleys of the waves
emitted by the microwave oscillator. The microwave pulses
are then amplified by a high-power amplifier (a klystron is
used in the WSR-88D) to produce about a megawatt of peak
power. The propagating pulse has a spatial extent of c¢7, and
travels at the speed of light ¢ along the beam (beamwidth 6
is the one-way, 3 dB width of the beam, and is of the order
of 1 degree). The transmit/receive (T/R) switch connects the
transmitter to the antenna (an 8.53 m diameter parabolic re-
flector is used for the WSR-88D) during 7, and the receiver to
the antenna during the interval T, — 7. The echoes are mixed
in the synchronous detectors with a pair of phase quadrature
signals (i.e., sine, 90°, and cosine, 0°, outputs from the oscilla-
tor). The pair of synchronous detectors and filter amplifiers
shift the carrier frequency from the microwave band to zero
frequency in one step for the homodyne radar and allow mea-
surement of both positive and negative Doppler shifts (most
practical radars use a two step process involving an interme-
diate frequency).

A hydrometeor intercepts the transmitted pulse and scat-
ters a portion of its energy back to the antenna, and the echo
voltage

V(r,t) = Ae/2TFE=21/0+01 ¢ — 2r/c) (1)
at the input to the synchronous detectors is a replica of the
signal transmitted; A is the echo amplitude that depends on
the hydrometeor’s range r and its backscattering cross sec-
tion oy, and 2 7f(¢ — 2r/c) + i is the echo phase. The micro-
wave carrier frequency is f, ¢ is time after emission of the
transmitted pulse, and ¢ is the sum of phase shifts introduced
by the radar system and by the scatterer; these shifts are
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usually independent of time. The function U locates the echo;
it is one when its argument is between zero and 7, and zero
otherwise. The output of one synchronous detector is called
the in-phase (I) voltage and the other is called the quadra-
ture-phase (@) voltage (Fig. 1); these are the imaginary and
real parts of the echo’s complex voltage [Eq. (1)] after its car-
rier frequency f is shifted to zero. Thus
It,ry=Acosy Ut —2r/c), Q(t)=Asiny Ut —2r/c)
(2)

where

Vo= ——" +

i 3

is the echo phase, and A = ¢/f is the wavelength of the trans-

mitted microwave pulse. The time rate of the echo phase

change is related to the scatterer’s radial (Doppler) velocity v,
4

dye. _ ar
7 R

47 dr _

(4)

where o, is the Doppler shift (in radians per second). For typi-
cal transmitted pulse widths (i.e., 7=~ 107 s) and hydrometeor
velocities (tens of m s7!), the changes in phase are extremely
small during the time that U(¢t — 2r/c¢) is nonzero. Therefore,
the echo phase change is measured over the longer PRT pe-
riod (T, = 10% s) and, consequently, the pulse Doppler
weather radar is both an amplitude— and phase—sampling
system. Samples are at 7, + mT,, where 7, is the time delay
between a transmitted pulse and an echo, and m is an inte-
ger; 7, is a continuous time scale and always lies in the inter-
val 0 = 7, = T,, and mT is called sample time, which incre-
ments in T steps.

Because the transmissions are periodic, echoes repeat, and
thus, there is no way to determine which transmitted pulse
produced which echo (Fig. 2). That is, because 7, is measured
with respect to the most recent transmitted pulse and has
values <T,, the apparent range c¢7/2 is always less than the
unambiguous range r, = ¢T/2. However, the true range r can
be ¢7/2 + (N, — 1)r,, where N, is the trip number, and N, —
1 designates the number of ¢T./2 intervals that need to be

Pulse Surface of constant range ’é
g modulator \ o4 %
l o—9¢o B %
w - A
"Stalo" Klystron 5(,0,%) N %a‘tt/e'rer
microwave amplifier g it
oscillator transmitter 0 6 e
0° 907 ) (e pulse
Synch- Antenna o RF PU
roynous T/R \Q’{D/ " <> Side lobes
detectors switch )=
/ / /< >\ =09
Filter Filter %0
amplifer amplifer G
Yo 40
Data processing
and display

Figure 1. Simplified block diagram of a homodyne radar (no intermediate-frequency circuits are
used to improve performance) showing the essential components needed to illustrate the basic

principles of a meteorological Doppler radar.
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Figure 2. Range-ambiguous echoes. The nth transmit-
ted pulse and its echoes are crosshatched. This example

assumes that the larger echo at delay 7,; is unambiguous

in range, but the smaller echo, at delay 7, is ambiguous. n-1

Tso +TS
| | >
T T >
—Tg1—>
n n+1
Ts ~ Tep—*

This smaller second trip echo, which has a true range
time delay T + 7, is due to the (n — 1)th transmitted

—

pulse.

added to the apparent range to obtain r. There is range ambi-
guity if r = r,.

