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ABSTRACT

This report describes the analysis of regults of a Lincoln Laboratory experiment
which consisted of a series of bisgtatic scatter and radar measurements of the
scaitering cross seciion per unit volume of rain and thinturbuieni layers. Resulis
of the experiment are presented as average and rms values of the ratio of the
bistatic scatter cross section as calculated using the radar data to the cross sec-
tion as measured with the bistatic scatter system. The goal of the experiment
was to test the precision of the approximaie description of scattering due to rain
and thin turbulent layers used in interference prediction.

The experiment utilized a 143-km scatter path from Avon, Connecticut, to the
Westford Communications Terminal that was operated at 7.74 GHz during the
summer of 1968 and at 4.515 GHz during the summer and fall of 1970, ‘Simulta-
neous radar observations were made with the Millstone Hill 1.295-GHz radar in
Westiford, Massachusetts, Scatter measurements were made using scattering
angles that ranged from 2° to 180°. The measurements showed that the approxi-
mate descriptions of scattering due to rain and thin turbulent layers adequately
describe the scattering process within the maximum calibration unceriainties of
both the bistatic scatter system and the radar. The average ratios of calculaied-
to-measured eross gectionfor scatteringby rainwere +1.2 dBat 4,515 GHz during
the summer of 1970 and —-1.6 dB at 7.74 GH-z during the summer of 1968. The
average ratio of calculated-to-measured cross secfionfor scattering by snow was
+2.1 dB measured during the fall of 1970, The average ratio for turbulent scatter

£a11
i

- ~
ari O

urements and 3,7 dB for the 1968 measurements.

iii




IL
IIL

VI

CONTENTS
Absgtract

Introduction
Brief Experiment Description

Review of the Approximate Descriptions of Rain
and Turbulent Layer Scatter '
Measurements

A, Fall 1970

B. Butmmer 1970

C. Summer 1968

Analysis of Data
A, Best Estimate Comparison
B. Discussion of Regults, Hydrometeor Scatter

C. Discussion of Results, Turbulent Scatter

Conclusions

Acknowledgment

References

iii

14
14
27
33

35
35
39
41

43
44

45



ANALYSIS OF DATA FROM THE AVON-TO-WESTFORD EXPERIMENT

1. INTRODUCTION

Interference between communication systems located beyond each other's radio horizon
and operating at the same wavelength in the centimeter or millimeter bands may be caused by
one or more of the following propagation phenomena — rain scatter, turbulent layer scatter,
ducting, or terrain diffraction. The Avon-to~-Westford experiment was conducted to investigate
the precision of the approximate descriptions of two of these phenomena — rain scatter and thin
turbulent layer scatter — currently used in estimating inter‘fe]:‘ence.i’2 Simultaneous measure-
ments of scattering from either thin turbulent layers or rain cells were made using the Millstone
Hill L-band radar and either an X-hand or a C-band bistatic scatter system operated between
Avon, Connecticut,” and the Westford Communications Terminal, The monostatic (radar) meas-
urements and the approximate descriptions of the bistatic scattering process were usged to com-
pute the expected transmission loss for the bistatic scatter system. The expected and measured
transmission loss values were then compared.

The X-band bistatic measurements were made during the summer of 1968 and a report,

"A Comparison Between Monostatic and Bistatic Scattering from Rain and Thin Turbulent Layers"
was issued that described the equipment and a preliminary analysis of the data. The C-band
measurements were made during the summer and fall of 1970. A description of the radar and

the C-band equipment and a preliminary examination of some of the summer data are given in
"Description of the Avon~to-Westford Experirnent."4 The latter report also discussed the approx-
imate descriptions of the two propagation phenomena of interest and described the method used

to compute the expected transmission loss for comparison with the bistatic system measurements,
This report provides an analysis of the data from both the C- and X-band experiments, The
equipment descriptions are provided in Refs. 3 and 4 and will only be augmented and summarized
here,

The X-band measurements were conducted between 29 July and 9 August 1968, During this
time period 86 hours of observations were obtained with the bistatic scatter system and 76 hours
of observations with the Millstone Hill L-band radar. Approximately 30 percent of these chserva-
tions were of rain scatter. Most of the rain observations were not useful for comparison because
clear lines-of-sight were not present between the antennas and the rain cells. Useful simulta-
neous measurements were obtained during only four hours of the measurement period, For these
measurements, the data showed the computed transmission loss to be 1.6 £ 0,5 dBY higher than
the measured transmission loss (the measured received signal level was 1.6 dB higher than the
computed signal level; the ratio of the calculated-to-measured scattering cross section per unit
volume was —~1.6 dB),

The C-band measurements were conducted beiween 20 July and 31 July 1970 and between
26 October and 13 November 1970, During the earlier time pericd, 61 hours of observations with

bi

static system and 70 hours of observations with the radar system were ohtained. Of these
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observartions approximately 30 percent were for rain scatter and, of the rain scatter measure-

ments, approximately 4 hours of useful simultaneous measurements were obtained, For these

* 5ite provided courtesy of Station WTIC, Hartford, Connecticut.

t That is, the mean of the logarithm of the ratio of computed-to-measured transmission loss is
estimated to be 1.6 dB with an uncertainty (30} of 0.5 dB.
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TABLE |

AVON-TO-WESTFORD X-BAND BISTATIC SCATTER SYSTEM

Frequency

Antenna 1

Gain Antenna 1
Beamwidth Antenna 1
Poiarization Antenna 1

Antenna 2
Gain Antenna 2
Beamwidth Antenna 2

Polarization Antenna 2
Trensmitted Power
Transmitted Signol

Receiver

Receiver Bandwidth
Recelver Noise Temperature

Maximum Measurable Transmission
Loss

Path Length

Data Processing

7.74 GHz {3,88-cm wavelength)

60~foot parcboloid with Cassegrainian feed
59.4+0.7 dB

0.15° between half-power points
Left-hand circular

Standard gain horn or. 6~foor parabeloid
with prime focus feed

18.2 £ 0,2 dBi for horn
39.5 £ 0.3 dBi for 6-foot paraboloid

e T Vaw CL0 U paraboori

23° for horn
1.5° for 6-foot paraboloid

Horizontal for either antenna
Variable 1 W to 500 W

CW with frequency stability of 1 part in 1010 per day
Phase lock

560 or 2880 Hz

~&00°K (including atmospheric and ground effecis)

200 dB for horn
220 dB for 6-foot paraboloid

143 km

Received signal AGC voltage and local escillator
frequency sampled 20 times per second
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measurements, the computed transmission loss was 1.2 £ 0.4 dB lower than the measured trans-
mission loss, For 38 elevation scans obtained during the fall of 1970 series of measurements,
the computed transmission loss was 2.1 £ 0.7 dB lower than the measured value, These compar=
isons between the estimated and measured transmigsion loss values for hydrometeor scatter show
that within the 3.7 dB combined measurement accuracy of both the radar and bistatic scatter sys-
tems for 1968 and the 2,7 dB combined measurement accuracy for 1970, the simple Rayleigh
scattering theory for spheres when applied to scattering by hydrometeors provides an adequate
estimate of the transmission loss.

Simultaneous measurements of thin turbulent layer scatter were made throughout each meas-
urement period. Radar data obtained between 1440 and 1630 GMT on 2 November 1970 were free
of cloud and ground clutter contamination for heights below 5 km. A comparison between the
bistatic measurements and radar estimates for this time period shows the ratio of estimated-to-
measured transmission loss to be 0,8 £ 1,2 dB., The data indicate agreement between prediction
and measurement within the measurement accuracy of the bistatic scatter and radar systems.

The magnitudes of the means of the logarithms of the ratios of measured-to-computed irans-
mission loss for measurements of scattering by rain or snow are smaller than the maximum
possible measurement error for each of the measurement periods, The rms fluctuationg in the
logarithm of the ratios were, for the élear lines-oi-sight cases, 3.7 dB for the C~band measure-
ments made during the summer of 1970 and 3,2 dB for the X~band measurements made during
the summer of 1968, These values compare favorably with the estimated 3.2 dB rms value based
upon an analysis of the equipment and measurement techniques used (see Table V, Ref,4), Al-
though the estimate of the mean of the logarithm of the ratio of measured-to-computed transmis-
sion loss is within the maximum possible equipment calibration error, the actual calibration
error is most likely to be smaller and the differences may be significant. A possible reason for
the observed difference is the use of Rayleigh scattering theory for dielectric gpheres in the
calculations. The hydrometeors are, in general, not spherical and the exact {Mie) scattering
cross section for sphereg is slightly different from the Rayleigh estimate. Computations based
upon Rayleigh scattering from spheroidal particles bring the C-band measurements and calcula-
tions into closer agreement (see Section V.B.). Computations based upon exact theory for spheres
bring the X-band measurements and calculations into closer agreement, The use of the simple
Rayleigh scattering theory for dielectric spheres does, however, allow prediction of the trans-

mission loss within 2 dB for the combinations of transmitter and receiver polarization used.

