Roger M. Lhermitte

Doppler radars as
severe storm sensors

1. Introduction

Many fundamental problems in the identification or
analysis of severe storms have remained unsolved due to
the lack of adequate information on the motion of the
particles. For instance, one would have a better understanding of the processes governing the life of thunderstorms if measurements were available of the distribution of precipitation particle and air motion inside these
storms. Such knowledge of the field of particle motion
in severe storms must lead to a much better insight of
their dynamics.
Because of the increasing availability of Doppler radars for severe storm studies, it is now possible to obtain
access to the above information. However, the data
which have been acquired are still very scarce and it is
difficult to predict the potential of such a methodology
in the next few years. Continuous-wave Doppler radars,
pulse Doppler radars, and bistatic radar equipment can
be used for this purpose. T h e CW Doppler radar was
the first used for such an application by Holmes (1958),
but it has limited possibilities since it does not have a
range-discrimination capability; however, CW signals
with frequency modulation schemes can be used.
T h e bistatic type radar equipment, in which several
receivers installed at different locations are used, presents interesting possibilities of measuring particle direction and speed. However, little experimental work
has been done in this area of instrumentation. This survey will therefore concern itself mainly with the use of
pulse Doppler radars having the same detection capability as conventional pulse radars but, in addition, provide information about the radial speed of the detected
particles.
2. Doppler frequency shift and radial speed

First, we shall recall the basic principle of the Doppler
effect and its application to radar techniques; then, we
shall proceed to a detailed presentation of Doppler
radar uses for severe storm observations.
The signal which is scattered back by a fixed target
exhibits a constant phase difference, with respect to
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the transmitter signal phase. This phase term contains
the distance R from the target to the radar (<i> = 4:irR/\).
Therefore, if the target is moving, 3>o changes according
to the change of R and becomes a function of time,
3>o = (4tt/\)( Ro
Vrt). R is an initial distance; V , the
velocity component related to the change of R, is called
the radial component and can be approximated by the
projection of the velocity vector on the radar beam axis
(for narrow beams). T h e rate of phase change, A<£/At,
is an angular speed, w = 4?rV /K and is therefore equivalent to a frequency shift, f = 2 V / \ . There is an increase in frequency (positive Doppler shift) if the particle moves toward the radar and a decrease in frequency
(negative Doppler shift) if the particle moves away.
In the case of a pulse radar, the change, A$ , is obtained only at discrete time intervals, At, corresponding
to the radar pulse repetition period. Therefore, if the
radial velocity is such that 3>0 changes by more than 2tt
from pulse to pulse, an ambiguity in velocity discrimination exists. This velocity ambiguity occurs when the
particle radial velocity produces a Doppler shift which
is equal to or greater than the radar pulse repetition
rate, since in that case <£ will be equal to or greater
than 27r. In fact under certain conditions of signal processing ("coherent video"), there is also a frequency folding which limits the Doppler frequency range to f /2
(Lhermitte, 1963a) with a sign discrimination if the receiver has two separate channels working with signals in
quadrature (single side band detection, e.g., Theiss and
Kassander, 1963). Therefore, there is often a need of
high f in Doppler weather radars. This enhances the
importance of the range ambiguities which occur when
the two-way propagation time from radar to target exceeds the available time between pulses. T h e maximum
non-ambiguous range will then increase when the radar
pulse repetition rate decreases. This requirement is opposite to the one dictated by the necessity of measuring
a high Doppler frequency shift and a compromise must
be made. It should be noted that this becomes a less
serious problem for longer wavelength radars since the
Doppler frequency shift becomes smaller for the same
particle radial speed when the transmitter frequency decreases. Although there is some hope in removing either
range or velocity ambiguities by use of appropriate sig0
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nal coding or processing means, a problem still remains
in the design of Doppler weather radars.
The Doppler frequency shift, f , is very small compared to the transmitted frequency fo; in the first approximation we have f / f o = V / c , where V is the target
radial speed and c the velocity of propagation. f / f is,
therefore, of the order of 0.3 X 10~ per meter per second
of radial motion. Conventional weather radars are not
capable of discriminating the small frequency deviations
associated with the motion of precipitation particles in
the atmosphere. In order to detect and measure such
small frequency deviations, great care must be taken to
prevent or cancel out any frequency or phase instability
in the radar circuits. It must be noted that the pulse-topulse instability which limits the Doppler radar frequency resolution and dynamic range is due mainly to
the frequency instability of the radar local oscillator
and, in some systems, to the phase instability of the
transmitted pulse.
Techniques are available to reduce this pulse-to-pulse
phase instability of the radar to a negligible level. The
equipment is then designated as "coherent" radar. There
is no theoretical limit in obtaining information about
small target radial velocity, since the radar frequency
modulation noise can be reduced to a negligible level by
use of appropriate means. Observing very low-velocity
point target Doppler shift may be ultimately limited by
the instabilities of the index of refraction of the propagation medium, since they lead to phase instabilities of
the received signal. In the case of the spectrum analysis,
the real limitation in frequency or radial velocity resod
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lution will always be due to the signal processing or frequency analysis and the limited time availability of the
signal, e.g., Lhermitte (1963a). It must be noted that
since the Doppler frequency shift is proportional to the
transmitter frequency, shorter wavelength radars give a
better velocity resolution of the same frequency resolution allowed by the frequency analysis process. It must
be remembered that this will be obtained at the cost of
a more limited velocity range for the same radar pulse
repetition rate.
3. The Doppler spectrum

