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MANAGEMENT PERSPECTIVE

This paper and the companion paper (A Two-Scale Bragg
Scattering Model for Microwave Backscatter from Wind Generated Waves,
Donelan and Pierson), present a new model for measuring winds over the
ocean using satellite borne radar and present a preliminary verification
of the model. These works respresent an important advance in our
ability to measure wind speed and direction in a synoptic sense over the
world's oceans. This in turn is a necessary step in improving weather
forecasting., The model will 1likely be wused in future weather

satellites.

T. Milne Dick
Chief

Hydraulics Division

PERSPECTIVE DE GESTION

La présente communication et celle qui l'accompagﬁe (A
Two-Scale Bragg Scattering Model for Microwave Backscatter from Wind‘
Generated Waves, Donelan et Pierson) décrivent un nouveau modéle de
mesure des vents au-dessus des océans 3 1'aide d'un radar spatial et
font etat d'une vérification préliminaire du modéle. Ces travaux font
progresser de fagon importante notre capacité de mesurer 3 1'échelle
synoptique la vitesse et la direction des vents au-dessus des oc@ans du
monde, ce qui est indispensable pour améliorer la prévision
météorologique. Le moddle sera vraisemblablementutilisé dans de futurs

satellites météorologiques.
Le chef,

T. Milne Dick

Division de 1'hydraulique




RESUME

Le modéle de rétrodiffusion de Donelan et Pierson (réf. 6) a
eté ajusté i la bande K,, sur la fréquence de 13,9 GHz. Des données
des bandes L a K, servent maintenant 3 tester le modéle. En régle
générale, il n'existe pas de loi de puissance. Quand la vitesse du vent
tombe en degd de certains seuils, il peut ne pas y avoir de
rétrodiffusion de Bragg détectable, Enfin, il peut se produire ume
saturation d@ vents de vitesse élevée. Des résultats du SEASAT-SASS
servent & &toffer les prévisions du modéle et on propose certaines
expériences critiques qui permettront de vérifier la validité globale du

modéle.

Mots clés: rétrodiffusion, vents, lois de puissance,

température de 1'eau
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VERIFICATION RESULTS FOR A TWO-SCALE MODEL OF MICROWAVE
BACKSCATTER FROM THE SEA SURFACE '

ard J. Plerson Jr.

The City College of New York, N.Y.

U.S.A. :

ABSTRACT

The backscatter model

of Donelan and Pierson (Ref.

6) was adjusted to fit Ku-Band at 13.9 GHz. Data

from L to Ka-Band are being used to test the model.

In general, there is no power law. When the wind
drops below certain threshold speeds there may be
no detectable Bragg backscatter, Moreover, satura-
tion may occur at high winds. Results from the
SEASAT-SASS are used to substantiate the predic-
tions of the model, and suggestions are made for

experiments that will

be critical for detetm;ning

the overall validity of the model.

Key Words: Backscatter, winds, power laws, water

temperature.

1. INTRODUCTION

The radar scattering model summarized by Ref. 6 is

-described in Ref. 5.

For high incidence angles

and high winds, the effects of spilling breakers
and wedges (Refs. 1, 7, 8, 14) need to be incorpo-
rated and would increase the backscatter compared
to a Bragg model, especially for horizontal polar-

ization,

Studies of radar scattering from L to Ka-Band and
wind data are under way. In a general sense, the

model given in Ref. §

agrees with these data. Data

from the SEAsaT-sASS program can be used to support
some of the theoretical results,

2. THRESHOLD WINDS

- The square bracket in.
wavenumber capillar

AND WATER TEMPERATURES

the equation for the high

y-gravity part of the spectrum

(Ref. 6) at upwind can be set to zero and solved
= for the wind at A/2, or n/k. The result is Equn.

(1) where C(k) gg the

phase speed of the waves, V

is the viscosity of water, which increases by about

"~ & factor of two as the
30°C to 0°C, and p is 0

temperature varies from
194 p./p,.

B/ + 2(vke (i) /) ¢}

mits the computation g

. wavenumber and water v
model, the LHS must be

f the wind at Ui(n/k), given
RHS of (1) 1s a function of
iscosity. According to the
greater than the RHS for

.