1I. RBRIEF EXPERIMENT DESCRIPTION

The bistatic scatter and radar systems used for the three experiment pericds, summer of
1968, summer of 1970, and fall of 1970 are described in Refs. 3 and 4. A brief summary of the
equipment parameters are given in Tables I to IIl. Table IV presents a summary of the meas-
urement accuracies of each of the systems. The accuracy estimates for the X-band system are
derived from the values given in Ref. 4 for the C-band system. The larger error in the ratio of
estimated-to~measured transmission loss for the X-band system reflects the uncertainty in the
calibration of the variable attenuator inserted between the antenna and receiver to increase the
dynamic range of the Millstone Hill L.-band radar. The accuracy, repeatability, and precision
values given in Table IV describe the possible difference between the measurements made by
each system and measurements made with an ideal, error-free system for all the measurements

made (accuracy}, the additional possible difference for measurements made during a single scan



TABLE Il

AVON-TO-WESTFORD C-BAND BISTATIC SCATTER SYSTEM

Frequency

Antenna 1

Gain Antenna 1
Beamwidth Antenna 1
Polarization Antenna 1

Antenna 2
Guain Antenna 2
Beamwidth Antenna 2

Polarization Antenna 2
Transmitter Power
Transmitted Signal

Receiver

Receiver Bandwidth
Receiver Noise Temperoture

Maximum Measurable Tronsmission
Loss

Path Length

Data Processing

4,515 GHz {6.644~-cm wavelength)

60-foot pcro,bdioid with Cassegrainian feed '
55.5+ 0,7 dB

0.2° between half-power points

Vertical

4-foot paraboloid with prime focus feed
Standard gain horn

32.8 £ 0.3 dB for 4-foot paraboloid
18,1 £ 0,1 dB for horn

3.5° for 4-foot paraboloid
22° for horn

Vertical for either antenna

Variable 1 W to 1 kW

CW with frequency stability of 1 part 1010 per day
Phase lock

560 and 2880 Hz

~2000°K

190 dB
143 km

Received signal AGC voltage and local cscitlator
frequency sampled 20 times per second




TABLE Il

MILLSTONE HILL L-BAND RADAR

Summer and

Summer 1968 Fall 1970
Frequency 1.295 GHz (23.2-cm wavelength) 1.295 GHz
Antenna 84-foot paraboloid with Cassegrainian feed
Antenna Gain 47.2+0,3d8 46,7+ 0,3dB
Beamwidth 0.7° 0.7°
Polarization Right-hand circufar transmit, left=hand circular receive
Transmitted Power 3.3 MW peak 3.3 MW peak
Pulse Length 10.0 psec 12, 4 psec

Pulse Repetition Rate
Receiver Bandwidth

Data Processing

Computer Sampling Rate
Detection

Dynamic Range

System Noise Temperature

System Line Losses (transmit
and receive)

Matched Filter Processing
Loss

Single Pulse Z_ Value for Unity
Signal-to-Neise Ratio

120 per second
80.5 kHz

Analog-to-digital conversion of the
channels every 10 usec

20 per second

120 per second
B0.5 kHz

IF sine and cosine

20 per second

Square law by computer operations

40 dB*
28G°K

2.2dB
1.4 dB

—30 dBZT at 100 km

80 dB
280°K

2.8dB

1.1d8

~30 dBZ at 100 km

* Increased to 80 dB by a manually adjusted variable attenuator in the transmission line

between the antenna and receiver,

1 dB relative to Z = 1 mm‘f’/'mg.




MEASUREMENT ACCURACIES
Accuracy Repem'rt:ll:;ifi'ry‘I Precision?
Measurement {dB) (dB) (dB}

L-hand radar

Measurement of Z_ — 19703 1.4 0.2 0.7
L-band radar

Measurement of Z, — 19684 2.4 0.2 0.7
C-band bistatic scatter system

Measurement of L° 0.4 0.8 1.7
X-band bistatic scatter system

Measurement of L 0.4 0.8 i.7
Ratio of estimated-to-measured transmission h:>ss6

for C-band system, Summer and Fall 1970 2.7 3.2 i.8
Ratio of estimated-to-measured transmission loss’

for X-band system, Summer of 1968 3.7 3.2 1.8

Notes:

1. Accuracy and repeatability are reported as the maximum possible uncertainty {equivalent

of 3 standard deviations for a Gaussian process),

2. Precision is reported as an rms value (equivalent of 1 standard deviation for o Gaussian process),

From Bg, Table IV, Ref.4.

4, Accuracy value is increased by 1 dB due to an uncertainty in the calibration of the attenuator

used to increase receiveér dynamic range.

5. From (P./P,), Table Il, Ref.4. This value is used for both the X~ and C-band systems since

the receiver systems were identical,

4. From all data, horn, Table V, Ref. 4.

7. From all data, horn, Table V, Ref.4 with the accuracy estimate increased by 1 dB due to

attenuator calibration uncertainty,




{repeatability), and the additional possible difference for a single 2.5—sec average radar meas-
urement or 6-gec average bistatic scatter system measurement (precision).

The scatter path used for the bistatic measurements is shown in Figs, 11 and 12 of Ref. 4.
The transmitter foreground is depicted in Fig. 13 of Ref, 4. The receiver foreground is not de-~
picted but, for all azimuthal angles and 280°, the L-=band
radar and the X- or C-band bistatic scatter system receiver antenna patterns within the receiver
resolution volume polar angle are above the local horizon for a 1° elevation angle. (See Fig. §,
Ref, 4, the X-band system resolution volume polar angle is smaller than shown in IFig. 8.) The
antenna beams are above the local horizon for all azimuth angles between 140° and 320° at eleva-
tion angles greater than and equal to 1,5°. Using the angular position of the tops of the trees
shown in Fig. 13 of Ref, 4 to define the local horizon at Avon, the area having clear lines-of-sight
from the transmitter to the scatterer to the receiver is depicted in Fig. 1 for a 1.5° elevation
angle at Westford. The area was compuied using spherical geomeiry and a 1.23 effective earth
radius to correct for refraction. )

Figure 2 of Ref, 4 shows the transmitter van in position and the obstructions behind the trans-
mitter. For azimuth angles between 100° and 360° relative to the transmitter, two rows of trees
provide obstructions up to 60° elevation angle. These obstacles limit the area for useful compar-
ison measurements as shown by the héavy dot dashed lines in Fig.1. The radar ground clutter
is excessive out to a range of 60 km and, at elevation anglies above 1,5° relative to the Westford
receiving antenna, the 60 km minimum measurement range limits the area for useful comparison.

During the summer of 1968 and the summer of 1970, rain scaiter measurements were made
whenever rain was detected at ranges in excess of 60 km from the Westford, Millstone Hill an-
tenna complex, The measurements were made by pointing the transmitting horn anienna in the
direction of the largest rain cells and scanning the Westford and Millstone Hill antennas in azi-~
muth at a fixed elevation angle (azimuth scan) over a range of azimuth angles including the rain
cells. The Westford and Millstone Hill antennas were scanned at a constant angular rate with
both antennas pointed in the same direction. During the fall of 1970 the measurement scheme
was modified to make elevation scans at fixed azimuths rather than azimuth scans at fixed eleva-
tion angles.

Turbulent scatter measurements were made using either the horn or dish antennas (4-foot
paraboloid at C-band or 6-foot paraboloid at X-band} to illuminate the great circle path and ele-
vation or azimuth scans with the Westford antenna, The Millstone Hill radar rmade only elevation
scans when turbulent layer scatter was being observed, The Westford and Millstone Hill antennas
were scanned in synchronism (pointing at the same elevation and azimuth angle) only for the tur-
bulent layer measurements made during the fall of 1970,

Additional weather radar data were provided by an on-site S-band AN/FPS-18 radar, by the
C~band AN/FPS5-77 weather radar operated by the Air Weather Service at Hanscom Field, and
by the §-band AN/FPS-66 weather radar operated by the Weather Radar Research Project of the
) Department of Meteorology at M. I, T. These additional data were used to position the chservation
volumes for the Millstone Hill L-band radar and the bistatic scatter systems and to ascertain
whether rain occurred within the 60 km ground clutter range to the Westford, Jillstone Hill
antenna complex. In addition, the Air Weather Service at Hanscom Field provided Ka-band
AN/TPQ-11 cloud radar data for use in assessing the vertical profiles of clouds and turbulent
iayers and the Air Force Cambridge Research Laboratory (AFCRL) provided special radiosonde

measurements for determining temperature and wind profiles during the measurement program,
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During the three measurement periods, AFCRL provided between 1 and 2 special radiogonde

flights per day for use in post test analysis.

III. REVIEW OF THE APPROXIMATE DESCRIPTIONS OF RAIN

AND TURBULENT LAYER SCATTER

Bistatic scatier from rain and thin turbulent layers may, for the X- and C-band frequencies
used in this experiment, be described by single scattering theory.5‘6 Using single scattering

theory, Rayleigh scattering theory to describe scattering from hydrometeors, and assuming that

rr o] the franamisainn Tacs far o0 hiat
iudl, LNC Wldllsiiiionilll 1USS 100 d 01si

when the spatial distribution of hydrometecrs is known. Reference 5 provides a detailed deriva-
tion of the bistatic radar equaiion for scatiering by rain. Equation (22) of Ref. 5 provides the
usual starting place for the derivation of an approximate expression for transmission loss. This
equation is identical to Equation (1) of Ref, 4 alter correction as indicated in the erraia sheet with
the exception of the integration over the drop size distribution, The starting equations are repro-

duced here for ease of reference:

2 X d
| Py G607 dx -(1/10)[[0 ads+ [ ggds}
BT T g,8,8(5) ——= 10 ~ (1)
Pt L (471)3 ‘BVol 172 xzpz
;
| pix) = 22 U0 - sa,e,x) - 0, |2 Tia,x) da v (2)
i % kz 1" 2 % 2 %
| p=4d-3%
where
L = transmission loss
Pr = received power
Pt = transmitted power
G1 = receiver antenna gain
G‘2 = transmitter antenna gain
11*"12 = receiver and transmitter losses (factor < 1)
A = wavelength

£1:8p = normalized radiation pattern of the receiver and transmitter
antennas (directivity)

g = scattering cross section per unit volume
x, p = position vectors of magnitude x and p, respectively
QJ = position of receiver relative to transmitter {or vice versa)
ko= 27/A
S = seattering amplitude tensor for a hydrometeor of dielectric

constant € and shape parameter a



N = average number density (number per unit volurne per unit a}
of hydrometeor scatterers of parameter a
AA \ s L . . . :
Uy, Uy = unit vectors describing the polarization properties of the transmit
and receive antennas (unit vectors in the direction of the electric
field vector)

o = gpecific attenuation (dB/km).

