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Weather Radar 

 
   Microwave radar was developed early in World War II to aid in spotting distant 
ships and airplanes.  It was noticed from the first that during disturbed weather 
conditions a kind of widespread interference often appeared on the radar screen and 
obscured the military objects of interest.  A large body of theoretical and 
experimental work in the decade of the l940s showed that this “weather clutter” arose 
from the scattering of radar waves by precipitation.  These early findings have now 
been refined and elaborated to the point that most of the measurable properties of 
radar signals—amplitude, phase polarization, and frequency—can be interpreted in 
terms of the sizes, shape, motions, or thermodynamic phase of the precipitation 
particles.  Because of their ability to observe and measure precipitation quickly, 
accurately, and from great distances, radars have become essential in cloud physics 
research and in weather observation and forecasting.  Many radar systems have been 
designed and constructed specifically for meteorological applications. 
 
   This chapter outlines the essentials of radar meteorology and provides a 
background for the radar examples in later chapters.  The standard text on the subject 
is that of Battan (1973).  Accounts of the early history of radar in meteorology are 
included in Atlas (1989).  Recent developments, with emphasis on Doppler 
techniques, are presented by Doviak and Zrnic (1984). 
 
 
Principles of radar 
 
   The main components of a radar are the transmitter, antenna, and receiver.  The 
transmitter generates short pulses of energy in the radio-frequency portion of the 
electromagnetic spectrum.  These are focused by the antenna into a narrow beam. 
They propagate outwards at essentially the speed of light.  If the pulses intercept an 
object with different refractive characteristics from air, a current is induced in the 
object which perturbs the puke and causes some of the energy to be scattered.  Part 
of the scattered energy will generally be directed back toward the antenna, and if this 
backscattered component is sufficiently large it will be detected by the receiver. 
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FIG. 11.1. Radar A-scan. A weather target is present in the background of receiver noise. 

 
The primary function of radar is to measure the range and bearing of 

backscattering objects or “targets”.  Ranging is accomplished by a timing circuit that 
counts time between the transmission of a pulse and the reception of a signal.  
Direction is determined by noting the antenna azimuth and elevation at the instant the 
signal is received. 

 
   The fundamental radar display is the A-scope, an oscillograph trace of returned 
signal amplitude versus time after pulse transmission, as shown in Fig. 11.1.  
Because the energy travels with velocity c, the time interval t between transmission 
and reception is related to target range by r = ct/2.  The factor l/2 arises because the 
energy must make a round trip to range r in time t. 
 
   Timing begins from the initial transmission of each pulse, which under some 
conditions can lead to ambiguous range determinations.  Suppose that a target is 
located so far from the transmitter that the return from a particular pulse is not 
received until after another pulse has been transmitted.  In this case an erroneously 
close range is indicated.  For a given radar pulse repetition frequency (PRF) there is 
a maximum range within which targets will be correctly indicated.  Targets beyond 
this rmax that return enough energy to be detected will be displayed ambiguously at a 
range closer than rmax.  This maximum unambiguous range is given by rmax = c/2fr, 
where fr denotes the PRF. 
 
   The velocity of propagation c of radar waves in the atmosphere depends on the 
density and the water vapor content of the air but is always within about 0.03% of 3 ×

108 m/s, the velocity of light in a vacuum.  This value of c may be used for 
determining range with acceptable accuracy for all practical purposes.  The 
atmosphere is ordinarily stratified in such a way that c is slightly less near the ground 