Mark A. Donelan

National Water Research Institute
Burlington, Ontario, Canada.
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Fig. 1. Threshold wind speeds for significant
Bragg backscatter for three bands. Abscissa; k in
eml, or cm. Ordinate, wind speed at n/k, or A/2.
Lines of constant wind speed at 10 m as a para-
meter. Threshold speeds, for four temperatures for
salinities of 0%.and 35Z.. Incidence angles from
20° to 65°. Phase speed, C(k). Unless the curve for
constant U(10) lies above the threshold speed,
Bragg backscatter will probably be too low to
detect.

there to be any waves with the wavenumber used in
the equation to exist in the spectrum,

Fig. 1 shows the result of applying Eqn. (1) to
three bands. The upward sloping lines show the
combined effect of v, k and C(k). Given a8 water
temperature and salinity, unless the wind at w/k
lies abéve the corresponding line there will be no
spectral components present in the wavenumber

.spectrum ag illustrated in Ref. 6. The vertical
lines and triangles show the wavenumbers appropri-

ate to various incidence angles for three bands as
described by the wavenumber,-Zko sin 6.

For an incidence angle of 60° and sea vater with a
temperature of 0°, a wind of 6 m/s for Ku-Band is
needed to generate a spectral Bragg component in
equilibrium with the wind. In contrast, at a 30°
incidence angle for water at 30°C a wind of only

- about 2.7 m/s is needed.

It hag been estimated that about 20T of the areas



Fig. 2. Discarded SASS data for six days during the
lifetime of SEASAT for wvestern North Atlantic. For
the triangles, the value of ‘was greater than
one. For the plus signs, the estimates of received
power were negative.
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Pig. 4. Sea surface isotherm fields near the time
of Fig. 2. g .

sampled by the SEASAT-sASS returned values of the
telemetered data thac upon further processing were
Bot used to recover information about the winds,
(Personnel communication, D, Boggs and P.

. Woiceshyn). The scatterometer on SEASAT measured

the power in the signal (the desired received back-

scatter power) plus the power of the noise PS , in
the system as Pg + N; where the circumflex ingi-
‘cates that the quantity is a random variable. The
insgrument then measyred the noise alone separately
as Ny. Both of thege quantities are normally dis-
tributed random variables. They have large enough
average values and small enough variances so that
8 negative value ig highly improbable for either
measurement. The received power, Pp, to be used in

the radathequat;on was then computed from the dif-
. ference, PSN - NZ.' .

‘ If the average power of'NI equals the average
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Fig. 3. Discarded 5aS$ data for six days during
the lifetime of SEASAT for portions of the Equator-
ial and South Atlantic. Coded as in Fig., 2
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Fig. 5. Sea surface isotherm fields near the time
of Fig. 3, :

pPover of Ny (in an oversimplified sense since cor-
Yections of various kinds are needed, see Ref. 3)
PR then provides an estimate in a statistical
sense of the received backscatter pover to be used

‘backscatter, g° hag 3 normal distribution with an
eéxpected galue, 0° and a variance given by

A(0° + B)° + C where o° 15 the "true" value from a
correct model function. A, B and C are known cong~
tants. If 0° 1s zero, a probability for a random
value of 0° g1l exists. N

" If the backscattered power, Pp, ig very small, or

perhaps hon-existent, the result could be efther
positive or negative with equal probabilicy, Thus

- 1f the expected (in a statistical sense) value of

g° is zero, the estimated, or "measured”, valye of

"~ 0% will be equally likely to_be positive or nega~

tive. Negative estimates of PR were discarded.

A quantity Kp was also used incorrectly, Effec-



tively, what was computed can be shown to be equiv-
alent, more or lpsg, to evqluating

(A(C® + B)2 + C)3/o°., As 0o approaches zero, Kp
approaches infinity. Those values of the backsqa;-
ter that gave a value of Kp greater than one were
also discarded. .

For the first six days of the operation of SEASAT-
SASS, D. Boggs has prepared world plots for both
vertical and horizontal pglarization that show how
often negative values of Py were obtained by the
SASS and how often the data were not used because
Kp was greater than one. The full charts are most
* dnstructive and illustrate features of the clima-
tology of the wind$ for July 1978 and the distri-
bution of sea surface temperatures.