The eguations given in Ref. 4 are correct when the expression §, - Bs- {\12 in the report as

1
e . . A 2 .
originally published or the expression |u4 - 5. /1\1.,| in the report as corrected by the errata
4 s e . -
sheet is changed to 5(x) as given in Eq. (2) above., The equations presented in Ref. 4 are for ¢ =0
or no attenuation. Equation (7) of Ref. 4 gives the expression for Blx) for Rayleigh scattering

by dielectric spheres and is repeated here after correction.

o 1°2(x) |x|?
{)-|A.(’\ A_,_,k\)/f) .A'Zi—ﬁ_u_ : 3
Aix) = [uy - (3 cosga, +byby) - u, 4 (3)
where
Qi’ '3‘2 = unit vectors in the plane of scattering (plane including transmitter,
receiver, and x)
~ ~
bi' b2 = unit vectors perpendicular to the plane of scaitering
¥ = scattering angle
2 2 : .
I%]“ = lte —1)/te + 2)|°, € = dielectric constant for hydrometeor
r\ 4 ‘
Z(x) =3 (2a)” 7 (a, x) da
a

a = dielectric sphere radius.

Using these equations, assuming that attenuation may be neglected as was done in Ref, 4,
and noting that the scattering volume is defined by the receiver antenna and the rain cell along

the receiver antenna beam,

AR L ab)
z

A A
u, (&) cos¢d, +byby) " U, ; (4)

where

7% x| 2 L. -17
A, =T~ q, ( g, (2 dQ - 10
Jo

B g4)®
. . 6 3 . . . . .
when Z is expressed in mm /m”; D, pin km; Ain cm; Qm is the resolution solid angle (see
Fig.8, Ref.4); and D is a distance that defines the effective volume along the beam that ig occu-~
pied by the scatterers, (See Eq.(3) of Ref.4.) For thin turbulent layer scatter, the equation for

Blx) is given by {Eg.10, Ref. 4 alter correction}:

0.378 C 2 (x)
n ~
11/3

N

~ 2
cos ¢ a, +bb,) - Sal

A
u

A
pixy = [u - (=

/\1/3 {sin ¢ /2)

10



and the approximate expression for transmission loss as given by (Eq. t1, Ref. 4):

c°p
1 A AL DN A2 T . o@.-11/3
T T 2(,o)]u (8, cos¢ @, +b,b,) UZ,‘ pz (sin 3} (6)
where
C 2 = the structure constam,2 a meteorological parameter that describes
the intensity of random fluctuations of the index of refraction of the
clear atmosphere in the inertial subrange
and
5/3
AT=176A S‘m Q) da - 1077

(4m)

when Crf is expressed in mdz/‘?’, Ain em and D, p in km.

identical with the form of

)
mismatch factor, m, may be introduced,

the equations used in Refs, 4 and 5, the peolarization mism 1 5
A A FaS AN Fal 2
m = |u1 (a, cose a, +b b)) - uzl . (n

Equation (4) provides the approximate description of rain scatter used by the Internationat
Radio Consultative Committee ('CCIR)1 in the preparation of procedures for determining the pos-
sibility of interference between different communication systems. The goal of the Avon-to-
Westford Experiment was an experimental determination of the error involved in using these
equations, The measurement program provided radar estimates of the distribution of Z(x) and
direct bistatic measurements of the transmission loss, L. The remaining factors in Eq. (4) are
known from either the radar measurements or were assumed from Rayleigh and single scattering
theory. The differences between the measured transmission loss and the values computed using
Egq. (4} can be either due to calibration errors in either the radar or the bistatic scatter systems
or an inadequacy of the assumptions, Although Eg. (6) does not represent a description currentiy
used in interference predictions, it was also tested because of the parallel formalism to the equa-
tion for rain scatter, the availability of data, and the hope it may provide a better basis for the
prediction of tropospheric scatter due to turbulence than the one currently used by the CCIR,

The equation relating the received power obtained with a radar for a particular range reso-
lution cell to the per unit volume scattering cross section of either rain or atmospheric turbulence
may be obtained from Eq.{1) by letting antennas 1 and 2 be the same and intreducing the limitation
to the scattering volume provided by the radar pulse, The general form of this equation is given
by Eq. (6) of Ref. 4 and, for measurements of either rain or turbulent scatter, Egs. {13 and (14)
of Ref. 4 provide the relationships between the equivalent reflectivity or the equivalent structure
function, the equipment parameters, and the reported measurements, Prrf. The equivalent
reflectivity, Ze’ or the equivalent structure constant, ane’ provide a means of expressing the
measured radar cross section in terms of a cross section per unit volume and the estimaied
meteorological parameters, Z or an. To express the measured cross section in these terms,
prior knowledge must be available about the physical state of the scatterers. For hydrometeors,
the scatterers must be spherical rain drops of a known temperature. Since generally neither the

state nor the temperaiure of the hydrometeors is known, the equivalent Z wvalue, Z’e’ is formally

11



computed using the equations for spheres of water at a convenient temperature (0°C) with Z the
unknown. In a similar fashion, the equivalent structure constant, Crfe’ may be formally defined
and used as a2 measure of the gcattering cross section per unit volume.

The equation for Ze is given by (Eq. 13, Ref. 4)

2, 17 5 ,
z, = 5_7\_‘;0___._ P.r, {mm6/m3) (8)
7=l CcLP.d
Rt
8. .2
= 7,43 X 10'13]:_1‘12 (19°70) -
= 5 40 X iOSPrriz (19638)
where
d-= % with 7 = pulse length and c = velocity of light,
2.2
C * S fﬂm g2 (mde =567 (m%)
= 3 ? =5, m '
R un?do 1

Pr is in watts, and riz is in km. The expression for Cje is given hy

© 1612 x107 132 (m™ %/
ne e

C } . (9)

The consiants in Egs. {8) and (9) are found from the values listed in Table III and Eq. (9) holds
only at the 1,295 GHz radar frequency due to the differences in frequency dependence of the scat-
tering processes as given in Egs. (3) and (4},

The equation for transmission loss used to compute the expected value for comparison with

the measured value is. from Eqg. (15}, Ref. 4,

1oa, Vapaz 4 (10)
T = 4R lei)‘ ‘e T2 {10)
i LRy

where AR is given by Eaq. (), Mi is the polarization mismatch given by Eq. (7}, and & summation
of the contributions reported by the radar for each range cell {i) of length d along the beam is
used instead of the cell defined length D given in Eq, (4), From the definiticn of D, Eq.{3), Ref. 4

Satgay T A%
T TAlry T Zey
3 -
L Zd =Z(g,)D

12



Using the values in Tables [ to III, the transmisgsion less for rain is

)z M,
1 _| v 1
ST 2 c (1)
ti=ti J
where
C=5.152x10 10 ,  4-foot antenna, C-band (1970)
=1,746 X 1.CJ-"l7 s horn antenna, C-band {(1970) -
= 8,43 X 10'-15 s 6-foot antenna, X-band {1968}
L oA \,,,\'17 1 . < 1 PRPIPR
=6.25 X 10 , horn antenna, X-band (1968},

The transmission loss for turbulent layer scatter was similarly computed using

2

1 [v gz(p)M / Cnei \I @1\_“/3]" ) -
e I.I:’l (Pi)z \1 612 x 10 13/ \Sm z ) Jb' F (42)

where
F =0.,0128 C-band (1970}

1,009 X-band (1968),

n

Since the quantity (anei/i.ﬁiz x 1013 is identical to Ze, [see Eq.(9)], Egs.(11) and (12) show
that the predictions of transmission loss forrain and for turbulent layers differ only by the
(sin <,Di/2) ~i3 factor and a constant factor, F. This is true only for Rayleigh scatter with the
polarization mismatch factor given by Eq. (7).

