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ABSTRACT 

Radar PPI photodata, obtained in a joint FAA/NSSL program 
utilizing FAA aircraft, an improved version of the Bendix RDR-IE 
airborne X-band radar, and the NSSL ground based Raytheon WSR-57 
S-band radar, are compared within the framework of applicable 
radar theory. A simple theoretical model, simulating typical op-
eration conditions, is developed in order to relate more clearly 
the expected performance of the airborne radar to thet actually 
obtained in the test program. This model provides a basis for 
comparison of the ground and airborne radar data. 

The analysis and data comparison is generally restricted 
to thunderstorms of only moderate intensity and size (rainfall 
rates ~ 25 mm/hr; horizontal dimensions ~ 8 n mi; vertical 
development ~ 40,000 ft), and aircraft altitudes to 40,000 ft. 
Within these boundaries, however, agreement between the model, 
the airborne data, and the ground radar data is generally good. 

The results indicate that the improved RDR-IE when operated 
under controlled conditions in the 10,000- to 40,000-ft altitude 
range with a razin a Ie antenna tilt has the following approxi
mate performance capabilities: 1 At altitudes between 30,000 and 
40,000 ft, detection of moderate storms (rainfall rate~25 mm/hr) 
at ranges of from 200 to 300 n mi, and storm system pattern 
identification at ranges from 125 to 175 n mi; (2) at altitudes 
of 20,000 to 30,000 ft, storm system pattern identification. at 
ranges from 100 to 150 n mi, and reasonably good individual 
storm resolution in the range limits from 50 to 100 n mi; 
(3) at altitudes from 10,000 to 20,000 ft, storm system pattern 
identification at ranges from 75 to 125 n mi, and excellent indi
vidual storm resolution in the range limits from 20 to-70 n mi. 
Restrictions on and exceptions to these performance limits are 
discussed in some detail. 

A Simple computational technique is applied to the perform
ance analysis of a particular airborne radar in meteorological 
situations of a rather special class. From the results, it 
would appear that a computer program could provide accurate 
estimates of radar performance for many potentially hazardous 
meteorological conditions. Such a program, applied to the wide 
range of radar types, flight modes (low altitude, high altitude, 
subsonic, supersonic, etc.), and meteorological conditions, 
would aid in resolving much of the controversy over optimum 
design characteristics, and provide urgently needed information 
relevant to flight safety in commercial, general, and military 
aviation. 
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PRELIMINARY QUANTITATIVE ANALYSIS 
OF AIRBORNE WEATHER RADAR 

Lester P. Merritt 
National Severe Storms Laboratory 

1. INTRODUCTION 

The preliminary airborne phase of an FAA/NSSL radar compari
son program was started in June 1966. As originally defined, the 
purpose of this study was to explore the feasibility of extending 
the range at which thunderstorms can be detected by appropriate 
modification of existing airborne systems and by wavelength 
selection. 

Arrangements were made to equip aircraft based at the FAA 
Center, Oklahoma City, with the radar and recording instrumenta
tion required, and to make them available, as needed, for flight 
tests. In addition, NSSL was committed to provide thunderstorm 
reflectivity data for all flights, and to direct flight opera
tions to accomplish the test objectives. 

Two specific types of flight tests were formulated: 

(1) Maximum detection range test, wherein the aircraft 
would fly approach patterns at prescribed altitudes up to 
40,000 ft, and in the range from 300 to less than 175 n mi from 
selected areas of storm activity. The selection of these areas 
would be based on their intenSity and proximity to the NSSL 
radar. 

(2) Penetration tests, wherein the aircraft would make 
close approach passes at selected areas of storm activity after 
completion of the maximum range tests on any given flight. In 
this way it was hoped that penetration (attenuation) data could 
be obtained to provide a measure of the absorption and scattering 
loss at X-band. 

The operational phase of this program was conducted in July 
and August, 1966. Seasonally, this was a period of minimal 
convective activity in Oklahoma; thus, with rare exception, only 
light to moderate thunderstorms were encountered. The radar 
selected for this first study, an improved X-band RDR-lE, was 
initially installed in a cv880 and later transferred to an 
Electra II. Of the several flight tests conducted, most produced 
qualitatively significant' data, and three produced data suitable 
for comparison with the NSSL WSR-57 radar. These three tests 
occurred, respectively, on July 29, July 30, the day prior to 



removal of the cv880 from the program, and on August 13, with 
the radar installed in the Electra II. Of necessity, these 
cases must serve as the focal point of the discussions to follo~ 
The reader is cautioned, however, that they are not representa
tive of the severe storm systems for which improved radar 
capability is most urgently needed. 

In order to present as objective a case as possible for 
both the positive and negative aspects of this experimental 
program it is appropriate to consider and evaluate the data 
within the context of the applicable radar theory. To this 
end a brief treatment of the radar equation is given, followed 
by a comparison of the characteristics of the RDR-IE and WSR-57 
radars. A simplified radar-thunderstorm system model is then 
developed to demonstrate various aspects of the airborne radar 
problem and to obtain an estimate of performance limitations to 
be expected of the RDR-IE. From this framework the data collec
tion program and results of the data comparison are considered. 
Although it was not possible to obtain data covering a wide range 
of important naturally occurring storms, it is hoped that this 
limited study is a useful first step forward development of a 
comprehensive guide for use of airborne weather radar. 

2.0 THE RADAR EQUATION FOR METEOROLOGICAL ECHOES 

2.1 Basic Equation 

Starting with the baSic radar equation (Kerr, 1951): 

(1) 

where the qu~ntity Y is a composite attenuation function, the 
following assumptions are made: (1) The total radiated power 
is contained within the antenna beam angle defined by the half
power points; (2) the target consists of numerous scatterers 
distributed uniformly over the beam; (3) the radar wavelength 
is large compared with the dimensions of the scatterers; and 
(4) the attenuation function, Y, is taken as unity. 

2.2 Volume Distribution and Reflectivity Factor 

Based on assumptions 1 and 2,the radar (backscatter) cross 
section, a, may be expressed in the form (Skolnik, 1962): 

(T = Vm '" - V ~,... ., - m L "i , 
i 

(2) 
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where 0i is the cross section of the ith particle and Vm is the 
is the volume coverage of the antenna beam defined by the half
power beam angles and given by: 

1T 2 h 
Vm = - R 8,1..-

4 "'2· 

Introducing the Rayleigh approximation (assumption 3) to Mie 
scattering theory (Gunn and East, 1954), (2) becomes: 

1T
6 R28cph1K12~ Di6 

(j = I (4) 

where the quantity ~i Di 6 (the summation of the sixth powers of 
particle diameters) is generally designated by the symbol Z and 
has been termed the reflectivity fac~or (Atlas, 1963) to avoid 
confusion with the reflectivity,~. Z corresponds to the 
rainfall rate, r~ through the approximate relationships (Marshall 
and Palmer, 1948): 

Z = L D ~ = 200 r 1. 6 
• I • 
I 

where units of Z are mm6 /m3 and r is given in mm/hr. 