In the case of meteorological targets such as clouds or
precipitation areas, we are concerned with the so-called
"spread" target which is made up of a large number of
scatterers located in a scattering volume defined by the
beam cross section and by half of the radar pulse length.
There is a distribution of the radial speeds of the scatterers in the scattering volume. The properties and nature of the scattered signal which is originated by the
scatterers inside the scattering volume are now fairly
well-known in the specific case of scatterers (precipitation particles) which are separated by several radar wavelengths and which move with a constant speed for many
wavelengths with a very small probability of collision.
These assumptions which are reasonable for centimetric
radars and precipitation areas lead to a very simple theory of the Doppler spectrum which can be expressed as
the target reflectivity density, drj/dVr, as a function of
the Doppler shift or particle radial speed. The reflectivity factor Z can be considered instead of the reflectivity
#

FIG. 1. Doppler signal processing.
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and die spectrum is then the distribution of dZ/dV
as a function of V . T h e total Z is therefore given by the
integration of the Z density dZ/dV over the whole frequency range. Since the received power is proportional
to Z or rj, dZ/dVr or drj/dVr is proportional to the Doppler signal spectral power density S(V) = dP/dV . These
quantities are equivalent: the spectral power density is
related to signal processing and dZ/dV is related to the
target properties through the radar equation. dZ/dV is
the density of the distribution of Z as a function of V
and is related in the same way as Z to the concentration
and radar cross section of the particles. Since the number of particles is finite, we should define the average
spectral density S(V ), inside finite frequency or velocity
intervals AV . These frequency intervals are, in fact, related primarily to the actual bandwidth of the frequency
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i Not under certain circumstances, e.g., when particles are
moving across the radar beam (Lhermitte, 1963).