The I and @ components of echoes from stationary and
moving scatterers are shown in Fig. 3 for three successive
transmitted pulses. The echoes from the moving scatterer
clearly exhibit a systematic change, from one mT, period to
the next, caused by the scatterers’ Doppler velocity, whereas
there is no change in echoes from stationary scatterers. Echo
phase . = tan Y@ /I) is measured, and its change over T is
proportional to the Doppler shift given by Eq. (4).

The periodic transmitted pulse sequence also introduces
velocity ambiguities. A set of ¢, samples cannot be related to
one unique Doppler frequency. As Fig. 4 shows, it is not possi-
ble to determine whether V(¢) rotated clockwise or counter-
clockwise and how many times it circled the origin during the
interval T,. Therefore, any of the frequencies Ay /T, +
2np | T (where p is a = integer, and —7 < Ay, =< m) could be
correct. All such Doppler frequencies are called aliases, and
fx = on/2m = 1/(2T) is the Nyquist frequency (in units of
Hertz). All Doppler frequencies between *fy are the principal
aliases, and frequencies higher or lower than *fy are ambigu-
ous with those between *fy. Thus, hydrometeor radial veloci-
ties must lie within the unambiguous velocity limits, », =
+M4T,, to avoid ambiguity. Signal design and processing
methods have been advanced to deal with range-velocity am-
biguities (1).

Figure 3. I(7,) and Q(7,) signal traces vs 7, for three
successive sampling intervals T have been super-
imposed to show the relative change of I, @ for both
stationary and moving scatterers.

Transmitter pulses

REFLECTIVITY AND VELOCITY FIELDS OF PRECIPITATION

A weather signal is a composite of echoes from a continuous
distribution of hydrometeors. After a delay (the roundtrip
time of propagation between the radar and the near boundary
of the volume of precipitation), echoes are continuously re-
ceived (Fig. 5) during a time interval equal to twice the time
it takes the microwave pulse to propagate across the volume
containing the hydrometeors. Because one cannot resolve
each of the hydrometeor’s echoes, meteorological radar cir-
cuits sample the I and @ signals at uniformly spaced intervals
along 7,, and convert the analog values of the I, @ voltages to
digital numbers. For each sample, there is a resolution vol-
ume V; (i.e., the volume enclosed by the surface on which an-
gular and range-weighting functions (1) are smaller than 6
dB below their peak value) along the beam within which hy-
drometeors contribute significantly to the sample. Each scat-
terer within Vi returns an echo and, depending on its precise
position to within a wavelength, its corresponding I or @ can
have any value between maximum positive and negative ex-
cursions. Echoes from the myriad of hydrometeors construc-
tively or destructively (depending on their phases) interfere
with each other to produce the composite weather signal volt-
age V(mT,, 7,) = I(mT,, 7,) + jQ(mT,, 7,) for the mth T inter-
val. The random size and location of hydrometeors cause the
I and @ weather signals to be a random function of 7., How-
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Figure 4. A phasor diagram used to depict frequency aliasing. The
phase of the signal sample V(¢) could have changed by Ay, over a
period T.,.

ever, these random signals have a correlation time 7, (Fig. 5),
dependent on the pulsewidth 7 and the receiver’s bandwidth
(1). Thus, V(mT;, 7, has noise-like fluctuations along 7, even if
the scatterer’s time averaged density is spatially uniform.

The sequences of M(m = 1 — M) samples at any 7, are
analyzed to determine the motion and reflectivity of hydrome-
teors in the corresponding V. The dashed line in Fig. 5 de-
picts a possible sample time mT, dependence of I(mTs, 7,;) for
hydrometeors having a mean motion that produces a slowly
changing sample amplitude along mT,. The rate of change of
I and @ vs mT; is determined by the radial motion of the
scatterers. Because of turbulence, scatterers also move rela-
tive to one another and, therefore, the I, @ samples at any 7,
change randomly with a correlation time along mT, depen-
dent on the relative motion of the scatterers. For example, if
turbulence displaces the relative position of scatterers a sig-
nificant fraction of a wavelength during the 7 interval, the
weather signal at 7, will be uncorrelated from sample to sam-
ple, and Doppler velocity measurements will not be possible;
Doppler measurements require a relatively short 7.

