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Monostatic and Ilistatic Scattering from Thin Turbulent
layers in the Atmosphere

ABSTRACT

Measurements were made of the scattering properties of thi. turbulent

layers at and above the tropopause. The Millstone Hill L-band radar was

used to measure the backs catter cross section per unit volume of these layers

as a function of time and space. An X-band forward scatter link was set up

between Wallops Island, Virginia and Wesiford, Massachusetts to observe

scattering from these layers. Although the radar could not provide observa-

tions of the common volume of the forward scatter link, for days where no

clouds were observed in the vicinity of the tropopause, the radar observations

of layers near the tropopause showed horizontal uniformity of height and

backs catter cross section, and the radio sonde data taken near the radar and

near the common volume showed similar wind and

the tropopause, the signal strength on the forward

temperature structure near

scatter link and its depen -

dence on scattering angle behaved in accordance with the prediction of turbulent

scattering theory using the radar data as an input.

‘I’he radar observations have shown that on each day measurements were

made, layers were detected near and above the tropopause. Turbulent layers

in the stratosphere have been detected at heights up to 22 km. These layers

provide one of the mechanisms for weak, long-distance troposcatier propagation.
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Monostatic and Bistatic Scattering from Thin Turbulent
Layers in the Atmosphere

One of the mechanisms proposed for long distance transhorizon propaga-

tion is scattering from atmospheric turbulence. The turbulent scattering

model has long been with us. The usual application of this model to the trans -

horizon scattering problem has met with little success. The dependence of

long term median propagation loss measurements infrequency and on scat-

tering angle has not agreed with the predictions of the turbulent scattering

model. Because meteorological data point to the existence of turbulent regions

in the atmosphere and because of a requirement for a technique to predict

transhorizon field strengths given the meteorological data, an investigation of

scattering by atmospheric turbulence was performed.

Turbulent Scattering:– A basic reference to scattering by turbu-—

lence is the work by Tatarski,
t

In this work the bistatic scattering cross sec-

tion per unit volume is related to the spatial power spectral density of the

distribution of refractive index by

where Pi(J) = bistatic scattering cross section per unit volume for

polarization perpendicular to the plane of scattering.



For

611 (8) = bistatic scattering

polarization parallel to the

J = scattering angle.

cross section per unit volume for

plane of scattering.

k = 2m/1 = wave number, h = wavelength.

~ = vector pointing in the direction of propagation with a

magnitude equal to k.

A~. unit vector pointing from the scatterer to the receiver.

& = spatial power spectrum of refractive index inhomogenities.
n

turbulent refractive index fluctuations
-ii/3

~n(x) = &n(2ksin~) = O. 033 C~(2ksin~) ;. Of<+ <100m

as given by the semi-empirical similarity theory of turbulence for the inertial

subrange. The classical application of turbulence scattering theory to the

.
troposcatter problem has been to assume that C ‘ is constant over the entire

n

common volume determined by the intersection of the two antenna patterns

and in general is constant over all space or decreases exponentially with

height. With these assumptions, the bistatic scattering cross section per unit

volume can be extracted from measured data and its frequency and angular

dependence ascertained through the parameter x. Figure i shows the depen-

dence of the turbulent scattering cross section upon the scale size f = 2TT/x

and wavelength for three values of the scattering angle (referred to as tropo -

scatter wavelength where the scattering angle is determined by the geometry
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of the troposcatter link).

laws each for a different

In this figure are shown three turbulent scattering

region of 1 . The scale sizes that mark the extent

● of a region are not as well defined as shown in the figure and the width of the

different regions depends upon the mean properties of the medium. Figure 1
-.

shows that to apply turbulent scatter theory for the inertial subrange, both

the frequency and geometry have to be properly selected.

A second problem in the comparison of a turbulent scattering theory with

measurements arises from the size of the turbulent region. Radar back-

scatter measurements and aircraft measurements show that the turbulent

scattering volumes typically occur as thin horizontally stratified layers or

patches. These layers are often only a few tens of meters thick and tens of

kilometers across. An example of a radar observation of a thin layer is

shown in E“ig. 2. From atmospheric model computations based upon the

methods of Vasil’chenko2 that attempt to relate the C
2

value to the mean
n

gradients of temperature, humidity, wind speed and wind shear, it has been

2,
shown that the relative magnitude of Cn 1s a couple of orders of magnitude

higher in the layer than in the region above or below the layer.. This implies

that a common volume averaged bistatic scattering cross section per unit
.

volume can give misleading resulbs in an attempt to compare measured cross

I

1, sections with theory. It also implies that model computations of transhorizon

field strengths using a turbulent scattering model should use a volume common

only to the layer and the antenna patterns. Finally, since the scattering layer
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is thin, the layer may act as a partially reflecting surface for vertical scale

sizes larger than several tens of meters (frequencies below about 600 MHz

on a i 90 km scatter link).