The combinations of transmitter and receiver polarizations used for the X-band and C-band
measurements were different. For the C-band measurements both the transmitting and the re-
ceiving antennas were vertically polarized. The X-band measurements were conducted with the
transmitting antenna horizontally polarized and the receiving antenna left-hand circularly polar-
ized. The polarization mismatch factor was computed for both the X-band and the C-band polar-
ization combinations by calculating the Cartesian components of each of the vectors indicated in
Eq. (7) and forming the dot products. The Cartesian coordinate system had its origin at the scat-
terer, with R directed due south, 9due east, and Z vertical. The pelarization vectors for each
of the antennas were transformed to this coordinate system from similar coordinate systems
centered at each antenna using a series of Euler angle r‘otations7 to keep track of the spherical
geometry for propagation over the earth. The equations for each of the required vectors are
given in Sec. 3, Ref. 4. The polarization vector for the circularly pclarized X-band receiving

antenna is expressed as

[

F4S

N2
A . . ' . :
where Gr and hr are the unit polarization vectors for vertical and horizontal polarization, respec-

tively, for the Westford anternna and i =~ —1. Using these equations, the polarization mismatch

factors for vertical-to-vertical and for horizontal-to-circular polarization are given in Fig. 2
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for azimuth angles of the scattering locations relative to the Westford site varying from 140° {o
320°, the elevation angle fixed at 1.5°, and ry equal to 100 km. The figure also shows the iso-
tropic scatter idealization. The vertical-to-vertical polarization mismatch is within 0.25 dB of
the isotropic idealization for the range of geometrical configurations used in the experiment, For
the horizontal-to~circular polarization case, a considerably higher transmission loss is obtained
fless signal received) than for isotropic scatter and linear-to-circular polarization (-3 dB). The
horizontal-to-circular polarization case provides less transmission loss than horizontal-to-
horizontal for a scattering angle of 90° due to the small vertical component of the incident field

present ai the scatterer,

IV. MEASUREMENTS
A, Fall1970

During the fall 1970 measurement period data were acquired using elevation scans. Both
the Millstone Hill radar and the Westford é60-foot antenna were scanned so both antennas were
pointed at the same elevation and azimuth at the same time, Measurements were made during
normal working hours on 10 days between 26 October 1970 and {3 November 1970. The weather
was clear on three of the days, 27, 28, and 29 October, overcast on 12 November, and was over-
cast with intermittent light rain, drizzle, and fog on the remszining six days, 26 October, 2, 5,
10, 14, and 13 November. On days with rain or drizzle, the melting layer varied in height from
1.3 t0 2.7 km. Scattering was observed from turbulence, cloud particles, and hydrometeors. The
hydrometeor type responsible for most of the scatter observations was snow above the melting
layer. The cloud particle type observed was ice crystal in thick eirrus (cirrostratus) cloud lay-
ers. The scaiterers cbserved were generally horizontally stratified being either turbulent layers,
cloud layers, or widespread rain. The scattering cross section per unit volume for these layers
changes relatively slowly in the horizontal direction and relatively rapidly in the vertical direc-

tion. For this reason, the elevation scan mode of observation was used.
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The weather on 2 November 1970 was typical of much of the entire fall 1970 measurement
pericd, overcast changing to drizzle then to intermittent light rain. Millstone Hill L.-band radar
observations for the time period 1446-1450 GMT (0946-0950 local time) are presented in a com-
puter generated range height indicator (RHI) display on Fig. 3. The observations were made at
an azimuth of 229.5° which is within 0.1 ° of the great circle path between Avon and Westford.

The scattering cross section per unit volume is indicated by the shade of each elemental display
area (0.3 km X 0.9 km). One dot in a display area indicates that the equivalent Z value was be-
tween —30 and —25 dBZ (1.6 x 10 16 m™2/3 ¢ Crfe 5.1 x107 18 72/3) L1 cach acditional dot
represents a 5 di3 higher value. For a Z(3 value greater than 1 mm6/m3, the dots were not dis~
played. The upper layer is blank at a height of 9 km for surface distances between 60 and 80 km
indicating a Ze value greater than 0 dBZ. The data depicted in Fig. 3 show little change with sur-
face distance, The horizontal stratification of the data is also shown in Fig. 4. The data displayed
in Fig, 3 were horizontally averaged over a 22,5-km surface distance interval and plotted vs height

in Fig. 4. The horizaontal intervals used are indicated by A, B, and C on Fig. 3.

*dB relative to Ze =1 mmf’/m3.
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Two strong layers are evident in the data and are labeled the upper and lower layers. The
data also show two layers above 10 km which are indicated by short horizontal arrows. Both
layers above 10 km are caused by turbulence and the lower one is at the height of the tropopause.
The layer labeled as upper corresponds to visually observed (from aircraft) cirrostratus cloud.
The lower layer coincided with a visually observed low stratus cloud. The 0°C isotherm and
cloud base shown on the figure were obtained from a radiosonde observation made at Hanscom
Field approximately three hourg later (1800 GMT). The high turbulent layers are readily identi-
fied as turbulent because they are situated in a cloud free region. The cause of the lower layers
labeled upper and lower is more difficult to ascertain from the radar data alone because the layers
may be caused by the observed clouds, by turbulence within the clouds, or by both. Cirrostratus
clouds often have reflectivities of greater than 1 mm6 /m3 (Ref, 8), The identification of the upper
layer as caused by cirrostratus cloud, therefore, is reasonable although simultaneous U-2 air-
craft, Millstone Hill L.-band radar c:)bservationsg often showed turbulent layers within cirrostratus
clouds. The lower cloud layer is in a much warmer region of the troposphere and is composed
of water particles. The Ze value for water clouds is typically —30 to —20 dBZ. Clouds producing
large droplets may, however, have Ze values of -5 dBZ as observed at the peak of the lower layer.
Since a number of turbulent layers below 5 km could also produce the profiles given in Fig. 4,
the cause of the lower layer may not be determined without additional data.

Transmission loss data obtained from the Avon-to-Westford bistatic scatter system simulta-
necusly with the data shown in Figs. 3 and 4 and over the following haif hour period are shown by
the dots on Fig. 5. Each dot represents a 6-second average of the received power and corresponds
to a measurement made with the radar system. The expected transmission loss values computed
from the radar data using either Eq. (11) for rain or clouds or Eq. (12} for turbulence are shown
by the dashed and solid lines, respectively, for each elevation scan. The scans were made along
the great circle path. Figure 6 shows the positions of the antenna beams during an elevation scan
along the great circle path for the Avon antenna and pointing angles used for obtaining the trans-

mission loss data given in Fig. 5. The heights corresponding to the minimum Ze or Cr?e values
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between the two layers are between 5 and 6 km and from Fig.6 correspond to Westford eleva-
tion angles between 2.5° and 5° depending upon the surface distance. The expecied transmission
joss values show that the maximum transmission loss values corresponding to the Ze or Cje
minima occur at elevation angles between 4° and 5°,

The transmission loss values computed assuming that the lower layer was caused by turbu-
lence are in good agreement with the measured values for Westford elevation angles below 2.5°.
A comparison between each é-second average transmission loss measurement and the calculated
trensmission loss value obtained from simultanecus radar measurements using Eq. (12) {turbu-
lence) for elevation angles below 2.5° shows the average of the ratio of the measured -to-r_:omputed
transmission loss {(computed-to-measured received power) is 0.7+ 1,8 dB (-0.4 + 1.8 dB aftier
correction, see Section V). At elevation angles above 2.5°, coupling via the sidelobes of the
Westford antenna provides the dominant contribution to the required signal., Sidelobe coupling
was generally detected using Doppler shift measurements (see below). Calculations based upon
ithe hypothesis that the lower layer is a cloud layer [Eq. (11}] result in an estimated transmission
loss that is approximaiely 27 dB too high (27 dB lower received signal). The transmission loss
measurements therefore indicate that the lower layer is caused by turbulence even thcugh cloud
particles are also present,

The antenna beam positions depicted in Fig. 6 show that the beam intersections span a large
horizontal distance and scattering volumes at ranges shorter than 60 km should contribute to the
bistatically scattered signal, The calculations of expected transmission loss using either Eq. (11}
or (12) start ai the 60-km range, radar data for shorter ranges being contaminated by ground
clutter. The horizeontal homogeneity indicated by the nearly identical profiles A, B, and C in
Fig. 4 suggests that the layers also extend to the shorter ranges not included in the computations

A 4
a L

ganarata th
O generaie u

use the expe
are not for the entire scattering volume, the actual expected transmission values should be higher
than those reported in Fig. 5, The local horizon in the direciion of the great circle path is at an
elevation angle of approximately 0.7° and is caused by coniferous trees. The tree shown on the
path in Fig, 13, Ref, 4, causes a new, higher horizon of +2,3° but, since the tree is deciduous and
was bare of leaves during the f2ll 4970 measurement period, should not cause shielding, The
beam for the <4-foot antenna at Avon is depicted on Fig. 6 by a dot dashed line for the centerline
of the pattern, the dashed lineg for the upper and lower half power points, and the solid line for
the 0.7° limiting horizon ray.

For the 3° Avon elevation angle and for a Westford elevation angle of 1°, the scattering vol-
ume is completely within the area used in the computations. For a Westford elevation angle of

2°, the scattering volume contained within the half power beamwidth of the Avon antenna paitern

2

is within the area used in the computations. For the estimation of scattering by turbulence, a

Isinte,/2))71/
tering from higher regions. The scattering volume at distance shorter than 60 km contributes

factor causes scattering from the lower heights tc be weighted more than scat-

approximately the same amount to the summation in Eq. (12) as doesg the velume on the centerline
of the transmitting beam when both the scattering angle and transmitting antenna directivity are
taken into account. In the case being considered, the lower layer Cje value decreases rapidly
with height for heights above 3 km causing the region at distances shorter than 60 km to be even
more important. Assuming that the profile A in ¥ig. 4 represents the ane values between 40 and
80 km, the 2° Westford elevation angle estimated transmissicon less for turbulent scatter should

be 2.5 dB higher. A similar analysis for the 2.5° Westford elevation angle indicates that the

18



estimated value should be 4 dB higher and for 1.5° Westford elevation angle, 0.9 dB higher. With
these corrections, the expected transmission loss values for turbulent scatter are an even better
match (after correction) to the measured data plotted in Fig. 5. The corrections to Eq. (11) for

volumes at ranges less than A0 km and the cage considered above are smaller than those listed

. . -11/3 . .
above since the [Sln(t,oi/Z)] / factor is not included.
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Fig. 7. Cr?e profiles, Millstone Hill radar, 229.5° azimuth, 1446-1546 and 1510-1514 GMT,
2 November 1970; Avon: 3° elevation, 492 azimuth, 4=foot antenna, vertical polarization.

