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APPENDIX B

The performance of a weather radar may be considered under headings of
resolution and sensitivity. Decreasing the wavelength would increase both
these factors if it were not for an accompanying increase in attenuation by
rain. The attenuation works against the enhanced resolution by introducing
distortion, nearby precipitation patterns casting shadows on more distant
patterns. It works powerfully against the enhanced sensitivity; at shorter
wavelengths sensitivity depends more on the amount of intervening rain than
it does on the distance away of the target rain. The present report will not
deal with resolution, but will deal carefully with the matter of sensitivity.

The performance of a weather radar may be described by the equation

Pr 0 %h C ( 4F), (1)

where Pr is the power received at the radar, Po is the power transmitted,
h is the pulse length, A is the geometrical area of the antenna, F is
the sum of the back-scatter cross-sections of all the precipitation particles
in unit volume, and r is the range. Ae is the effective area of the antenna
for extended targets and is less than A. The exact value of Ae is not
easily determined. For this reason A only is retained in the equation and a
conservative estimate (i/2) is made for Ae/A. The term F is a factor due to
unknown causes which a careful experimental check by the M.I.T. Weather Radar
Project has hown to be about 115. Therefore we have allowed a value of 0.10
for factors in the bracket. It is felt that with these factors, Eq. (1) re-
presents the performance of a well-maintained radar as closely as present know-
ledv permits.

Equation (1) L; valid, provided the beam is filled with scatterers and
provided that attenuation due to intervening rain and atmospheric gases way
be neglected.

The back-scatter cross section of a raindrop is given, according to
Rayleigh'• approximation, as

IT5 n6 (2)

where D is the drop diameter, R a a2 - 1----- £ m being the complex refrac-
m2 + 2

tive index of water, and X is the wavelength of the radar. Rayleigh's
approxdmation is applicable (see Fig. 5x, Marsha-l, East and Gunn, 1952).

The sum of the sixth powers of the drop diameters in unit volume is
given by D6 = 2.0 R1 .6 -10 cm6 cm-3 (3)



where R is the rate of rainfall in juni hr-. (This relation is also quoted
from l.1arshall, et al (1952). ) It depends on the size distribution of the
drops, as obtained by Laws and Parsons (1943) and Larshall and Palmer (1948).

Combining Eqs. (1), (2) and (3), and solving; for R one obtains:

"-1
with all the quantities ill c.g.s. units, and R in mm hr . (Here AJAF has
been put equal to 0.10 ao discussed above.)

The mininum detectable rainfall Rm may bc calculated from this equation
if, for Pr, one uses the ia,.rdmum detectable signal poiier. At the 1952 Radar
Weather Conference such minimum values were reviewed (see Appendix I), and the
consensus of opeion seemed to be that min. detectable Pr is about 4 x 30-13
watts for both 3.2 and 5.7 c;.: radar. This :Js the value of Pr that will be used
throughout this report.

Puttirn; I1d2 = 0.93 (a value very ii.'arly indlependent of :'.avelength) we

revirite Eq. (4) for the rdimumzi detectable rainfall in morc convenient units:

R = 0. 0981 ( 2.50r 1 .25 0.6 25( -0,625 -1.25
5 .7cm) ( r) .o h (

(inn hr -) (mi) (5)

where d is the diameter of the (circular) antenna.

7lhen the beam is not filled by yr ecil itation at range r, the equation
needs to be "-.odified. The diam;eter of a circuari beam is (between half-
power points) r l.i4AJd; hence, if ,Ve view a storm of linear di:;ension L,
it follows that the beam .ill be just. filled at range re, such that

re 1 ML. (6)d

Beyond ro the beam .rill no loniver be fillad, and here Pr in Eq. (1) should be
proportional to r-4 rather than to r- 2 . Carrying through this modification,
a•l:ing care .t the tw'o form.; of &.. (1) sL aee a r r re, sults I
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3 ~ r ..... 2.. .JL..~-.625
Ri 0.0(218 (0 kyv 300

(mm hr-1 ) -2.50 - 1.(2 5

" L r * (7)

Equations (5) and (7) give tho iminimum detoctable rainfall v,'ithout allow-

ing for attenuation by intervening rain and by air and water vapor. Such

attenuation causes a drop in the received power, and may be alla'yed for most

easily by a corresponding drop in P., or an equivalent increase in RI.• in

the above equations.

