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1.0 SUHMARY

The radar backscatter from the sea depends upon both the ~agnitude
and direction of the wind vector. This dependence can ke explained by
both theoretical and empirical models. These results are extremely
irportant since in the near future NASA proposes to launch the SeaSat-A
oceancgraphic satellite. One of the goals of this satellite is to demon-
strate the feasibility of global wind speed and direction measurements
over the ocean. Such wind vector information will provide metesrologists
wi th essential input into wave and weather forecast models.

Several regression models are proposed to explain the wind direction
dependence of the 1975 JONSWAP (Joint North Sea Wave Project) scattero-
meter data, in which continucus directional observations were made by
flying in a circle. The models consider the radar basckscatter as a
harmonic functicn of wind direction. The constant term accounts for the
major effect of wind speed and the sinusoidal terms for the effects of
direction. The fundamental accounts for the difference in upwind and
downwind returns, while the second harmonic explains the upwind-crosswind
difference. Possible higher order effects would appear as coefficients
of the higher harmenics. The first model considers only terms involving
the fundamental and second harmonic. The second and third models are
more general, since third and fourth harmonics are included, respectively.

The results, for anglies of incidence of 40° and 65°, indicate that
third order effects are negligible. Also, for all cases, the first model,
which used only cosine terms up through the second harmonic, appears to
explain the angular variation adequately. The coefficients of this
model are related to the wind speed by a power-law expression. The rela-
tionship is extraemely valuable, since it simplifies the process needed
to determine a wind direction from two orthogonal scatterometer measure-
ments. Thus, the results are of value to future sateliite ohservations
of the ocean,
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An iaversion technique is also proyosed which will elininate the
effacts of wind speed and direction. This appreach assumes that two
orthogonal scattering measurerents are availsblie. Alse, if swell or

the large-scale waves do not line up with the wind v=ves, it is assu=ad
that the necessary informaticon is available to correct for these effects.
The technique performs adequately under these constraints, and alse,

when possible higher order wave effects are present.

A corparison betweern two different types of sea scatter theories, che
type represented by the uork of Wright and the other by that of Chan and
Fung, was made with recent scattercoeter measureTents. Wright's theose-
tical model differs from that of Char and Fung in two major aspecis:

(1) uright uses Phillips' model for the sea spectrum, while Chan and Fung
use Mitsuyasu and Honda's spectrun as proposed by Pierson; (2) Wright uses
the modified siick-sea siope distribution of Cox and Hunk defined with
respect to the horizon, while Chan and Fumg use fox and Munk's slick-sea

sfope distribution defined with respect to the plane perpendicular to
the look direction.

Satisfactory agreement between theory and experimental datas were
chtained when Chan and Fung‘'s model was used to explain the wind and
azinmuthal! variation of the radar backscatter. Wright's theory dees
not include anistropic characteristics, and hence, can be only used
to show wind speed and incidence angle dependence. Since Philiip's
sea spectrum is independent of wind speed, Wright's model does not
show significant wind dependence, and thus, leads to poorer agree-
ments with experimental data.




2.0 AN EMPIRICAL HMODEL FOR GCEAN RADAR BACKSCATTER ANMD 0TS APPLICATION
18 INVERSIEN ROUTINE TO ELIMIMATE WikiD SPEED AND DIRECTION EFFECTS

A, #Hedelling the YWind Speed Dependence of Sea Return

The ocean surface can be viewed simplistically as consisting of
waves of two scales: (i) gravity waves which have wavelengths much
longer than those of the radar, and (ii) capillary waves which have
wavelengths on the order of or smaller than the radar wavelength. At
microwave frequencies and for incidence amgles in the range 86° > 6_> 25°,
the radar return, especially the vertically polarized case, can be ade-
quately explained in terms of the first order Bragg scattering theory.

The selected acean wavelenath predicted by this theory is related to
the radar waveiength by

Asina=--§‘- (2-1)
where A = ocean wavelength
_ X = radar wavelength

Thus, a strong dependence of the radar return upon the sea spectrum in
the capillary region is expected. Pierson (1975), Mitsuyasu and Honda
(1974}, and others have showun that the sea spectrum in the capillary
region grows with increasing wind speed. For this reason, a strong
correlation between radar sea return and the wind speed over the sea
surface is anticipated.

Work by many experimenters, most recently Young and Moore (1976),
and Jones, Schroeder, and Mitchell {1977) suggest that the wind speed
can be determined from the radar backscatter by using an empirical reila-

tion of the form:

co - AU* (2"23)
ar
-] — -
agg = Ayp * ¥{18 loo }J) {2-2b)

N _—




where A
u

Y
The effect of wind direction on sea returns has not beer as

levelling constant
wind speed

1

l;

wind speed power coefficient.

extensively explored as the cagnitude deperndence. The majority of
research in this area has been conducted under the MHASA AAFE {Advanced
Aircraft Flight Expericent) pregram. Attenpts at modelliag this effect,
however, have never teen truly satisfactory, since a relationship between
the caefficients of the models and wind speed has not bzen shown pre-
viously [farani {1975)).

Several regressicn codels were applied to the 1975 JONSYAP (Joint
Horth Sea Wave Project}lcircke—flight data in an atterpt to determine
the wind direction and spgeed cependesce of the radar returns. The pro-

posed models assume the backscoatter to be a harconic function of wind

direction., The constant term acccunts for the major effects of the wind--

speed magnitude and the sinusoidal terms account for the effects of wind

direction. The fundamental accounts for the difference in the wpwind

and downwind returas, while the second harmonic explaias the upwind-cross-

wind difference. Possible higher order effects which may oveur are
accounted for in some of the models oy the higher order harmonics. To
include these possibilities the following regression models were

proposed,

N -
Model 1 : ¢°(u,8,%) =Zﬂ An(U,B) cos _n(¢-¢“)] {2-3a)
3 -
Model 2 : o°{u,8,%) %22 An(u,ﬂ) cos "(¢-¢uﬂ {2-3b)
n=0
b
Model 3 : o°(0,8,8) =Z An(U,G) cos El(é-éu)] {2-3c)
n=0
where An(u,&} = coefficient to be determined through regression
$ = measurement direction from Horth, in degrees
by = upwind divection, in degress
U = wind speed, m/s

i

incidence angle (relative to vertical)

l(Jones, Schroeder, Mitchell, 1978)
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The moitiple correlation ceefficient, Rz, was chosen to provide
a aumerical evaluation of the regression analysis. 8% is a measure of
the “proportion of total variation about the mean explained by the regres-
sion;" a perfect fit has a value of one (Draper and Smith, 1966).

By fitting Model 3 to the measured data, values tur the Ah's are

obtained as shown in Table 1. These An's are for a given incidence angle,

g, and a given flight (or wind speed). Reasonable improvements in the

R? value due to use of third and/or fourth harmonics would imply that :
higher order effects are significant. As Table 1 shous, this is not the

case. Even Flight 16, which has unequal crosswind values, appears to

be adequately explained by Hodel 1, as shown in Figure .

Since the second-harmonic model adequately explains the wind direc-
tion effects on backscatter, an attempt was made to determine a rela-
tionship betwzen the three regression coefficients of this model and wind
speed. The scattering coefficient is known to have a power-law dependence
on the wind speed. A power-law relation of the following form is assumed
for the An's,

vn(B)
An(ll,ﬂ) = pn(e) ] (2-4)

i

where gn(e) levelling coefficient
Y, {s)
This expression is fitted to the An's shown in Table 1 at a given

incidence angle. Figure 2 is an illustration of this case when 8 = 10°.

]

wind speed power coefficient

It is clear from Figure 2 that the assumed expression for An does provide
satisfactory fits, with the possible exception of A](UV). Table 2 shows the
coefficients in (4) obtained through regression analysis for 6 = 40°(Figure 2).
This relationship is also shown using both AAFE and JONSWAP results in
Appendix B.