The 27 dB difference between the expected transmission loss calculations based upon either
the turbulence or the cloud or rain scatter assumptions (after correction as discussed above)
indicates that the lower layer is caused by scattering from turbulence and not the cloud particles.
Profiles for each of the elevation scans used in preparing the transmission loss estimates de-
pictedin Fig. 5 are given inFig.7. Data only for the 81 to 104 kmhorizontalinterval {A) are shown.
The profile data show that little change in the intensity of the scattering layers occurred during
the half hour observation period. RHI and profile data for a Westford azimuth of 230° and one
hour later, 1619-1629 GMT, are shown in Figs. 8 and 9. The RHI display shows an upper cirro-
stratus laver and an intensified lower layer. Interval B below 4 km is blank indicating Ze values
greater than 0 dBZ. A peak Ze value of 25 dBZ was detected at a height between 2 and 3 km at
a range of 120 km. The peak Ze value was in the melting layer {just below the height of the 0°C
isotherm) and corresponds to the transition from snow above to very light rain below. The pro-
files depicted in Fig. 9 for the same elevation scan show that the cirrostratus layer changed in
intensitv by only a few dB and the thickness and intensity of the lower layer increased from the
earlier values shown in Figs. 4 and 7. The data used in generating the profile are only the data
displaved on Fig. 8, the blank area corresponding to snow and rain was excluded from the hori-
zontal averaging.

The estimated and measured transmission loss data are shown in Fig.10. Computations
based upon both the turbulence and the cloud or hydrometeor particle scatter models are shown.
For elevation angles greater than 4° only the cloud model is pictured, the turbulence model not

being appropriate for the upper layer. For elevation angles below 2.5°, the turbulence model
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appears to provide a good fit to the measurements. The cloud or hydrometeor model computations
underestimate the measured data by 22 dB. For the scans depicted in Fig. 10, the Avon antenna
was elevated at 6°. For Wesiford elevation angles below 3°, the contribution to the received
signal from scattering volumes ai distances less than 60 km from Westford is small (less than
1.0 dB) even for the turbulence model becauge the Avon antenna directivity is more than 20 dB
lower in the direction of the neglected scattering volumes than in the direction of the centerline
of the antenna pattern, The primary contribution to the scattering observed below 2.5° is either
from snow and at a 1° elevation angle from melting snow in the bright band observed at 20 km
from Westford for the cloud or hydrometeor model or from turbulence at 70 to 80 km from West-
ford for the turbulent model. Dennis10 in earlier observations of forward scatter from the bright
band measured signal levels 6 to 15 dB higher than predicted using Rayleigh scattering theory.
A 22-dB enhancement due to an increase in the forward scatter cross section per unit volume
for snow and melting snow would bring the cloud and hydrometeor scatter computations into agree-
ment with the measurements at Westford elevation angles below 2.5° but seems to be a rather
large correction to assume.

Although the turbulence model fits the measurements, the increased Cﬁe values reported
for the lower layer are not consistent with the earlier Cr?e values and the observations of increased
cloudiness and rain at the lower levels suggest that scattering from the snow may contribute in
part to the measured data. Additional support for the turbulent origin of the observed low eleva-

measurements. Figure i1 show

ot

I~ o~
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tion angie data, however, is provided by the Doppler shift
Doppler shift to be —2 to —4 Hz at elevation angles below 2.0°, Similar data taken one hour ear-
lier showed the Doppler shifts to be between +0 and —1 Hz for scattering by turbulence. The dif-

ference between the great circle path and 230° azimuth Doppler data is in the order of —1 to=3 Hz.
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Fig. 11. Doppler shift measurements, Avon~to-Westford scatter path, 230° azimuth

(Westford), 1622-1626 GMT, 2 November 1970; Avon: 6° elevation, 49° azimuth,
4-foot-horn antenna.
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The computed Doppler shift due to horizontal winds measured by a radiosonde flight two hours
later is between 0 and —1 Hz for scattering either at 80 km (turbulence}) or 120 km (snow) from
Westford. BSnow, however, typically has a fall {ielocity of 1 to 2 m/sec which would causge the
Doppler shift to be between +2 and +5 Hz for the 120 km scattering location. Since the Doppler
data do not agree with the snow scattering hypothesis, turbulence was responsible for the meas-
ured signals.

The Doppler data also show a perturbation caused by scattering from an aircraft. When the
signal from the moving aircraft is large in comparison with the other signals, the phase lock loop
tracks the aircraft Doppler shift as shown., The Doppler signature of the aircraft was us-,ed to
eliminate the measured and computed transmission loss values for elevation angles between 6°
and 8° from further analysis. The measured data displayed both on Figs. 5 and 10 show generally
smaller measured transmission logs values {larger received signal) than those estimated by ei-
ther mode of computation for elevation angles above 4.0°. This is caused by sidelobe coupling
into the Westford antenna from either the generally high level great circle path signal or, on
rare occasions, high signal levels due to scatter from precipitation. The sidelobe coupled sig-
nals may generally be identified by the lack of change of the reported Doppler shift with antenna
position. In the data analysis, all signals that are identified as arising from sidelobe coupling
(into the Westford antenna) were deleted, This was generally done by deleting all signals more
than 17 dB below the largest signal observed in a set of scans.

Data for scattering from the cirrostratus cloud are shown in Figs.12 and 13, Figure 12
shows the RHI display for an azimuth angle in the set of azimuth scans given in Fig.13. The
cirrostratus layer had increased in intensity in comparison with the earlier data reported above
and had a peak value of 15 dBZ. The laver was horizontally homogeneous over a rather large
area. Beyond 115 km, rain and snow are indicated, the hydrometeor type depending upon height.
In the melting layer, Ze values between 35 and 40 dBZ were cbserved. The snow was at sufficient
distance from Westford that it was not observed bistatically except at a height within the cirro-
stratus layer. The RHI shows an extensive region beyond 13¢ km and above 15 km with Z values
greater than —30 dBZ. These data were caused by rain and snow near the surface as detected
through the sidelobes of the Millstone Hill L.-band antenna.

The transmission loss computations given in Fig. 13 are for scattering by cloud particles.
FExcept for elevation angles below 3° on the 200° azimuth scan, the calculations do not change
with azimuth. The lack of change with azimuth is due to the horizontal homogeneity of the cirro-
stratus layer for distances from Westford less than 100 km, the nearly uniform illumination of
the scattering layer by the standard gain horn, and the smazll variation in £y [see Eq.(11)]. The
measurements displaved in Fig. 13, however, show a progressive change in transmission loss
with azimuth for elevation angles below 4°, Above this elevation angle, the measured and esti-
mated transmission loss values differ by 7 to 8 dB. The increase in transmission loss with de-
creasing azimuth value for a fixed value of elevation angle is caused by shielding by the local
horizon at Avon. The computations were made using a 0.7° horizon elevation angle depicied by
the dashed curve on Fig.1, The distant horizon indicated in Fig. 13, Ref. 4 for Avon azimuth
angles between 70° and 90° varies from 2.4° to 2.6° elevation and, at these elevation angles,
Fig.1 indicates that for a Westford elevation angle of 1.5°, the laver should net be illuminated
for Westford azimuths less than 210°. The deciduous tree in the near horizon did not cause
shielding because it was bare of ieaves. For a Westford elevation angle of 2°, the layer should

be visible at 100 km at a Westford azimuth of 200° but not visible at that range at an azimuth of
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190°. The measurements at 200° azimuth differ from the estimated values by 13 dB and 9 dB
for a Westford elevation angle of 4.5° and 2° respectively. The difference obtained at an eleva-
tion angle of 2° is within a dB or two of the difference observed between elevation angles of 4°
and 5% where no shielding or cbstruction of the transmit beam occurs. The difference at 2°, for
190° azimuth direction, is the same as the difference for a 1.5° elevation angle at 190° azimuth
direction and is greate'r than 20 dB. The data therefore show shielding by the horizen to be ef~
fective at 190° azimuth angle and much less effective at 200° azirmuth.

Scattering due to snow isdepictedinFigs. 14 and 15. The RHI display presented inFig. 14 i
ent from the displays presented above because only Z, values above 0 dBZ aredisplayed.
dot onthis display represents 5 dB abovethe 0 dBZ threshold. The highest Ze value onthe display,
45 dBZ, occurs inthe melting laver at 85 km range and 1.5~1,7° Westford elevation angle. Higher
elevation angle data are for scattering by snow. The computations shown inFig. 15 are for a 0.7°
shielding elevation angle (local horizon) at Avon. Above a 2.0° Westford elevation angle and dis-
tancesbetween 80 and 100 km from Westford, the snow scatterershave clear lineé-of-sight both
to the transmitter and tothe receiver. For the snow scajterers with clear lines-of-sight the meas~
ured transmissionloss is 4 dB greater thanthe calculated values {the received signal was 4 dB
lower than calculated}. Above 4° Westiord elevation angle the difference betweenthe measured

and computed transmission loss values isdue to sidelobe coupling {Westford anienna sidelohes).
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Fig. 14. RHl display, Millstone Hill radar, 216° azimuth, 1750~1753 GMT, 13 November 1970.
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Evidence for the sidelobe coupling is given by the Doppler data in Fig, 16, Between 2° and
4° Westford elevation angle, the Doppler shift is between +60 and +70 Hz. For snow at 2° eleva-
tion angle and 100 km from Westford, an expected Doppler shift of +70.4 Hz was computed using
Eq. (5) of Ref. 5, radiosonde data obtained during a flight launched at 1755 GMT while the meas-
urements were being taken, and an assumed 1 m/sec fall velocity for the snow. The measured
Doppler shift values for a 2° elevation angle are within 1 Hz of the estimated value. The Doppler
data show that scattering by snow was observed for Westford elevation angles between 2° and 4°,
Above 4°, the Doppler data are approximately 0 Hz and above 6° ogscillate between 0 Hz and
+50 Hz. The 0 Hz data is indicative of zidelobe coupling along the great circle path. The oscil-
latory data indicate the phase lock loop is hunting, oscillating between the snow scatter signals
and the great circle path signal. The 0 Hz data for Westford elevation angles less than 1,5° in-
dicate that the data afe for great circle path propagation and not snow scatter.