AttenuaLion by rain :.iay be ew:prcs :ed acctrately by

radar attenuation by rain r 4 R A dr., (8)
(in ) b)

where

3.2 5.7 cm

K'I 0.0288 0.0094

I 1.3 .

Table I

provided R is in mm hr- 1 and r in miles (data from Marshall, et al (1952)).
The values of A are sufficiently close to unity to allow the simplification:

radar attenuation by rain = K x quantity of fntervening rain
(in dh) (in im hr- x miles) (9)

where K is only slightly dependont, on R. If R is about 30 mm hr-l,

K has the values:

3.2 5.7 cm

K 0.08 0.013 db/(rim hr-1 mi)

Table 2
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The attenuation by atmospheric gases (notably ox:ygen and water vapor)
varies vwth tenperature, prcs.iure and huiddity. Since the values are small,
only representative figures, corresponding to a temperature just above O°C,
standard pressure, aryl wiater vapor press re close to saturation, need be
used. Thus, the radar attenuation by gases, k, may be taken to be

S3.2 5.7 cm

k 0.054 0.036 db mi-1

Table 3

These values are taken largely from Ryde (1946).

There are, of course, a large numnbr of wayrs in 'kiich the variation of
the minimum detectable rainfall 'ith the various radar parank-ters, Aith in-
tervening attenuation and with the e-:tent and intensity of the storm to be
detected, may be displayed. One practical and useful way is to show the
intervening rain y (in jun hr- 1 x J~les), through which a storm of given ex-
tent and intensity may be detected, as a I\nction of range, r. Neglecting
attenuation by the gases, this relationship may be derived as follows. (It is
sketched in dashed lines in Fig. 1.

C /000 - - -- 'wthout allowing for

E gas attenuation

c - allovwirng for gas
attenuation

Q0

C

60 0 0

rang•e r (statiute miles)

Fig. 1
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AMI

The radar detects Rm (r) (the f-..Lrnimuin deL.ctable rainfall at range rp
as given by HEqs. (') or(7)). If one is only intercsted in detecting
Ro a more intense rainfall), then the difference in power

16db
10 log RM/

may be used up by attenuation. Thus

IKY -10u log (ft)' (10)

As lorng as the beam is filled with precipitation, Eq. (5) apslies for
Rm, and

20 16 lo

y 7- log r + Kio . (11)

Beyond rangc r., Lhe beam is no longer filled and instead of Eq. (ii) one
has (combining Eqs. (10) and (7)9:

16r+ log R
y1 -4-0 log r + o . (12)

Here C - and C' - (13)
rl.25 ~ r 2 ,5 0  (13

are consLants depending on the radar parameters, ;4fich may be obtained-from
4qs. (5) and (7). Plots of y and y' against log r are straight lines.

Allo;'ance for gas attenuation is easily made, simply by reducing, for
value of r, the value of y (or y') by an amount

.y= -4y' = ý1 (14)K "

This corriction is quite smiall, so that in spite of it, the plots of y or
y' vs. log r otill appear to be nuarly strai;ht (the solid lines of Fig. 1
and all lines of Fig. 2).