 11-2



than at higher altitudes.  Although the effect on range determination is negligible, the 
increase of c with altitude causes a downward refraction of waves propagating in 
directions close to the horizontal. For a standard atmosphere, and over distances 
normally used in radar detection, the ray paths are approximately circular arcs with a 
radius of curvature somewhat grater than that of the earth.  As a convenient 
approximation, the rays may be regarded as straight lines in a standard atmosphere if 
the actual radius of the earth RE is increased to (4/3)RE.  This means that the radar 
horizon is located slightly beyond the optical horizon in a standard atmosphere. 
However, objects in the atmosphere that are too distant horizontally are lost in the 
earth’s shadow, invisible to radar as they are to the eye.  When the vertical structure 
of the atmosphere deviates significantly from the standard conditions (for example 
when strong inversions or elevated moist layers are present), nonstandard or 
anomalous propagation can occur.  Abnormal downward bending of the radar waves 
(“superrefraction”) is a kind of anomalous propagation that occasionally confuses the 
interpretation of weather echoes. 
 
   Some of the more important radar parameters, and their range of values for 
typical weather radars, are as follows: 
 

1. Peak power (the instantaneous power in a pulse), Pt, 
                      10 < Pt < 103 kW 
2. Radio frequency, ν, 
                      3 < ν < 30 GHz 
   (corresponding to wavelengths between 1 and 10 cm) 
3. PRF, fr, 
                      200 < fr < 2,000 s–1

4. Pulse duration, τ, 
0.1 < τ < 5 μs. 

 
An additional radar parameter of importance in meteorological work is the 

beamwidth, which is determined by the wavelength and the antenna size and shape. 
Beamwidth is defined with reference to the antenna pattern, which is a plot of the 
radiated intensity as a function of angular distance from beam axis.  Such patterns 
will generally be different for planes through the axis having different orientations. 
Many antennas used with weather radars are paraboloidal, however, and the beam 
patterns are about the same for all planes through the axis.  The beamwidth is usually 
defined as the angular separation between points where the transmitted intensity has 
fallen to half its maximum value or 3 dB below the maximum.  A typical beamwidth 
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for a meteorological radar is 1 degree. 
 
Antenna patterns are characterized by sidelobes which are in general 

undersirable but unavoidable.  Antenna design is concerned with achieving 
satisfactory compromises between characteristics of the mainlobe and the sidelobes. 
 
 
The radar equation 
 
   The amount of power returned by a radar target determines whether it will be 
detectable.  The radar range equation expresses the relationship between the returned 
power and characteristics of the radar and the target.  We consider first a target of 
negligible spatial extent, called a point target. 
 
   Suppose the radar transmits a peak power Pt.  If this were radiated isotropically, 
a small area At at range r would intercept an amount of power given by  

                              24 r
APP tt

πσ = . 

The antenna is used to focus the energy in a narrow beam, increasing the power 
relative to the isotropic-radiated value.  If centered on the beam axis, the small area 
At intercepts an amount of power given by  

                              24 r
APGP tt

πσ = , 

where G is a dimensionless number called the antenna axial gain. 
 
  Now, if this area were to scatter the incident radiation isotropically, the power 
returned to an antenna with aperture area Ae would be 
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Because the gain and the antenna aperture are approximately related by  
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Most targets do not scatter isotropically, however, and as a convenient artifice the 
radar backscatter cross-section σ of the target is introduced, and defined by 
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This is the form of the radar equation for a single target of backscatter cross-section 
σ. (Not that in general σ≠At.) 
 
 
The weather radar equation 
 
   Raindrops, snowflakes, and cloud droplets are examples of an important class of 
radar targets known as distributed targets.  Such targets are characterized by the 
presence of many effective scattering elements that are simultaneously illuminated by 
a transmitted pulse.  The volume containing those particles that are simultaneously 
illuminated is called the resolution volume of the radar, and is determined by 
beamwidth and pulse length.  For distributed targets whose scattering elements move 
relative to each other, the power returned from a given range is observed to fluctuate 
in time.  Such fluctuations occur in weather radar signals because the raindrops or 
snowflakes move relative to one another owing to different fall speeds and wind 
variations across the resolution volume.  The instantaneous power of the fluctuating 
signal depends upon the arrangement of the scatters at that time and is not simply 
related to their backscatter cross-sections.  It turns out, however, that a suitably long 
time average (in practice about l0–2 s) of the received power from a given range is 
given by 
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where Σσ is the sum of the backscatter cross-sections of all the particles within the 
resolution volume.  This “contributing volume” is given approximately by 
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where h = cτ is the pulse length and θ is the beamwidth. 
 