The random fluctuations in the I, @ samples have a
Gaussian probability distribution with zero mean; the proba-
bility of the signal power I* + Q? is exponentially distributed
(e.g., the weakest power is most likely to occur). Using an
analysis of the V(mT;, 7,) sample sequence along mT, the me-
teorological radar’s signal processor to estimate both the aver-
age sample power and the power-weighted velocity of the

1(t41) Sample

Range time
Ts

Figure 5. Idealized traces for I(7,) of weather signals from a dense
distribution of scatterers. A trace represents V(mT,, 7,) vs 7, for the
mth Ty interval. Instantaneous samples are taken at sample times
T, T, €tc. The signal correlation time along 7, is 7.. Samples at fixed
7, are acquired at T intervals and are used to compute the Doppler
spectrum for scatterers located about the range c7,/2.
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scatterers accurately. The samples’ average power P is

P@r,) = f / / NIy, rydV (5)

in which the reflectivity 7, the sum of the hydrometeor back-
scattering cross sections o;, per unit volume, is

n(r) = / o, (D)N(D.r)dD ©)
0

The factor I(r,, r) in Eq. (5) is a composite angular and range-
weighting function; its center at r, depends on the beam di-
rection as well as 7,. The values of I(r,, r) at r depend on the
antenna pattern, transmitted pulse shape and width, and the
receiver’s frequency or impulse transfer function (1). In gen-
eral, I(r,, r) has significant values only within V; N(D), the
particle size distribution, determines the expected number
density of hydrometeors with equivolume diameters between
D and D + dD.
The meteorological radar equation,

P.g%g 2%nctmb,

Pero) = G2, 161 2

(N

is used to determine 7 from measurements of P, wherein P, is
the peak transmitted power, g is the gain of the antenna (a
larger antenna directs more power density along the beam
and hence has larger gain), and g, is the gain of the receiver
(e.g., the net sum of losses and gains in the T/R switch, the
synchronous detectors, and the filter/amplifiers in Fig. 1).
Here r, = c¢7,/2, | is one-way atmospheric transmission loss,
and [, is the loss due to the receiver’s finite bandwidth (1).
Equation (7) is valid for transmitted radiation having a
Gaussian function dependence on distance from the beam
axis, and for uniform reflectivity fields.

Radar meteorologists have related reflectivity », which is
general radar terminology for the backscattering cross section
per unit volume, to a reflectivity factor Z which has meteoro-
logical significance. If hydrometeors are spherical and have
diameters much smaller than A (i.e., the Rayleigh approxima-
tion), the reflectivity factor,

7 / N(D.r)D¢dD ®)
0

is related to i by

5
n= "5 Knl’Z )
where K,, = (m? — 1)/(m?> + 2), and m = n(l — jk) is the
hydrometeor’s complex refractive index, and « is the attenua-
tion index (1).

The relation between radial velocity «r) at a point r and
the power—weighted Doppler velocity ur,) is

S v @I, rdV

= (10)
P(r,)

v(r,)

It can be shown (1) that v(r,) is the first moment of the Dopp-
ler spectrum. An example of a Doppler spectrum for echoes
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Figure 6. The spectral estimates (denoted by X) of the o r
Doppler spectrum of a small tornado that touched down 2 -
on 20 May 1977 in Del City, Oklahoma. Vj is located at % —20-
azimuth: 6.1° elevation: 3.1° altitude: 1.9 km. Rect sig- =2 r
nifies the spectrum for weather signal samples weighted g —40—
by a rectangular window function (i.e., uniform weight), 5 r
whereas Hann signifies samples weighted by a von Hann g -
window function (1). o -

from a tornado is plotted in Fig. 6. This power spectrum is
the magnitude squared of the spectral coefficients obtained
from the discrete Fourier transform for M = 128 V(mT,, 7,)
samples at a 7, corresponding to a range of 35 km. The obscu-
ration of the maximum velocity (i.e., =60 m s™!) of the scat-
terers in this tornado, and the power of stronger spectral
coefficients leaked through the spectral sidelobes of the rect-
angular window (i.e., uniform weighting function) are evi-
dent. The von Hann weighting function reduces this leakage
and better defines both true signal spectrum and maximum
velocity. Where spectral leakage is not significant (e.g., sam-
ples weighted with the von Hann window function), the spec-
tral coefficients have an exponential probability distribution
and hence there is a large scatter in their power. Thus, a 5-
point running average is plotted to show the spectrum more
clearly. The spectral density of the receiver’s noise is also ob-
scured by the leakage of power from the larger spectral com-
ponents if voltage samples are uniformly weighted.

