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0°:U ~0.6 for short wavelengths.
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RADAR SEA RETURN--JOSS II

INTRODUCTION

Test Sites

As part of a continuing program to investigate the characteristics of radar sea return, per-
sonnel of the Naval Research Laboratory have conducted a measurement program off the east
coast of the United States. These measurements were made in conjunction with the Joint Ocean
Surface Study (JOSS II) sponsored by the Naval Oceanographic Office with the objective
of investigating the nature of the sea return at vertical and near-vertical incidence. The NRL
4FR system was utilized to obtain calibrated data in the form of the range-gated amplitude and
phase of the sea return. In the course of the program the normalized radar cross section (NRCS)
was measured for various sea states as a function of radar wavelength, polarization, and de-
pression angle. Surface truth was acquired at the operating sites from the instrumented buoy
XERB 1 and the ocean station vessel, OSV Horel, both of which supplied hourly readings
of the wind velocity, direction, and average wave height.

The site locations are shown in Fig. 1 along with a simplified representation of the flight
plan. When the aircraft reached XERB 1, radar data were recorded by fixing the antenna de-
pression angle (azimuth along the flight path) and sampling the return over approximately a
30-s period. This procedure was repeated for depression angles of 40°, 50°, 60°, 70°, 80°, 90°
in upwind, downwind, and crosswind directions, and at least twice in each direction. The gross
surface conditions encountered at each site are listed in Table 1. Most of the measurements
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o Table 1 e
'iGross Surface Conditions at Buoy XERB I LTI

o Ty 4 . Average
Date = i Wmd Velocity Wave Height Degffssma—ﬁngic “““
‘ ‘ - (knots) (56 o (deg)

4.4
4.3 ,
NA .
NA L
NA 4090
1.5 40907 -

10-Feb 711 —13 :
12-Feb 7l NodFR Data | -~~~ ~ |~ = - b

6Feb 71 12201256 | 't 49 | 4090 -
71 1129-1203 S0 B T T s s

. pmg“éjen“gth 'I:U‘,‘ﬁé;"‘i-f*bﬁn Width 1 rarie- e

' VDATA PROCESSING

: . The. amphtude of radar sea return is best described by its pmbabﬂity dxstrtbuttcn o 3 —
calculation of the distribution is accomplished through the use of a digital computer WMG!L&QWS T ——

" the range-gated samples and is programmed to calibrate the data for all of the desired parameters

The basic outputs of this processing system are cumulative probablhty distributions.of the = “IIT T

ceived power (in decibels) of the 16 possible amplitude components recorded by the dER— e

§ystem over the total recording period (= 30 s). By means of the sphere measurement —
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mpenents~for~each recert_lmg rum. These vaIues were-
- d epresszen—‘ angle The med;an of these sample -y

TO8&=poldri aﬁon data were nbtame& {)ther ommissions” in the’ fabfe
malfunctlons that resulted in lack of reliable data.

3 Tablc 3 .
S Medsan Decibel Values of Normalized Radar Cross Sectfon

Depressmn Wind R
Aﬂgle i I LYY : LHHE ! PYV ' PHH
Direction* R S
(degy |
400 | U ~22 {30 |24 {-3335
- Db —26 —34 1 =24.51 =155
& C —23.5|-31.5{-21.5 M—3Z_
50" \U =19 | -25 —21;5 —2’1”3'
‘ D —21 —26 | =20.5 126"
C —19.5] 245|120 [|—-245
60° .. . u — - — -
D —16 [—i9 [—15 [—19.5
b i c - l-16 |—195|—17 |-—185
- T70° g |—105]-t05]|=3 |—2
3 D tet4 L —pt f—g o3
R B St ol et el
B e R s N B e
____ ‘ D 7+ 0 1+3 [+ 15
. C = 8= 1 14+ 35804+ 3
90° — + 7514+ 551+ 1.5 0

Feb. 8, 1971: Wind velocity 14-17 knots; wave height 4.4 ft R

*U = upwind, D = downwind, C = crosswind..
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Table 4
Median Decibel Values of Normalized Radar Cross Section
Feb. 8, 1971: Wind velocity 17-29 knots; wave height 4.3 ft

Depression Wind
Angle v LVV | LHH | PVV | PHH
Direction®*
(deg)
40° U —25 | —30.5|—25.5] —34.5
D —235|-32 |26 |-355
C —25 |32 1-23 =313
50° U —22 | =25 |24 | -265
D —20.5|-25 |-22.5)—28
) C —19.5|—25 {-21.5|-25
60° U —17.5|—18.5 { —18.5| —20.5
D —155|—19 {—205| N
C —16.57—-19.5 | —18 | —18.5
70° U — - — -
D —145[—-135—9 |[—7
C ~16.5[—-13.5]|—3 |— 15
BO® U - - — -
D -3 |-3 |1+ 5|+ 5
C —251—15/+2 |+ 15
90° - +5 [+451+ 5|— .5

*U =upwind. D = downwind. C = crosswind.