Measurement Program:- A scattering model based upon turbu-

lent scattering theory and the existence of isolated thin turbulent layers or

patches can explain away many of the objections to the use of turbulent volume

scattering as a transhorizon scattering mechanism. ‘I’he questions then arise

as to the occurrence of these thin scattering layers and a demonstration of

transhorizon scattering as caused by these layers. To investigate both of

these questions a measurement program was initiated at M. I. T. Lincoln

Laboratory to detect high altitude layers with a radar and correlate their

existence with the results of long distance Lroposcatter measurements. The

measurement program used both the Millstone lIill L-band radar and an

X-band troposcatter link operated from Wallops Island, Virginia to the

Westford Communications Terminal. The common volume of the bistatic

scattering system was not close enough to the radar to provide a direct mea-

surement of the layered structure in the common volume. The structure

within the volume was inferred, however, from the radar data, radio sonde

soundings, and the angular dependence of the bistatic scattering data.

The characteristics of the L-band radar when used for weather studies

are mentioned elsewhere. 3 The radar system bas a narrow bandwidth (O. 6“),

a relatively large pulse length (5 or 10 p see), and is capable of detecting
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turbulent volumes large compared with the resolution volume with C ~ values

-f6
higher than 10 m

-2/3 (5X ,.-18 ~m-2/3 ) at distances of 100 km. The

radar wavelength is O. 23 meters and for turbulence measurements, It selects

a scale size in the inertial subrange as shown in Fig. 1.

High altitude turbulent scattering as measured by the radar is generally

weak and noise-like. g’he cletection of turbulent scattering therefore consists

of recognizing a spatial pattern of noise-like returns embedded in the receiver

noise when displayed on a range, height display. l“igure 2 shows such a

display. The horizontal lines are the thin turbulent layers, the constant

range targets are from ground clutter, and the curved lines are aircraft

targets detected through the side lobes of the antenna pattern, The C; value

for this layer is obtaiued from post-test analysis of 50 pulse incoherently

averaged received signal values that are digitized and recorded on magnetic

l-or this particular layer C; =
-16

tape. 5x1O m
-2/3

at a point 10 km high

and 85 km in range. The true value may be higher if the layer is thinner than

the resolution volume of the radar.

The X-band scatter link consisted of a transmitter located at the JAFNA

radar facility on Wallops Island and a receiver at the Wcstford Communications

Terminal as shown in Fig. 3. The transmitter facility consisted of a 1 kw cw

source operated at 7. 74 GHz and a 6-foot linearly polarized antenna, The re-

ceiver facility consisted of a 60-foot circularly polarized antenna, a cooled

parametric rf amplifier, and a narrow band (500 cycle) phase lock tracking



receiver. The minimum detectable signal with this system was -160 dbm

and corresponds to a troposcatter path loss of 148 db relative to free space,

The great circle path scatter link geometry is shown in Fig. 4. The path

covered a great circle arc length of 628 km and, for an effective four-third

earth radius atmospheric refraction m<odel, the height to the lower edge of the

common volumes was 5. 5 km. ‘l’he path was selected so only the regions of

the atmosphere above 6 km were illuminated under .normal propagation condi-

tions. This was done because previous radar measurements had shown that

typically one to three isolated scattering layers would be present above this

height and, in order to measure the weak signal scattered by these layers,

the stronger lower level layers should not be simultaneously visible to both

the transmitter and receiver. If the lower, stronger layers were visible, the

signals scattered from these layers could mask those of interest even if the

strong layers were in the side lobe patterns of both antennas.