B. WIHDVEC - A Simple Inversion Technique to Eliminate Wind Speed and

Divection Effects from SeaSat Orthogonal Radar Backscatter Measurements
in the near future (1978), NASA intends to launch the SeaSat-A

aoceanographic satellite, carrying as one of its instruments the Sealat
Active Scatterometer System (SASS). The SASS will use four antennas
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(a). HH Polarization

JONSWAP Regression Results {6 = 407).
(Individual Flights)

Date |Flight | Wind Aq A Ay Aq Ay RS RS RE
Spead (x1072) ] _{x1073) (x1073) | tx30"3) ) tx1073y
8/29/75 13 4.5 1.91 0.58 0.85 ik ok 0.91 ke woek
9/02/75 14 5.8 2.01 1.05 0.83 0.10 Kk 0.98 0.98 kg
9/08/75 | .16 8.8 8.74 2.02 2,20 Kok ok 0.95 ok sekeh
9/09/75 17 12.8 15.41 5.07 7.80 0.63 e 0.97 0.97 ok
9/09/75 18 11.3 11.13 3.71 4.93 wivk ko 0.97 o o
9/10/75 19 7.5 3.96 2.02 2.68 0.54 dek 0.95 0.08 Fkk
(b). VV Polarization
. 2 2 2
Date Flight Wind AO 51 A2 A3 A4 RE R3 R4
Speed | 1073y | (x10°3) | (x1073) | (107 (x1073
8/29/75 13 4.8 2.95 ok 1.62 ek e 0.92 i ik
9/02/75 14 5.5 4.00 1.07 1.90 sk sk 0.94 ek ok
9/08/75 16 8.8 9.32 1.95 5.43 ok ok 0.92 Kk ek
9/08/75 17 12.8 | 27.31 3.73 | 15.54 1.50 o 0.97 0.98 ok
9/09/75 18 1.3 | 21.63 8.12 | 12.86 0.90 | -0.69| 0.98 0.98 0.8
9/10/75 19 7.5 | 11.60 0.70 6.55 0.97 sk 0.97 0.98 o

*%* These terms of the regression were not statistically significant.
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(a). HH Polarization

JONSWAP Regression Results {o = 65°%)

Date | Flight | Mind A A A A A RS RE RS
Speed 1373 {0t G073 gx?n‘3\ (q?n-3} 2 3 4
9/02/75 14 5.5 0.17 0.068 |[0.032 | 0.011 | www 0.84 0.86 i
9/08/75 16 8.9 0.29 0.18 0.16 0.032 | wxx 0.93 0.94 s
9/09/75 17 12.3 1.26 0.83 0.55 st ik 0.96 sk Hw
8/087/75 18 10.5 0.97 0.09 0.47 Hokw kil 0.92 ek s
(b). VV Polarization
Date | Flight | Wind Ay A, Ay Ag Ay RS R§> R
Speed (x1073) | (x10™3) | (107 | (x1073)] (x1073)
9/02/75 14 5.5 0.85 0.098 |0.04 ik s 0.95 ' | e sk
9/08/75 16 8.9 2.83 0.89 2.22 0.28 s 0.93 0.95 ik
9/09/75 17 12.3 7.14 1.70 4,33 Wk -0,58 0.92 0.94 Wk
9/09/75 18 10.5 5.36 2.75 3.82 sk s 6.83 e i
89/10/75 19 7.5 2.86 0.40 2.22 0.30 «0.22 0.96 0.98 0.99

* Flight 13 contained no 65° data. Also, the horizontal polarization data for flight 19 was deleted due
to small number observations. .

*** These terms of the regression were not statistically significant.
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Table 2: PONWER LAW RELATIONSHIP OF REGRESSION COEFFICIENTS
OF 2nd HARMONIC MODEL AT & = 40°,

Horizontal Polarization Vertical Polarization

Coefficient xqg-S) .' Vn | R2 (z¥0_5) v, .RZ
A, 7.53 2.05 0.94 11.75 2.13 0.96

Ay 3.46 1.94 0.96 2.68 1.95 0.73

A, 2.55 2.16 0.93 5.02 2.26 0.95

..13_

e e e




R

A ¥

squinted 45° off the satellite subtrack to achieve "'a star-like illumina~-
tion on the earth's surface," Grantham, et al.(1975). An operationatl
frequency of 14.6 GHz was chosen to provide maximum wind sensitivity

and minimal atmospheric absorption. Both vertical and horizontal like -
polarization measurements will be made over an incidence angle range of
f25°, 55°}. Doppler filtering will be used to divide this 1000 km.

swath into either 25 km. or 50 km. cells as specified by the SeaSat
User Working Group (UWG).

The User Working Group has also specitied that the SASS should be
capable of measuring wind velocity within an accuracy of #2Zm/s (U < 20m/s)
or £10% (U > 20m/s) for wind speed, and an accuracy for wind direction of
+20°, This creates the need for an inversion technique, which will use
the orthogonal measurements, to infer these quantities. This probiem can
be solved in two steps: (1) wind speed, and (2) wind direction.

1. Wind Speed

The wind speed can be estimated within the user's requirements by
using the average for the same point from orthogonal viewing angles.

This average is approximately equal to the radar cross section when the
aspect angle is 45°, i.e.

o oy o o Ta0g) + 0%y + 90%)
o® (4= 5%) = o2, = v (2-5)

From Model 1, it can be shown that (5) becomes exact for by = -45 and
it provides the worst estimate when ¢y = 135°, This is true for any
incidence angle for which Model 1| is valid. 1t should also be noted
that (5) provides poorer estimates when the upwind-downwind ratio becomes
targer.

As an illustration, the relationship between ¢°(3 = 45°) and wind
speed is shown in Figure 3 for 8 = 40°. Again a power-law dependence
of the form

v; (@)
15°) = a, (8)u (2-6)
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provides satisfactory fits te the data. Consequently, the wind speed
can be estimated knowing the average of the two scatterometsr measure-

ments, t.e.

-~ _ o v
U= [? GAQ] (2-7)
where a= i/ay: a{uy) = 85.1, a(w) = 60.0
vy = l/yl: y(HH) = 0.47, y{w) = 0.45

As a test, wind speed errors were obtained from scattering coefficients
calculated using the wind direction models. As seen from the results in
Figure &, the wind speed error can be expressed by

U .. =€, +C, cos(d + 45%).
A wind speed corraction of this form would offer considerable improvement
if the data set had no fading or other random fiuctuations. However, &he
SASS measurements will include fading and instrument bias.

At present, no wind speed correction is employed. When this technique
is applied to orthogonal pairs of JONSWAP measurements the results are still
within the UWG's guideline of 2 m/s {u < 20 m/s) or +10% (u > 20 m/s).

As an illustration, the wind speed errors for flight 17 are shown in Figure
5. Appendix C shows the wind speed error for the remaining JONSWAP flights.

2. Wind Direction
In the previous section, it was shown that the wind direction effects

on ¢° can be modelled by expression (3a). The regression coefficients of (3a)

have a wind speed dependence given by Equation (4). In Section A, a method
was discussed for determining an estimate of the wind speed, U. Using
this estimate of wind speed, the scattering measurement can be modelled by

o _ 7 “ N _
g = :l\zc:osmia"_‘r o+ Alcoséw + Ag {2-8)

where AN are estimates obtained from (&) using the U from (7).

Consequently, the wind direction, ¢w, can be found from

-A :\/ﬁ <. 8A (.‘i - A - 0%
_ -1 1 1 2
4, = cos { 2o 2 (2-9)
1}A2

A N
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Figure 5a: Wind speed errors vs U for Flight 17, HH.
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Equation (9) holds for all incidence angles for which Model 1 is valid.

This inversion yields two estimated wind directions for each scattero-

meter measurement, one in the first quadrant and one in the second. These

are mirrored to obtain estimates in the third and fourth quadrants,
respectively. Ho information is known from the measurements themselves
to determine the wind quadrant, but in an operational satellite system,
such as 5eaSat, this can be obtained from V-IR or conventional meteoro-
legical data.

Examples of the wind direction errors obtained when applying this
technique to JONSWAP flight 17 are shown in Figure §, where A and B

are the fore and aft beam results, respectively. Considerable improvement
can be obtained by averaging the results of both fore and aft measurements
after they have been corrected to North. Results for flight 17 using this

correction are shown in Figure 7, The wind direction errors produced by

this method for vertical polarization are considerably lower than those

for horizontal polarization, as seen by Tatle 3. One explanation for this

observation is that the upwind-downwind scattering coefficient ratio
increases with the wind speed much faster for the horizontally polarized
case. Also, the scattering coefficient for the horizontal polarization
can be much smalier than that for the vertical polarization and it drops
off rapidly at large incidence angles. These later properties make it

much more difficult to obtain relisble measurements.

C. Conclusion

The wind direction properties of radar backscatter were modelled
by cosine fourier series through the fourth harmonic in wind direction
from upwind. A comparison with JONSWAP data indicated that the effects
of the third and fourth harmonic are neglibie.

A simple inversion technique, which uses two orthogonal scattering
measurements, is also shown which eliminates the effect of wind speed
and direction. The procedure used is as follows:

(1) Estimate wind speed from average ¢” from 2 antennas

{2) Estzmate coefficients of directionsl equation by using a°
estimate from (1) and previously determined wind-speed
dependence of coefficients.