analysis process. We therefore define an average spectral
density S(V) = AP/AV , in which AP is the power scattered back by the particles moving within the velocity
limit Vr and V + &V . Statistical properties of the signal received from precipitation areas by use of Doppler
radars have been discussed in detail by Lhermitte (1963a,
1963b) and Rogers (1963). These considerations are useful when studying ways of processing Doppler signals,
but the above definition of the Z spectral density dZ/dV
is satisfactory for a good understanding of the relation
between the motion and size of the particles (scatterers)
and the Doppler spectrum. Fig. 1 shows the classical ways
of processing the radar signal after range selection, and
frequency shifting with coherent mixers, which lead to
the expression of either the whole spectrum through a
frequency analysis scheme or parameters of the spectrum
such as the spectrum second moment V from a signal
zero crossing measurement technique or the median ver
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Fu;. 2. Different presentations of the Doppler spectrum.
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locity Vm by use of spectrum tracking schemes. More detailed discussions on these signal processing schemes are
given by Lhermitte (1963b), Rogers (1963), and Theiss
and Kassander (1963).
It follows that one problem of great importance in
Doppler-mapping of severe storms is related to the fact
that the usual quantity, Z, to be displayed or stored
when conventional radars are used, is now replaced by
20 to 50 different values of dZ/dV covering the significant velocity interval. An example of this complexity is
shown in Fig. 2, where an expression of the Doppler
spectra as a function of one space coordinate requires
an iso-contour presentation instead of the expression of
one Z curve as in the case of a conventional radar giving
only the target reflectivity factor. It is known to radar
meteorologists that the display of a three-dimensional Z
field is already a problem. One of the best achievements
is an iso-Z-contour presentation, along with the CAPPI
scheme proposed by J. S. Marshall (1960). This alone
requires a topographic presentation of Z in different
horizontal planes distributed in a selected range of altitudes. Doppler-information mapping also presents the
problem that the time required for measuring, with a
given accuracy, the spectral density S(V) is longer, by a
factor of 10 to 30 times, than that required for measuring the total power, depending upon the required velocity or frequency resolution. Acquisition and storing
or displaying of Doppler information are therefore the
most important problems to be faced in extensive use
of Doppler techniques in severe storms.
Different presentations of Doppler spectra are shown
in Fig. 2. The display of a Doppler spectrum corresponding to a single scattering volume requires two coordinates, i.e., velocity and spectral density, and a space coordinate can be introduced by presenting the spectral
density contours in a range-velocity plane. An actual example of such a presentation is given in Fig. 3, where
the Doppler spectrum is shown as a function of the radar
range.
If a parameter (rather than the whole) of the spectrum
is displayed, it can be presented as a function of one
space coordinate or as iso-contours in a two-space coordinate plane (Fig. 2). Therefore, it is interesting to
determine if a representative parameter of the Doppler
spectrum can be selected and then displayed in a threedimensional field in the same manner as Z.
The principal parameters of the Doppler spectrum
are:
a) The average speed V = JS(V)VdV, where S(V) is
the normalized spectrum, is useful in the case of a narrow spectrum when the knowledge of the spectrum
breadth is not required. However, the average speed is
not a direct-access quantity from the signal processing
viewpoint.
2 This is roughly given by the number of spectral density
points obtained inside the spectrum.
2

b) The rms speed (V ) = [fS(V)V dV] , which is
easily obtained from the rate of zero crossings of the
Doppler signal (Lhermitte, 1962).
c) The median velocity V defined by: f S(V)dV =
2 1/2

Sy S(V)dV.
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d) The minimum or maximum velocity which can be
derived from the spectrum provided that a threshold
can be fixed from the minimum significant spectral density (Battan, 1963a).
e) The spectrum variance: a% — V — (V) gives the
width of the spectrum and can easily be derived from
the rate of fluctuation of the envelope of the received
signal (R-meter technique proposed by Fleisher, 1953;
see also Lhermitte, 1963a, and Rogers, 1963).
Although detailed analysis of the Doppler spectrum
may be required in some instances, it is anticipated that
the mapping of a field of average speed and a field of
spectrum variance for the detected particles will help
greatly in the severe storms analysis, especially when it
is compared to a field of Z. The Doppler spectrum
frequency variance is indeed an interesting parameter
which is related to the variance of the distribution of
particle radial speeds, and it is mainly composed of the
variance due to the distribution of particle terminal
speed and the variance due to the response of the particles to the air turbulence. However, it is necessary to
consider the difference between small-scale turbulence,
which increases the width of the Doppler spectrum, and
the large-scale turbulence, which causes a change of the
average speed as a function of time (Lhermitte, 1963b).
It must be remembered that if the radar is detecting
only precipitation particles, then the air motion can be
derived only if these particles are considered to be good
tracers for this air motion. This is a questionable assump2
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tion in the case of large particles and has been examined
by Stackpole (1961).
4. Doppler methodology in severe storm studies