The forward scatter measurements were conducted by fixing the trans-

mitter antenna pointing direction at a O.. 8“ elevation angle and along the great

circle azimuth. The receiving antenna was scanned in azimuth and elevation

so as to include the region of the layer illuminated by the transmitter. The

geometry and frequency for the scatter experiment were chosen so the turbu-

lent scattering process is described by the above equation valid in the inertial

For model computations, both a C
2

subrange. ~ value and a layer thickness

must be chosen. Figure 5 shows that results of model computations for layers
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at three heights and for elevation scans of the receiving antenna along the

great circle direction. Although the scattering angle dependence of turbulence

● in the inertial subrange is included in the model calculations, the shape of the

curve depends primarily on the transmitter antenna pattern and the thin
‘*

layered geometry of the scattering volume. Other volume scatterers such as

the ice crystals of a cirrus cloud will give curve shapes close to these because

the scattering angle changes only slightly. From measurements corresponding

to the model computations illustrated in I“ig. 5 only the layer height may be

determined, A value of C: times the layer thickness may also be determined

for the layer but positive identification of the layer as turbulent scattering in

contrast to particulate scattering cannot be made from these elevation scans

alone. Figure 5 was generated without including the attenuation due to gaseous

absorption. For this frequency the attenuation .is of the order of 3 db and is

nearly constant for the range of layer heights and angles used.

Results of Measurements:– Forward scatter measurements were

made on i9 days

days, rain along

detectable, The
r

during the months of March through May. On two of these

the path provided excessive attenuation and signals were barely

signal levels for the remaining days ranged, on average,

from -144 dbm to noise for the elevation and azimuth angles used. Signals in

i excess of -1 iO dbm were often observed due to aircraft in the common volume

but these data values were discarded. Elevation scans were made on 14 of the

days and on 13 of these identification of a primary scattering layer could be
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made.

Sample data for the 13th and 14 of March are

curves are superimposed the best fit layer model

.
corresponds. The C ‘ values are for an assumed

n

shown in Fig. 6. On the

2
and the C to which it

n

layer thickness of 100 m

and may deviate from this value due to the actual layer thickness. l~ecause

the form of the received power vs. elevation angle curve changes significantly

with layer height, a layer height may easily be assigned. FcJr both days the

layers are near 8 km in height and agree with the position of the tropopause

as dete - ,Iined from radio sonde soundings made close to the center of the

common volume (JFK station on Fig. 2).

A direct comparison of radar and forward scattering measurements is

impossible because of the distance from the radar to the common volume. The

radar data has shown however that the turbulent patches, when they occur,

usually occur at the same height over periods of several hours and distances

of hundreds of kilometers.

may however be brief being

Figures 7 and 8 show radar

The actual life history of a single turbulent patch

of the order of magnitude of tens of minutes.

detected layers at heights of 4, 6, 10 and 12 km

for 8 May 1968. The data shows that the layered regions exist over several

hundred kilometers near the Millstone Radar. If we assume this layer struc-

ture extends another hundred kilometers into the common volume of the

2 -16
scatter system, a layer height of 10 km and with C -4xio would be ex -

n

petted. The lower layer of those in the common volume is expected since, at
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the lower elevation angles and for equal scatter cross sections, the lower

layer produces a higher signal strength. The forward scatter measurements

for the same time are given in Fig. 9 and clearly show that the primary scat-

tering layer is at 10 km and is in agreement with our expectation from the

radar data.

Conclusions:– A thin-layered volume scattering model is pro-

posed as a mechanism for long distance troposcatter propagation at micro.

wave frequencies. Using a turbulent scattering model, the expected elevation

angle dependence of received signals scattered from single layers near the

tropopause was computed. The forward scatter measurements on 13 of i4

days are consistent with the model. For days with radar data and on which

radio sonde data show similar soundings both at the radar and at the common

volume, the height of troposcatter detected layers agrees with the height of

2
the radar detected layers. The C value detected by both the radar and the

n

scatter system are of the same order of magnitude when compared. The dis-

crepancies between these estimates arise because of the thinness and patchi -

ness of turbulent layers.