RAIN, WIND, AND OBSERVATIONS OF SEVERE WEATHER

Fields of reflectivity factor Z and the power-weighted mean
velocities v(r,) are displayed on color TV monitors to depict
the morphology of storms. The Z at low elevation angles is
used to estimate rain rates because hydrometeors there are
usually rain drops, and vertical air motion can be ignored so
that the drops are falling at their terminal velocity w,, a
known function of D. The rainfall rate R is usually measured
as depth of water per unit time and is given by

R= % / D3N (D)w,(D)dDms™* (11)
0

where mks units are used. To convert to the more commonly
used units of millimeters per hour, multiply Eq. (11) by the
factor 3.6 X 10° The simple and often observed N(D) is an
exponential one, and even in this case, we need to measure or
specify two parameters of N(D) to use Eq. (11). A real drop-
size distribution requires an indefinite number of parameters
to characterize it and thus, the radar-determined value of Z
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alone cannot provide a unique measurement of R. Although
radar meteorologists have attempted for many years to find a
useful formula that relates R to Z, there is unfortunately no
universal relation connecting these parameters. Nonetheless,
it is common experience that larger rainfall rates are associ-
ated with larger Z. For stratiform rain, the relation

Z = 200R"® (12)

has often proved quite useful.

Although the Doppler radar measures only the hydrome-
teor motion toward and away from the radar, the spatial dis-
tribution of Doppler velocities can reveal meteorological fea-
tures such as tornadoes, microbursts (i.e., the divergent flow
of strong thunderstorm outflow near the ground), buoyancy
waves, etc. For example, the observed Doppler velocity pat-
tern for a tornado in a mesocyclone (a larger-scale rotating
air mass) is shown in Fig. 7. The strong gradient of Doppler
velocities associated with a couplet of closed * isodops G.e.,
contours of constant Doppler velocity) is due to the tornado
having a diameter of about 700 m, and the larger-scale closed
isodop pattern (i.e., the —30 and +20 contour) is due to the
larger scale (i.e., 3.8 km diameter) mesocyclone. In practice,
the data are shown on color TV displays wherein the regions
between * isodops are often colored with red and green hues
of varying brightness to signify values of *v(r,).

A front is a relatively narrow zone of strong temperature
gradients separating air masses. A dry line is simply the
boundary between dry and moist air masses. Turbulent mix-
ing along these boundaries creates relatively intense irregu-
larities of refractive index, which return echoes through the
Bragg scatter mechanism (1,2,6; also described in the follow-
ing section). Figure 8 shows the reflectivity fields associated
with a cold front and a dry line, as well as the storms that
initiated at the intersection of these boundaries. From Dopp-
ler velocity fields and observations of the cold front position
at subsequent times, it was established that the cold air mass
to the northwest of the front is colliding with the ambient air
flowing from the SSW. The convergence along the boundary
creates a line of persistent vertical motion that can lift scat-
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Figure 7. The isodops for the Binger, Oklahoma tornadic storm on
22 May 1981. The center of the mesocyclone is 70.8 km from the Nor-
man Doppler radar at azimuth 284.4° the data field has been rotated
so that the radar is actually below the bottom of the figure.

tering particles, normally confined to the layers closer to the
ground, making them visible as a reflectivity thin line. Thus,
the reflectivity along the two boundaries could be due to these
particles as well as to Bragg scatter. The intersection of cold
fronts and dry lines is a favored location for the initiation of
storms (seen to the northeast of the intersection). As the cold
front propagates to the southeast, the intersection of it and
the relatively stationary dry line progresses south-southwest-

Figure 8. Intersecting reflectivity thin lines in central Oklahoma on
30 April 1991 at 2249 U. T. The thin line farthest west is along a NE-
SW oriented cold front; the thin line immediately east is along a
NNE-SSW oriented dry line. The reflectivity factor (dBZ) categories
are indicated by the brightness bar. (Courtesy of Steve Smith, OSF/
NWS.)
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ward, and storms are initiated at this moving intersection
point.