T h e incorporation of Doppler techniques in the analysis and study of severe storms is so recent and the data
so scarce that the following comments on the acquired
data should be considered only as examples of the potential of such techniques. T h e possibilities of identifying and observing hurricanes and tornadoes, which have
not yet been experimentally explored, will also be
considered.
In fact, the only attempts to measure particle motion
in severe storms using pulse Doppler radar were based
on a vertically pointing beam, with the obvious advantage that the radial speed was identified with the vertical
speed. Storing or displaying this type of Doppler information is, of course, much easier since there is no beam
scanning. However, such results are restricted to an
altitude-time presentation which is difficult to interpret
in the case of convective storms and is seriously limited
in potential. Before presenting any results, it is necessary to discuss the meaning of the particle vertical speeds
which are measured by such a method.
T h e particle vertical speed, with respect to ground, is
the difference between the vertical air speed and the
particle terminal speed in relation to its size. Assumptions must be made on the relative contributions of
these quantities in order to achieve a clear understanding of the spectrum. If the terminal fall velocity can be
considered as negligible (ice crystals or snowflakes, for
instance) with respect to air motion, then the Doppler
data provide a quantitative measure of the spectrum of
vertical air velocities. Conversely, if the vertical air velocity can be considered negligible, then the measured
spectrum due to the terminal velocity of the particles
can be used to derive information on the nature and
size of the particles.
Before considering the work which has been done by
using such a method, we shall present a survey of the
vertical-speed Doppler spectra which can be encountered
in storms with the assumption that the particles are falling in still air. T h e data are presented in Fig. 4 for the
reflectivity factor density dZ/dV as a function of the vertical speed V, for snow, rain of different intensity and
nature, and hail. One sees that the distribution of terminal speed of particles which can be encountered in
storms is very wide, extending from less than 0.5 m sec
for ice crystals to more than 30 m sec for hailstones. It
must be noted that the width of the spectrum increases
with the average speed. This would not be so if high
velocities were caused by the presence of a steady downdraft from which only a velocity shift should be expected.
If we assume that the detected particles are snowflakes
or ice crystals, the air motion can be obtained by assuming that the lower frequency part of the spectrum corresponds to particles having a terminal speed of the order
of 0.5 to 1.0 m sec . Such an assumption has been used
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FIG. 4. Vertical speed Doppler spectra for snow, rain, and hail.
by Probert-Jones and Harper (1961) to map the field of
particle motion in altitude-time coordinates inside observed showers (Fig. 5).
T h e same type of vertical speed analysis has been
made by Battan with an X-band pulse Doppler radar
observing a shower in Tucson, Arizona (Figs. 6, 7). Battan (1963) assumed that since he was concerned with
raindrops instead of snowflakes, the particle size corresponding to the lower part of the spectrum was related
to the smallest raindrops detectable by the radar. From
the radar equation, he computed that in order to be detected the raindrops required a diameter larger than
300^ and, therefore, a terminal speed greater than 1 m
sec" . In fact, in order to define the lowest velocity by observing a Doppler spectrum, it is necessary to assume a
velocity threshold below which the signal is considered
insignificant. This really means that even if the radar is
able to detect very small-sized particles when they are
alone, the amplitude of the signal which is returned by
these small particles can be overwhelmed by the signal
scattered back by the larger ones, when such particles
exist. It is equivalent to say that the possibility of Doppler radar showing both small- and large-amplitude signals is related to the effective dynamic range allowed by
the radar circuits and the signal processing scheme. This
dynamic range is usually of the order of 35 to 45 db for
most Doppler radar equipment, and even smaller in the
case of single side band detection.
1
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If we consider such a dynamic range in the spectra as
shown in Fig. 4, we see that the effective lower part of
the spectrum will be between 1 and 4 m sec" , depending upon the rain intensity and drop-size distribution.
This border can be estimated in a better way if the total
echo power (total Z) is known, since this quantity is related to the rain intensity through an empirical relationship. Such an estimation is even more difficult for
hail, since it must be based on the knowledge of the
hail-size distribution on which we have only very little
information.
Even with these limitations, the type of analysis performed by Probert-Jones, Harper and Battan is of considerable interest, especially when applied to the study
of thunderstorm physics or dynamics. For instance, if
there is any particle downward motion greater than 15
or 30 m sec" this must be associated with the presence
1

1

of either large hailstones or strong downdraft. A large
upward motion must be necessarily related to the presence of a large updraft.
5. Severe storms identification

Although it has been proposed many times, very little
has been done in using Doppler radar equipment for
the identification of hurricanes and tornadoes. Before
presenting the only results which have been obtained,
let us understand what should be expected from a vortex
circulation, which is the main characteristic of such
storms.
At first, our radar resolution in space (beam cross
section and pulse length) must be defined in comparison
to the size of the vortex. If we consider first a vortex
whose size is small compared with the radar resolution
(actual case of a CW Doppler radar detecting a tornado),

FIG. 5. Distribution of vertical air motions in a shower echo. After J. R. Probert-Jones and W. G. Harper (1961).
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FIG. 6.