*

;

9



,“

,.3

r [3-D04456-(]

q
,-

ii -’/
.$ V(sco”s

Iner!ml S.brmge - —
%bronge

1 –..–.. ..1 I 1 -.. —A

10’
0

10-’

d-stole ‘:,,, (m)
10-2 ,0-3

k M,llslone Rodor

Buoyonc y-–

Submge
I 0“ –l–__ 1

103 IO?

L. I 1---- 1 II ,J
!0’ 102 ,0’ ,00 ,0-’ !“-2

L

fop
I

,0’

Radar Wavelength (m)
,:, J WOlOp$-We$tforf ~i.k

I J
!o“ 10-2 10-3 10””

630km Troposcolter Wavelength (m)

L-. -. I 1. 1 I J
!0’ ,0” !0- ‘

,.-2
,0-’ ,0- “

190km Troposmtler Wovelenqlh (m)

Fig. 1. Relative scattering cross section
pcr unit volume vs. wavelength and scale,

1

;

10



b

‘8

\

RAN”iE (km) “’-

9 FEB 1968 1410 GMT 70”AZ\MUTH 0-30° EL EVA110N

5-41 SEC PULSE 120PRF 2,17-KW AVERAGE POWER

Fig. 2. Millstone Radar measurcmerlts.

11



I
I
I
I

WASH

1-
78.

(1“[PWM:.——.—.._—......-.’
~..~

AL!? : WESTFORD fCDF@D

b“

BOSTON

-––42-

B;Il# ● 7, “:

a&

. . /// P., AC<
. . ‘,” , IO>KM

J%, 50KM

)

I,ENTER

~TN; lC ,(5O KM

/.. _______ . . -----------

● /-100KM
/ — 39-

/
G9~

7?*

OPS
,N D

36*

GRFAT CIRCLE DISTANCE = 628 KM

Fig. 3. Coastal map showing Wallops Island to Westford path.

12



I

WALLOPS
ISLAND

WLLLOPS ISLAND w:

Fig. 4. Wallops Island - Westford cross section.

;1 FORD

?“

rFORD

13



1:.3~

:
10 KM

.
b -,,01

6

f
.

8 KM
<

6
.

8
GRf AT CIRC1 F PA1, I f = 7.74 GH,

> WALLOPS ISLAND 10 ‘NFSTFORD
1,

8 .,,.
. C: = !O”’4M””3

L
\OO-M THICK LAYER

TRANSMI1l FR ANIFNNA kLEvATlON ANGLE ~ 0 8=

.,30 ~—. -L ....c_ .—...;.— .+, . . ..J_.LL.. 1
0 JONO.* 04 06 ,. ,6 ,0

ELEvATION ANG1, F (deo)

Fig. 5. Expected variation of received power with receiver
antenna elevation angle.

14



(,,

Tmml

0 HOR120N1A1 POLARIZATION 13 MARCH 1968 1 WANSMIT GFT ANTENNA WAL1.OPS ISLANU

[08° ELEVATION ANGLE )
b HORIZONTAL POLARIZATION

1

<4 MARCH 1968
RECEIVE 60-FT ANTENNA WESIFORD

s VEt+llCAL POLARIZATION GREAT CIRCLE PATH

TROPOPAUSF AT 8 KM

NO CIRRUS CLOUDS

. ..–L–—1—L—–-—–.1——L

I 02 04 0, 08 <0 4, (4

HOR;ZON ELEVATION ANGLE ldeg)

Fig. 6. Rcccivcd signal vs. elevation angle of receiver antenna.

15



OE..JJJ_. 1 ..,. ) ., I ., —.,. -i—l---- , , I , .L.LJ.., ,,
w 80 ICC ,,0 ,4” 160

SURFACE D151ANCE (km)

8 MAY 4968 4831 GM1 2600- AZIMUTH

Fig. 7. Millstone Radar measurements - 8 May 1968.

16



I

Eii

*...l..-II. .L-16.-. .*.., ,..L ,—;i—., .J

,4, ,,0

SURFACE DISIANCE (km)

8 MAY 4968 1823 GMT 2,5,0. AZIMUTH

Fig. 8. Millstone Radar measurements . 8 May 1968.

I 17



/

r“

lEmIml

●

0
.

10 KM, C;-lO””, <-KM lHICK

0 0

. VEf?T ICAL PO LAR17A110N

0 HORIZONTAL POLARIZATION

TROPOPAUSE AT !2 KM

RADAR LAYERS Al 4,10, ,7 KM

r–’

0!2 04 0,

HORIZON

1 HANSMI1 6-F1 ANIENNA -WALLOPS ISLAND

RECEIVE 60F1 ANIFNNA - WESIFORD

GREAT CIRCLE PATtl

+ .,+1 —L –– .—:6-. -–.. .+y—
,2 ,4

ELEVATION ANGLE (deal

o

Fig. 9. Received signal strength vs. elevation angle
of receiving antenna.