The melting layer observed in the calculated transmission loss values is not evident in the
measured data. The Doppler data indicate that no signals were obtained from the vicinity of the
melting layer for Westford elevation angles below 1.5°. The line-of-sight from Avon to the scat-
tering volumes along the Westford antenna beam for a 2° Westford elevation angle and ranges
between 80 and 100 km have Avon elevation angles ranging from 2,3° to 2.5° and Avon azimuth
angles ranging from 65° to 76".' Over this azimuth range, Fig.13, Ref. 4 shows a deciduous tree
with horizon angles above 4° and the distant horizon (also trees) at elevation angles between 2,2°
and 2.4°. During the fall measurement period the near tree was bare of leaves, Some of the
irees on the distant horizon were bare of leaves and some were conifers. The many distant trees
still provided a distinct horizon as shown in Fig.13, Ref.4 and discussed above. Below a West-
ford elevation angle of 2°, the lineg-of-sight from the Avon antenna to the scattering volume are
obstructed and site shielding occurs. Figure 15 indicates that more than 10 dB of shielding was
obtained.

The measurements made during the fall 1970 period were elevation scans with Avon site
shielding evident at low elevation angles and sidelobe coupling evident at high angles. From an
examination of each of the elevation scans together with the simultaneously obtained Doppler data,
38 elevation scans were identified that had measurements of scatiering from snow with unob-
structed lines-of-sight. A histogram of the ratios of the measured-to-calculated transmission
loss values (differt‘ances in dB)} is shown in Fig.17.

Measurements of scattering from turbulent layers at Westford elevation angles below 2.5°
and Westford azimuth angles within 2.5° of the great circle path were compared with computations
for data taken between 1446 and 1626 GMT on 2 November 1970. Several of the elevation scans
used in the comparison were discussed above. Data for 164 separate 6-second average meas-

urements from 15 elevation scans were used to generate the histogram given in Fig. 18,

B. Summer 1970

During the summer of 1970 data were acquired using azimuth scans. Both the Millstone
Hill L-band radar and the Westford 60-foot antenna were scanned so both antennas were pointed
in the same direction at the same time. The simultaneous azimuth scan measurement mode was
used only when rain was detected somewhere in the surveillance area common to both the radar
and bistatic scatter system. Measurements of scattering by turbulence were conducted using
elevation scans as described in the previous section. During the summer measurement program
the radar and bistatic scatier system were not scanned to cbserve the same volume when observ~

ing scatter from turbulence,
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The weather on the 10 measurement days between 20 and 31 July 1970 varied from clear to
showery. Rain data from the three showery days, 28, 29, and 30 July were processed for com-
parison between measured and computed transmission loss. During the showery days, the 0°
isotherm varied in height from 4.1 to 4.3 km. The measurements spanned a range of Z_ values
from 20 to 55 dBZ and a range of heights from 2 to 9 km. The hydrometeor types sampled were
rain, snow, and melting snow.

A preliminary description of the summer measurements including a detailed presentation of
the computer output for an azimuth scan is given in Section V of Ref. 4, The azimuth scan given

- - e, R S T P, A PR, Py [ P =TT o) ~ oty
in Ref. 4 was obtained between 0209 and 0220 GMT on 29 July 197 omparison between
f

[¢]

ne
measured and computed transmission loss values is presented in Fig. 23 of Ref, 4 and shows the
average of the logarithm of the ratio of measured-to-calculated transmission loss values to be

0.6 dB. The azimuth scan, although showing good agreement between measurement and calcula-
tion, was not typical of measurements made during the summer observation period. The rain
cells that contributed to the observed scatiered signal were within the area for clear lines-of-sight
from the transmitter to scattering volume to receiver bounded by the heavy solid and dot dashed
lines on Fig.1. The cells, however, were not within the main lobe of the transmiiting horn an~
tenna pattern and some measurement error due to gain uncertainty (due to antenna pointing and

the difficuliy of making accurate sidelobe directivity measurements} was possible.

A section of a computer generated plan position indicator (PP]) display is shown in Fig. 19,
Although several rain cells and rain cells imbedded in a larger mezoscale rain area (top of the
PPI section) are shown, only those in the area marked clear lines-of-sight were useful for com-
parison. The other cells may still be detected bistatically but at reduced signal levels due to the
obstacles. At higher elevation angles, the clear lines-of-sight area enlarges increasing the num-
ber of possible locations for useful rain scatter analysis. A series of azimuth scans displaying
bistatic scatter system transmission loss measurements is shown in Fig. 20 together with the
Doppler shift data for each of the measurements. The successive scans show that the cells at
Westford azimuth angles less than 270° were either dissipating or changing Ze value with height
because the transmission loss increased with height or elevation angle and the cells were within
clear lines-of-sight area. The cell at an azimuth angle 280° was bistatically detected at an eleva-
tion angle 1.5° but the received signal was not as strong as for Westford elevation angles above
2°. At the higher elevation angles the cell was within a clear lines-of-gight area. The Doppler
data show that for Westford elevation angles above 1° the Doppler shift continued to increase
with increasing azimuth angle indicating that hydrometeor scattering was being detected but at a
reduced level. The abrupt changes in Doppler shift at 280° azimuth are due to the local changes
in the wind field near the cell. The measured and calculated transmission loss values for the 1.5°
elevation angle scan depicted in Fig.19 are given in Fig. 21, The effect of site shielding is indi~
cated by the two curves, one computed using the table of local horizon elevation angles for the
Avon site and the other computed using a 0.7° horizon angle, 1In the data processing, transmis-
sion logs values were accepted for use in generaiing the comparison histograms when the com-
putations with shielding (using the local horizon value table) and without shielding (using the 0.7°
value) were identical. The abrupt loss of radar data between 253° and 256° azimuth was due to
a radar system malfunction, bistatic data were observed in this region as shown by the data.

Two comparison histograms were prepared for the summer 1970 data. The first histogram
is given in Fig. 22 and is for rain cells within the ciear lines-of-sight area and within the 10 dB

down points on the transmitting antenna directivity [relative gain functionwgz(ﬁ\i)] pattern. The
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second histogram is for all cells within the clear lines-of-sight area and is presented in Fig. 23.
In constructing the histograms, the 17-dB threshold described in Section V, Ref. 4 and an additional
—17-dB threshold with respect to the peak received bistatically scattered signal for a set of scans

were used to further screen the data. An additional histogram was generated for all observations

using the 0.7° local horizon (no shielding) and is presented in Fig. 24.
plays the raw data prior to culling {the 1 7<IB threshold discussed in Ref. 4 was used to remove

This last histogram dis-

cases of sidelobe coupling).

C. Summer 1968

During the summer of 1968, data were acquired using azimuth scans. The radar system

used for the 1968 measurements was the same as used in 1970 with the exception of using only
one receiver thereby limiting the dynamic range to 40 dB. The effective system dynamic range
was increased by manually varying the atienuator between the antenna and receivers between
scansg. The bistatic scatter system was different from the 1970 system because a higher fre-
quency, 7.74 GHz, was used and the transmitting and receiving antenna polarizations were hori-
zontal and left-hand circular, respectively, rather than vertical and vertical.

The weather on the 10 measurement days between 29 July and 9 August 1968 varied from clear
to showery. Showers occurred on four of the days, August 2, 6, 7, and 9. The transmitting an-
tenna used on 2 August was the 6-foot antenna and insufficient data with comparisons for rain cells

within the —10 dB points on the antenna directivity pattern were obtained for analysis. During
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the latter three days, the standard gain horn was used for transmitting at Avon and data were
obtained and processed for these days.

A preliminary analysis of data from the summer 1968 measurements is given in Ref. 3, The
azimuth scan data given in Figs. 8, 9, and 10 of Ref. 3 are similar to the data presented zbove
with site shielding effects in evidence. The analysis performed in Ref. 3 assumed that the circu-
larly polarized receiving antenna detected one half the energy that would be detected by a hori-
zontally polarized antenna. The Mi factor discussed in Section III and used in the present analy-
sis includes scattering due to both the horizontal and vertical polarization components of the
incident field present at the scatterer and caused by the geometry of the scattering problem. The
difference between the present analysis and that reported in Ref. 3 is small except for scattering
angles near 90° (see Fig. 2).