Two charts also prepared by Boggs are shown in
Figs. 2 and 3 for vertical polarization data.
During this time, the orbit of SEASAT shifted slow-
ly westward from one day to the next. For example,
the five rows of points in Fig. 3 starting near
340°E and 40°S and ending at the Coast of South
America between 109S and 20°S represent five
successive days of northbound passes over the Sotuth
Atlantic Ocean, probably for points at the outer
edge of the swath. Triangular clusters of points
represent the combined effect of northbound and
southbound passes about 12 hours apart as illus-
trated in Fig. 3 near 340°E and 20°S.

A row of points can be followed on one of these
figures. For some areas the points are nearly all
small triangles, and this pattern indicates de-
tected values of the received powef, which though
small, could represent the effect of light winds.
Other rows show a random sequence of triangles and
plus signs, and this pattern indicates véry weak or
non-existent backscattered power such that both
positive and negative values for the estimates were
equally probable. :

Near the dominant tracks for each figure, addition=
al points can often be found. They are particular-
ly dense off the west coast of Africa from 30°S to
the Equator, to the south of Greenland and in the
area between 30°N and 40°N west of the Straits of
Gibraltar.

Figs. 4 and 5 show the sea surface temperature
fields based on a GOSSTCOMP analyses (supplied by
the Marine Products Branch of NMC of NWS of NOAA)
for a date close to the time that the SASS data
were obtained. In Fig. 4. the sea surface tempera-
ture field varies from -2°C near Greenland north of
Iceland to 24°C in the southernmost areas. In Fig.
5 the strong temperature gradient from 40° to 50°%
is noteworthy along with a 49C temperature gfadient
off the west coast of Africa as a combined result
of the Benguela current and upwelling. This pattem
persisted throughout the entire month of July, 1978
Presenty available temperature fields are far
superior to these with greater accuracy as de-
scribed by Strong &nd McClain (Ref. 12) and higher
resolution. :

.The concatination of threshold wind speeds with sea
-surface temperatures is marked in these figures.
‘For Figs. 2 and 4 off Greenland over water colder
than 6°C for high incidence angles, the winds would
only have to be below about 5 m/s to caise the data
to be discarded. Northeast of a line between
England and Iceland over 29C to 10°C water, the
winds could be between 5 and 6 m{s, and the data
would still have been discarded. To the west of

Gibraltar; the Bermuda-Azores subtropical high is
usually quite strong in July. The greater density
of points for lower incidence angleés over water
from 20°C to 24°C indicates winds under 3 to 3.5
m/s. The North Sea, with water of 14°C, has much
fewer drop outs than farther to the northwest.
Northbound orbits that cross the area from 30°N to
40°N and 340°E to 350°E show that the southeast
portion of this region had winds over 4.5 to 5 m/s.

A comparison of Figs. 3 and 5 .shows many interest-
ing features of the Equatorial and South Atlantic.
The temperature field shows an eastwest temperature
gradient of 3°C to 5°C over a relatively short dis-
tance to the west of the African coast. These
colder waters, combined with the lighter winds of
the subtropical high, resulted in a high density
of discarded data from the southern tip of Africa
to the Equator. For the 149C isotherm and a 309
incidence angle, the wind would have had to have
been under about 3.2 m/s. In the latitude band
between 40° and 50° with water from 10° to 5°C the
limited number of drop outs suggest that the winds
usually exceeded 5.0 to 5.5 m/s. Notth of a line
Joining the Equator at 3200E and the coast of
Africa at 109N, there are a large number of dis-
carded data for 279 to 28°C water associated with
the doldrums and winds for a 30° incidence angle
of less than 3.2 m/s.

Intriguing features of Fig. 5 are two bands lo-
cating data that were discarded whose northern
edges can be traced from east to west by their
latitude-longitude locations. The first band
starts near 10°E, 28°S and then moves to 09FE, 22°s;
3500E, 219s; 340°E, 20°S; 330°E, 20°S and perhaps,
320°E, 22°9S. The second band starts at 10°E, 39°s
and continues westward to 0°, 3498; 3500F, 3208
and perhaps to 340°E, 309s.