WIND AND TEMPERATURE PROFILES IN CLEAR AIR

In addition to particles acting as tracers of wind, irregulari-
ties of the atmosphere’s refractive index can cause sufficient
reflectivity to be detected by meteorological radars. Although
irregularities have a spectrum of sizes, only those with scales
of the order of half the radar wavelength provide echoes that
coherently sum to produce a detectable signal (1). This scat-
tering mechanism is called stochastic Bragg scatter because
the half-wavelength irregularities are in a constant state of
random motion due to turbulence, and thus the echo signal
intensity fluctuates exactly like signals scattered from hydro-
meteors. The reflectivity 7 is related to the refractive index
structure parameter C? that characterizes the itensity of the
irregularities (1,2,7)

n = 0.38C2)~1/3 (13)

~2 near sea level,

Mean values of C? range from about 107 m
to 107 m~?% at 10 km above sea level.

Meteorological radars that primarily measure the vertical
profile of the wind in all weather conditions and, in particular
during fair weather, are called profilers. A wind profile is ob-
tained by measuring the Doppler velocity vs range along
beams in at least two directions (about 15 ° from the vertical)
and along the vertical beam and by assuming that wind is
uniform within the area encompassed by the beams. The ver-
tical profile of the three components of wind can be calculated
from these three radial velocity measurements along the
range and the assumption of wind uniformity (7). A prototype
network of these profilers has been constructed across the
central United States to determine potential benefits for
weather forecasts (8).

Temperature profiles are measured using a Radio-Acoustic
Sounding System (RASS; 1,7). This instrument consists of a
vertically pointed Doppler radar (for this application the wind
profiling radar is usually time-shared) and a sonic transmit-
ter that generates a vertical beam of acoustic vibrations,
which produce a backscattering sinusoidal wave of refractive
index propagating at the speed of sound. The echoes from the
acoustic waves are strongest under Bragg scatter conditions
(i.e., when the acoustic wavelength is one-half the radar
wavelength). The backscatter intensity at various acoustic
frequencies is used to identify those frequencies that produce
the strongest signals.

Because the acoustic wave speed (and thus wavelength) is
a function of temperature, this identification determines the
acoustic velocity and hence the temperature. Allowance must
be made for the vertical motion of air, which can be deter-
mined by analyzing the backscatter from turbulently mixed
irregularities.

TRENDS AND FUTURE TECHNOLOGY

Networks of radars producing Doppler and reflectivity infor-
mation in digital form have had a major impact on our capa-
bility to provide short-term warnings of impending weather
hazards. Still, there are additional improvements that could
enhance the information derived from meteorological radars
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significantly. Resolution of velocity and range ambiguities,
faster coverage of the surveillance volume and better resolu-
tion, estimates of cross beam wind, and better measurements
of precipitation type and amounts are some of the outstanding
problems. Signal design techniques that encode transmitted
pulses or stagger the PRT are candidates to mitigate the ef-
fects of ambiguities (1). Faster data acquisition can be
achieved with multiple-beam phase-array radars, and better
resolution can be obtained at the expense of a larger antenna.
The cross beam wind component can be obtained using a bi-
static dual-Doppler radar (i.e., combining the radial compo-
nent of velocity measured by a Doppler weather radar with
the Doppler shift measured at the distant receiver), or by in-
corporating the reflectivity and Doppler velocity data into the
equations of motion and conservation. Vector wind fields in
developing storms could be used in numerical weather predic-
tion models to improve short-term forecasts. We anticipate an
increase in application of millimeter wavelength Doppler ra-
dars to the study of nonprecipitating clouds (5). For better
precipitation measurements, radar polarimetry offers the
greatest promise (1,2). Polarimetry capitalizes on the fact that
hydrometeors have shapes that are different from spherical
and a preferential orientation. Therefore, differently shaped
hydrometeors interact differently with electromagnetic waves
of different polarization. To make such measurements, the ra-
dar should have the capability to transmit and receive orthog-
onally polarized waves, e.g., horizontal and vertical polariza-
tion. Both backscatter and propagation effects depend on
polarization; measurements of these can be used to classify
and quantify precipitation. Large drops are oblately shaped
and scatter more strongly the horizontally polarized waves;
they also cause larger phase shift of these waves along propa-
gation paths. The differential phase method has several ad-
vantages for measurement of rainfall compared to the re-
flectivity method [Eq. (12)]. These include independence from
receiver or transmitter calibrations errors, immunity to par-
tial beam blockage and attenuation, lower sensitivity to varia-
tions in the distribution of raindrops, less bias from either
ground clutter filtering or hail, and possibilities to make mea-
surements in the presence of ground reflections not filtered
by ground clutter cancelers. Polarimetric measurements have
already proved the hail detection capability, but discrimina-
tion between rain, snow (wet, dry), and hail also seems quite
possible. These areas of research and development could lead
to improved short-term forecasting and warnings.
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