Combining (1) through (5) under assumption (4) yields the 
radar equation for meteorological echoes: 

-
Pr = 

1T
3 Pr G28cphZlKI2 

512 R2 x.2 
(6) 

where the bar implies averaging over many independent radar 
sweeps. This derivation applies when the distributed targets 
(precipitation particles) fill the whole beam volume defined 
by (3). Combining into a lumped constant, C, all the parameters 
of (6) that are essentially fixed for a given radar, we have 

-
PI" = • (7) 
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Since the actual drop size distribution is unknown, and may 
extend beyond the Rayleigh region, it is necessary to define an 
equivalent reflectivity factor, Ze, in order to use (7) quanti
tatively. Thus, Ze is defined as the summation of a distribution 
(not necessarily specified) of Rayleigh scatterers, that would 
produce the Signal power actually received. Based on this 
definition (7) may be expressed in the form: 

• (8) 

When Ze is expressed in mm6 /m3 with Pr in watts and R in nautical 
miles the constant C becomes: 

where the parameters are as follows: 

,. 

transmitter power in watts 

antenna gain 

half-power beam widths in degrees 

radar wavelength in centimeters 

transmitter pulse width in microseconds 

(9) 

Equations (8) and (9) differ from those given by Wilk, et al. 
(1965) only by the retention of /K/2 as a variable and the 
inclusion of Pt in the radar constant. 

2.3 Applied Radar Equation 

For the S-band WSR-57, a~ operated at NSSL, (7) is reason
ably accurate within 100 n mi (Baxter, 1966). For an X-band 
airborne radar, however, such as the RDR-IE used in this 
investigation, the constraining assumptions upon which (7) is 
based are unrealistic. 

For example, the target may fill only a fraction, f, of the 
beam volume. Then (3) becomes . 

• (10) 
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where Re is the range less than R at which the target just fills 
the beam. With this consideration and the attenuation term 
introduced in (1) taken into account, (7) becomes 

p = r 

ZIKI2R;C1/l 

• (11) 

The attenuation term, W, is a composite of all losses other than 
partial beam filling and may be expressed as: 

1/1 = 10- 0.1 ( U + v + w + x ) (12) 

where the losses in decibels are given by: 

U the radar system loss 

V the transmission medium loss 

W the target loss 

X the beam orientation loss 

substituting (12) into (11) and expanding logarithmically 
one may express Pr as follows: 

Pr (dBm) = 10 ( log Z + log I KI2 +Iog C) + 20 log Re 

-40 log R-(U+V+W+X)+30 t 
(13) 

where the numerical constant represents the conversion from dbw 
to dbm. The radar equation in this form is somewhat more useful 
for determining the performance limitations of weather radars in 
general and the RDR-IE in particular. Note that, although the 
factor X allows a correction for the assumption of constant 
antenna gain, no consideration has been given to the effects of 
side lobes. 

3. ANALYSIS OF RADAR EQUATION PARAMETERS 
FOR THE WSR-57 AND THE RDR-IE 

3.1 Relative Performance of WSR-57 and RDR-1E Radars 
without Special Losses 

The performance characteristics for the WSR-57 and the 
RDR-IE are listed in table 1. Substituting the appropriate 
quantities from this table it'lto.(9) and taking the r~tio of 
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Table 1 - RADAR CHARACTERISTICS 

Wavelength 

Peak Power 

Antenna gain 

Pulse length 

Minimum detectible 

Signal 

PRF 

Display range 

Horizontal beam width g 
(half power) 

Vertical beam width ¢ 
Polarization 

Antenna rpm 

Peak power in the first 
side lobe compared to 

. the main lobe 

Azimuth 

Elevation 

*Variable 

WSR-2Z 

10 em 

400 kw 

3B.3 db 

4 sec 

-loB dbm 

164 pps 

250 n mi 

2.0 0 

2.0 0 

Linear 

1* 

-20 db 

-20 db 

**Nominal measured value was 105 dbm 

Improved 
RDR-IE RDR-IE 

3.2 em 3.2 em 

50.0 kw 50.0 kw 

34.5 db 34.5 db 

2.5 sec 5.5 sec 

-102.0 dbm 106.5 dbm** 

400 pps 200 pps 

lBo n mi 300 n m1 

3
0 3

0 

3 0 3 0 

Linear Linear 

15 15 

-IB db -IB db 

-17 db -17 db 

MDS (minimum detectable signal) power to C,yields a measure of 
the radar performance, Pr(MDS) : 

Radar 
WSR-57 
RDR-IE 

C 

C 

4.88 x 10-11 

4.0 x 10-11 

Pr(MDS)/G 

3.5 x 10-4 
7.9 x 10-4 

ThUS, all other factors being equal, the theoretical detection 
sensitivity .of the WSR-57 is about 3.5 db greater, or slightly 
more than twice that of the RDR-IE. Usually, however, the · 
paramete~s.of (13) that are not included in (7) are not equal, 
but depend on several factors, such as radar wavelength and 
antenna 'beam width, geometry of the radar-target configuration, 
conditions in the transmission path, etc. These aspects are, 
considered briefly below. 
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3.2 Vertical Profile of the Reflectivity Factor Z 

Several vertical reflectivity factor profiles are given in 
figure 1. The shape of the profiles as a function of storm 
intensity is clearly shown. Special note should be taken of the 
classes of storms and their associated reflectivity maximums. 
The solid curve (Wilk,1966) is a statistically weighted mean 
curve for Oklahoma and represents the spectrum shown by curves 
1 through 4. 

In general the storms under surveillance in this study were 
of the convective thunder shower class given by profile 1. The 
maximum reflectivity factor rarely exceeded 104.S mm6/m3 , and 
dropped sharply at altitudes above 15,000 ft. For such storms, 
occurring within the normal operating range of the NSSL WSR-57 
(20-100 n mi), the observed Z would be nearly maximized for 0° 
antenna tilt. For the RDR-IE, however, the value of Z observed 
depends greatly on aircraft altitude, antenna elevation, and 
range. The significance of the reflectivity factor distributions 
for storm detection at great ranges is considered in sections 4 
and 6 below. 

EQUIVALENT RAINFALL RATE. R - mm/hr. 
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Figure 1. Median vertical reflectivity factor profiles for 
various classes of convective storms. Curves 1, 2, and 3 were 
obtained by Donaldson (196l) with a 3.2-cm CPS-9 in New England, 
and curve 4 by Inman and Arnold (1961) with a CPS-9 in Texas. 
The classes of stoms representeq, by these curves are as fol
lows: . 1. thundershowerj 2. hail stormj 3. tornadic stormj· 
4. tornadic storm. The solid curve (Wilk, 1966) represents a 
statistical average of' Oklahoma storms spanning the range 
indicated by curves 1 through 4. 
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3.3 The Dielectric Parameter /Kj2 

The parameter /Kj2 has the value of 0.93 for liquid water 
and 0.20 for ice. In terms of (13) the difference represents 
6.8 db of received power. For normal ground radar operation, 
the value for liquid water is usually taken, but when the radar 
illuminates ice in the upper portion of storms, or a mixture of 
ice and water particles, the back scatter loss associated with 
low /Kj2should be treated. This is a complicated matter, 
because ice with a wet outer surface may scatter like pure water 
(Atlas, 1963). The effects of ice should, however, be considered 
in the case of airborne radar at high altitudes and great ranges. 