I

I

I

REFERENCES

i. V. I. Tatarski, Wave Propagation in a Turbulent Medium, McGraw-

Hill Book Company, New York (1961).
t

2. V, I. Vasil’chenko, ,,Relati~~~hip Between the Turbulence Coefficient

i
and the Vertical Distribution of Temperature and Winds in the Lower

300-Layer as indicated by Ballon Data, ,, Trudy Gla”noy GeofizicheskOy

Observatorii, No. 185, 68-71 (i966).

3. R. K. Crane, ,lSimultaneous Radar and Radiometer Measurements of

Rain Shower Structure, “ (to be published).



uNcLASSIFIED

Ss..urit. f%ssificatio.-. . .. . . .

DOCUMENT CONTROL DATA - R8,0

(S..”,1,, cla..lflcaflon 01 111!.,body 01 .bafrecl a“d I.d.xl.d a“”elef!o” must b. antered when the o“arall ceDorl i. .Iaee! fled)

OR, OINATING ACTIVITY (Comma,. author) 2.. REPORT SECURITY CL AS. S(Fk CA T.!ON

Unclassified

LincolnLaboratory, M.1.l. 2b. GROUP
None

R.POR7 lITLE

Monostatic and fJistatic ScalLering frmn ‘f’hin lwhdent Layers in lhc Atnlospl,erc

DESCRIPTIVENOTES (T,PB 01 .w-x1 and 1.. !”.1”. d.t..)

Technical Not.

.UTHO. (SI (L. =f mm., 11,.1 mm., f.!tlel)

Crane, Rolxrt K.

. ..0.7 DATE 7.. ,0,.. No. OF PAGES 7b. NO. OF REFS

18 Septc,,,tKr 1968 24 3

,, CONTRACT 0, GRANT NO. ,.. ORIGINATORS REPORT NuML+ER<S1

AF 19(628)-5167

5, PFIOJECT NO. Technical Note 1968-34
649L

’26. OTHER REPORT .0{$1 (A.. other .mb.r. that mar b
. . ..s,4 . . ,,,. ,..0,,)

SXD-1’K-68-267
d.

AvA, LA B, L, TY/LIM ITA, ION NOTICES

This doctlment has keen approved for pL1bllC rclcasc and sale; its distrihutior is unlimited.

SUPPLEMENTARY NOTES 12. SPON50Ri N0 MILITARY AcTlvl Ty

N o,I c Air l,orcc Syslcms Command, USAF

ABSTRACT

Mess.remcnts were mad. of the scallc,-ing p,-opm’tics of thitl turbulent layers at and alxivc
the tropopausc. The Millst.nc IIill L-hand radar was .scd to measure th. hacks catter cross
section pr unit volume of lhcsc layers as ti fi!nction of time and space. A. X-hand forward
scatlcr link was set up lmtwcc,n Wallops Island, Virginia a!,d Wc. tIoI.cf, Massach”sctls to ot)-
scrvc sca[tcring from these. l.yms. AllhcIugh the! radar coLdrf 1101 provide observation. uf the
common volume of the fur ward sc. atlm’ link, for d;?ys where no c.foLKls w cm ot,scrvcd in the
vicinity of lhc tropopausc, the ,-ackir .hscrwm ions of layms near the tropopau sc showed tlor -
izont.1 unifoj-!nity of height and hackscmwr cross scmicm, and the radio sondc [{ala taken near
the radar and near the common volume SI1OWUI similar wind and ten1pcratL3rc str. ctllrc near the
tropopm se, the si~,,al stIcII@ on Llw [orward scatter Iiok and its dcpcndcnce on scawcring
mglc hchavcd in accord. ncc with the prediction of turhulcnt sc. atLcring thcwry usin~, the rad:tr
data as SI,I iqml, The radar cd,smvatirms have shown that m each day mcastmemcnts wm.
made, layers were clctcztcd near ancf ahovc the LI-Opqm USC.1’. rhi(lcnl Iaycrs it, lIIC strat-
osphere ),... hccn dctcctcd al hcigt,ts up m 22 km. “I’ll . layers provide on. of ttw mccll-
anisms for u,cak, long-distance t rofmsc.all.r propagaticm.

,. .,” WORDS

SCattcl-illg tropospheric SCatlCI-
atmosphcric turhulcn. c