-2‘.—
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Table 3:

WIND DIRECTION ESTIMATE

ERRORS (IN DEGREES)

HORIZONTAL POLARIZATION

VERTICAL POLARIZATION

FLIGHT
MEAN ERROR STD. DEV, MEAN ERROR STD. DEV.
13 -3.87 11.21 -4.19 9.42
14 1.49 12.78 2.87 5.45
16 3.19 10.77 3.81 6.85
17 -2.21 8.45 -3.34 4.57
18 -0.81 8.90 ~1.23 5.42
19 ~1.55 11.95 -0.75 7.43
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1

(3) Estimate direction using coefficients from (2) and ¢° measured
with antenna 1.

(4) Estimate direction using coefficients from (2) and o° measured
with antenna 2.

{5) Average estimates of direction from (3) and (4) to produce new
estimate of direction.

(6) Determine quadrant by comparing the 4 estimates of (5) with data
from other sources such as:
(A) concurrent satellite photos
(B) meteorological analysis and forecasts based on
observations at other times and places.

The results show that vertical-polarization is more effective in

determining both wind speed and direction than horizontal-polarization.
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3.0 COMPARISUW QF SOME SCATTERING THEORIES WiTH RECENT SCATTEROMETER
HMEASUREMENTS

A. Introduction

in recent years there has been general agreement that the scattering
properties of the sea surface can be explained reasonably well in terms
of a two-scale roughness model. It is understood in the two~scale model
that the small waves are assumed to satisfy the small perturbation assump-
tions and that the large scale waves are to satisfy the Krichhoff approxi-
mation. This means that only certain high and low frequency portions of
the entire sea spectrum are included as significant contributors to sea
scatter. The basic approach is to use the first order result of the small
perturbation method to compute the scattering coefficient due to small
scale waves and to account for the tilting effect of the large scale
waves by averaging this scattering coefficient over the slope distribution
of the large scale waves. The tllting process not only produces an
averaging effect but also causes depolarization of the incident
electromagnetic field in the local reference frame leading to additional
higher order terms (Fung, 1976). However, these higher order terms are
unimportant when dealing with small sea slopes. As a result most authors
ignore these higher order terms., It is known that the first order per-
turbation approach invariably produces a larger scattering coefficient
for the vertical polarization than that for the horizontal polarization
near grazing incidence. This fact remains unchanged after averaging.
Since some recent near-grazing observations (Long, 1974) indicate that
there are cases where the converse is true, special care must be exercised
when applying such a theory to explain data at incident angles greater than
80°. As Wright (1968) pointed out,this type of theory is valid only in
the mid-angular range approximately 30° to 80°.

Sea scatter theories using the two-scale model (Wright, 1968, Chan
and Fung, 1977, Bass, et al., 1968, Wu and Fung, 1972, Long, 1974, Valen-
zuela, 1967) may be further categorized into two types: (&) those which
use Phillips® (1966) sea spectrum together with a slope distribution of the




large scale waves defined with respect to the horizontal plane, and {(b)
those which use a growing sea spectrum (Pierson, 1975, Mutuyasu and Honda,
1974, Sutherland, 1967) and a slope distribution of the large scale waves
defined with respect to the plane normal to the look direction. In the
next section we shall briefly describe these two types of theory follow-
ing Wright for type (a) and Chan and Fung for type (b). The predictions of
these theories are compared with experimental observations in Section C and

conclusions are given in Secticn D.

B. The Two-Types of Two-Scale Models

Wright's Sea Model. Many authors (Wright, 1968, Chan and Fung, 1977

and Valenzuela, 1967) have shown that for a slightly rough surface which

satisfies the small perturbation assumption, the backscattering coefficient
is given by

3,6 8) = 8k*g? IRTCRS (3-1)

where for horizonta! polarization, p = h and

_ 2
Cpn = cos aRh

Rh is the Fresnel reflection coefficient for horizontal polarization defined

in terms of the electric field. For vertical polarization, p = v and
_ 2 2 2\ 2 . 2 .2

LI Rcns’e + (k k )Tv sin8/(2k'")
where Rv and Tv are the Fresnel reflection and transmission coefficients
defined in terms of the magnetic field for vertical polarization. Int:pp,
k is the wave number in air; k' is the wave number in sea water and 8 is
the angle of incidence. W({6,§) is the normalized anisotropic sea spectrum
and Uz is the variance of the small scale sea waves. To include the tilt-
ing effect of the large scale waves, Iapp|2 should first be modified by
including higher order correction terms due to tilting and then (3-1} is

averaged with respect to the siope distribution functions of the large
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scale waves recognizing that @ in (3~1} Is to be replaced by the local
incidence angle, ¢', which is a function of the local slopes. Wright
indicated that satisfactory approximation could be achieved by assuming "
the spectrum to be independent of the tilt angles except as they affect ;
the Tocal incidence angle. Letting o be the tilt angle in the plane of

Incidence and g be the tilt angle in the orthogonal direction, he
obtained the backscattering coefficient as

o - 152 ' 2 H ! Z -
o pp(a) = 8k o-J!:fispp(e,Zx,Zy)] W(ksine')P(zZ , y)dedZy (3-2)
- 4
where G, = avv(ﬂ ) canlz }
& i e ]
Gpp = uhh(e )+ , 2 ?avv(e ) i
8' =0 + Zy SIrle F
24-1 2, +2 :
P{Z_,Z ) = (2us) "exp[-"F—g¥]
x'Y 252
2

il

S

0.004 + 0.81 x 1073y
oW (2ksing!) = 0.585 x 10~2(2ksing')~4

and U is the windspeed in m/sec measured 12.5 m above sea Tevel. Note
that higher order correction terms due to tilting are considered negli-

gible for vertical polarization so that G = qu(B*) while for horizontal -

polarization a correction term is added to qhh(e') to form th. The siope

distribution, P(ZX,ZV},is a simplified form reported by Cox and Munk (1954).
From the d=finition of the sea spectruin it is clear that it is independent
of wind speed. Thus, wind dependence in U“Pp(e) comas only through

the slope distribution, P(Zx,i ).

Chan_and Fung's Model. The mode! reported by Chan and Fung (1977)
for the backscattering coefficient is as foliows:
@ o
oi;tiplapDEZU(ﬁ',¢)P6(Zx',Zv')dedZy (3-3)
= £t

° _ oLk
g pp(e) = 8k

which is essentially the same as (3-2) except for the definitions of P(Zx',Zy')

and W{a',p) and the fact that higher order corrections to o P are ignored.

In Chan and Fung (1977) it was shown that the probability of occurrence

of a given slope varies with the direction of observation. For this reason

_30;,




the probability distribution function P(Zx',Zy') reported by Cox and

Munk is projected along the look direction first before it is used in

the averaging process, i.e.

Pe(Zx',Zy') = (1 + ZxtanB)P(Zx',Zy") (3-4})

In (3-4), P(xXx', EY') Is the slope distribution of the large scale waves

as viewed at an incidence angle 8 and is defined in the prime coordinates

(Figure 8) whose x'-axis is parallel to the wind direction. It is assumed

that the plane of incidence is the XZ plane and that the angle between

the x-axis and the x'~-axis is ¢ so that an upwind observation occurs

when 4 = 0.

In view of Figure 1, the slopes in the primed and the un-

primed coordinates are related as follows:

Zx' = Ix cosp + Zy sing
Zy' = Zy cosg - Zx sing

The form of the slope distribution of a sea surface, P(Zx',Zy'), was
reported by Cox and Munk (1954) to be

where

2 2
w0 zcu 20:2

] H I2
P(Zx',zZy') = Fzx',zyt) exp l:-——-zx A l2J

c 2 c 3
Vs oy L 21 fzyt zx'  bo3 fzx3 3zx
F(Zx',zy'} = 1 - ( 5 ]) = z ( - = )
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62] = 0.001 - 0.0086U

803 = 0.04 - 0.033U
2_ 2

g, =0, 7(1 + Ro)
2 2

o =R o

c ou -3 -3
R = {0.003 + ¥.92 x 10 “U)/3.16 x 10 ‘U

0.359
o 2 ii. K%s (K)dK
0

In the expressions above U is the wind speed in meters per second
at an altitude of 12.5 m above the sea horizon. The definition of s(K)

is given in accordance with Pierson (1975) as

s(K) = 5, (K), K,y < K < K.
2 K U2
2 am
S(K)=iexp[“—450'7 ]: 0 <K<K, = 2
L K3 K*u(u,) T
L -1/2,-5/2 '
SZ(K) = 3K1 K , K] < K < 1{2 = 0.359

55(K) = 5, (K,) (K/KS)q, Ky < K < Ky = 0.942

p._ 2
(gk + gk3/13.1769) 1 * 1)
550K} = 1.473 x 10" uZkCK Ky < K <o
Ky, can be found numerically by setting Sh(KA) equal to SS(KQ)‘

K3 < K < KlI

= friction velocity, Uy > U2
~ 172 )
(13.1769)
= 109]0[52(K2)/sk(K3)]/10910(K2/K3)
Py = 5.0 - }OQIUU*
-5 2 -2
0.684/U, + 4.28 x 107U - .43 x 10

:
L a?qzi
I

7z =
U(U*? = (u,/0.4) in (z/zo) cm/sec
a=5h.05x 107
g = 980 cm/sec2
Uy = 12 cw/sec

]
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I P T T P U W




- 3

E'\\.“:- -

The important characteristics to be noted in this spectral model are:
(i) the spectrum grows with the wind; (ii} in the capillary region
defined approximately by SA(K) the larger the K number the faster is
the growth (i.e. faster growth of the sea spectrum occurs at larger
incident angles and higher frequencies); and (iii) this model is
valid to about 38 knots (Pierson and Stacy, 1973). In accordance with
Mitsuyasu and Honda, their model can be valid to velocity as high as
33m/sec at 10 meters above the sea horizon. Thus, the theory may be
valid to higher wind speed than the 38 knots when operating frequency
is such that only their portion of the sea spectrum is the significant
contributor.