3.4 The Effective Beam-Filling Range, Re 

The value of Re depends on the physical dimensions of the 
target storm, the altitude of the radar with respect to the 
storm, and the beam width and orientation of the antenna. The 
approximate value of Re for the WSR-57 (as operated at NSSL) was 
determined from a statistical study to be about 80 n mi (Baxter, 
1966). In other words, for most storms occurring within 80 n mi 
of NSSL, Re = ~and effects of range on received power are well 
represented by the R-2 relationship. Under identical . operating 
conditions, and on the basis of beam width considerations only, 
the beam-filling range of the RDR-IE is about 50 n mi. This may 
be observed from a consideration of the tangential beam widths 
given as a function of range in table 2. Depending on actual 

Table 2 - ANTENNA RESOLUTION CHARACTERISTICS 

WSR~57 RDR-1E 

Tangential Cross-Sectional Tangential Cross-Sectional 
Range beam wi<tth area of beam beam width area of beam 

(n mi) nmi krn n m12 krn2 nmi krn n mi2 krn2 

1 0.035 0~065 0.96xlO-3 0.33xlO-2 0.052 0.096 2.lX10-3 7.2x10-3 

20 0.7 1.3 0.385 1.32 1.04 1.92 0.85 2.89 

40 1.4 2.6 1.54 5.3 2.08 3.8 3.4 11.5 

60 . 2.1 3.9 3.47 11.9 3.12 5.8 7.6 26.0 

80 2.8 5.2 6.2 21.3 4.16 7.7 13.6 46.0 

100 3.5 6.5 9.6 28.1 5.20 9.6 21.2 72.1 

150 5.25 9.7 21.6 74.0 7.8 14.4 47.9 162.1 

200 7.0 12.9 38.5 132. 10.4 19.2 85.0 290. 

250 8.75 16.1 60. 206. 13.0 24.0 132. 415. 

JOO 10.5 19.4 87. 297. 15.6 28.8 . 192. 608. 
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operating conditions (altitude, attitude, and radar and storm 
characteristics, etc.) however, the effective beam-filling range 
may be substantially less or greater. 

3.5 Losses 

The radar system loss, U, for the WSR-57, is essentially 
accounted for by measuring the system MDS rather than simply the 
receiver MDS. Unfortunately, no such measurement capability was 
available for the RDR-IE aircraft installation. Realistic losses 
therefore have been estimated as follows: . . 

TR, wavegUide, rotary jOint and radome 2 db 
Receiver, indicator, and photographic 2 db 
Field degradation 3 db 

Skolnik (1963) discusses these losses in detail. Two additional 
system losses, which may be neglected at beam-filling ranges but 
which become increasingly important at extended ranges, are those 
resulting from beam shape and scan rate. These are noted below 
in conjunction with orientation loss, X, and are discussed in 
section 4 in conjunction with maximum detection range limitations. 

The transmission medium loss, V, is fundamentally dependent 
on radar wavelength, and conditions in the medium intervening 
between the radar and target. For the S-band WSR-57, V is 
essentially negligible over the range of meteorologically impor
tant conditions, but for the X-band RDR-IE it is highly variable 
and can range from negligible values in clear air to excessive 
ones in heavy precipitation. Values of V (in db/km) are given 
in table 3 for various weather conditions. A discussion or these 
losses is given in the specified source papers. 

The target loss, W, is of the same character as uhe trans
mission medium loss, except that in this case its effect on 
target resolution and identification must be considered. For 
example, an increase in reflectivity factor, Z, from 104

•
5 to 

105
•
5 results in an increase in attenuation from 0.6 to 5.49 db/km 

at a wavelength of 3 cm (Medhurst, 1965). ThUS, the gain in 
signal strength from the increased reflectivity factor is fully 
canceled by attenuation after 1 km of penetration. The impli
cation ' of verisimilitude, as pointed out in the McGill report 
(Marsha,ll, et aI, 1965) is qUite clear. This pOint, in conjunc
tion with the limitations of this investigation, is discussed-in 
sections 6 and 7. 

The beam orientation loss, X, depends on where in the beam 
the target storm is located. At the center of the beam, X is 
zero. At extended ranges, however, the center of the ta~get 
region occupies an increasingly smaller portion of the beam 
cross section and may be appreciably away from the center of the: 
beam, even at the point of closest approach. For conditions of 
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close approach of the target storm to the beam center, X is given 
by the Gaussian function: 

x = -10 IOg{ ex p [ 5.55 (:JJ) (14) 

where Qr and 9B are the radial and beam width angles respectively. 
The exponential expression in (14) is actually the beam shape loss 
for a conical beam. Using this equation, it is possible to 
subdivide the region of the beam occupied by the target into 
areas of approximately constant reflectivity factor and to 
compute position loss (section 4). Note that (14) applies only 
to the region within the half-power beam width; outside, the 
effects of side lobes are much more complicated, but are gener
ally small enough to be neglected. Note also that the equation 
does not account for effects that arise from averaging the 
target hits over the beam and from antenna movement between 
pulses. A half-power beam cross section 1s given in figure 2. 
The concentric circles are marked both in degrees from zero 
cente~ and in db of beam shape loss from 0 at 0° to -6 db at 
the half-power beam width. 

Table 3 - TRANSMISSION MEDIUM AND TARGETA'l'rENUATION (~ = 3 · cm) 

Precipitation Reflectivity-
Attenuation rate fac~or* 

Condition (mm/hr) (mm 1m3) . (db/km) 

Clear air 0 0 Negligible 

Ice cloud 0 0 5.23 % 10-\t 
(T = _20 0 e)** 

Water cloud 0 0 11.2% 10-~ 
(T = _8°c) 

Light rain o to 5 o to 103•4 o to 0.718 % 10-1*** 

Medium rain 5 to 25 103•4 to 104•5 0.718 x 10-1 to 0.6 
( 

Heavy rain 25 to 150 104•5 to 105•8 0.6 to 5.49 

Very-heavy-
Over 105•8 Over 5.49 rain Over 150 

* Based on Marshall and Palmer (1948) relationship. 
** After Gunn and East (1954) - M in g m-3• 

*** After Medhurst (1965). 
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Figure 2. Cross-sectional 
beam shape loss distribu
tion for a 3° conical radar 
beam. The loss distribu
tion is expressed in dB 
below peak received power at 
the center of the beam. 

db 

4. EXPECTED PERFORMANCE LIMITATIONS OF THE RDR-IE UNDER 
CONDITIONS TYPICAL OF THIS INVESTIGATION 

4.1 The Modeling Equation 

The storms under surveillance in this investigation were 
generally of the thunder shower class ~curve 1, fig. 1), having 
maximum core Ze values of about 104.6mm 1m3

, and attaining 
heights and diameters of 35,000 to 40,000 ft and 4 to 6 n mi, 
respectively. The performance limitations of the RDR-IEin 
terms of maximum detection range and identification for this 
class of storms have been computed for an idealized storm model 
(fig. 3), using (13) in the following form: . 