The isotherm fields that were then available are
probably too oversmoothed to show what may really
have happened. That strong temperature gradients
across oceanic fronts exists in these areas was
reported by Deacon with temperature changes of 80C
for the subtropical convergence and 5°C for the
Antarctic conveérgence whose general locations were
indicated by DeFant., (Ref. 9).

More recent sea surface temperature fields for the
southern oceans are beginning to delineate these
convergences in both the South Atlartic and the
Indian Ocean with a resolution of 100 km. There is
some degree of smoothing because clouds interfere
with the measurement of the infrared radiation
from the ocean, and continuity from past data is
used to £ill in the gaps. A study of the sea sur-
face temperature fields for this area of the South
Atlantic when combined with dita from future scat-
terometers should be informative. It may be possi-
ble to detect these convergences even through
clouds. '

Given the sea\surface temperature, the incidence

. angle at which the backscatter data first begin to’

exhibit equally probable positive and negative
estimates of backscatter, as also affected by
gustiness and cats-paws, is an indication of the
threshold wind in Fig. 1. Light winds can be ex-
pected over relatively large areas of the ocean so
that the potential exists for resolving wind speeds
across the swath from about 2 to 4 m/s in tropical

-areas and from about 3 to § m/s in polar areas.
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Fig. 6. Example power law models for 30°, 40° and
50° at upwind compared to the model (Ref. 6) .for

30°C uater.
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Fig. 7. Output winds for an assumed vertically
polarized power law model for three incidence
angles if the true model is (Ref. 6) as a function
of input wind speed, . :

3. COMPARISONS WITH POWER LAW MODELS

A power law model assumes that radar backscatter
in decibels, 0§, can_be described by

G(Xx,8) + H(X.S)loglou as a function of incidence
angle, aspect anglé and the effective neutral wind

at 19.5 m, -
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Fig. 8; Composite of winds speeds recovered by the
SASS-1-S0S wind recovery algorithm compared to
winds from Hurricanes Fico, Greta and Ella.

There are numerous power law fits in the litera=
ture for C, X, Ku and Ka~Band, with a large number
of them especially for Ku~Band. The most common
feature of these power law fits is that they dis-
agrée with each other by very large amounts, even
at times for identical data bases. Other common
features are that the backscatter measurements for
low winds may have been contaminated by noise in
"the receiver channels used for the radar, data for
light winds for which measurements wete attempted
but not made have not been reported, the data have
not been stratified according to water temperature,
and the power law model has been extrapolated to
high wind speeds for which no backscatter measure-
ments were made. The power law model described by
Ref. 11 has these and other sources of error when
combined with the SOS wind recovery algorithm as
documented, by Ref. 15.

It is manifestly impossible to fit a straight line
to a family of water temperature dependent curved
lines as in the figure in Ref. 6. To illustrate
the errors inherent in wind recovery algorithms
that use a power law, power laws have been assumed
for incidence angles of 30°, 40° snd 50° and
graphed in Fig. 6 as a simplified version for a
water temperature of 30°C. For 30° and 40° inci-
dence angles the power laws have been chosen to
agree with our model at wind speeds of 5 and 18
m/s. For 509, the wind speeds are 4 and 18 m/s.

For winds speeds less than 5 m/s at a 30° and a40°
incidence angle, our model predicts that the ex-
pected value of the backscatter will be less than
the value required by the power law, with the same
being true at a 50° incidence angle for 4 m/s.
Between 5 (or 4) and 18 m/s;, our model predicts
higher backscatter values than the power law, and
above 18 m/s, it predicts lower values.

§uppose that our model correctly predicts the back-
scatter, that the assumed power law for a 50° inci-
denceé angle had been used and that a measurement



of backscatter looking upwind had been made for a

‘wind of 6 m/s. The power law would then give a

wind of 8 m/s.

The wind speeds that would be recovered by the
asgumed power laws, given that our model is cor-
rect, have been scaled from Fig. 6 and graphed in
Fig. 7 for input winds up to about 29 m/s, or near-
ly hurricane speeds. For the assumed power laws, an
input wind of 29 m/s yields a wind from the power
law between 20 and 25 m/s for vertical polariza-
tion. The winds recovered from a power law model
would be too low for light winds and high winds
and too high for winds of intermediate speeds.