The relationship between S(K) and W(8',4) can be shown to be
(Chan and Fung, 1977)

“W(K,8) = %“—é—)- [1+ 242

el | e
A

cos2] (3-5)

where K = 2ksin ! and R is the ratio of the crosswind slope variance
to the upwind slope variance. HNote that Ro is the same as R except
that it is for the large scale waves only. It is believed that R
should be somewhat less than Rof However, since the exact expression
is not known, the theory is illustrated using Cox and Munk's clean
sea model for R. Upon substituting (3~4), (3-5) into (3-3) we obtain

U (9,¢] —ff_ k3| [! " 21(-3-RR) cos? ]S(2l_cs'in8')

sing!
-2  -coth

(1 + thanﬂ) P (Zx', Zy') dzxdzy (3-6)
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Equation (3-2) and (3-6) represent the two different types of sea scatter
theory considered in this paper. Note that the lower 1imit for Zx in
(3-6) is -cot® instead of minus infinity. This is necessary in order

to avoid looking at the back side of a facet. As a result, the
probability density Tunction should be renormalized with respect to

this range of limit which varies with the incident angle.

C. Comparison with Sea Scatter Heasurements

1. Comparison of ¢°{8,4) versus Azimuth

The o°(0,8) versus ¢ data reported by Jones and Schroeder (1977)
are all at 30° incidence angle. Compariscons batween Chan and Fung's
theory and these data are shown in Figure 9a and 9b for the vertically
and horizontally polarized cases respectively. Wright's theory is not
shown since it does not include azimuth dependence. In making these
compariscns, the absolute Tevels of U:v and Gﬁh at different wind
speeds are disregarded. It is seen that satisfactory agreement is
obtained for the variations of ¢° versus ¢ for wind speeds at 6.5
m/sec and 15 m/sec and for both polerizations. As will be shown in
uo(e,¢) versus wind spzed comparisons in Figure 10, it is rather mean-
ingless in most cases to compare the absolute levels of ¢°(8,3) at
8 single incident angle, ponlarization, and wind speed. This comes
about because of the unavoidable scatter which is always asscciated

with limited amount of data.

2. Comparison of o°(8,4) Versus Wind Speed

Figure 10a, B, and ¢, show the comparisons between o® data re-
ported by Jones and Schraeder (1977) and ¢:h,vv(e’¢) computed using
(3-2) and (3-6) versus wind speed 2t 19.5 m above the sea horizon
for downwind and crosswind cases respectively at incidence angles
300, hﬂp, and 50°., In these comparisons the computed absolute levels
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gh vv(e.¢) are retained. The range of wind speeds considered is ap-
?

proximately between 6.2 m/sec and 15 m/sec.

of o

why dgvfe,¢) is much higher in level than U;h(9,¢) is the inherent char-
acterist?c§ of the first order perturbation theory. While the AAFE data

are 1imited, they seem to agree with the predicted theoretical level se-

paration. Also, uncorrected data, Figures lla and b, taken from Skylab

SL-2 and SL-3 at &30 and 500 do show a clear level separation of the pre~

%

it is noted that the reason 'g

%

1

1

i

dicted order of magnitude. !

Note that data selected from Skyiab are those
taken during Hurricane Ava and Tropical Storm Christine, where a continuous

0 . . . .
measurement of o versus wind speed, was available. Despite clear differences

at particular incident angles and wind speeds, a general agreement in absolute
levels in wind speed trends and in incident angle variations is observed.

Also included in Figures 10a and 10b are the theoretical predictions
from Wright's theory.

It is seen that ¢° exhibits much less dependence
on wind speed.

This appears to be due primarily to the use of Phillips!'

sea spectrum model which is independent of the wind speed. Recent studies

on the hydrodynamic effects of the long and the short wave interactions

. - . 0
may serve as another explanation for the observed increase in ¢ . How-

ever, since non-linear interaction is of higher order, it does not seem

likely that a full explanation can be made in terms of this effect alone.

:
In view of the fact that the measured o° values do increase significantly %

with the wind, it appears that the two-scale scatter theory cannot provide

correct predictions unless the sea spectrum is allowed to increase with
the wind speed.

A e 0 e

D. Conclusions

When an appropriate sea spectrum and sea~surface slope distribution
for the large scale waves are incorporated, the two-scale scatter model
appears to provide satisfactory explanations of the variatton of the

scattering coefficients versus polarization, azimuth, and wind speed.
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4,0 CONCLUSIONS AND RECOMMENDAT IONS

The 1975 JONSWAP circle flight data appears to be adequately modelled
by
o°(U,0,9, 0= A (U,8) + A (U,8)cosfp, ) + Ay(U,8)cos (2 ) (2-3a)

The coefficients of this model, determined through regression analysis
were shown to be related to wind speed by

v, (@)
AUg) =p () U (2-4)

However, previous circle flight data sets exhibit an assymetry not
accomodated by this model, Afarani (1975). Explanations for these
observations include both experimental problems and the possibility that
they are caused by the effect of underlying wave or swell trains traveling
in a direction different from the wind direction. The difficuity of
making such measurements from an aircraft cannot be overestimated. Not
only must the aircraft maintain a constant altitude during the circle, but
either the wind conditions must be the same at all points in the five-
mile diameter circle or some kind of correction must be made for differencesﬂ
that can only be inferred because wind measurements are made at a point
near but not in the circle. Consequently, measurements from a tower

seem In order since the wind can be measured on the tower and no obser-
vation point is far enough away to be in a different wind field.

The feasihility of the WINDVEC inversion algorithm to determine the
wind speed and direction from the orthogonal scattering measurements was
demonstrated. In this algorithm, an estimate of the wind speed is
obtained from the average of the radar cross section by the power-law
relationship.

SOER (2-7)
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Using this estimated wind speed values for the An coefficients in (2-3a)
can be obtaind. Clearly, the only remaining unknown in this expression

is the wind direction, which can be solved for by

™~ ~ 2 -~ "~ -
A, +3a,% - 8A.(A - A, - c°)
coe”! g i 1 2B, = Ay % (2-9)

~

¢ =
W 4A

2
This yields two estimates for the wind direction, one in the first
quadrant and the other in the second. These values are mirrored to obtain
values in the third and fourth quadrant, respectively. The estimates of
wind direction from the fore and aft beam are corrected to North and then
averaged to improve the wind direction estimate. Vertical polarization
estimates of both wind speed and direction are considerabiy better than those
for horizontal polarization.
Satisfactory application of this inversion to SASS (SeaSat Active
Scatterometer System) will require a larger data bank with a wider range
of incidence angles. At present sufficient good data exists only for 8 = 50°,
Consequently, before SeaSat launch there is a need for more experimentation,
either tower or aircraft, so that optimum advantage can be obtained from its data.
Also, comparison between different scatterirg theories and scatterometer
measurements have shown different results. First, better agreement Is
obtained when the slope distribution reported by Cox and Munk is projected
along the look direction before it is used in the averaging process.
Second, use of a sea spectrum which grows with wind speed also yields more
satisfactory results.
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APPENDIX A

Examples of Regression Analysis of Circle Flight Data
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APPENDIX B

Wind Direction Errors Obtained Using WINDEX

Wind Direction Error:

(PHIERR) vs &

A. Direction errors using antenna 1.
B. Direction error using antenna 2.

Wind Direction Error:
(ERRAUG) vs ¢

A Direction errors using averaged estimates.

...87..