   Sometimes (l1.2) and (11.3) are combined to give 
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where η denotes the radar reflectivity per unit volume. 
 
   Both (l1.2) and (11.3) (and consequently 11.4) assume that the antenna gain is 
uniform within its 3-dB limits, which is not true.  In (l1.2) an average gain, 
somewhat less than the axial gain, should be employed; also the effective volume 
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could be defined as an integral over the beam pattern instead of simply as the region 
within 3-dB beam limits.  On the assumption of a Gaussian beam pattern, (11.4) in 
more accurate form becomes                            

                         22
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This differs by a factor l/(2 ln 2) = 0.72 from (11.4). 
 
   For a single spherical scatterer that is small compared to the radar wavelength 
(about 0.1λis small enough), the backscatter cross-section is related to the sphere 
radius r0 by 

                            6
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where K = (m2 – 1)/(m2 + 2) and m = n – ik is the complex index of refraction of the 
sphere with n = refractive index and k = absorption coefficient.  This is called the 
Rayleigh scattering law; particles small enough for it to apply are called Rayleigh 
scatterers.  Raindrops and snowflakes may be regarded as Rayleigh scatterers to 
good approximation at wavelengths of 5 cm and 10 cm, which are common for 
weather radars.  At 3 cm, also a popular wavelength, the approximation is still used 
but is still used but is less accurate.  Large hailstones deviate from Rayleigh 
scattering behavior even at the long wavelength of l0 cm.  The refraction term K in 
(11.6) depends on temperature, wavelength, and the composition of the sphere.  For 
the wavelengths employed in weather radars, and over the meteorological range of 

temperatures, ≈2K 0.93 for water and 0.21 for ice. Therefore an ice sphere has a 

radar cross-section only about 2/9, or 6.5 dB less than, that of a water sphere of the 
same size. 
 
   For a collection of spherical raindrops small compared with the wavelength, 
which are shuffling about, the average received power is 
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where Σ again is a summation over the contributing volume. In terms of the drop 
diameters 
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Thus for spherical scatterers small with respect to the wavelength, the mean power 
received is determined by radar parameters, range, and by only two factors that 
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depend upon the scatterers: the value of 2K and the quantityΣD6.  Because of the 

significance of the latter factor a new quantity Z is introduced, denned by 

                      ,                  (11.7) dDDDNDZ 6
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where Σν denotes a summation over unit volume and N(D)dD is the number of 
scatterers per unit volume with diameters in dD.  For raindrops N(D) is the drop-size 
distribution. For snowflakes N(D) is the distribution of melted diameters. (If this 
convention were not adopted snow, the density of the snow would have to appear as a 

correction 2K .) 

 
   In terms of Z, the radar equation, including the small correction for Gaussian 
beam pattern, becomes 
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                                   RADAR      TARGET 

This is the most useful form of the radar equation, with the radar parameters shown 
separate from the target parameters. 
   

Following (11.8), the received power may be related to the reflectivity factor Z 
by 
                     10 log rP =10 log Z – 20 log r + C,              (11.9) 
 
where C is a constant—something like a sensitivity factor—determined by radar 
parameters and the dielectric character of the target.  In logarithmic form of the 
equation the power in decibels is related to the reflectivity factor as measured on a 
decibel scale.  Usual conventions are that rP  is measured in milliwatts, with the 
quantity 10 log rP  called the power in dBm (decibels relative to a milliwatt), and Z 
is measured in mm6/m3 with the quantity l0 log Z called the reflectivity factor in dBz. 
The logarithmic version of the equation is useful because of the wide ranges over 
which rP  and Z vary. 
 