Distribution of air vertical speed and radar echo intensity in a thunderstorm. After Battan

(1963).

FIG. 7. Height-time cross section showing the inferred terminal velocities of the particles with the largest velocities. These are taken to be the largest particles at the indicated times and altitudes. After Battan
(1963).
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FIG. 8. Doppler spectrum associated with small vortex circulations.
the scattering volume will include all the particles in
circular motion. If we assume that the circular motion
is limited to a ring, the Doppler spectrum can be computed (results are shown in Fig. 8). One notices an increase of the spectral density from zero to a maximum
frequency corresponding to the particle tangential speed,
where the spectrum drops sharply. If the particles are
distributed over a wide area with a gradient of circular
motion, the spectrum will be different and some conclusions can be drawn from the shape of the spectrum
about the distribution of vortex speed. At any rate, the
typical shape for such a spectrum must be characterized
by a sharp border in the higher frequency part of the
spectrum.
Some experimental data have been acquired by the
Weather Bureau on tornadoes by use of a CW Doppler
radar. Fig. 9 is an example of the results. A wide spectrum is actually observed extending to a frequency of
6 kc, corresponding on "X"-band to a velocity of 200
knots. The sharp end of the spectrum appears clearly.
The signal which is visible after 200 knots can be due
to harmonic generation in the radar circuits—this being
the greatest difficulty in analyzing the spectrum. Great
care must be taken in preventing any non-linearity in
the radar circuits or Doppler signal processing system in
order to avoid the generation of spurious harmonics of
the signal spectrum. This can usually be reduced greatly
by a careful adjustment of the gain of the receiver so
that the received signal will be kept within the linear
portion of the receiver characteristics. It must be noted
that in the case of high particle velocities of 200 knots,
the CW Doppler radar offers a good advantage over the
pulse radar since the pulse radar would require a pulse
repetition rate of at least 12 kc in order to be able to
measure such velocities.
If the diameter of the vortex is much greater than the
radar range resolution, the Doppler spectrum can be
measured and displayed as a function of the radar range.

FIG. 9. Doppler spectrum due to tornado detection. The
part of the spectrum after the sharp decrease at 6 kc must
be due to signal harmonics. After Holmes (1958).
It must be noted that the representation or display of
die Doppler spectrum as a function of range, which is a
slow process in the case of range-gated signals, is effectively obtained in a short time by use of some Doppler
signal processing devices, e.g., the Coherent Memory filter described before (Chimera, 1961). Such a representation is called the R V I presentation. It is possible to
predict the pattern which will be obtained in an RVI
display in the case of the detection of a large circular
annular motion which can approximate the circulation
of precipitation particles in the center of a hurricane.
The computations show that the pattern formed on the
s Range-Velocity-Indicator.
3
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RVI screen will have the shape of an ellipse which will
become a circle through proper adjustment of the range
and velocity scale (Fig. 10). T h e whole pattern will be
obtained through azimuth scanning for narrow beams
where the beam cross section is smaller than the size of
the vortex. However, it is interesting to note that a good
angular resolution is not needed in order to recognize
the elliptical RVI presentation that is characteristic of
circular motion. It must also be noted that the spectrum
center velocity will be proportional to the coordinate
Y = i?sin/3, where p is the angle of azimuth taken with
respect to the center of the vortex circulation. This type
of presentation will be obtained, for instance, with a
CW Doppler radar where there is a good beam resolution but no range discrimination.
6. Conclusion

Although the applicability of pulse Doppler radar techniques to the observation of target motion has been
known and utilized in point target detection for years,
their use in weather radar methodology is still only in
its starting phase. However, the few results which have
already been acquired have revealed high potential in
the application of the method to the study of severe
storms.
In addition to the specific case of severe storm analysis, the pulse Doppler radar techniques have proved very
useful in the study of precipitation growth processes
(Lhermitte and Atlas, 1963), steady and turbulent wind

field (Lhermitte and Atlas, 1961, and Lhermitte, 1962),
and atmospheric clear air turbulence (Battan, 1963b).
T h e Doppler radar methodology is now far advanced
and there is no real problem in designing weather Doppler radars. In regard to the vast improvement in system
potential due to the Doppler capability for any kind of
atmospheric physics observations based on radar techniques, it is hoped that in the near future an increased
number of Doppler radars will be used for weather radar
studies.
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