_BB-

- ®
100 + Flight 13 *
. Incidence Angle: 40° *
. Polarization: HH N
e .
75 + A +
. o
@ -
o ©
- .
50 + A +
° A -
L ) A ad a
a B a
254 * B A ¥ -+
=] o » L]
H . 8 B .
I - - B B B ’B 9
E Y *» 8 B ™
R Del + A B B B8 B *
R . ha B BB B * »
H . 8 A A A AR A .
H ° B * A AA A A A A Y
L] A A ¥ e
252 4 A * A °
e Q .
? * B »
3 B -
- * L]
=50, + +
. B 3 .
. °
. .
° "
=75, + -
. a
N °
. s
. a
=100 + +
- .
stecnstenssteseaFovnnts aoo‘l'suoo*‘-'.-"’oo-."'-..."‘ooa:t‘i‘noe-‘i'a.--“’ooo-‘i‘oac-+oxon+-¢-c+ato-+lt-o‘l'..mu‘i‘aeno"'a
=20 20« 60, 160 140 180 228 260 360 340 3al
0.0 4T, 80. 120 160 200 240 280 3210 360
N= 7
COR==,193 PHI" HH
HEAN STaDEV. REGRESSION LINE RES.HS.

X 180.72 105408 X==oB3578%Y+ 177.48 10784,
Y =3.8760 240227 Y==o044453%%+ §,1531 57323




it e LT

_68_

etscestenvetescetessntascsatossatencstens stsesetacsotansetoensteanctonsotosncets ssoteaneteasccotrcosetncante

. .
i00 + Flight 13 +
. - Incidence Angle: 40° N
. Polarization: HH ¢
- .
. .
75, + +
. .
. .
50, + +
@ .
X o
. @
1] A [ ]
25, ¢ A +
E L] b
R . A .
R Il A L
A Y A A A .
v 0.l + A A A A A +
7] v A A A A A A AA AR s
H . A A A AR A AA .
H . A A A Y
. A A .
25, + A +
. .
° ™
. .
=50, + X
. .
® .
® .
"75- +* +
. .
- °
-100 + %
. °
etsosatossstessstossstanestoventessatassatogeetoncstocsotoscotevostoanetonsatsasstesostesastessctonesto
=20 20, 60, 100 140 180 4] 260 3460 340 280
0.0 4G, 80 120 i60 200 240 28@ 328 360
N= 36
COR==,486 PHI HR
MEAN ST«DEV, REGRESSION LINE RES.MS.
X 180.72 185483 X==445840%Y+ 162,93 8303.0
Y

=-3.8767 1i.214 s« 5152¥X+ 54349 98,838




a 7\"' .‘, 1
. -
1d0 + Flight 13 . *
. Incidence Angle: 40° J
. Polarization: WV .
. .
. .
75 + +
X *
. »
. .
» L
Sy + +
; - A .
H . B »
. L] - ]
{ ® .
. 25 + I +
P . B .
H Y » »
I . A A A -
; E “ B A A B A A B B - .
E R 0.0 + 8 ¥ A A B BB A » +
’ ‘b R . B B* 8B A ha B # .
oV ® B A » a * B % B .
'y . » 4 B&8 A A A = .
. A A B8 ¥
=-25. + +
. % B .
. A .
. .
=50 + +
s .
° .
. s
=75, + X
. .
. .
. .
. "
«100 + +
. a
steansteceefFosoetonastocestososstanzetsovsFocsatoseotssacternsFevoetsonnstagesPaconstocestosnctoasnvtanscte
20 20« 60, i00 140 130 220 280 300 J40 3840
. 0«0 40 40, i2¢ 160 200 240 280 320 360
N= 2
COR==,455 PHI wv

MEAN STeDEV. REGRESSION LINE RES MS.
X 180.27 104,62 X=w2s?410%Y+ 5173061 4795.9
Y =2.4303 17:.395 Y==.07577%X+ 11,229 243.1€




_16_

S PDAM

N=
cor

X
Y

etevaatangctpanstossstassatscccransstassetsasstossotassateccetsssatsscetovastocncetessetooactanostancote

. .

100+ Flight 13 :

. Incidence Angle: 40° .

. Polarization: vv o

Ge + *

. .

X .

° : .

. .

S0 + +

. - N

- "

] .

. .

25%. + +

. .

. .

Y A A .

.. A A A A A A °

0.0 + A A A A A +

. A A A A . a .

. A A A A A AL A .

. A A A A A Y

. -

=25 + A +

. A .

. .

- L]

. .

50, + *

» .

° .

. .

. X

"75- + +

. .

. .

. »

-1060 + +

. .

etesnstonsetavsstrcontessotansetocsstecastesnatrcestasastasesteceatecsetensstecnctsvnctacsefassctesente

=20 20, 60, 100 143 131 220 260 300 349 380

0.0 40 50. 120 160 200 240 2810 320 360
36
= 454 PHT vV
MEAN ST.DEVS REGRESSION LINE RES«MS.
180.27 105,36 X==2,9625%Y+ 173,07 9072.5
=224 306 16,147 Y=«,06958%X+ 10,112 213,108
= —— L e

e ot im e el



-Z26-

TP e wwew

. .
100+ Flight 14 o +
. Incidence Angle: 40 .
. Polarization: HH .
. .
. .
75, * +
. .
° €
. A . .
50 + A +
. il ®
- A .
e B B .
25. + B 8 B +
p L] B B B L ]
H . * .
I . 8 B B .
£ Y =} B B 8 & ® .
R 0.0 + B BB B A A AAA A A a Y
R . * ¥ A .
H . A .
H . A A & A ®
. A A A .
"25. + A A A » +
. .
[ ] B L ]
. .
» 8 .
50, + - +
. 88 8 .
. .
. .
. .
=75, + +
. .
. .
. .
=160 + +
a L]
otnenstassetessetsacsstesastonestosaetocestoasstorestofostansostonnetossetosnetanestocnstosastosentannaty
=20 20, 60, 100 140 188 2210 260 300 340 3480
0.0 40, 80. 120 ié0 200 240 280 320 360
N= 72
COR==,1023 PHD HH
MEAN ST.NEV. REGRESSION LIMNE RESWHMSe
X 180.12 104238 A==.08635*Y+ 180.25 11046
Y 1.4%860 27334 Y==,00592%X+ 2.5525 757« 145
_..._-.__ e ‘_.m_g.anm-— i~ e 1 .;- [ o e e & ekl i ; N Y - ‘-fj“,/m - P




otonaetscsetsscetassctocsctassstosenteanatossotonestaccetoesotsanetoastossatocaetoncotasantscoetancate

i 108+ \ +
| : Flight 14 ] X
: . Incidence Angle: 40 .
. Polarization: HH :
| , :
; 75, + L 4
2 o °
; e °
. s .
i 50 + +
i ° 2
| ; ! :
| ; .
; 25, + A +
! £ N a o
R o A A .
R s, A A A A A .
A o A A 4 & 4
i ) 0.0 ¥ A A A A ) A A AA A A ]
i 1 b o A A A A °
tﬁ H ® A A A A .
i H o A ®
@ A °
=25, + +
L] ]
) . .
~50. * *
P s
° °
° .
8 ». e
=75, + - ¢
. 5
e °.
a b
. o
-3i00 + +
o Q
o+ouae+-u¢-*oco¢*aeol+oonu*oone*.oXo*oeen*aeon*onio*aooo*aoon+oeeo+oooo¢aoeo¢leas*neo-¢souo+oueu*oeia*o
=20 20 ¢ 60, 100 140 180 220 2648 304 3440 384
0.0 0, 88, 128 160 200 240 288 324 360
N= k1)
COR= »D076 PHL HH

HEAN S5T.DEV. REGRESSION LINE RES. #S.
.o 180012 105613 X= -62856%V+ 17%.19 11310
o 00929 %X -2 18602 167017

¥ 1-4269 12,781 ¥




\_ﬂb-

ing X
@
"
L]
750 ¢
@
-]
50s- +
o
®
25, <+
P .
H .
I .
E Y
2} 0.0 =
R °
v 2
v °
°
=25, +
®
.
.
®
=50. +
&
°
-2
=75 s +
s
»
=100 +
"
N= 7e
COR=w=, 152
MEAR |
X 179,97
Y 248717

W w3 el gl 4 b2 e

Flight 14
Incldence Angle: 40°
Polarization: W

> [44]
E 1]
>
= m
I m
3
2

® Mo 0 & 0 0 0 8 L0008 Hoa 8 e ¢ o & 08 4% 0 62 009806 +% 3 06 Fo0

ggdt*ech*ﬂﬂtn*Gnna*oaao*enno+oonu+ueen#ooe-*-an*aoon*ooac*nnoc*oale*oonu*ﬂu¢0¢ceou*nooo¢n-ne+eoaa*-

Bell

ST.UEV.

922905

2{ & 60, 140 145 1890 224 260 300 340 380
L0. a0, 120 161 200 2460 280 320 360
PHI vy
REGRESSION LINE RES . MS,
10847 Hs=2,0737*Y+ 185,93 10702,
Yae, (1605%K+ 5,7598 §2.822




-56-.

i0¢

75,

50.

