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Applications Division
Abstract

The satellite SEASAT-A will carry a radar scatterometer
in order to measure microwave backscatter from the sea
surfuce. I'rom pairs of radar measurements at angles
separated by 90° in azimuth the surface wind speed and
direction may be inferred, though not uniquely. In this
paper the character of the solutions for wind speed and
direction is displayed, as well as the nature of the ambi-
guitieg of these solutions. An economical procedure for
handling such data is described, plus a criterion for the

need for conventional (surface) data in order to resolve

the ambiguities of solutions.
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THE NATURE OF MULTIPLE SOLUTIONS FOR
SURFACE WIND SPEED OVER THE OCEANS
FROM SCATTEROMETER MEASUREMENTS

I. INTRODUCTION

A knowledge of surface wind speed and direction over the oceans is desireuable
on a mumber of counts., The vulue to shipping and fishing industries and to the
military is quite apparent, Predictions of winds and waves are likewise im-
portant for many coastal applications, with the case of ¢ hurricane maldny

lundfall an obvious example,

In a broader sense surface wind is an ingredient in the understanding of the
global cireulation. Through surface frietion the wind provides the driving
force for small and large scale ocean cucrents: it is thus an essential input
to ocean dynamics models., For meteorological applicatfons the knowledge of
the spatial distribution of sm.;face winds provides information on the surface
pressure distribution, which in turn is a key parameter *v - global weather
forecasting. In all these cases the need beyond current: . = railable data is for

global measurements at frequent time intervals.

The radar scatterometer to be flown on SEASAT-A Las generated considerable

interest because it provides data which may beé ané.lyzed to yield the desired

winds. Individual measurements, having a footprint of some hundreds of square

kilometers, yield estimates of spatially averaged wind values, with the local



ipoint} variability due to gustiness averaged out.  ‘These values are the requived

taput for oceanic and atmospherie applications studiuvs,

The purpose of this paper is to dederibe the interpretation of radar data, and
to develop an etficient procedurs fi v obtulning values for surface wind speed

and direction from the meamireniants,

The general features of the measurement sypter and of the nuture of the radur
return ure described i ceetion I, which draws heavily on work by Plerson,
Cardone and Greemwwood (19741, Sectiog IT deseribes a lookap table procedure
which 1y be used in "inverting' the model egustons for radar buckscatter

to obtuin wind speed und divection, as well us the nutare of the solutions. In
most cases there ave four poosible valaes for the wind angle, which may be
expressed as either u, 360°~a and 180" £8 , or a, 270"~ g, and Y0° £ 8, with a,
g< v, ‘the necessity for conventioual duta to resolve this ambiguity is
discussed in section IV.

II. SCATTEROMETER MEASUREMENTS

Although the SEASAT is not completely defined ut this time, a general descrip-
tion of the seatterometer is possible., From a height of approximutely S0U
kilometers the instrument will measure radar backscatter at 13,9 GHz ( A = 2,2
cm). Measurements will be taken in a crosstrack pattern, with radar foot-
prints at angles (in azimuth) 45° to right and left, fore and aft of the subsatel-
lite track. Dua to satellite motion the backseatier from a spot on the ocean

surface will be meagured twice, at nearly coincident times, but with a
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sepavation of 80 in the direction of meusurenient (see Figure 1. These lwo
measurements of radar cross section e, permit estimation of two quantitices,
surface wind gpeed V, und direction ¥ . Thiv geometry appears to be optinum
for observation from a satellite, piven the level of fnstrumentution which is
currently feasible, Observations at a number of azimuth angles would be
desireable, but this would cause greater complesity in the radar gcanning
mechanism and electronics. ‘T'he dependence of raday cross section on surfuce
roughness has been estimated theoreticully (Beckmun wnd Spizzuchino (1963),
Stopryn (19671, Wu and Fung (19721 but esperimental resulte are not completoly
understood. For present purposes the dependence of cross secetion on surfuce
wind is assumed, and the problem is that of inverting op (X, V)y 0, (x*

90°, V) to infer x and V.

By scanning in nudir angle the scatterometer will nrovide wind field estimutes
in swathy on both sides of the subsatellite track, (At near nadir viewiny the
pairs of measurements are not independent und no informuation is available on
wind direction), Questions of instrument calibm‘uion, noise, ete, ave not
addressed here as these have no direct bearing on the development of an ef-
ficient procedure for converting measured radar cross sections into surface

winds.