Table 5
Median Decibel Values of Normalized Radar Cross Section
Feb. 10, 1971: Wind velocity 24-26 knots; wave height (NA)

Depression Wind
Angle . | XVV | XHH | CVV [ CHH | LVV | LHH | PVV | PHH
Direction
(deg)
40° u —19.3 | =26 | —20.5{—27.5!—-25 —32.5 | -26.5 | —35
D —19.5|-26.51—21.5| —28.5 | =25 —32.5 | —26.5 | —35.5
C —24 —30 | —25.5|-32 —32.51-34 —25.5 | —34.5
50° U —16 =20 |[—18 —21.5|—24 | —28 24 —29
D —15 —19.5( —18.5| —23 —23.5 | -28 —24.5 | —28.5
C —21 =24 =23 =27 —25 —28.5 | ~24 =29
60° u —1i1 —14.5| —14.5] —15 —21 24 | —18.5|-22.5
D —10.5| —14 —15.5 =17 =21 —24.5 | —18.5 | -21.5
C —14 —16.5| —17.5, —18.5| —21.5{ —-25.5| —18.5 | —22.5
70° U —45|—55:1—3 — 3.5 —-11 —135,— 95 |—12
D — 55({—55}{~-45 - 55—-1051—-125]|—85(— 8
C ~ 55— 55| — 35— 45| —11 —125|— 85— 8
80° U + 2 + 2 + 4 + 3 0 -2 + 157+ 1
D + 3514+ 3 + 55:+45|—- 15| — 4 + 1 + 1.5
C + 25|+ 2 +4 | +45]—-15;— 4 + 1 + 1
90° — +10.5{+ 8 +10.5 |+ 95|+ 4 + 15(—1 — 1.5

*U = upwind. D = downwind, C = crosswind.




Tabie 6

Medlan Deécibel . Values.of. Normalnz.ed. Radar Cmss 5 ctlon .

| ;F?l?f 12,/1971: ‘Wind velocity 16 knots; wave height (NA) -~

TXHH | CVV | CHHI| LVV.| LHH | PVV | PE §

B

6 1=315|-25 =33 [—27 |=155(-265[—
si-35 |—26 [-3a5|—27.5[—3651—26 |=

13651 ~20.5{ —35.5| —27.5 1 —37 r_n—zf,»rf*“

1=30 1-23.51-295 —26 =31 ‘,‘:23, .f

A-31 [-255(-30.5] 2551 ~30.5[—24 "

§1—19 [—17.51-20.5] —23.5[~26 [—19.5|—24|

—2150—185) —21.5{—23 i-26 i—195

=23 |-20 |23 |23 |-26 {—185

<o | —6s| s |—t6st-20 |11

=851 —6 —& [=i4.5]—195 —H5 -]

+35 +55F +4.57 —75; —85] . +5L.

O [ 44 | +25[ =65 —7 | +I..[

+8.5 [ +11.5| +10.5] +35) +1sb 415

Table 7

‘Niedfaﬁ Deﬂbek Values ot‘ Normahzeuéi Radar Cross Secfmn

"_ZFeb.16,. 1971 Wind Velocity. 13-1 6.knots; wave height- (NA}—

: ',; (deg) " T m

Depression .- Wind —

. Angle "] Dicection* | XVV.[.CVV |.CHH LV_V‘

+ 1. .
+25[|+5 [+4 |[—55
— 15+ 25l+1 |—175

thoc g o:tfu

90°

+I1.5]+10.5]+10 [+ 3

*U = upwind, D = downwind, C = crosswind.
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Table 8
Median Decibel Values of Normalized Radar Cross Section
Feb. 17, 1971: Wind velocity 2.5 knots; wave height 1.5 ft

Depression } Wind | ool oyl | Lvv | LHH | PVV PHH
Angle Direction*®
40° U —28 |32 27 |32 No good
D —27 |-30.5 =26 |31
C —34.5 | —38 —40.5 | N Transmitter
f detuned
50° U —25 —26 —253 —26
b —25.5 1 —26.5 | —24.5 | —26.5
C —27 | —29.5|-29.5| —32
60° U —21 —20.5 | —21.5| —2t.5
D —21 —20 —22 —21.5
C —24 —24 ~26.5 | —26
70° U — 8.5 —13 —16 —17.5
D — 85| —13.5(—-16 | —17.5
C —13.5 | —-12 ~18.5 | =20
80° U + 1.5 0 —11.51— 7.5
D + S5|+3 —12.5| —~11.5
C 0 + 1.51—14 —10.5
9Q° — +11 +12.5|+ 55+ 7.5

*U = upwind, D = downwind, C = crosswind.