25.

£.0

oD RNAOM

"250

=50,

«75e

=100

N= 36
COR= « 143

ME AN
X 17969
Y £.871

a*oooo*.ono+-.-e*gsu-*eo-u*c-o-+tesn¢o.oe+qoqn*os{o*oono*.oou*uoto*too:*onao*-eao*eooo+oo-ﬂ*onog*aaao+u

[ ] L
+ . +
. Flight 14 ° .
. Incidence Angle: 40 .
. Polarization: WV .
& X
° | ]
L L
® [ ]
L] a
+ L 4
o |
- L]
(] o
L] [ ]
+ +
L] ¢
0" & & A A B A A A& A .
. A A [ 5 4 A A AL AAA A ¥
Y A AA A A A A +
° A A A A & .
© A A .
L] ‘.
. °
£ +
L] . L]
) -
L] »
@ ¢
* +
L] L ]
[ L]
L | ]
X .
+ +
(-] .
L ] [ ]
+ +
[} [ ]

.+.,..+¢.go+g..o#.ogo+cg.e+ggao+.q.o§coo-+acg.+u-ao+oo.o+nnn-+nowo*aaon*cnso*uooo*e--n*-n..*oaaofo.-o#o
20e 2he 60, 180 148 1480 220 260 340 3e0 380
00 40, 800 120 160 200 240 250 326 350

PHD WV
ST.DEV, REGRESSION LINE RESeMSa

7 105,22 N= 2,7506%Y+ 172,07 1118k
i Ba4542 VY= «00739%X+ 1.5409 30,001




Itk

CREETT

-95-

I_{DIQB*!UQ""DDQI'!'II.II{'-IQQ"-OBQ.

L e

+...Q+GC-I+DIDX+BEIG+.I B.*d‘..*‘.ﬂl‘-!...ﬂO*'HDI*DI--+"¢-+°D°B¢.‘D.+..GG+.

100 + Flight 16 >
. Incidence Angle: 40° .
s Polarization: HH .
75. + ¥
. A : a
a A A .
. - A -
S0. ¥ A +
. A .
° e B -
25, + B B B +
P ™ B B 88 * 8 ®
H * o B B B A -«
I - ] W o
E ¥ B 8 B B8 A A A s
R 0.0 + A 8 * A A ¥
R - B A -
H @ L4 A A %* A A A A A °
H - A A A A A .
- * A L -
-25u + +
- a B -
- B -
. B B .
L] B -
"50@ + B +
"?5. ;' +
-100 + +
:*’qato‘*ct.o"'luoo"‘o--s"’uned+-o-¢+|.--+u-o.*-.au*..o-@'o‘.nxtuno"ae-.*.utcé'c-n.'l"-u.n"'-.o-q'...-"'n--o','o-n-'i'.
«20. 20. 60. 100 140 180 220 260 300 340 380
0.0 40, 8a0. 120 160 200 240 280 320 360
N= 71
COR==.044 PHI HH
ME AN ST.DEV, REGRESSION LIMNE RES.MS5.
® 177.38 103.62 X==,18359=Y+ 177,97 10829,
Y 3.2318 26,959 Y=~.0106%#%x+ 5.1285 630.73
. Fr,
L - . ] ’ ' -
S LT 7 :




-"'u-o'-"'.---"'c-'.+-u.-¢'n-q."'--n-"'n..l"'outn"'o.-o"’.c.n"’--Ql+--.t+coa-*n-.."'..-s'ﬁcnlq'}u oo.+nto¢+l-ﬂ¢+oatn"'o

_ . +
? 100 Flight 15 o :
i Incidence Angle: 40 .
5 * Polarization: HH )
| : :
i 753. + ¥
50, .+ ) '
. 0
! . A .
. 25. + A A +
: g a -
R - A A o
; R Y A A A A A .
: A o A A A A A A A -
v 0.0 = AA A A A A A Y
G . A A A A A A A -
H - A -
H " A A .
& 25, 4 A +
~4 e
] -
- -
-SDI ;' +
~75. + +
. H
=100 +
- -
-+O...+l...+...ﬁ+ﬂ..-*lﬁ..+°.-.*.IOn+..‘.+...0+..lﬂ+lﬂ.‘*I...'}..'..+l...+....+..00+-ﬂlﬂ+.l--+..°ﬂ*'ﬂﬂ.+ﬂ
-20, 20, 60. 100 140 180 220 260 300 340 380
0.0 40, 80, 120 160 200 240 280 320 360
N= 36
COR=~_224 PHI HH
MEAN ST.DEV, REGRESSION LINE RES.MS,

X 174,91 105.54 X=-2,.1060+v4+ 181.91 10890,
Y 3.1872 10,774 ==.02289%«x+ 7,1915 113,48

o




+-ﬂ“*‘l'.+¢'.I+CI.I+Bn..+lﬂ-.+.h0.+.50.*..01+°.'¢*.0vi*uﬂII+x.1°+0ﬂﬂ.+ﬂ-ﬂﬂ¢‘°.'i.‘ol*-..ﬂ*ﬁ‘..+..ﬂ.+ﬂ

100+, Flight 16 o .
% - Incidence Angle: 40 .
g : Polarization: WV .
‘E‘ 75- ':' -+
‘L - -
t . -
4
¢ .- .
e -
i 50. + . +
! o »
: A -
i 25. + A +
: P . A A A a B R
' H - . A -
1 - B B # A B BB % = .
E Y 8 BB B B 2] A B a B 4 Y
R 0.0 = A& A # B # A B * 8 AA B # A A +
5] ° A A A * B 8 B * A -
v ° B B A A -
v » A .
- u -
l -250 L +*
AD o -
a0
n o 'Y
=50, <+ +
o -
. L -
"'75. + +*
-100 + +
- -
Q+DII.+I..D+...U+OCCI+O..l+..Il+lB.'%x-..é-'.-*-‘ﬁﬂ+9ﬂl.+9.l.+ﬂoli+ﬂ..0+lﬂl.+l°..*l.ﬂ‘*ﬁ..‘*l.ﬂ'*....*.
~20. 20. 60. 100 140 180 220 260 300 340 330
0.0 40. 20. 120 1460 200 240 280 320 3560
N= 71
LOR= 048 PHI VvV
ME AN ST.DEV. REGRESSION LINE RES.!MS.

& 17727 102.89 ¥X= L45915%¥+ 175,49 10714,
¥ 3.8835 10,862 Y= .00S5712+%+ 2,9763 119,41




[%
ll
.

Q+QUGD+OQOO+Dl..+lI.ﬂ+-nn.+-ﬂ--+llB.+...t+lﬂiu+-¢nl+.0UI*:.-I*I-II+¢ICI+-'UI+Iﬂll*.lﬂ‘*OO‘.+.“I+.-O.+.

100 Flight 16 o *
i Incidence Angle: 40 "
f : Polarization: Vv *
] L]
5. + ¥
- L]
50. ¢ i +
25, * s
E - -
R - A A A A .
4 - A A A A A A A A A .
A ¥ A A A A A A A .
v 0.0 + A 3 A A A A A A A A A Y
G ° A A A A .
v . A -
v - ©
-25. + +
] . -
W o -
v
3 e e
"'500 + +
~75. F +
- -
. X
=100 + +
:+....+5ﬂln-}°.DI*ICQG+B‘I.+DI..+nlnl*....+.Q.¢+QlI‘+.ﬂﬂ.+’.I.’;...+IQOI+°...+..IQ+.0..*Q‘.-+°-.'+.-..+:
-20. 20, 40, 100 140 180 220 260 300 340 380
0.0 40, 80. 120 1460 200 240 280 x20 3560
N= 26
COR=-_142 PHI VvV
ME AN ST.DEV. REGRESSION LINE RES.MS.

] 174,853 104,99 2<2,16%3+Y+ 183.10 11119,
¥ 3.8122 6.8543 Y==-,00925¢%+ 5,4288 47,398




001~

YWIND DIRECTION ERROR (Degreces)

00

Tea

50a

Z5s

“ el

odS.

-qu

e?5,

=100

e

T R N VBT A il S L i et e 4 et o ain

S

stasco®aacetondnteocatoeanteccotecnatessefesnatocdeteslovonsatosestaicatososfesnatrvnateceantescatoosnde

™ .
+ Flight 17 R *
- Ingidence Angle: 4Q L
. Polarization: HH .
2 -
» ®
+ L]
. .
" .
s : - .
. °
+ +
e L]
9 A 6
° a .
& 8 N A b .
+ ] 3 v B -
° B o , B = .
. 3 ga .
. a <] L.} a B L] P
o 8 .
+ A 8 ® AAR ¥
¥ 88 8 A A o
v @ o . A °
° A A A A .
® » A A L2 A4 »
- A *
. » A A °
N . o,
8 + B »
. i ae s
* . B +
) * °
[ ] -«
. -
- -
+ +
- .
[ ] -]
° .
. e
+ +
. »
atagaotrasatosaetoosatesestasantoonstossntansa¥oskotancotoesotesvotencatezootansatasnetansatocuotascods
=20e 20 Ble 180 148 540 220 260 300 348 330
Cof 48 80, 120 160 20t 248 280 320 3560
ASPECT ANGLE (Degrees) A




S

s sk

-10L-

WIND DIRECTION ERROR (Degrees)

108

5.