The data were culled prior to the construction of histograms comparing the measured and
computed values using the methods described above. The histogram for all data within the clear
lines-of-sight area and the —10-dB points on the transmitting antenna pattern is given in Fig.25
and the histogram for all data within the clear lines-of-sight area and any directivity value is
given in Fig. 26. The histogram for data prior to culling for inclusicn in the clear lines-of-sight

area is given in Fig,. 27,

V. ANALYSIS OF DATA
A. Best Egtimate Comparison

The transmigsion loss measurements made during each of the three phases of the Avon-to-
Westford were compared with calculations made using the appropriate approximate description
of scattering by either hydrometeors (or cloud particles) or turbulence. The comparisons are
presented as histograms of the logarithm of the ratio of measured-io-calculated transmission
loss (expressed in dB). The comparison histograms are characterized by their mode, median,
mean, and rms variation values in Table V. The comparisons were made using the data as pro-
vided by the computer program and the equaticns described in Section 3 and in Ref. 4, The ratio
(difference in dB) for the most accurate computations for each measurement period are +3.0 dB
for hydrometeors, summer of 1970; +3.9 dB for snow, fall of 1970; +0.4 dB for hydrometeors,
sutmmer of 1968; and 0.0 dB for turbulence, fall of 1970. The maximum uncertainty in these
ratios due to equipment calibration error (neglecting the items mentioned above) is 2.7 dB for
1970 and 3.7 dB for the summer of 1968 {Table IV above). The 1970 rain data show differences
between the measured and computed transmission loss values that are larger than the measure-
ment and computstional uncertainties listed in Table IV.

One source of equipment-caused error noted in Ref. 4 was the possible Westiford receiver
calibration error. These errors were less than 0.5 dB for any set of scans and vary {rom set 1o
set. On average, for a number of sets of scans, these errors vary about a zero mean (the errors
shown for 29 July 1970, Fig.10, Ref. 4 are +0.2 and -0.3). The calibration errors contribute
only to the repeatability values which in turn contribute to the rms variation in the ratios of
measured-to-computed transmission loss (see Table II, Ref. 4}, The second source of possible
equipment-caused error that was not corrected for in the computer program was the effect of
post detection averaging by the 50 Hz filter in the AGC loop. 1f the correlation time for the scat-
tering process is long in comparison with the approximate 20 msec averaging time of the post
detection filter, the filter passes the received signal without integration and the output of the

computer program is correct. If the correlation time is short in comparison with 20 msec,
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TABLE V

SUMMARY OF COMPARISON HISTOGRAMS

Mode Median Mean* RMS No. of
Compare (dB} (dB} {dB) (dB) Samples
C-band Rain —~ Summer 1970 6-sec avg. +4 -+4 +3.0+£0.4 3.7 661
within clear lines~of-sight
-and —10 4B
C-band Rain — Summer 1970 6-sec avg. +4 +2 +1.7 + 0.4 4.7 1206
within clear lines-of-sight
C-band Rain ~ Summer 1970 6-sec avg, +4 +2 +2.6 0.4 6.3 2388
all dota chove 0.7° Avon
horizon angle
X~band Rain — Summer 1968 b-sec avg. 0 0 +0.4 £0.5 3.2 450
within clear lines~of=sight
ond —10 dB
X-band Rain — Summer 1958 6-sec avg. 0 0 +1.0+£0.5 4.0 539
within clear lines-of-sight
X-band Rain — Summer 1968 6-sec avg. 0 +2 4.30.7 8.5 1529
all data above 0.7° Avon
horizon angie
Fall 1970 C-band Turbulence 6-sec avg. 0 0 0.0+1.2 5.0 164
Fall 1970 C-band Snow scan +4 +4 2.9£0.7 1.4 a8

* Range of possible values is £30.
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the filter passes the average amplitude of the signal and a 1.05-dB {not 1.14-dB as quoted in Ref. 4)
correction is required. The correction is for the relationship between the average of the ampli-.
tude and the average of the square of the amplitude for a stationary Rayleigh process.“

The correlation time for the scattered signal is the inverse of the Doppler spread. The Dop-
pler spread may be estimated for the different locations of the scattering volume using the equa-
tions presented in Ref. 5. For scattering from positions within a few degrees (at Westford) of the
great circle path, the Doppler spread is less than 1 Hz for scattering by turbulence and 10 to
20 Hz for scattering from rain for either the C- or X-band measurements. Near great circle path
measurements therefore do not require correction. For off great circle path scattering, ~the
Doppler spread due to turbulence and changes in hydrometeor fall velocity ranges from 20 to 40 Hz
for C~band and is nearly twice these values at X-band, The Doppler spread due to the wind shear
may be considerably lar-ger;5 ivpically being 100 Hz or more at C-band. Due to the large values
of wind shesr possible in the showery rain observations, the 1.05-dB correction should be applied.
Occasionally the Doppler spread was checked at the Westford site and on one occasion a spread
of greater than 500 Hz {10-dB down points) was obsgerved during the summer of 1968. RBecause
of the large possible Doppler spreads, the 2880 Hz IF bandwidth filter system was generally used
for rain measurements during 1970. The 1-4B increase in calculated transmission loss required
to correct for Doppler spread moves the C-band data into closer agreement for hydrometeor scat-
ter but causes a larger disagreement in the X-band comparisons.

The bistatic scatter paths must be longer than 143 km, the surface distance between the
transmitter and receiver and may be as long as 200 km and be within the clear lines-of-gight
area, These pathg reach to heights between 2 and 9 km and are subject to a small amount of
attenuation due to gaseous absorption. Computations of the specific dttenuation for gaseous ab-
sorption show a value of approximately 0,01 dB/km at the surface and 0.002 dB/km at 7-km height
at 4.5 GHz for the measurement periods used. Using an effective ray height of 2 km, the specific
attenuation is approximately 0.006 dB/km and the total attenuation along the path should vary from
0.9 to 1.2 dB. Choosing a value of 1.0 dB as typical for the scattering paths used, at C-band an
additional 1.0-dB transmission loss increase is required to correct the C-band computations for
ath, The L-band radar data are also su i
oxygen absorption. The attenuation at L-band is approximately 0,6 dB {2 way) for a scatterer
at 100 km and, after subtracting 0.4 dB for the effect of oxygen absorption on the measurement
of the radar antenna gain (gain'is in error by 0.2 dB), the radar cross section estimates are
approximately 0.2 dB low. The ratio of measured-io-calculated transmission loss therefore
should be decreased by 0.8 dB. The specific attenuztion is slightly higher at 7.74 GHz and using
a ratio of 1.2 of the total zenith attenuation from a point on the surface for 7,74 GHz relative to
the total attenuation at 4.5 GHz (surface curve on Fig,t, Ref.6) a correction of 1.0 dB is required
}. Rain will also cause
attenuation along the path. Noting that in the summer the radar data typically displayed rain cells
less than 5 km across in the region of high Ze value {45 to 55 dBZ), the rain attenuation is less
than 0.4 dB at C~band (see Ref, 12 for relationship between Z and specific attenuation) and meay
be neglected. At X-band, the same cell (50 dBZ, 5 km across) would cause 3.3 dB additional
attenuation along the path.

A corrected table of comparisons was generated using the Doppler spread and gaseous ab~
gorption correction values to correct the comparison data and is presented in Table VI. Attenua-
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mated comparison values within the assumptions of single scattering theory, Rayleigh scatter
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CORRECTED HISTOGRAM COMPARISONS RATIO OF MEASURED-TO-CALCULATED

TABLE VI

TRANSMISSION LOSS

Mode | Median Mean* RMS No. of
Description Compare (dB) (dB) (dB) (dB} | Samples
C-band Rain — Summer 1970 6-sec avg. +2 +2 +1.2£0.4 3.7 661
within clear lines—of-sight
and —10 dB directivity
C-band Rain — Summer 1970 b=sec avg. +2 0 —-0.1%0.4 | 4,7 1206
within clear lines-of-sight
C-band Rain — Summer 1970 é-sec avg. +2 o +0.8+0,4 | 6.3 2388
all dota above 0.7° Avon
horizon angle
X-band Rain — Summer 1968 6~sec avg. -2 -2 -1.6£0.,5 3.2 450
within clear lines-of-sight
and —10 dB directivity
X=band Rain — Summer 1948 b~sec avg. -2 -2 -1.0£0,5 4.0 539
within clear lines~of-sight
X=band Rain — Summer 1958 b6=sec avg. -2 0] +2.3+0.7 8.5 1529
all data above 0.7° Avon
horizon angle
C-band Turbulence, Fall 1970 | é=-sec avg. -1 -1 -0.8+1,2 | 5.0 164
C-band Snow, Fali 1970 scan +2 +2 +2.1+0.7 1.4 38

* Range of possible values is £30.
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for spheres, and no hydrometeor attenuation as used in interference computations for the CCIR,
The mean logarithm of the ratio of measured-to-computed transmission loss values presented
in Table VIis within the 2,7-dB maximum ratio estimaticn uncertainty (3c¢) quoted in Table IV
for the 1970 measurements and the 3, 7-dB uncertainty for the 1968 measurements, Within the
measurement and computation accuracy of the Avon-to-Westford experiment, the computational

model predicted the measured transmission less values.