Fig. B is a composite of scatter pléts from Black,
et al. (Ref. 2), who compared winds tecovered by
the SASS-1-S0S wind recovery algorithm with winds
obtained in various ways from ship reports, air-
craft flights, low level cloud motions and numer-
ical models for Hurricanes Fico, Greta and Ella.
Where the points are too numercus to plot, the
point cloud has been outlined by coded lines. There

" are additional sources of error in the S0S wind

W

recovery algorithm for light winds even if the
power law assumption were correct. Also the scatter
is enhanced by whatever errors there are in the
wind speeds from the comparison data.

Nevertheless, Fig. 8 shows that the general fea-
tures of Fig. 7 are verified by comparisons of
winds obtained some other way and winds recovered
by the SASS-1-5S0S model function and wind recovery
algorithm. Ref. 2 attribute the bias for high winds
to the effects of the attenuation of the radar mea-
surements by clouds and rain. The bias for inter-
mediate winds cannot be explained in this way.
Delnore, et al. (Ref. 6) report similar results
for aircraft measurements of backscatter during a
hurricane. Passive microwave measurements were
used in Ref. 6 to eliminate the possibility of
attenuation, and the decreased sénsitivity of back-
scatter to increasing wind speed was still present,

In the analysis by Woiceshyn, et al. (Ref. 15),
there were no winds over 25 w/s recovered for V-pol
whereas winds over 33 m/s were recovered for H-pol.
Their Figs. 10a, b and c all support the predic-
tions of our model for V-pol for winds above 8 n/s.
The rejection of low backscatter values by the S0S
algorithm and the effects of temperature mask the
predicted effects of our model for light winds ia
these results. See Ref. 10,

This paper and Ref. 6 do not illustrate the addi-

" tional effects of backscatter from the wedge-like

crests of waves about to break and from spilling
breakers. These éffects would produce backscatter
values for vertical polarization that could be
somewhat lifjgher than the values in Fig. 6 which
treats Bragg scattering waves tilted by the longer
gravity waves. Horizontally polarized backscatter
is about 10 db lower than vertically polarized
backscatter for high incidence angles and high
vinds and for a Bragg theory. Ref. 5 shows that
these additional effeets are very important for
horizontal polarization and cannot be neglected,

4 SUGGESTED EXPERIMENTS

To verify further the results of our model for
backscatter from waves when the winds are light,
experiments need to be made over very warm water
and very cold water. The winds" would need to be
measured by a suitably responsive anemometer, and

~
.

the udircrart with the radar would fnced to Tly at a
low altitude. The receiver noise in. the radar would
need to be measured accurately. Appropriate proba-
bilistic and statistical models would be needed to
decide whether or not the received power was below
the level of detection by the radar. The waves
would also need to be recorded carefully so as to
obtain spectral estimates because a swell or a dead
sea could be present that would tilt Bragg scat-
terers by amounts greater than those for a fully
developed sea at the low wind speeds of the expe-
riment. Other effects should be relatively unimpor-

tant, - .

" For high winds and high waves at high incidence

angles, backscatter will also depend to some extent

‘on the state of development of the waves., The wave

and weather measuring data buoys that have been

. deployed by various nations could be used if longer

wind averages vere obtained. The aircraft system
described in Ref. 14 could obtain wavenumber spec-
tral estimites. A way to quantity the number and
shapes of breakets and wedges needs to be described.

5. CONCLUSIONS

Backscatter from the oceah surface depends directly
on the properties of the waves on the ocean. The
spectrum of the Bragg waves depends on water tem—
perature. The properties of breakers and wedges for
high wind are fetech and duration dependent as well

" as wind speed dependent. Data from the SEASAT-SASS

support the model we have described. A wind reco-
very procedure that accounts for these effects
should vastly improve the determination of wind
speeds and directions from scattercmeters by re-
woving the biases in pover law models especially
for winds from 18 to 29 m/s. Horizontally polar-
ized backscatter at the higher incidence angles
will quite possibly provide data that can be used
to recover even higher winds. Additional experi-
ments are needed.
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FIG. A~1 Large Version of Fig. 1.
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