IIPr;1 (dBm) = 10 (lOg Z;j + log IKI;~ + log :;:) + 
(15) 

log C-4010g R - (U+Vjj+Wjj+Xij) + 30 • 

where the subscript ij deSignates a particular region with areal 
cross section Aij and approximately constant Zij, and Al is the 
beam area at a range of 1 n mi (table 2). In this equation, the 
square of the effective beam-filling range Re 2 for each incremental 
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storm area, has been replaced by the term Aij/Al' where Aij' the 
area of an approximately uniform part of the target in the beam, 
corresponds to the area of the filled beam at R = Re. The model 
storm, the computations, and the results are discussed below. 

4.2 The Radar-Storm Configuration 

The example situation, selected for close correlation with 
actual investigative conditions, is diagramed in figure 3. 
Figure 3a is a profile view showing the radar beam and targe.t 
storm configuration for an aircraft altitude of 10 km with range 
increments of 20 n mi out to 100 n mi, and 50 n m1 steps there-
after to a range of 300 n mi. Figure 3b shows the cross section ! 
outline of the storm model and the superimposed radar beam at I 
these ranges. The example is idealized in the sense that the I 
earth is assumed smooth, the half-power beam tangent point was I 
computed for a 4/3 earth radius (standard refrac.tive index)" the I 
regions of constant reflectivity factor are partitioned into 
rectangular areas (of unit pulse depth), and the transmission 
medium is assumed clear. The distribution of the logarithm of 
the reflectivity factor used in the model storm and calculations 
is shown to the lower right. 

Equation (15) was tabulated, the power received from all 
illuminated sections of the model storm calculated, and the 
totals summed to give the power received from the whole storm. 
For brevity, only the 300-n m1 range tabulation is listed in 
detail in table 4. The cumUlative power Pr for all ranges 

n. 

Figure 3. (a) Range profile 216n mi 
400Km 

. view of radar-storm configura
tion showing radar beam pene
tration of storm at tangential 
attitude. (b) Range cross
sectional view of radar-storm 
configuration showing storm 
model imbedded in radar beam. 
The distribution of the loga
rithm of reflectivity factor 
is shown at the lower right. 

I 
i 
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Table 4 - AREAL DISTRIBUTION OF 'DIE POWER RECEIVED .FRCJo1 A MODEL STORM AT RANGE 300 N MI 

Al/A1 
10 log 10 log 2 l~g (db) '13 Al/A1 z z /KI V w X Ant110g 

All 7 km2 103 30.0 104•5 45 0.9::S -0.3 Small -4.7 70.0 1.0 x 107 

A12 13 km2 1.8x103 32.6 104 40 0.93 -0.3 .. .. -4.8 67.5 5.6 x 106 

A13 16 km2 2.2x103 33.5 103 30 0.93 -0.3 .. .. -5.0 58.2 6.6 x loS 

A21 9 1an2 1.3xl03 31.0 104 40 0.93 -0.3 .. .. -2.7 68 •. 0 6.3 x 106 

A22 12 km2 1.7x103 32.2 103 30 0.93 -0.3 .. .. -2.7 59.2 8.3 x loS 

A23 12 km2 1.7x103 32.2 102 20 0.93 -0.3 .. " -3.2 48.7 7.4 x 104 

A31 6 km2 0.8x103 29.2 103 30 0.197 -7.0 " " -1.2 51.0 1.3 x loS 

A32 9 Jan2 1.3x103 31.0 102 20 0.197 -7.0 " .. -1.2 42.8 1.9 x 104 

A33 12 km2 1.7x103 32.2 10 10 .0.197 -7.0 " .. -1.85 33.4 2.2 x 103 

A41 2 km2 0.3x103 24.9 102 20 0.197 -7.0 .. .. -0.7 37.2 5.3 x 103 

A42 3 km2 0.4x103 26.2 10 10 0.197 -7.0 " " -0.7 28.5 7.1 x 102 

10 log C - -104 db Sum ot last oolumn above - 2.36 x 107 • 73.7 db 

-40 log R - - 99 db Pr - 73.7 - 180 - -106.3 dbm 
System 10s8 - - 7 db MDS • -105.0 dbm Altitude, 10 km (32,800 ttl 

Pactor tor S1gna1 above MDS • - 1.3 db, Antenna tilt' -1.5· (tangentla1) 
convertlng 1 ••• , 1.3 db b.1ow MDS. 
dbw to dbm - + ;30 db 
Subtotal - 180 db 

considered is given in table 5, along with the power differential 
with respect to MDS and iso-echo contour level. For ranges less 
than 100 n mi the storm areas shown in figure 3b were subdivided, 
where necessary, to allow for areal contraction of the beam power 
distribution with decreasing range. 

4.3 Discussion of Calculations 

4.3.1 General Description of Results 

Perusal of table 5 reveals features ,,11th significance for 
the user of airborne radar. These features are related mostly 
to the variation of received power with range, illustrated in 
figure 4. At 20 n mi, the radar beam illuminates .only the upper
most part of the storm, assumed to be canposed of ice crystals. 
The power received from the same storm at 30-n mi range is 
considerably greater, partly because the radar beam illuminates 
a region (at lower elevation) with a · much higher reflectivity 
i'actor Z, and partly because that lower region is largely liquid, 
with higher value Of~. As the range increases from 30· to 
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Table 5 - RADAR PARAMETERS 011' A MODEL STORM AT DIFPERENT RANGES. 
CALCULATIONS ARE BASED ON PLIOH'l' ALTITUDE 10 KM (32,800 PT) WITH ANTENNA TILTED 

DOWN 1.50
, CORRESPONDING TO GRAZING CONTACT 011' BEAM CEm'ER WITH EARTH HORIZON 

1 2 3 4 5 6 1 
Measured 

STe Iso-echo db above iso-echo 
Range Er suppression MDSt dbm threshold, dbm db above MOS threshold 
nmi dbm db* -105 + Col 3) 22 +(Co1 4') (Col 2)-(Co1 4) (Col 2)-(Col 5) 

20 -84.0 10.5 -94.5 -72.5 10.5 -11.5 

30 -79.0 7.0 -98.0 -76.0 19.0 - 3.0 

40 -80.5 4.5 -100.5 -78.5 20.0 - 2.0 

50 -82.5 2.6 -102.4 -80.4 19.9 - 2.0 

60 -84.0 1.0 -104.0 -82.0 20.0 - 2.0 

80 -86.0 0 -105.0 -83.0 19.0 - 3.0 

100 -88.0 " " " 17.0 - 5.0 

150 -93.0 " " " 12.0 -10.0 

200 -97.0 " " " 8.0 -14.0 

250 -102.0 n " n 3.0 -19.0 

300 -107.0 " " " -2.0 -24.0 

*The indicated values correspond to R-2 normalization with a reterence range ot 67 n mi. 

Altitude: 
Antenna Tilt I 

Figure 4. Curve of Pr as 
a function of range for 

10 kill (32,800 ttl 
-1.5 0 (tangential) 

-80 

-85 

the t~ential beam orien- f -90 

tatlon (fig. 3a) at a con
stant altitude of 10 lon. 
T~e R4 (point target) and 

~ -95 

R (beam-filling target) 
range power curves are 
superimposed for comparison 

-100 

-105 
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100 n mi, the power received decreases, but not so fast as R-a , 
because the .greater range is offset by the tendency of the 
filled beam to illuminate progressively lower and more reflec
tive parts of the storm. Beyond 100 n mi, the power received 
declines ever more rapidly with increasing range, eventually 
decreasing at a greater rate than R-4 • As shown in figure 3, 
the radar beam is unfilled by the model storm at great distances, 
and as the range increases beyond the earth's horizon, the R-4 

dependence associated with partial beam filling is exaggerated 
by the tendency of the radar beam to illuminate the higher, less 
reflective parts of the storm. 