   Some energy is lost from a radar beam by absorption and scattering by 
atmospheric constituents.  Clouds and precipitation absorb and scatter a fraction of 
the microwave energy incident upon them; the gaseous constituents oxygen and water 
vapor absorb weakly over the microwave spectrum.  These effects depend on the 
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radar wavelength, and are generally more severe for the shorter wavelengths.  For 
quantitative measurements of reflectivity, the attenuation due to scattering and 
absorption should be taken into account.  For this reason, the relatively long 
wavelengths of 5 and l0 cm are favored, for which the attenuation effects are usually 
small. 
 
 
Relation of Z to precipitation rate 
 
   From its defining equation (11.7), Z depends on the drop-size distribution and is 
very sensitive to the large-drop component of the distribution.  For a 
Marshall-Palmer distribution of raindrops extending from zero diameter to infinity, 
the reflectivity factor is given by 

                        47.1
7070 )41(
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This is in fair agreement with empirical data on Z and R for rain, which show that 
generally 
                         Z = 200R1.6                             (11.10) 
 
to a reasonable approximation. Table 11.1 gives examples of Z values for several 
rainfall rates based on (11.10). 
 

TABLE 11.1. Reflectivity as a Function of Rainfall Rate 
R (mm/h) 0.1 1 10 100 
Z (mm6/m3)       5 200 7950 316,000 
dBz       7 23 39 55 

  
A fundamental radar limitation is the noise level of the receiver.  Without 

special provision, the returned signal is not detectable unless it is stronger than the 
noise.  Well-designed receivers have noise levels of about –l05 to –110 dBm.  For 
typical weather radars the values of the sensitivity factor C are such that the minimum 
detectable rainfall rate for a range of about 10 miles is in the order of 0.l mm/h, 
corresponding to drizzle.  Consequently, weather radars usually detect rain but not 
cloud.  For cloud studies, special radars with wavelengths of about a centimeter or 
shorter are employed. 
   

There is more variability among the Z-R relations for snow than for rain, but an 
approximate relation that is generally accepted is 
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                            Z = 2000R2,                         (11.11) 
where, as in (11.10), R denotes precipitation rate in mm of water per hour. 
 
   Empirical relations have also been determined between the reflectivity factor and 
the precipitation content, L.  For rain, an often used relation is 

Z = 2.4 × 104L1.82                     (11.12) 
and for snow, 

Z = 3.8 × 104L2.2,                     (11.13) 
where L is in g/m3 and Z in mm6/m3. 
 
 
Radar displays and special techniques 
 
   The most common display is the PPI (Plan Position Indicator) which maps the 
received signals or “echoes” on polar coordinates in plan view.  With elevation angle 
fixed, the antenna scans 360o in azimuth with the beam sweeping across a conical 
surface in space.  At every azimuth the voltage output of the receiver as a function of 
range is used to intensity-modulate a tube with polar coordinates.  The distribution of 
precipitation in plan view is thereby produced, and a time sequence of PPIs indicates 
the development and motion of precipitation areas.  One full azimuth scan requires 
in the order of l0 s and photographic records are usually kept at the rate of one frame 
per revolution. 
 
   Without careful calibration and maintenance procedures, PPI records do little 
more than show where and when precipitation is occurring and indicate roughly 
where the rain is relatively intense (bright echoes).  This information in itself is 
useful in synoptic meteorology and in cloud physics investigations, but is of limited 
value in quantitative precipitation studies.  For this work, it is desirable to know the 
actual distribution of Z within the echoes.  In principle this information can be 
obtained from PPI film records by densitometry or some equivalent form of exposure 
analysis.  In practice it is extremely difficult to maintain the required overall system 
calibration—from radar receiver to film processing—for this approach to be accurate. 

 
Similar to the PPI, the RHI (Range Height Indicator) is a display which is 

generated when the antenna scans in elevation with azimuth fixed. While the PPI 
emphasizes horizontal echo structure, the RHI shows the details of vertical structure. 
   