WIND DEPENDENCE OF THE NRCS AT VERTICAL INCIDENCE

The results of JOSS II coupled with previous work (1,2) provide a comprehensive data
bank of NRCS measurements at vertical incidence for various surface conditions. To estimate
the effect of increasing sea state on the NRCS at vertical, the median wind velocity was deter-
mined as a descriptor of increasing sea roughness. Then, the NRCS was plotted as a function of
wind for all signal components (Figs. 2-5). Although there is some scatter, the downward trend

of the NRCS is evident, especially for the short wavelengths (Figs. 2 and 3). Therefore, a least-
squares fit of the relation

agoxln (1)

was computed, where U is the median wind velocity and the values of n are given in Table 9.

The results of the fit of Eq. (I) are very close with the exception of P-band data; however,
recent advances in theory provide an explanation. For comparison with the data, the predicted
NRCS are shown in Figs. 2 through 5 as calculated from the models of Barrick (3) and Sledge
and George (4). In the Barrick model, based on specular point scattering, the NRCS at vertical
incidence is given by
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Fig. 5 — Median NRCS vs wind velocity at vertical incidence, P band, © = 90°




: Tab'le 9
Vaiues of n Determmed by
Best Flt of g Unm _

P_olariza'I:i'on‘?.F PR

T} Freguency.

Vertical | Horizontal {- -

X-Band | —0.6 T e
CBand | 04 | 06 {
.t LBand | —03 | 66 |
!l pBand | w00 } -0 | - T

e *Wlth limits +0.1. 7 7 : 7’;:‘:;%7*7‘""7 S

w=glROF, ""“f;; P

* where IR(0) |2 is the Fresnel reflection coefficient at vertical incidence and S? is the meant aﬁﬂaie::‘::‘:;‘”‘:_ﬂ ”
value of the total slope at a point on the. two-dimensionally rough surface The sIope Can.be
.reiaied to wind velocity as shcwr; by Cox and Munk (5} by e

§2=0. 903 + 5. l?XIG‘SU

where Uis expressed in m/s. The NRCS obtamed by combining Eq. (3) w1th Eq (2 S U] — —
a1} F;gs 2-5 and collated with the NRCS obtained experimentally. Altheugh there is-some-dig—— _—

- parity in absolute magnitude, the trend predicted by this modelis in good agreement with the ————-
X-, C-, and L-band data. Disagreement.with the Barrick model exists at P band.: Thm is2fa :
be expected inasmuch as Eq. (2) has only a slight dependence on wavelength in the ¥
- region. However; a- better fit to P band is obtamed utlhzmg the- model of - Sledge and-Gvs:orge(jlymw s

Cox and ,Munk statistics - (Eq (3)) and_ a symmetnca_l antenna- pattern It is- seen in-Fig:-$-that————
TR be&'e"r ‘ﬁt‘ 'is"dbta'ined at 'P baﬂd 'w‘ith‘ the Sie'dg'e and Geo‘rge'inode} ' Fiﬂany,‘twa‘ '

value in the figures. This is a simplifying appr0x1mat10n as it has been shown that c -
_generai is not Rayleigh distributed (6} - S e

SYSTEM LIMITATIONS ' o o ,7 Vl L

Estimated limits of error of the magnitude of the NRCS are prov;ded in Table 1(} fur eaﬁh i
signal component. An additional uncertainty exists at depression angles of 90°. The measures——
~ment at 90° (vertical incidence) has inherently a problem of range gating at the center of the
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Table 10
Estimated Limits of Error in NRCS (dB)

Date XVV | XHH |CVV|CHH | LVV | LHH | PVV | PHH

8Feb71 | — - - —_ *2 *1.5 | =1.5 | =1
10Feb 71| =2 | £1.5 | =1 *1.5 | =1.5 | =2 *2 *1.5
12 Feb 71 | =2 +2 =*1 *1 +2 +[.5 | =2 +2.5
16 Feb 71 | =2 - *+1.5 | *£1.5 | £1.5 | 22,5 | £1.5 | =1.5
17 Feb 71| — - +2.5 | =3 *1.5 [ £2.5 | — —

antenna beam which is not present at other angles. The specular nature of the return at 90°
plus vertical platform motion causes difficulty in continuous range gating at the center of the
* clutter pile. In these cases, a time history of the return was plotted to test for the presence of
large variations in signal produced by poor range gating. Areas of doubtful range gating are
then omitted from the compilation of sample medians of the NRCS. (This was also done for
previous measurements.) However, it is not possible to determine with certainty whether there
was systematic, less-than-optimum, range gating, which would produce a lower NRCS. The
problem is not as great at L and P bands due to their larger antenna pattern. However, judging
from the agreement with theory of the trend of the NRCS (Figs. 2 and 3), any such uncertainty
on X and C bands should be small.