50s

250

=25,

~500

=75,

=100

stopentosnst veoctoesatese e*toqo#nouo'ﬁ'-uo.'l‘toon*aon't“'oo-u*olo!"--Ou*-oooi'noel"'oaon?uo'l?o soo¥nacofoeeate

¥ Flight 17 ° @
. Incidonca Angle: 40 o
. Polazizations HH .
. . -
. °
-] +
[ ] a
. °
[ ]
. °
X, +
% ]
['] -
L L ]
+ &
- L ]
» & A ©
. A A .
Y & & & A A A )
+ A A AA A . A <
. A A A A A A AAA Y
. A S AA A A A A ®
- A a L]
] A L]
+ +
» .
L] -]
» ]
L] a
+ * -
. X
L] [
L] -
° .
L +*
. .
[ ] -
- L]
» *
. .
.4.99.¢....¢..goé.;..+...n¢.,no*a.o-*anto*-uo-*oeto’-ne-Oooon¢-b-o*oo-o*oeooﬁoaoo*aooo*eeen¢auoo¢¢¢|c°c
=20e . 20 6h, 10¢ 140 380 228 ab0 360 3460 348
Y] hila 80. 120 i60 200 260 280 az0 F1Y

ASPECT ANGLE (Degrecs)




~201-

WIND DIRECTION ERROR (Degrees)

iae

500

25.

B0

=25,

.-SU.

wi5e

=400

a*oau-#oo-i*a..-*o--o*.cc-*--to*com-#uo.o#o;ro*&aJo*.coo*-&to#oa-afcows*-ue-#sxls*naoo¢=wow*-¢-v¢oews+-

L] ]
* Plight 17 *
o Incidence Angle: 40° o
° Polarization: V¥ .
. . ‘e,
[ ] ' L}
+* +
» .
L ] [ ]
» [ ]
L] L]
4 *
- L]
L] L]
] [ ]
o [
* L]
a A & .
a A a [
» B A A * * B # .
o g8 68 B8 8 A -
* B * A A A L4 Y
Y BB BB BE A & .
° s AAA AA A L A A A -
. B A Aa B BA .
L] A 8 _B B8 B 3 .
+* +
L @ L 3
® »
. .
a -
+ +
a -
L J -
° .
[ L
L] +*
. e
a .
® °
- »
- +
e ©
.+.gag#...o@o.o.+¢.g.+.g..+.3¢.+.g..%o.gc*-u-o¢auao*-aow*--ue*voom+l00e+uea-f0eeo*ouw-*-omo*o.ao*alnu*-
»2fa 28 &0, 100 40 180 224 2al 308 {91} 348

fa0- 60, 88, 120 Led 200 250 240 R26 368
ASPECT ANGLE (Degrees)

Liaa




T S

YR

AR

-¢€oli-

WIND DIRCCTION ERROR (Degrees)

30

75¢

50.

25

0.0

25

a5l

afbe

=108

e
E
-

ctsseotasevtascatrrcatesontoviatanecte enotoscetessstaseaPanectancatocsetans n‘?otn:*aonu*opoﬁ'noao*uuo*o

+ +
o Flight 17 o 0
e Incidence Angle: 40 e
s rolazization: VWV .
2 ®
+ L ]
e s
[ ‘e
? »
. a
X +
° °
. .
. - ‘.
. .
+ +
. *
a °
. ) A& A A . .
Y A AAA A A A A AA A +
. A A A A A A AA A &4 A A AA A ¥
. A A A A A 3
. -9 -
. .
& +
» '
8 °
L) ]
. .
+ L 4
. b4
L -
. .
. e
* *
L] ]
© -
. .
+ *
. .
n+a.ec*uuo.¢;¢en+ounn¢-uoo*-.nn#nnnc*o.o-*oooa*-oi-#oc--*-not*aann#n.ec*snou#n.n-*-o-ﬁfunll+-ll-§ul-00.
=2fe 20 50, inQ iud 1480 224 268 300 240 3oh

Def 40 40, i12u Lo 200 240 280 320 360
ASPECT ANGLE (Degrees)

P |

.l; e .hﬁl,lli,:!




- - - - P B

l*..ﬂﬂ+o°.'+.l-'}..C'+...-+U...#"I'*ﬂ“.*.0-I+I'-.+IUxo*lﬂ‘.+.0.°*ﬂﬂOI@-.°I+'l-.bQ..°*°.'.*...'*Q'..+'

100 + Flight 18 0
. Incidence Angle: 40 .
. Polarization: HH .
75:; + +
- R A -
SN * +
- A A -
. A .
. B e .
25. % B * 3 +
P - 3 3 3 -
H - B “ 83 8 3 " °
H - 8 4 .
€ - o a4 A A « -
R 0.0 Y 3 B AA & ¥
! a # 3 B u .
H . 8 B -
. H - * B A a Iy -
- . AA A A A .
2 ~25. ¢ A A * 4 A ¥
' - A .
L] L] -
- 3 B & 3 .
"50- + +
. 3 -
-75. ¢ +
-100 + +
.+I.-I+ﬂlll*a..ﬁ*.!"+-II.*CII.+-IU-+'-'.*.!IEQI.K-*.IO-*IOI.*--ﬁ.*ll‘l*‘...*-t..b.0..*.'.9*.’0'*'.%.+:
-20. 20. 6). 1030 149 183 221 263 333 349 380
0.0 §l. 80. 120 160 23] 240 280 323 352
M= 72
COR= 022 PHI +
MEAN ST.DEV. RESRESSION LINE RES.MS.

X 180.38 104.25 %= .19393av+ 180,45 11018,
Y =.80875 24.833 Y= ,31533¢x-1,7701 625.17

R e PO L . ) s N




T

T T

-50t-

w50

0.0

-ISO

T oam

-105

==

-2-0

-f,.o

N= 36
COR= ,48B

TR N 1)

*

a
&
s
-
-
-
+
a
.
L]
L
*
-
-
-
-
+
-
-
-
-
+

s 8 O S8 & B E S8 5RO

+ 8% 8 8 B 45 & 0 @ 45 8 8 8

l+...I*...x+....+....+....+..-‘+..I.+-...*...l+.l‘.+.‘..+..-.+lﬂ.I+.'.-+..ﬂ.‘.¢..+.mﬂﬂ+l...*..'.’..b.*

183

=20.
0-

5

R, Sy B G - e ST P Ry PR P P R s et S wyane - - SR dn
R e i 1~ o aRae : et TR b

P ey

20.

0

+I°-.+Q¢. .+.-a."-u-."‘..-.i'.--u"’.oo.

Flight 18 o
Incidence Angle: 40
Polarization: HH

4.

60.

PO Ty

100

80. 120

1430

160

PHI HH

L3

- -

+..D.+‘ll'+.ln.*ﬂ...+.l.-+00-‘+..HI+...I+...ﬂ*.-..*...x*....*‘.ﬁl*I

-
48 8 0 L4 s B8P R Br e $

8 @ 8 % 40 03 C %8 302

-
a
-
L]
+
.
L]
-
.
+
-
-
L]
L]
+
L]

22) 262 30] 342 380
237 240 280 320 350

L

-




Tooa, T T e A o -

PR g

gyt~

ﬂ’..'.*..ﬂﬂ'.'..*-l.ﬂ"l..*..ll*.‘ﬂ'*o...blo.ﬂﬁi.oﬂ+uiD.’I'..*.O.U’I-C.il-.l*“l‘*..BI’I.I-&-O.D"‘;O’-

Flight 18 "

LAt 0
. Incidence Angle: 40 .
. Polarization: vv .
5.+ ¢
50. + :
25. . " +
P - A -
H - A * S o
! . A AA AB 3 B .
E . B B8 B . 8 3B 33 A s A
R 0.0 + aB s B B B A A A A +
R Y « B 3 “ A A A 84 .
\ . A A AA AA - A 3 A o
v . « g J A 3 B 3 .
. 8 3 °
-25. + A * +
-50. + +
- L)
-75. ¢ *
=100 + *
:+IDCX+.‘-I*IO..Fﬂbl.+-..ﬂ+lIﬂ.+-l..+uul.+l.DI+°'..+II-nkIQ..*.I'I*IIBI+...I"H‘.l*lo..*ﬁﬂ.“'..ﬂﬂ‘....*.
=20, é0a 89, 102 140 183 22) 253 322 542 350
a,n 4. 83. 120 160 222 240 280 32] 353
N= 72
cor= ,186 PHI wv
MEAN ST.DEV. RESRESSION LINE RES.HS,
X 179,35 MN4.76 Xz 1,702121+ 181,44 10744,
Y =1,2290 11.478 vs ,J2043%%~4,8934 128.97 !