Thu cIfuit c" ,v ý .IL i: c:_.1.iasizcd hc'e. Loci of y or 54 are
th.ca-fore dra'.ri in pairs: one locus for 3.2 and one for 5.7 cr enuip!.cmt,
:;ijth all other paramneters unchanged. A typical example of such a pair

is sketchod roughly in Fig. 1.
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Of special interest in thf t, poiint of inLarsection (I) of the two curves.
The ordinate (yo) of this point is the intervening rain at which the two
wavelengths have the same ranpe. For lower values of y, the shorter wave-
length has the better ranpe; for hirher values of y, the longer wavelength
is much to be preferred. Neplectinp pas attenuation, yo turns out to be
independent of all radar parameters and of Ro and L, provided the beams are
either both filled or both unfilled, If the 3.2 cm beam is filled, but the
5.7 cm beam is not (a frequent case), yo turns out to depend somewhat on trans-
mitter power, pulse length, etc., but not on the antenna size. The effect on
Yo of the attenuation by the pases is penerally unimportant.

Figure 2 shows the final results of the calculations in the form out-
lined above; construction lines have been omitted and three pairs of loci are
given., each pair having one member of 3.2 cm and one for 5.7 cm. This chart
may best be discussed in terms of a particular pair of loci. the solid lines,
for instance, refer to transmitter power 120 kw, antenna aperture 18 inches
in diameter, pulse lenpth 300 meters, intensity of target rainfall 10 mm/hr.
For amounts of intervening rain up to 200 mm hr-I miles, the 3.2-cm equipment
gives greater ranges than the 5.7 cm,. With this much intervening rain, both
wavelengths have a limiting range of 31 miles. As one proceeds to Greater
amounts of intervenin- rrain, the range at D.2 cm continuesu to drop off very
rapidly, so that with twice this; wuAh interveningZ rain the range is about
7 miles. At 5.7 c::, on the otler hand, thc sc;LC 49'-0 mli/VI of r'ain drops the
range back by less than 15 per cent to 27 ridles. It was necessary to specify
the extoit of the target ,ihowerj since this deterr.dnes whether or not the target
precipitatLon completely fills the cross section of the radar beam. A shower
of linear d•i:ensions 3 rtiles higoh by 3 failes wide was chosen rather arbitrarily
for all curves. At 5.7 cm this target fills the beam of the 18" antenna at
ranges up to 21 miles, the narro-aer 3.2 - beam at ranges to 38 miles. Kinks
in the loci under discussion r.,ay be noted at those ranges.

The amount of intervening rain at ",hich the t,'ro wavelengths have the
same range, i.e., about 200 rm hr-< rmi, io not ve•ry m:uch in st,'my veather
situations, and so attenuation at 3.2 cm is seen to be a very serious diffi-
culty. It is not just a matter of the range being limLited, there is the un-
certainty whether one sees light rain through a srnll waount of intervening
precipitation or heavy tar :et rain through nnmch intervening y'ecipitation.

Let us now look at the alterntives. Reduction of the power by a fac-
tor 3 or of the minixium detectable target rainfall to 5 mm hr-I makes for a
serious further reduction in range (dotted lines). On the other hand, the
effect of increasing the si:e of dish is to e:,tend the rarge very consider-
ably (broken lines). Tihc rarlL:, i't '•,1 IOHLCV LIV)1,CQ, tI ,rie s bo iacen

57 miles in the clear, arnd 5 railes riath about 400 intervening .zm hr- 1 miles.
Effectively the srme result can be ac!,ieved by increasing the target rain-
fall to 50 mm hr-
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The chart shows three pairs of curves covering four sets of p:ararneters
at the two wavelengths. It is, hoaever, easy to construct Ibrther loci by
r:oving the lines, without changing their direction, in the following way.
(Such an extension of the chart is only approximate, as this 1'rocedure Should
really be applied to the construction lines of Fig. 1.)