CONCLUSIONS

The processing and analysis of the 4FR radar sea return data recorded in association with
JOSS II have been completed. The NRCS from the vertical and horizontal polarizations was
determined over depression angles from 40° to 90°. These results were incorporated with pre-
vious 4FR sea return data at vertical incidence and compared to recent theory with good results.
From the results obtained the following conclusions may be drawn:

1. The NRCS at 90° is inversely proportional to wind velocity and may be estimated by
an equation of the form

ogocl/-0.8

for short wavelengths.

2.The models of Barrick (3) and Sledge and George (4) are in agreement with the trend
of oy with wind.

3. The model of Sledge and George provides a good fit to both the wind and wavelength
dependence of the NRCS at vertical incidence.

This report completes the documentation of all of the 4FR clutter measurement programs
conducted over the past several years. A comprehensive data bank of the variation of sea return
as a function of radar and surface parameters has been obtained for depression angles from
grazing to vertical incidence, over seas from calm to precipitous. These data have provided
and will continue to provide the empirical basis for the development of statistical models of
the sea clutter process. '
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Appendix A
DETERMINATION OF ILLUMINATED AREA

The illuminated area for the pulse-length-limited case was previously approximated (A1) by

R (ﬁa%C’r
A=—-, Al
cosO (AD
where ¢a is the azimuth beamwidth of the antenna at the 3-dB point on the onc-way pattern
and © is the depression angle. For the beamwidth-limited case the illuminated area was approx-
imated by

= R2dade

sin@ ’ (A2)

where ¢e is the elevation beamwidth.

For the 4FR antennas, the patterns on all frequencies are approximately Gaussian, so that

¢'a (two-way) = %—%

and {A3)
| de’ {two-way) = $e
3

Prior to redefining the illuminated areas for the conditions of Eq. (A3) it will be helpful to examine
the derivation of the beamwidth-limited case. A conical beam intersects a plane surface in an
ellipse whose area can be determined geometrically. From Figs. Al and A2, it is possible to
write the major and minor axes of the ellipse as

Le=1h 1 — 1 (Ad)

tan( ——ié—e) tan(@—%-i’;)

and

La= 2Rtan%3, (A3)
where k= altitude.
The area of the ellipse is given by

A="leLa. (A6)

I3
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Fig. A2 — Azimuth view

After following substitution of # = Rsin®, expanding the tan (8+<;be’f2} terms, and sxmpis ymg,,;m
Eq. (A6) reduces to -

mmwawe
4 sin© : , e

when the following approximations are valid:

¢'e

tan ——
2

ol
2
et

) -

Substituting Eq. (A3) into Egs. (A7) and (A1) results in
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A= % % (beam limited) (A9)

and

RbaiCr
A= V3cos6 (puise limited)

where the beamwidths involved are the conventional one-way values as given in Table Al.
Equations (A9) are in agreement with Barton (A2), and a comparison with previous usage (Al)
shows that the difference in area is a factor of #/8 and 1/ V2 for the respective beamwidth and
pulse-limited cases. In general, depression angles of 60° and less are pulse limited for the 4FR
measurements, so that previously published NRCS values may be converted to the two-way
definition by addition of 1.5 dB (pulse limited) and +4 dB (beam limited). The exceptions occur
at P band, 90°, where the approximations of Eq. (A8) are not valid and Eq. (A6) must be used.
However, the NRCS values may be obtained from Fig. Al.

Table Al
Four-Frequency Radar System Parameters
Azimuth Elevation Azimuth Elevation Cross Antenna | Peak Ave Pulse PRE
Band | Polarization | Beamwidth | Beamwidth | Minor Lobe | Minor Labe | Polarization Gain Power | Power| Width
(deg) (deg) (dB) (dB) {dB) @B | (kW) | (kW) | usr | (PP
P Horizontal +12.2 40 t4.5 20 25 17.4 - 5
Vertical —12.1 41 14.5 26 28 17.4 - £40 1 0.25-2.0 | 100-1463
L | Horizontal 55 13.8 13.4 16 25 25.9 2 140 | 0252 ‘
Vertical 3 13 14 14 25 26.2 - 2520 | 100-1463
C | Horizontal 5 5 23.2 245 >20 314
Vertical 5 s 23.2 24.5 >0 3.4 33 100 1 0.1-2.0 | 100.1463
X | Horizontal 5 53 23.6 235 =20 1.2 25 .
Vertical 47 5.0 216 242 =20 3.2 - 160 | 0.1-2.0 | 100-1463
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