4.3.2 Maximum Detection Range 

Comparison of the RDR-IE-measured MDS of -105 dbm with the 
values of Pr given in table 5 spows that target storm detection 
may be expected to occur between 250- and 300-n mi range. One 
can easily show, however, that a variation of +(-) 3 db in Pr 
can increase (decrease) the maximum detection range by approxi
mately 40 n mi. Thus, within the rather narrow limits of a 3-db 
uncertainty in Pr , there is a 80-n mi uncertainty in the maximum 
detection range. Of interest is that at 300-n mi range the maxi
mum Pr in terms of the tangential beam condition (fig. 3) occurs 
for an aircraft altitude of 63,000 ft, and that this maximum is 
about 1 db greater than the value given in table 5 for the 10-km 
(32,000-ft) altit~de. . 

Since the only regions of the target storm ·contributing 
significant power at 300-n mi range are those having Z·values 
of 104 or more (I.e., All' A a' and A. 1) it is possible to in
crease Pr by increasing the team down~ilt until the specified 
regions are near the beam center. The ground clutter pattern 
introduced by this procedure, however, would tend to obscure 
any weather echoes within the clutter region. For example, 
increasing the beam downtilt by 1.5 0 to ~3° produces a half
power beam ray intersection (for a smooth earth) at about 84 n mi 
for an aircraft altitude of 10 km. ThUS, one would expect a 
ground clutter pattern extending outward from about 84 n mi to 
the radar horizon at 216 n mi. In addition, lobing in the for
ward scatter region could adversely affect the detection of 
target storms beyond the radar horizon. 

4.3.3 Storm Identification 

Identification of a convective storm by its radar echo de
pends to a large extent on areal and intensity resolution. The 
relationship between these resolution factors and power return, 
range, and altitude is demonstrated for the elementary model 
considered here in figures 3b and 4 and in table 5. 
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Echo area resolution may be understood in terms of the an
tenna beam cross section sequence in figure 3~with the power 
returns and MDS differentials in column 6 of table 5. Recall 
that the Prls in table 5 represent storm maxima, and note that 
the target storm appears as a poin~ echo somewhere between 250 
and 300 n. mi. As the radar approaches the target, the beam 
cross section decreases and the power from outside the storm 
nears the radar receiver threshold. At l50-n mi the echo shape 
approximately fills the beam, and between 70 and 20 n mi the 
echo area maximizes. This maximum is reduced somewhat by STC 
(sensitivity time control) suppression of the receiver thresh
old. The extension of the echo edge as an inverse function of 
range ma~ be estimated by comparing the MDS power differential 
(table 5) with the horizontal Z distribution of figure 3b. It 
should be recalled in this context that the levels indicated 
(1, 2,3, etc.) represent 10 db intervlls. 

Intensity resolution for this mod 1 may be defined in terms 
of the iso-echo contour (video inversion) level, taken in the 
actual data collection as 22 db over MOS. Referring to iso
echo power differentials in table 5, observe that in this model 
the contouring level is approached but never reached. Note, j 
however, the STC correction, which produces an approximate range 
independence between 60 and 30 n mi. Particularly important is 
the sudden drop in signal power near 20 n mi. This arises from 
overflying the core region of the storm, as illustrated in fig-
ure 3b. 

Two pOints concerning iso-echo contour differential deserve 
emphasis. The dependence of contouring on antenna tilt angle is 
illustrated by the 80, 60, and 40-n mi cross sections shewn in 
figure 5 for a 3° downtilt. The effect of the downward dis
placement of the beam into the more intense regions of the storm 
should be obvious. Pr increases by at least 5 db, and contouring 
occurs in · the range from about 80 to less than 30 n m1 (table 5). 

Figure 5. (a) Range profile 
view of radar-storm configura
tion showing radar beam pene
tration of storm at a 3° down
tilt attitude. (b) Range . 
cross-sectional view of radar . 
storm configuration at the 
same 3° downtilt attitude. 
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5. DATA COLLECTION 

In July 1966 a joint WSR,..57 - RDR-IE weather radar data 
collection program, using PPI scope photography, was started by 
NSSL and the FAA Aeronautical Center for the purpose of deter
mining the performance capability of the improved RDR-IE. The 
program format is outlined in the following paragraphs. 

5.1 NSSL Radar Reflectivity Data 

The NSSL storm surveillance program, carried out during all 
flight tests, utilizes a WSR-57 radar equipped with a signal 
Integrator and contour circuit (Lhermitte and Kessler, 1965). 
The program is designed to provide three-dimensional storm 
reflectivity profiles in the surveillance range from 20 to 
100 n mi. A logarithmic receiver is used in conjunction with 
the integrator-quantizer system to provide PPI echo displays 
contoured at "order-:-of-magnitude" levels of Ze (Ze = 10, 102~ 
... , etc.). The receiver system is normalized with STC 
(sensitivity time control) to 100 n mi, so that the echo contour 
levels are independent of range and thus give a direct indication 
of storm intensity or rainfall rate. 

The integrator-quantizer system has two channels with multi
level quantization capability. Normally, the channels are 
amplitude-staggered and the outputs displayed sequentially 
(alternate scan) on a PPI scope for photorecording. The quanti
zation and contour grey scale sequences are shown in table 6. 

The quantizer levels are referenced to MDS and the given 
Ze values apply with an MDS of -108 dbm. The three-level grey 
scale sequence eliminates any intensity indeterminancy for 
"Closed" contours and is readily discernible visually and photo
graphically. 

Normally, the WSR-5i antenna is set for 0° tilt angle and a 
I-rpm scan rate. With a 0° tilt angle, the measured reflectivity 
values for storms under surveillance are those occurring in the 
region of maximum reflectivity (see fig. 1). The I-rpm scan 
rate permits sufficient time for averaging to reduce the error 
associated with the fluctuating signal from noncoherent scatterers 
to about 0.5 db (Kessler and Lhermitte, 1965). About once every 
hour, the antenna is automatically cycled through a tilt sequence 
to provide vertical reflectivity profiles and to obtain an estimate 
of storm heights. The tilt cycle proceeds in discrete steps of 
2°/scan and may be terminated at any step between 0° and 22°. 
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The second item is the r~ther obvious dependence of contouring 
on aircraft altitude. Figure 3b shows that at altitudes appre
ciably greater than 10 km (or at lower altitudes with smaller 
storms), the overflying effect occurs much sooner and the range 
interval in which contouring could occur for a given antenna 
tilt is shortened. 