B. Discusgsgion of Regults, Hydrometeor Scatter

The hydrometeor and cloud particle computational model was based upon the assumpfion
that the scattering particles were spherical. The analysis of hydrometeor scattering given in
Section 2.1.3 of Ref. 5 discussed corrections to the model both for spherical particles larger than
about 1/10 wavelength (Mie Scattering) and for spheroidal particles in the Rayleigh Scatiering
limit, For backscattering, the ratio of the Mie theory (exact) and the Rayleigh theory (approx-
imate) estimate of geattering from an ensemble of water spheres has a value of —0.1 dB at
L-band (1.3 GHz, the radar frequency), —0.6 dB at C-band (4.5 GHz, the frequency used for bi-
static scatter during 1970), and +1.3 dB at X-band (7.74 GHz, the frequency used for bistatic
gcatter during 1968) for the Laws and Parsonsis drop size distribution and a 152 mm/hr' rain
rate (Z = 57 dBZ). For lower rain rates the differences between Mie and Rayleigh theory are
smaller (see Table VII}. The corrections to Rayleigh theory required to adequately describe back-
scattering from water spheres at high Z values are within a half dB of the residual difference
listed in the Table. The Ze values forthe rain cells used in the comparison analysis ranged from
20« Zes 5% and, at 27 dBZ, the ratio of Mie to Rayleigh Ze valueg is — 0,2 dB at C-band and
—0.3 dB at X-band indicating that this explanation for the residual differences is only partially
correct. The ratio of (mZe) to {mZ) for Mie scattering is scattering angle dependent. For
C~band, the scattering angle dependence is small causing less than £0.8 dB difference over the
range of scattering angles used for a Z value of 46 dBZ (see Fig. 12, Ref. 5). For X-band, the

difference between the Mie and Rayleigh theory prediction for scattering from water spheres is

TABLE vIi

CORRECTIONS TO Z VALUES FOR BACKSCATTER FOR THE EXACT

{Mie) SOLUTION FOR SCATTERING FROM SPHERES

Ze Ze Ze

Rote 7 —Z ot 1.30 GHz Z at 4,52 GHz - at 7.75 GHz

(mm/hr) | (dBZ) (dB) (@8) (dB)
0.25 17.4 0.0 -0.1 -0.2
1.27 27.3 0.0 -0.2 -0.3
2.5 31,9 0.0 -0.2 —0.2
12,7 41.6 0.0 -0.4 +0.2
25 45,9 =31 -0.5 +0.5
51 50,1 -0.1 =0.6 +0.8
102 54.2 —0.1 -0.6 +1.1
152 56.7 -0.1 -0.% +1.3
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Fig. 28. (mZa)/Z for Rayleigh and Mie scattering theories for water spheres and Rayleigh scattering
theory for water spheroids, horizontal~to-circular polarization, Avon-to-Westford scatter path,

TABLE Vil
CORRECTIONS TO Z VALUES FOR BACKSCATTER FROM VERTICALLY
ORIENTED OBLATE SPHEROIDS
z z Z
eRL . Vv ‘ HL
Rate 7 5~ at 1.295 GHz > at 4,515 GHz > at7.74 GHz
{mm/hr} | (dBZ} (dB}) (dB}) {dB)
0.25 17.4 —0,06 -0.27 +0,14
1.27 27.5 -0.12 -0,55 +0.31
2.5 3.9 -0.14 -0.71 +0.41
12,7 41,6 -0.18 -1.07 +0.64
25 45.9 ~0.20 -1.27 +0.78
51 50.1 -0.21 ~1.44 +0.89
102 54,2 -0.22 -1.62 +1.01
152 56.7 —0.22 -1.72 +1.07
*R,L,V,H represent right-hand circular, left~hand circular, vertical, and horizontal )
polarization, respectively, with the first letter for the transmitted poldarization and second
for received.
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more pronounced. For the polarizations and range of peinting angles used, the difference may
be as large as 6 dB as shown in Fig. 28 for Westford azimuth angles between 260° and 280°,

Observations of scattering from hydrometeors below the melting layer with multiple polari-
zation radars have indicated that rain particles are not water spheres but behave as oblate sphe-
roids with a vertical symmetry axis.1 415 An analysis of scattering from vertically oriented
spheroids in the Rayleigh limit using the Laws and Parsons drop mass relationships and the shape
distribution proposed by Pruppacher and Pi'c‘cer16 was given in Section 2.1,3 of Ref. 5. Using a
similar analysis, for backscatter at the measurement frequencies, the corrections listed in
Table VIII are obtained. These corrections if applied io the transmission loss values would also
reduce the differences between the observed and calculated values for the summer rain showers.
The corrections for bistatic scattering for X-band and the range of scattering angles used in the
Avon-to-Westford experiment are shown in Fig, 28 for a rain rate of 25 mm/hr (46 dBZ) and a
Westford elevation angle of 1.5°. The results are within 1 dB of the values listed for Rayleigh
scattering from a sphere. At C-band, the correction for scattering from vertically oriented
spheroids at a 25 mm/hr rain rate is within 0.3 dB of the value for backscatter listed in Table VILI
(¢ = 180°) for the range of scattering angles displayed in Fig, 28,

The computations of possible diiferences from the simple Rayleigh scattering from spheres
model are not useful for a further refining of the computations of transmission loss because no
information about the hydrometeor state is available. These computations show that the possible
corrections are smail at C-band and would tend to improve the comparison both at C- and at
X-band.

The measurements of scattering from snow and cirrostratus clouds made during the fall of
1970 do not agree with the calculations as well as the summer hydrometecor scatter data. The
cirrus cloud transmission loss measurements were 5 to 4 dB higher (lower received signal) than
the computations predicted (7 to 8 dB before correction). The snow scattering measurements
were 2 dB higher than the computations predicted. Al.though the difference between the calculation
and measurements for snow are smaller than the possible error in estimating the difference
{ratio), the differences for cirrostratus clouds were larger. The data indicate that the simple
Rayleigh approximation for spheres, while useful for snow, does nct hold as well for scattering
from the ice particles within a cirrus cloud. Scattering from cirrostratus clouds is quite weak
and of little consequence in interference estimation problems,

Two forms of hydrometeor scatter that may both be of importance as a cause of interference
and show departure from the simple Rayleigh sphere scatter model used above are melting snow
and hail. Hail was not observed during any of the measurement periods. Melting snow {(bright
band) was cobserved on the radar during the fall measurement period but the melting layer was
not high enough to be observed bistatically with clear lines-of-sight and no melting layer data
were obtained, Melting layers were also observed in dissipating rain cells during the summer
months. The number of chservations was small and any departure from the assumed meodel for
calculation would cause an increase in the observed rms value for the ratios of measured-to-

calculated transmission loss.

C. Discussion of Results, Turbulent Scatter

Useful data for comparison were only obtained during the fall of 1970, Comparisons were
made for single scans for the summer data and presented as a part of the preliminary data analy-

sis (see Refs. 3 and 4). The preliminary analysis showed apparent agreement within the system
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measurement errors but ingufficient data were obtained to prepare a comparison histogram. The
data from 2 November 1970 showed agreement between the bistatically measured transmigsion
loss and the predictions based upon the theory of turbulent scatter for refractive index fluctuations
in the inertial subrange (see Ref.2). The corrected mean ratio of measured-to-calculated trans-
mission loss was —0.8 £ 1.2 dB which is well within the system measurement error of 2.7 dB.

The data uséd for the compsarison histogram (Fig.18) were for turbulent layers that coexisted
with low level stratus clouds. These layers were among the strongest detected during the meas-
urement period (Cfe ~6x10"t 4m-2./3)‘ On clear days the layer strengths especially at several
km above the surface were much weaker as shown in Fig.29. Figure 30 gives the simulfaneous
C-band bistatic measurements. The data have a similar variation in transmission loss with ele-
vation angle as the 2 November 1970 data with the exception of approximately a 15 dB lower scat-
tered signal at a Westford elevation angle of 1-1.75° and 20 dB lower signal (higher transmission
loss) at an elevation angle of 2,5°.

Turbulent scatter was detected in the direction of the great circle path on each measurement
day. The scattered signal could be separated from the stronger great circle path signal at low
elevation angle for elevation or azimuth angles within 3° of the angle of arrival of the stronger
signal (also due to turbulent scatter), At larger elevation or azimuth offset angles, sidelobe
coupling always occurred. The scattering from turbulence observed during the measurement
periods always had the scattering angle and Doppler shift charscteristics attributable to refractive
index filuectuations in the inertial subrange. The shape of the spectrum could depart slightly from
the —11/3 slope characteristic of the 3-dimensional power spectrsl density in the inertial sub-
range region of wavenumber space for the refractive index fluctuations [the slope determines the
wavelength and scattering angle dependence of Eq. (12)] and not be detected by this experiment.
Other observers have noted both turbulent scatter as described above (volume filled turbulence)
and a quasi-specular form of (turbulent) scatter from very thin layers or "fe\,lillets."i—'r"i 8 This
latter form of turbulent scatter was not cbserved in this experiment.

On several of the days, strong ducted (anomalous propagation) returns were observed on the
I.-band radar at ranges comparable to the surface distance between Avon and Westford and from
the azimuth of the great circle path, During these conditions, no enhancement in the turbulent
gscattered signals was detected. The natural terrain shielding at Avon apparently reduced cou-
pling into the duct sufficiently to cause signals propagated via that mode to not be detectable in

comparison with the turbulent scatter signal.

VI. CONCLUSIONS

Observations were made of coupling between two stations located on the surface of the earth
caused by rain scatter znd turbulent scatter. Simultaneous radar observations were made in the
scattering volumes and used together with the bistatic radar equation and simplified approximate
descriptions of the scattering process to calculate the coupling (transmission loss} between the
two stations. For scattering by rsin, snow, or refractive index fluctuations (turbulence}, the
simplified models predicied the measured values within the measurement accuracies of both the
monostatic and bistatic redars. The computational procedures used by the CCIR (Ref. 1) there-
fore are adequate for the hydrometeor types observed. The C- and X-band measurements for
rain produced nearly identical results indicating that for the prediction of interference due to
rain, the effects of attenuation do not have tc be considered for frequencies less than or eqgual

to 7.74 GHz,
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