Three-dimensional echo coverage can be achieved by a programmed antenna 
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scan, in which azimuth and elevation are systematically varied to survey all or most of 
space around the radar site.  Analog techniques have been used to combine the data 
from a spiral scan automatically, to produce constant-altitude PPI (CAPPI) maps at 
several levels above the ground.  A three-dimensional scan requires more time than 
the simple PPI or RHI—usually about 5 min. 

 
   Rapid developments in computer technology since the l970s have made it 
possible to process radar data digitally, avoiding many of the uncertainties in analog 
recording.  Typically, the returned signals are averaged over a few successive pulses, 
digitized, and stored as a matrix of values of rP  in range-azimuth-elevation space, 
the natural coordinates of the radar.  The resolution of this discrete description of a 
continuous field is typically one degree in azimuth and elevation and a few hundred 
meters in range.  The three-dimensional structure of the precipitation observed by a 
radar operating with a 200-km range might thus consist of the average power in as 
many as 3 × 106 “bins”.  At approximately every 5 min the data are updated as a 
new scanning cycle is completed.  Microprocessors are used to convert the 
measurements to reflectivity factor Z or rainfall rate R, and to generate maps or other 
derived fields from the data. 
 
   In modern radar sets, it is not uncommon for the transmitter to be coherent.  By 
this it is meant that the frequency of the transmitted signal is constant and that each 
pulse bears the same phase relation to its predecessor.  This is the kind of signal 
produced by pulse-modulating a free-running stable oscillator; it is a characteristic of 
radars having klystron transmitters. Using such equipment, and making special 
provisions in the receiver, it is possible to take Doppler velocity measurements.  In 
effect, the frequency content of the returned signal is compared with that of the 
transmitted signal, and frequency shifts are interpreted as arising from the Doppler 
effect. Thus a frequency shift νΔ  corresponds to a velocity V

r
 according to 

 

                              
∧

⋅=Δ rV
r

λ
ν 2 , 

where 
∧

r  denotes a unit vector in the radar-pointing direction, and , the 

radial velocity. 

rvrV =⋅
∧r

 
   Meteorological targets induce a spectrum of Doppler shifts because their 
scattering elements generally do not all move with the same velocity.  Most of the 
work in Doppler radar studies is concerned with meteorological interpretations of the 
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Doppler spectrum. When the beam is pointed vertically, the Doppler spectrum 
contains information about vertical air motions and precipitation fall speeds. For 
horizontal viewing, Doppler velocities are interpreted as arising from horizontal air 
motions. The scattering particles move with the wind to a close approximation, 
though the echo systems frequently do not move exactly with the wind because of 
precipitation development or dissipation in preferred regions of the echo. 
 
   To measure target reflectivity, the amplitude of the returned signal is compared 
with that of the transmitted signal. In Doppler velocity measurements, the frequencies 
of returned and transmitted signals are compared.  It is also possible to derive 
information about the target by comparing the polarization of the received and 
transmitted waves. Non-symmetrical scattering objects induce an amount of 
cross-polarization depending in a complex way on their shapes, sizes (compared with 
a wavelength), and dielectric properties. For precipitation, a theory has been 
developed which relates the cross polarization to the axial ratio of the particles, which 
are approximated as ellipsoids small compared to the wavelength.  There is 
increasing evidence that polarization techniques provide a method of distinguishing 
between rain and other precipitation forms (Rogers, 1984). 
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Problems 
 
11.1   Consider the following raindrop population: 
    (i) Drop-size distribution given by 
                    N(D) = N0exp(–bD),  0≦D≦∞, 

        where N0 = 0.08 cm–4, a constant, and b is a parameter that depends on rainfall 
rate. 

    (ii) Fall speed approximated by  
                           u(D) = kD, 
       where k = 4×103 s–1. 