4.3.4 Factors Not Considered in the Analysis 

Several factors that sometimes influence the detection and 
identification of target storms are neglected in the preceding 
analysis. These are: 

1. Antenna scan rate and power averaging. 
2. Attenuation in the transmission medium and target. 
3. Antenna side lobes. 

The first of these can have a significant effect on the 
maximum :detection range of a given target storm. For the 
RDR-lE, if or example, the scan rate is 15 rpm. A PRF of 200 at 
this scan rate results in a target hit rate of 2.2 pulses/degree 
of rotation. For a target storm at 300 nmi (fig. 3b), this 
means that only two hits can be made with the target at or near 
the optimum position in the beam (within ± 0.7 db of horizontal 
beam center). The remaining four hits (for a total of six) .are 
degraded in accordance with the beam power distribution. If Pr 
for the six hits is integrated, the average received power, Pr , 
is about 3 db below the maximum Pro If Pr is not integrated, as 
is the case of the RDR-lE,then Pr for each hit must be consid
ered in determining detectability. A detailed analysis would 
also consider the probability distribution of averages based on 
small samples of the echo signal from the characteristically 
?-ncoherent precipitation targets,and the averaging effects of 
the phosphor on the PPI display. 

An additional small factor at long ranges and high scan 
rates is the displacement of the beam during the time between 
pulse transmission and target signal reception, the effect of 
which is to fhtroduce a gain variation that for a CW rotating 
antenna, enhances signals to the right and degrades signals to 
the left of beam center. 

The second factor, attenuation caused by losses in the 
transmission medium and the target, was considered zero because 
this closely approximates the conditions prevailing during the 
flight tests. Actually, in . view of the att~nuation rate of 
0.6 db/km for Z= 104 • 5 and a pulse width of 5.5u f3e.o,{1.65 km)" 
a loss of 1 or 2 db could have been assigned for W. 

The third ' factor, antenna side lobes, is quite small since 
the peak power in the most prominent side lobe is only about one 
hundredth of the :peak in the main lobe. (See table 1 for side-lobe 
suppression data.) On the basis of .the single target storm treat':"" · 
ment it 1s neglected entirely. 
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Table 6 - QUANTIZER AND OREY SCALE SEQUENCE 

Channel #1 Channel #2 

Z Z Orey 
Q\1ant1zer db > MDS S1gnal e r* db > MDS S1gnal . e r* scale 

level (-108 dbm) level (mm6/m3) (mmIhr) (-108 dbm) level (mm6/m3) (mmIhr) shade 

-

10 _102 0.1;- 101•5- 0.32- dark 
1 5-15 1 0.65 10-20 1.5 102•5 1.34 grey 

102-103 0.6~- 102•5- 1.~4- l1ght 
2 15-25 2 2.7 20-30 2.5 103.5 5. 0 grey 

103-104 2.74- 103•5- ~.6-
3 25-35 3 11.50 30-40 ~.5 104·5 2 .0 cancel 

104_105 
11.5- 104•5- dark 

4 35-45 4 49.0 40-50 4.5 105·5 .100 grey 

105_106 
1~·5-

5 45-55 5 49-205 50-60 5.5 106•5 100-415 br1ght 

6 55 6 106 205 60 6.5 106•5 415 cancel 

*Based on Marshall and Palmer (1948) relat1onsh1p. 

5.2 Airborne Radar Data 

The FAA airborne radar flight test program, as actually 
carried out, utilized an RDR-IE radar modified as indicate.d in 
table 1. The platform for the radar during the first half of 
the program (through July 31) was a cv880, and during the second 
half (through sept. 10) a Lockheed Electra II. To facilitate 
data collection and to avoid interference with cockpit operations, 
an auxiliary indicator unit and the photorecording system were 
mounted in the main cabin. . 

Because thunderstorms occurring in Oklahoma during July and 
August 1966 were generally both brief and Of moderate intensity, 
flight .tests were usually of limited success in terms of complete 
test objectives. The best comparative data were obtained, as 
indicated earlier, on three specific flight days. The first two 
were cv880 flights on July 25 and 30, and the third was an 
Electra II flight on August 13. The objective on all three 
f11ghtswas to obtain data on maximum detection range capability, 
and, if possible, on penetration (attenuation) loss. The flight 
test procedure was as follows: 
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1. Preflight: Establish tentative flight plan (for 
clearance purposes) bsed on current NSSL storm data, which would 
take the aircraft outbound from NSSL in the direction opposite 
that of the target storms to a range of 300 n mi from the storms. 

2. Climb-Out: Contact NSSL after takeoff and confirm or 
alter flight plan in accordance with existing storm conditions. 
Climb to ceiling altitude (40,000 ft for the CV 880 and 30,000 ft 
for the Electra II) and proceed to turnaround point. 

3. Data Run: Start radar and camera system at turn-around 
point and proceed inbound until positive storm detection occurred 
(normally data run continued until radar contact was confirmed 
visually and/or radio contact with NSSL was reestablished). 
During the data runs, a flight record of antenna tilt angle, 
indicator range, and other parameters was maintained. 

After completion of a data run, the flight plan was either 
repeated or new target storms were selected and the flight plan 
altered accordingly. If NSSL surveillance indicated no reflec
tivities of Ze = 104 or greater, and no new storm development, 
the maximum range test was terminated and letdown initiated. 
During letdown on the flights of July 30 and Aug. 13, several 
passes at nearby storms were made in an attempt to obtain Some 
data on attenuation losses at X-band in convective storms. 

6. DATA COMPARISON AND ANALYSIS 

Representative samples have been selected from four hours 
of photographic data collected during the flights of July 29, 
July 30, and August 13, 1966. These data have been chosen: 
(1) To indicate the results of the maximum detection range and 
penetration tests; (2) to show that the flight test results fall 
generally within the limits of predictable radar performance as 
outlined ' in section 4 for the test conditions; and (3) to demon
strate that radar performance in terms of detection and identi
fication of thunderstorms is strongly dependent on and limited 
by conditions external to the radar system. For comparison, the 
corresponding WSR-57 radar data have been included with each 
RDR-IE data frame or frame sequence. 

6.1 Maximum Detection Range 

The RDR-IE and corresponding WSR-57 photodata for one of 
the maximum range test runs are shown in a three-frame sequence 
in figure 6. The storm system as displayed in frame G2 has been 
outlined in frame A2 for clarity. Frame Al shows initial de
tection of storm group Gl-l at 260 n mi range as the aircraft 
was turning inbound for the data run. The excessive ground 
clutter is the result of antenna gyro instability (excessive 
downtilt , of the antenna) during the turning maneuver. Storm 
group Gl-2, although it contains a fair-sized fourth level 
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Figure 6. Photo data sequence of the improved RDR-IE display 
(AI, 2, 3 - 50 n mi marks) and matched WSR-57 contour PPI dis
play (Gl, 2, 3 - 20 n mi marks) covering the first 110 n mi of 
the maximum range test flight conducted July 30, 1966. Demon
strated is the limited detection and identification capability 
o£ the airborne radar in the 200 to 300 n mi range. The storm 
system as displayed in frame G2 has been outlined in A2 to 
indicate aircraft position and heading. Arrows in A2 indicate 
echoes actually shown on the airborne PPI; other outlines indi-

. _cate echoes detected by the WSR-57 only. 
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(104 ~ Ze < 106
) storm, is not detected. Following the photo 

sequence down through A2 and A3 shows that after stabilization 
of the antenna gyros, and with a 3 0 downtilt, the storm pattern 
display did not change appreciably from 1610 to 1623. During 
this time the aircraft traveled approxima~ely 110 n mi closer to 
the storm complex. The ground radar sequence (Gl through G3) 
shqws that during this period storm group Gl-l was intensifying 
while group Gl-2 was diminishing. 