A starting point is the equation {for radar backscatter derived by Plerson et al

from experimentul dutu from the Langley AATE (Advanced Applications Flighit



Experimont) Program. Fur vertically polarized transmitted and recelved
radiation this equatior is

q

(X, V)= BVY o (BVN - K,07) cos2x + 1/4 KV + kv - 2BV &

Iyv
(doog X + cosdx ) (1)
where (£, K, K,, N, M, Q) are constants depending only on the nadir angle,
V 1s the wind speed, und v is the angle measured clockwise from the meteoro-
logical wind to the meusurement angle. (The meteorological wind direction
is that from which the wind blows). Pierson et ul give values for E -~ Q based
on AAFE Radscat data and Skylub dutu, both ut 13.9 GHz, Preliminary values

for a nadir angle of 30" ure:

E = 2,24 x 1078 M= 1.83
K= 2,27 £ 1073 N= 1.69
Ky = 2.21 x 1673 Q= 1.55

These values were used in this study in order to model the radar backscatter.
Revised values, or even u different functionul forni (e.g., including terms in
cosd i ) may be necessury as more and better daty are analyzed. Such changes
will not affect conclusions drawn here ag long us the general behavior of the
radar cross section is not changed. Fipgure 2 illustrates the dependence of

o on X and V, with values given in decibwols due te the great dynamie range

involved. Henceforth o will be referred tu in db.



0, SOLUTIONS FOR WIND SPEED ANIY ANGLE

‘I'he proposed sutelsie ingtrument will obtain nearly simultunesus meuasure-
ments of cross section v at ungles separated in azimuth by 900, fLoeo, 9,
(X, V), vy (R 9[50, V). Although the solution for x , V of the equations

oy, V= g measured

4y (X + 900’ V= o measured

is reasonably straightforward, for large scale data reduction or for opérational
purposes a lookup tuble i{s preferable. TFrom this table questions of the am-
biguities of solutions may be worked out systematically, und computer savings

are possible once the lookup tuble iy generuted,

In thig study it waus found that the quantities ¢y und tl': - ¢; may bhe used to label
a stovags urray with a minimal number of entries which includes the full range
of values of 0y, v, to be expected. The first of these, o, provides a reuson-
able first estimate of the wind speed, while the difference, ;- ¢, provides
information principally about the wind uangle. Because the radar backscatter
tends to increase faster with windspeed at X = uo, X= 1800 than at x = QUU,

X = 2760 (see Figure 2) the magnitude of ¢, - ¢; inereases with surface wind-
speed, and thus with 9. For this reuson it is best to scale 9, - o, by dividing
by

D= 40 50 + 0» 084 (01 + 03)'.



whieh is to good upprosimation the madnum vialue of 6, « v, for a given value
of o, It folluwws that the ratio &= vy~ %)/ varies between ~1 and 1, and
tables of V (9, & ), X (vj, &) represent ull physically possible combinations

of ¢, 0, in 2 compuct fushion, grented 1va hypothesis that equution 1 adeyuutely

deseribes the mensuremetts,

The non uniguenesy of & apd v ig {Hugtrated in Pigores 3 through 6. Vulues of
v, have been chowen in oxder to veprasent regimes of high wind speed { o =

~ 2, 5 db) and low wind speed (o = =10, 4 dbi.  The degree of ambiguity of
solution 1y ghven by the nuwber of thines o vestical lne ( ¥ = constant) inter-
sects the solution curves, The solution regimes dre wost eusily deseribed in
terms of the ungle « betweeu the firat measured value and the meteo.ologicul
wind.

1. Values of § from -3, 0 fo approximutely - 6. 7 vepresent a “"flrat
look upwind” sviation in which the first measurement is tuken
nearly upwind, the second nearly cross wind, The results illus-
trate the inubility to distinguish left-right values of angle, i.e.,
w, 3607 - @, with 0 <a< 457,

2, Vulues of § from 1.0 to approximately 0. 7 represeat o "second
look upwind" solution in which the first measurement is approxi-
mately cross wind, the second is ueurly upwind, The resultam

ambiguity with respect to left-right of upwind corresponds to 270°
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+ & a8 deflned by the angle of the firgt radar measurement with
respect tu the wind,

3. For all intermediote vulues of § (=, 7 to+ . %) there exlst, in addl-
tion to "upwind" solutions at lurger angles relitive to the wind
direction, the "downwind" solutions which begin at approsimately
-7 = "firgt ook downwind, " aud + 0, 7 - "second look downwind, "

- ) o o ) s e (LR
Fhese values of & correspond fo angles fram 46 to 2257,

The results of wnbiguity v wind speed deterndnation are easler tu describe.
Basieally the golutions full into puirs vepregenting upwind and downwind, As
{llustrated in Figares § und 6 the upwind solutivns fall on the lower, larger
wing of the butterfly shape, and the upwind solutivms full un the upper, smualler

wing.