For this model, calculate the relationship between radar reflectivity factor Z, in 
mm6/m3, and rainfall rate R, in mm/h. 

 
11.2    For the exponential model of problem 11.1, solve for the relation between Z 

and R if the fall speed is approximated by 
(a) u(D) = kD1/2, where k = 1420 cm1/2 s–1. 
(b) u(D) = A _ B exp(_CD), where A = 965 cm/s; B = 1030 cm/s; and C = 6 

cm-1. 
        Compare the Z/R relations for these two models with the Marshall-Palmer 

formula, Z = 200R1.6. 
 
11.3    The Doppler spectrum S of a weather target indicates the way the returned 

power is distributed over radial velocity, vr. For vertical viewing of raindrops 
falling through still air, the spectrum may be written 

                       S(vr) = S(u) = 
du
dDDND

Z
Pr )(6  

where u(D) is the terminal fall velocity of drops of diameter D, and Rayleigh 
scattering is assumed. The convention used here is that vr is positive towards 
the radar (downwards in this case) and S(u) is normalized in the sense that  

                          ∫
∞

=
0

)( rPduuS . 

The mean Doppler velocity is defined by  

                           ∫
∞

>=<
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u
r
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For the exponential drop-size distribution of problem 11.1 and a fall speed 
given by u(D) = kD1/2 as in problem 11.2, show that <u> and Z are related by  

                            <u> = 3.8 Z1/14,  
where <u> is in m/s and Z is in mm6/m3. 
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11.4    At a time early in the development of a cumulus congestus cloud, the radar 

reflectivity equals –30 dBz and the droplet spectrum has a Gaussian shape, 
centered at radius 8 μm and with a dispersion of r/σ  of 0.15.  Assume that 
the droplets grow only by condensation, neglecting the solution and curvature 
terms in the growth equation.  Solve for the reflectivity factor (in dBz) at 5, 
10 and 15 min later, assuming a constant supersaturation of 0.5% at a 
temperature of 0oC and a pressure of 70 kPa. 

 
11.5    A population of raindrops consists of N0 drops per unit volume, all of 

diameter  D0. The radar reflectivity factor, rainfall rate, and liquid water 
content are, respectively, Z0, R0, and L0.  If the same amount of water is 
spread over N equal-sized drops per unit volume, with N≠N0, solve for the 
new reflectivity factor Z in terms of N, N0, and Z0. If, further, the drops are in 
the size range where the linear fall speed law of problem 11.1 applies, show 
that Z  R∝ 3. 

 
11.6    The following simple model is found to be satisfactory for explaining certain 

radar observations of Hawaiian orographic rain: 
(i) Rainwater content L is constant throughout the cloud. 
(ii) At any altitude all raindrops are the same size. 
(iii) The size of the drops increase by coalescence as they fall. This causes a 

reduction in their concentration given by 

                         N
dz
dN α=  

where N is the number density of raindrops at altitude z and α is a constant. 
Show that in a steady state the reflectivity decreases with altitude at a rate, in 
units of decibels per unit distance, equal to 4.34α. 
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11.7    Waldvogel (1974) gave the following data as an example of a rain sample. 
Entered here are the number of raindrops in the indicated size intervals that 
fell in a 1-min period on an instrument with a horizontal sampling area of 50 
cm2. 

 
 

Diameter interval (mm) Number of drops
0.3-0.4 45 
0.4-0.5 39 
0.5-0.6 55 
0.6-0.7 75 
0.7-0.8 84 
0.8-1.0 195 
1.0-1.2 129 
1.2-1.4 53 
1.4-1.6 13 
1.6-1.8 4 
1.8-2.1 3 
2.1-2.4 1 

 
For this sample, calculate the rainfall rate in mm/h and the reflectivity factor in 

mm6/ m3. For the dependence of fall velocity on size, use the data of Gunn and 
Kinzer in Tables 8.1. 
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