In general, the above data indicate that RDR-IE performance 
falls within the limits anticipated in section 4. That this is 
so is made even clearer by considering the following: 

1. The storms displayed in groups Gl-l and Gl-20f figure 4 
closely approximate the size of the model storm. 

2. The cores of the third-and fourth-level storms in these 
groups have reflectivity factor values of 103 ~ Ze < 104 and 
104 ~ Ze < 105 , respectively. 

3. The m.ore intense storms were detected at ranges of 
200-300 n mi and this detection was restricted to the cores of 
these storms (the geometric or areal cross sections of the 
storms were not resolved). 

4. There was no appreciable change in the areal resolution 
.of target storms in the first 100 n mi of flight after initial 
detection. 

As a comparative example of what is apparently detection of 
a low intensity st.orm (103 < Ze < 104 ) at 300 n mi, c.onsider the 
photo sequence obtained on the flight of July 29, 1966, shown . 
in figure 7. If only the matched photo frames A4 and G4-2 are 
considered and the storm is assumed to be of the type modeled in 
section 4, then there is a contradiction t.o theory in that the 
reflectivity factor as indicated in G4-l is insufficient to 
yield threshold receiver signal power for the airborne radar at 
300 ri mi range. However, there are two conSiderations special 
to this case which remove the contradiction. The first is that 
this storm is at approximately 160 n mi range .on the WSR-57; 
thus, according to Baxter's (1966) analysis, the reflectivity 
factor measured by the WSR-57 could be as much as 6 to 8 db low. 
The second is that a few minutes before this storm was detected 
by the airborne radar it was showing a core intensity Ze ~ 106 

.(frame G4-1)' indicating that it was at that time a significantly 
more intense storm. Normally, a storm .of such intensity during 
its mature stage develOps a massive anvil which, extending over 
hundreds of square miles and having a reflectivity factor value 
of lOa <Ze ~ 103

, c.ould fill a significant portion of the air
borne radar beam at 300 n mi and yield an additi.onal 3 to 5 db 
of receiver signal power. In terms .of total power received by 
the airborne radar at 300 n mi, the actual power could thus be 
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Figure 7. Photo data 
set showing detection 
by the RDR-IE (A4 - 50 
n mi marks) of a storm 
at about 300 n mi. The 
corresponding WSR-57 
data (G4-1 and 2 - 50 
n mi marks) show this 
storm to be at about 
160 n mi range and 
diminished in intensity 
:Crom severe to moderate 
at the time of detection 
by the airborne radar. 
Signi:Cicant factors con
tributing to detection 
o:C this storm at 300 
n mi by the airborne 
radar are considered 
in the text. 
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as much as 9 to 13 db greater than predicted by the model. 
Such a storm, in other words, is the equivalent of the model 
storm with a core reflectivity of 104 • 4 < Z < 104 •

9
• 

6.2 Areal and Intensity Resolution 

As indicated in section 4, the area and intensity of 
thunderstorm echoes are related to several factors within and 
external to the radar system. A number of photographs of 
RDR-IE data and corresponding WSR-57 data demonstrating these 
factors are shown and described below. 

Figure 8, which is a continuation of the maximum range 
test (fig. 6), clearly illustrates the combined effects of 

. range, beam width, and antenna tilt. Comparison of frames A5 
and G5 with each other, and with the sequence in figure 6, 
shows that the storm echo display (A5) improved rapidly in the 
interval from 1623 to 1630; so much so that the storm system 
echo displays in A5 and G5 can be matched echo for echo. The 
range effect (the range attenuation term of (12), section 2) 
accounts for 9.4 db increase in signal intensity in the first 
110 n mi of the data run for a total of 20.4 db (a factor of 
about 100). The beam width effect on areal resolution is ob
vious when the 250- 150-, and 80-n mi beam cross sections 
(fig. 3b, section 4~ are considered in terms of .the model storm 
cross sections outlined within the beam. The antenna tilt 
effect (3° downtilt) is apparent in the ground clutter distri
bution. The initial detection of ground clutter at 100 n mi 
for an antenna downtilt of 3° and an aircraft altitude of 
37,000 ft can be shown to be approximately predictable from 
simple geometric and refractive index considerations. Note 
should be taken of the small iso-echo contour area appearing 
at azran 240/80 in frame A5. In particular, it shoultl be com
pared with the predicted effect of a 3° antenna downtilt dis
cussed in section 

A5 

Figure 8. Matched photo data from the improved RDR-IE (A5 -' 50 
n mi marks) and the WSR-57 (G5 - 20 n mi marks) showing the high 
correlation between radar echo patterns as the aircraft approached 
within 150 n mi of the storm complex during the terminal phase of 
the maximum range flight test of July 30, 1966. . . . 
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Arrow in G6-2 shows aircraft 
position and approximate 
heading corresponding to 
frame A6, taken at the same 
time. 

Figure 9. Photo data sequence demonstrating the effect of verti-
cal reflectivity factor profile on the apparent intensity of 
storms observed by the improved RDR-IE (25 n mi marks) at 30,000 
rtaltitude. The discrepancy in the relative intensities of the 
storms at azrans 127/75 and 170/70 in frame A6 compared to their 
counterparts at azrans 120/95 and 155/80 in frame G6-2 is re- . 
solved by the 2° uptilt in frame G6-3, which clearly shows the 
storm at 155/80 to be more intense at upper levels. Frames G6-l 

. and G6-4 complete the WSR-57 (20 n mi marks) sequence showing 
the general development and decay trend of the storm system. 
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The data sequence in figure 9 demonstrates the effect of 
the vertical reflectivity profile as a function of the intensi
fication or decay of the storm cells. Frame A6 was selected 
from a data sequence taken after the aircraft had completed its 
maximum range runs and let down to 30,000 ft. The location and 
heading of the aircraft are indicated by the arrow in frame G6-2, 
the ground radar data frame which corresponds in time with the 
airborne radar data frame shown. Frame G6-3 shows the same storm 
system a minute later, as it appears with a 2° antenna uptilt. 
Frame G6-1 and G6-4 complete the sequence and provide an indica
tion of the general tranSition in storm build-up and decay that 
was occurring in the time interval indicated. To be noted and 
compared in particular are the storms at azrans 127/75 ann 170/70 
in frame A6 and their counterparts at azrans 120/95 and 155/80 
in frame G6-2. The respective decay and intensification of 
these storms and their indicated reflectivities at the 2° antenna 
uptilt angle provide a reasonable if not completely q"uantitative 
explanation of their respective iso-echo contour areas as shown 
in A6. . 