To allow for variation in

(a) transmitter power PO, rmove curves vertically, changing the height of the

kink (or any other point of fixed range) by

y' - y = x (change in Po in db)

(Lo log Po'/Po),K

(b) pulse lenjth h, proceed exactly as for variation in Po,

(c) target rainfall Ro, move curves vertically, chanting the height of

the kink, etc., by

1.6
7' - y x (change in R. in db)

L6 log Ro'/Ro),

(d) antenna diameter d, move curves horizontally, adjusting the range
of the kink proportionately to d, (i.e. ro'/ro - d'/d);

(e) linear dimension of tarzet rain, L, move kink along left part of
locus (produced, if necessory) to a range proportional to L; (i.e. ro'/r 0

L'/L). Then draw right part of locus parallel to the right rart of the
locus initially given,

It is concluded fro,:, tLis investigation that attenuation by intervening
rainfall effects a very serious limitation to the sensitivity of 3 cm -fweather
radar. A frontal line o2 showers is likely to involve the passage of the
radar bear, through a few hundred mm hr-I miles of rain, probably, though not
cert-iily, les. than 5.0, Sensitivity- at 3 cm varies very rapidly :'rith the
amount of intervening rain, and this rapid variation in itself wvould leid
to uncertainty In interpreting signals. Five hundred mm hr- riles is enou0gh
to render 3 cm equipment , ractically inoperative.

7



At wavelength 5.7 cm, attenuution is appreciable but the s:mn:•itivity
changes i,.ore -radually with intcrvening rain, and the razve ,'oud never be re-
duced by uiore than 30 per cent. (This assi.:cns that the sho.:cr dous 11ot fill
the bcamn; in ill likelihood this vlil.L be the c::su at 1mitin. ran,,es with the
rclativoity small :ýize of in airborne antenna.) At this i,.volele L"-l, hoaever,
ia .'aill be difficult to achieve the iaximum desired ranges even in ciuar air.

The imost promising solution avould appfsr to be the use of wavelength 5.7 cm,
doinr everything possible in design and con:;truction to koel. up the sensitivity.
At the samie tmne, it i.,ay be reassuringi to note tJiat the raarge increases with
the intensity of target rainfall. The ranr;c is doubled in i:oin2 from the 10 nm
hr- specified h re to 60 mm hr-1. Uadar ob:,e,'vations on thunJTersho..rers almost
al.mys indicate inte;siti•;s of thii. order at the cove, or at any rat,; a core
condit:ion providing a signal e uiva1(%,t to 60 mm hr-l in radar reflectivity.

The twYo wavelengths :.ave been coipared only in sensitivity. For a
constant size of antoiuia, they will also differ in resolution: the shorter
wavelength will lmve a corruicniingly narro.'-er bcar. and corresiporinly
higher resolution. But attenuation ,'ill introduce iistortimn into the [ic-
tures, alteriii; outlines and c:nwtin,* shadow's of nearcr ;ho,;crs on more distant
ones. It may be t at the initially better resolution of toe shorter ,'ave-
lenýth .,dil be i.ore than cancelied out by attanuntion, in the ,ar.,-e . kas ,the
initially Li;hcr sensaitivity. Tie situation a'ith regrard to r•-olution and
distortion has not been studied; the best refurence to uatc .;oJ :y,,ear to be
Atlas and Panks (1951).
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TABLE 4

Performance of Radars of Different Wavelengths

This table is taken from a brief note (pages B-37/38) in the Proceedings of
the Third Radar Weather Conference, held at McGill University, 17-19 September
1952. The data represent the general consensus of the Conference, which com-
prised the majority of radar weather specialists.

1(cm) 0.9 1.25 3.2 5.6 10.0

Maximum available 20 40 350 300 1000
transmitter po.;er (Po, )k))

Minimurm receivable 1012 5 x i-13 4 x 101 3 x 1013 2 x 10-13

signal power (Pr, iatts)

Performance fTctor

(Po/Pr x ý - , relative 61 65 17 2.04 1

to 10 cm equipment)

Performncre level (db) 18 18 12 3 0

Attenuation (two-wyay transmission)

Cloud (lensity 1 gm m-3)} 3.2 1.75 0.28(db mi- ) .
Rain - db (ram hr-1 x mi)- 0.09 0.015 0.00
(at R - 100 mm hr 1 )
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