Tt should be emphasized at this point that the parameter & fnvolves the dif-
forence in the legarithms of the meusured radar returns, and is thus sensitive
to small values due to the derivative d (log %) = dx/x, Smull values occur
when either measurement 1s crosswind, Sucl cuses arc particularly bad,
because such values also represent turning points of the golution fox wind angle
(g—%l—?-l-@ = w0} in Figures 3 and 4. In such a cuse sorﬁe form of data averaging

or smoothing is absolutely required. The nest section recommends such a

procedure.



IV, RECOMMENDATIONS FOR DATA ANALYSES

The previvus sectivn illusteates the fact that seatteromster data, by itest,
does not yield satisfuctory unigue) resulty for suckace winds vver the veeans.
Additional input duta will be vequived, wuch s surfuee wind obgervations, or
results from i global seale meteorological wunlysie, whieh relies on obyervu-
tiong of surfuce wind and bavometric pressure. In either cage the spatial
density of actuul surfuce medsuremonts will be much lower than the density

of scatterometer meusuraments, Foie physically veasonuable results it will be
necessary to ggyume gpatiul eontinuty of wind Hedds on the seale of 20-50
Licemeters, and to average or gmooth the scutisromeeter results, The assump-
tion of sputial smoothuess ig not o strong one, w8 syuoptic scale wind varviations

are generdlly sipnificant emly over distances of muny hundreds of kilometers.,

In principle one muy siuoosth either the msasurements 24, v, of the scatter-
ometer, ol the resultunt viluey of derived wind, Howaver the geneitivity of
results for wind angle at UU, 900, 1800, :170(J to variations in measured cross
section arpu-= strongly in fuvor of smuoothing the scatterometer duty itself,
The degree of such smoothing will represent a trade off botween effects, in-
strument noise errors and the anmount of spatial smoothing which is uceeptuble.
Undoubtedly experimentation on the umount of smoothing or averaging will
have to be carried out after the Launch of the satellite. It is possible that

different averaging routines will be needed for ditferent purposes.



From the unalysis it is possible to specify the volume of ground truth reguired
in order to specify unigue wind fields frem the scatterometer resulty, In an
approximate sense the solution for wind angle is ywiven by x = ~cos™ @2 §),
From the spatial continuity of surface windy it follows that an an—xbiguity must
be resolved only in the vicinity of posgible movement from one brunch of the
arccos function to another, i, o., at UU. 900,, 150 and :}700. In terms of un
automated analysis of seatterometer dutu, only theae branch points must be
flagged, After such blentificution all intermediate data may be specified by
comparison with surfuce truth data fn the soie region.  As little as one sarfuce
measurement muy be used {9 fill in uniguely he wind values froni one branch

point to the next.

Such a procedure is considerably simpier thun that advocuted by Pilerson,
Cardonz and Greenwood, which involves compurisus with ull availuble high
guality ship reports, with appropriste interpolution to points midway between
ship reports. Such a procedure is excessgively conservative, provided  Jy

that the scutterometer data is of udequute quulity to permit reasonible smooth-
ing. Of course the analysis described here of comparison with ship reporis
once per solution branch does not preclude further comparison with all avail-
“able surfuce 6bservations. Hopefully such compurisons will soon establish

the validity of the satellite derived values, and the resultant global wind field
over the oceans, At thig point a compact lookup table plus occasional reference

to surface truth will permit rapid und efficient application of the SEASAT results.
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Figure 1. View From Above of Scatterometer Measurement Geometry. The In-
strument is Plgnned t{? View Left as Well as Right (Shown), and to Scan in Nadir
Angle from 25 to 45 , Providing Parallel Swaths Along the Subsatellite Track
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Figure 2. Variation of Radar Cross Section Versus Look Angle for Represent-
ative Values of Wind Sceed. The Curves are Symmetric About 0
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