Figure 10 shows the same storm cells as figure 9 after the 
aircraft had descended to 20,000 ft. Important here is the 
~enerally good geometric correlation between the airborne 
(frame A7) and ground (frame G7) data, as compared to the 
limited correlation in the preceding figure. Also, all fourth
level areas in G6 show corresponding iso-echo contours in A7. 
The implication of the dependence of geometric and intensity 
correlations on aircraft altitude is obvious, as is the Signal 
power intensity dependence discussed in section 4. Note 
particularly that the antenna was downtilted approximately 2° 

Figure 10. Matched photo data set showin~ high degree of cor
relation between the RDR-IE echo pattern (A7) and WSR-57~cho 
pattern (G7) at a flight altitude of 20,000 ft. A comparison 
of this data set with that of the preceding figure (Fig. 9) 
demonstrates the significant improvement in geometriC and 
intensity correlation obtained when the aircraft altitude was 
reduced by 10,000 ft. 
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Figure 11. Photo data sequence de
monstrating the approximate range 
limits for geometric and intensity 
resolution of single storms (81 and 
82 in AB-l 2, 3, and their counter
parts in GS) with the improved RDR-IE 
(25 n mi marks) at 10,000 ft altitude 
and zero antenna tilt. Comparison of 
the airborne data with the W8R-57 data 
(GB - 20 n mi marks) indicates some 
degradation of airborne radar resolu
tion within 20 and beyond 70 n mi 
range. These limits can be attributed 
in part to non-beam filling beyond 
70 n mi and to STC suppression in ex~ 
cess of the inverse square law cri
terion within 20 n mi. 
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during this run, thus enhancing somewhat the echo intensity out 
to and slightly beyond 100 n mi. 

The general improvement in shape and intensity correlation 
of storm targets in the 20- to 70 n mi range and deterioration 
within 20 and beyond 70 n mi at a flight altitude of 10,000 ft 
is demonstrated in figure 11. The antenna had been set to zero 
degree tilt and it is quite apparent that for the storms in the 
~O- to 70-n ml range the airborne radar was viewing nearly the 
same storm regions as the ground radar. Of particular interest 
is the improvement in echo correlation of storm 81 and deterio
ration of echo correlations of storm 32 in frame A8-l, 2 and 3 
with respect to their ground radar counterparts in frame G8. 

6.3 Penetration 

The penetration data obtained were generally inconclusive 
with regard to attenuation losses. A typical data sample, 
which may be considered representative of available correlated 

radar data, is shown in figure 12. All att ts to obtain 

Figure 12. Photo data 
sequence showing penetra
tion test typical of these 
obtained during letdown 
from the maximum range 
flight tests. The data 
set includes an RDR-lE 
(10 n m1 marks) photo data 
frame obtained at 20,000 
ft altitude (A9), and the 
!correspond~ WSR-57 (20 

G9-1 

,n m1 marks) 0 0 tilt inte
grated contour (G9-l) and 
2 0 tilt log contour {G9 -2) . . 
data frames. The generally excellent in-depth correlation 
between frames A8 and G9-2 indicates the negligible attenuation 
effects (see text for detailed discussion). 
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a radar presentation of a sequential array of convective storm 
cells at the same azimuth were made after completion of the max
imum range runs at a time when the storms were diminishing 
rapidly. FrameA9 shows penetration data for which a WB-R-57 
antenna tilt sequence was available (frames G9-l and G9-2). 
Frame G9-l shows integrated and contoured video signal at 0° 
tilt and G9-2 shows contour-mapped but not integrated video at 
2° uptilt. The bright spots in G9-2 are fourth-level contours. 
The almost exact correlation between frame A9 and G9-2 indicates 
that, within the resolution capabilities of the two radars, 
attenuation was not a significant factor. 

This result may be compared with the conclusions of the 
McGill report (Marshall, et aI, 1965) which indicate that for 
rainfall rates of less than 25 mm/hr, attenuation distortion of 
convective storms at X-band is not serious. For comparison, 
note that the fourth-level contour on the NSSL WSR-57 PPI dis
play defines a rainfall rate at .approximately 15.8 mm/hr, and 
that the X- and S-band attenuations for this rainfall rate (Med~ 
hurst, 1965) are approximately 0.240 and 0.33 x 10-2 db/km, 
respectively. 

7. SUMMARY 

, The perf,ormance capabilities and limitations of an improved 
.;X-band airborne weather radar when used for the detection and 
<identification of airmass convective storms have been considered 
'in this report. Typical characteristics of the storms were: 

Class 

Cell diameter 

Top heights 

Base heights 

Intensity 

Radar reflectivity factor 

Precipitation rate 

thundershower 

4 to 8 n m1 

35 to 40 thousand ft 

4 to 6 thousand ft 

light to moderate 

102 ~ Ze < 106mm6/m3 

0.65 ~ r ~ 25 mm/hr 

Within the rather narrow range of conditions explored, the fol
lowing conclusions appear to be valid: 

1. For the class of convective storms observed and ba.sed 
on knowledge of the significant radar parameters and the system 
geometry, the radar performance conformed to predictions of 
basic radar theory. 
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2. Detection and identification of the generally moderate 
convective activity actually encountered during flight tests 
are effective within the boundaries indicated in section 4 and, 
for altitudes between 10,000 and 40,000 ft, leads to the follow
ing approximate range and altitude partitions: 

a. Altitude: 30,000 to 40,000 ft 

104 ~ Z ~ 105 • 

i. Detection occurs at 200 to 300 n mi for 
e 

ii. Storm system patterns are identified at 
125 to 175 n mi. 

iii. Areal and intensity resolution of individual 
storms is critically dependent on antenna tilt and is generally 
restricted to a narrow range band centered on 75 n mi. 

b. Altitude: 20,000 to 30,000 ft 

i. Detection occurs at 175 to 250 n mi. 

ii. storm system patterns are identified at 
100 to 150 n mi. 

iii. Areal and 
storms is strongly dependent 
re"stricted to the range from 

intensity resolution of indivl~Jal 
on antenna tilt and is generally 
50 to 100 n mi. 

c. Altitude: 10,000 to 20,000 ft 

i. Detection occurs at 150 to 200 n mi. 

ii. Storm system patterns are identified at 
75 to 125 n mi. 

iii. Areal and intensity resolution of individual 
storms depends on antenna tilt and is generally restricted to 
the range from 20 to 70 n mi. 

The above limits are rough approximations. Obtained by a 
combination of direct observation, comparison with the storm 
model, and extrapolation, they are restricted to the type of 
storm defined as moderate in intensity and vertical development 
examined with airborne radar with the indicated specifications. 

3. For the types of storms considered here, the problems 
of detection and identification are primarily ones of radar 
beam and storm geometry and cannot be effectively addressed in 
terms of modifications to transmitter power and for receiver 
sensitivity. 
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4. The absence of appreciable attenuation in these tests 
follows predictions of radar theory. 

8. RECOMMENDATIONS FOR FUTURE STUDY 

The relative success of the simple model used in this 
study in accounting for th~ performance of the improved RDR-lE 
suggests the feasibility of developing a more complete model, 
encompassing a wider range of convective storms and storm systems, 
and boundary (operating) conditions. Such , a model, using the 
flexibility and speed inherent in digital computers, would pro
vide a better understanding of the airborne. weather radar problem 
and indicate, quantitatively, the practical performance limita
tions of existing and proposed airborne radars. 

t 

It is, therefore, reconunended that the present pilot study 
be expanded to define radar storm signature over the whole range 
of important meteorological conditions in order. to provide def
inite guidance for the application of radar technology in the 
aviation .weather system. 
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