B e b e T AR BT ST T e A O LR 1R

e

-LOL-

n*ﬁl‘ﬂ+l0ll+liCB"II..’.I.I"CII"“I.UI

etoceutaune

~20.

300 +
75. +
»
50, ¢
2% +
E .
R -
R -
A -
v 0.0 Y
G .
v ‘a
v -
"25. :'
-50- L]
"759 ;
-100 %
Nz 36
tor= ,108
MEAN
X 179.35
¥ =1.2292

0.0

ST.DEV.
105.50
S.4215

Lrmi et

Flight 18 o
Incidence Angle: 40
Polarizagion: vV

4. B0.

RESRESSION LINKE
Xz 2,132%5sY+ 181.93
Ya ,J3555%%~2,2249

140

120

RES.MS.
11325.
£9.904

FruAtemn

+.Inﬂ+. -.-+.IIO"II-.*.II-*...ﬁ*l"ll'*....éﬂi'l*Ill.ﬂ*l.‘ B+ﬂﬂﬂﬂ+.ﬁ.l+ﬂ

=
+ln|l-a.-ln:-\:onat-i-anloq.tl'a-Q-na‘;:-e-

P N L L

+..D.+IICI+...I+D...+IDQ .+l.ﬁ.+.‘lll+-..l{'IIIII..IIII+.Bll"ﬁ.ll*ﬂ..l"l..ﬂ&lﬂﬂl*'.'.*.nﬂ.*'.‘..*.

20. 69. 102

182 22) 25 300 340 3580
150 237 240 28D 312) 353

PHI WV

-a




a+ecc-*.n.-+....*..,.+....+....+..gg+.enx+u..o+o.de#o-a-*-.-o*-¢-¢+¢ass*-noe+a.ac*ooue*acc-*aoo.*aooe+-

o 3
100 + Flight 19 o %
. Incidence Angle: 40 .
. Polarization: HH .
o .
; 75e + £
) b °
i ] A .
¥ ° [
[ 50e ¢ A *
; . A :
: . A = °
. A °
o » ™
25¢ + +
P - 8 B 8 * B ®
H e B * a
X . 8 * B BB » »
t E .Y 8 B B A B AA °
5 R 0o0 # B B B 3 A w +
E R ° B A A ¥
& H . - A A £ "
/f H . A A A °
L L ees. i ) " Aol ,
! o Tede *
i S‘;"o . A A A °
f:- L] Py
E o &5 o
ﬁ . [}
§ “50, 4 B B 8 +
; A 8 o
? ° e
° B -
«75, + o>
° .
"'100 + &
¢ s
o+.aae+-o.o+eau¢+anea+nnoe*nlnc*ooc-+no-a+o0g3+aoé-*-o-n*oooe*.aXo*ce-o+o-oo*ooao*.oan*olao*unnn*aooa*-
=20 20. 60, 100 140 180 228 26t 390 360 380
s @ L0a 80, 120 164 240 24l 288 320 360
N= 72
COR=~,113 PHI HMH
HEAN ST.DEV. REGRESSION LINE RES. PMS.
X 184,70 10474 Zee 454324Y+ 183,99 109844
¥ =1.551¢ 2Eo 110 Y==.02823%%+ 3.60627 682.60

SR T

Lal L

L BT . ‘.

: ki .'.Esi',ﬁ..,i.;.w.-_.y.;,',,_,‘. eien el




LT A e T A e oY A P e T R A e T e R AT LR s e R o

]
-
>
-
»
L4
4

XXsonotsacatossstasonteosstesestassatsvaatosontossatessotancetusectosnatvenate aestesseteanctonssteosecto

i ¢ .
i g+ :
; . Flight 19 o ]
i * Incidence Angle: 40 ®
oo . Polarization: HH .
ol 75. + by
Py
£ i ¢ &
v :i L] N s
! . . .
! 50« + &
L & v
: » L]
L J » A
i 25. + _ +
r E @ A ]
s R . A .
Do R ‘u A A A .
IV A .Y A | A A a A A A °
} i v 0.0 + A A A 2
T G . A A A A AAa A A A A Y
PR H o A a °
1 ’ iR H . A A A A A .
R ° a
} x!'J =25 + b +
S . .
- EE - A -]
S e s
@ :
;' =50 + +
N L] &
5 ° -]
H * s
1 ° »
.1 =75, + L )
L] L
b .
- .
(] *
«idg «+ %
. [ ]
.+..‘.'l-...."!'.oao'i'...n"'loua*nooo"'...o+o-n.""..e."'oosn'@oaoo"’aooa+-soa+oooo‘|’oooo+.oo-'l':.ou‘!‘oenw'*'oaon‘}‘cna.""X
, =204 20, 60, i00 140 1840 220 260 300 340 380
_ | 0.0 60, 80, 120 160 200 240 2810 320 360
H HN= 36
T COR==,208 - PHI HH
Lo . MEAN  ST.DEV. REGRESSION LINE  RES,HMS.
o ¥ 184.70  105.48 X=~1,8373%Y+ 181.85 10958,
S Y =1.55ih4 114951 Y==,02358%*X+ 2.8048 148,66




i
| . i
| 100 - + Flight 19 o +
: . Incidence Angle: 40 .
;0 . Polarization: VV .
3 e 'Y
1; ' 7%, ¢ *
{ s .
i o L ]
. : .
i 50, + +
\ B M L .
: } . L]
- : :
i Lt " B .
i : 29. + +
‘j £ - A ® A bd
: J H ° B a8 e
‘r 1 - 8 B8 &® &= A L » -
{ E - ﬁ a L A . L3
b ] [ te ¥ » AB *» ** A B = B =»*»+» A AB +
B R . B A A 8 B Y
: v . # A * v A A .
; v 3, ‘ A B B .
s -t . * * B .
2 -25. + B *
" . L a
; : '
i - .
: v . »
| =50, + *
£ . o
; . .
; - e e
w75, * +
K . 'y
! L] L
" . °
: . .
; -100 ¢+ +
: a . °
: g#q.o.*’ao:o.'ﬁ'-aoo+.t..4‘.e¢o4’.eo.+nﬁ.."'0.do"‘....“‘l vJe"‘neua“'-n.o"‘uu--'“‘nnu-'?'eo-od'enae*exo-*ao-o"no.o”wl-u*w
=20a 20. 60, i0e@ ia0 140 220 26l 30o 340 3a0
\ 0.0 40, 80, 120 160 260 240 284 32¢ 361
/ N= 72
2 COR==s1ti1 PHIl VV

MEAN SToDEV. REGRESSION LIKNE RESoMS.
b4 1756497 104,46 H==1.2300%Y+ 17105 10849,
¥ =, 74931 11, SH7 Y==s01614%X+ 2.0751 142.38

L ]

. .




AT L T AT

s ey

LI R A T

g at

e L R T

s e

TR SPETRNTTCITE S L b A

~ilil-

» s - . -

l+¢ne-4anagx.--o*lena*n.--¢unce+0'0-+:cn.+noon*ac%n*onoa+--.s+ocoo§ocos+uao-+oaea*-oul+o.ll¢-le-+o-.n*-

00 + *
° Flight 19 .
a Incidence Angle: 40° °
. Polarization: vV .
. .
75a + +
» a
» 2
EGs <+ +
[} -
a -
25 + +
£ s .
R . A A A .
q - A L]
A N A A A A A A @
v Go0 ¥ A A A A A A AAA & A ¥
G ° A A A A A A A A A .
"4 . ' A A A AA [
v a A o
~25¢ L +
. .
=50y +
. )
. .
. N
=75 ¢ +
° .
. .
. .
[ .
=100 + *
[ + o
stasoatensetscsotescotensctorsatesnntaossTasoeteessctoossPacestascotescntsscetascatencatelnstoons®ocaate
=20 20, 60, igo 149 1a0 220 260 3680 340 380
0.9 40, 80a 120 i60 200 2uq 280 320 368
N= 36
COR==,109 PHI vV
HEAN STDEVa REGRESSION LINE RES.MS,.
b4 17497 105.21 =2=1,.04152%Y+ 173,91 11280.
Y = 749L4 7ali125 =~ 00706%K+ JHHEGLY 56,298




