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A series of low-level aircraft flights were conducted
during SL2 and ST4 to provide reference information to evaln-

ate the accuracy of SKYLAB measurements of o, and TB and to

develop and test empirically based algorithms for the deter-
mination of surface windspeed ffom measurements of the above
parameters. The active portion of 8193 was found to be use-

" fully sensitive to variations in windspeed by both polariza-

-

%ions at incidence angles of about 300, 400, ahd 50° for both
launch periods, despite diminished performance of the anténna
during SL4. During SL2, the experimeﬁ% program yielded air-
craft and satellite measuremeﬁt of ocean surface roughness
which varied from essentially calm to hurricane force (c.f.
Ross, et al., 1974; Au, et al., 1974; Ross, 1975; attached

as Appendix &, B, and C, respectively) which ‘are suitable +to
study the relationship between microwave parameters and suxr-

face roughness.
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Given that both the active and passive portions of the
microwave instruments aboard SKYLAB are sensitive to surface
windspeed, the intent of this investigation was to. verify this
sensitivity and establish and test algorithms to detérmine the
accuracy and precision of satellite inferred surface wind-
speeds.’ i

Satellite,underflighté by NOAA and NASA aircraft on 5, &,
and 11 June 1973 yielded a wide range of measuremen;s under a
variety of- conditions. The datg of 11 June (Ross, 1975}
showed Ehat the presence of rain during 10% wind conditions
can increase the backscattered return apparently due to gen-
eration of“Bragg waves By impacting r;indrops. The SKYLAB
data-of 6 June was obtained in conjunction with near simul-
taneous aircraft penetration of RPacific Hurricane AVA and
yielded active and passive measureménts of surface roughness

from ‘windspeeds of 10-25 m/s.

A number of studies have shown that a power law fit of

the form

ai
¥ = agx



reasonably well describes the behavior of the normalized
radar backscattering cr&ss séction over a wide range of-wind
' conditions while the behavior of the naturally emitted micro-
 wa§e-energy is approximatély linear and can be modeled with

‘a fit -of the form
Ty = agtax

The data sgtslfrom 5, 6, and 11 June (cp measurements
were adjusted to upwind after the technique suggested by
Pierson, Cardone and GreenWood.(1974) were acéordiﬁély fit by |
appropriate power law or least squares:;inear relationghips
with -windspeed as the dependent variagie for thé sake . of
simpliéity of the windspeed algorithm. The results are éoﬂ—
tained in Table I. Tt can be seen from the table by examin-
ation of thémédefficient of determination, r?, that the data
for aﬁ incidence angle.of 14° fit poorly (r? would egqual 1
for a perfect fit) and £herefore are widely scattered. This

may possibly be due to rainfall which was present in the’

lower wind areas of the hurricane.



The data for the incidence angle of 510, however,
yielded a maximum value for r? of .78 which is high enough
to suggest ;hat this algorithm could be reliably,ﬁsed to
estimate surface winds. Testind of these algorithms, how- -
ever,-was not carried out due to lack of extensive high
guality surface truth accompanied by high winds during SL3,
and damage to the antenna during SL4 which modified its
characteristics thereby invalidating the algorithm.

The antenna damage during SL4 comsisted of a crack in
the antenna feed ih-tée vicinity of the reflector which
greatly modified the antenna pattern. Receivedlgower was
therefore reduced and the purity of polarization was com-—
promised; Extensive interesting data was obtained,.however,
for moderate to high winds in winter storms whicﬁ were
accompanied by low altitude aircraft flights. On 9 January,
a particularly interesting data set was obtained in a N. At~
lantic storm (Figs. 1 and 2) which was characterized by sur-
face winds which varied froﬁ 7.5 to 30 m/s along the subsatgi—

lite track. Power law and linear least squares fits to the

data yielded the coefficients shown in Table IT.
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Because of tﬁe'que§tions regardiﬁg polarization purity

of the t?ansmitted fadér enérgy and the preponderance of date
for the higher winds, both linear least squares an§ power law
fits to the o4 data were carried out and gave comparably high
values of r? (.7-.8). Also, since both the scattering and
refeien&e windséeed measurement are-subject to efrors, a vari-
'eéy-of algorithms by means of powerilaw_and least squares fits.
were obtained, some with a procedprg.which weighted the depen-
dent ana independent variable depending upon a specified érror
for eacii. The results aie_contained in Téble IT. .

The algorithms of Table II were then utilized to estimate

~

surface winds from SKYLAB parameters obtained on 4 January in °

-

an Atlantic. storm {Fig. 3), and on 24 Januaryv in a Pacific
storm (Fig. gft The computed winds were then compared to winds
determined bf{subjective analysis of the weather charts bésed
mainlg upon ship reports and aircraft measurements. Mean and
RMS differences between the two winds are containeé in Table
III, TUse of the algo?ithms for o, based ﬁpon.a linear least

sﬁuares fit produce comparable though slightly higher results.



As can be seen from Table III, the RMS ‘differences
between analyzed and inferred winds in the case of the pas-
sive side of S193 are higher than those resulting.érom the
scatterometef mode. An analysis of the antenna pattern
conducted by the University of Kansas indicates the effec~
tive beam width to be essentially horizon to horizon with

unknown side lobe effects. Fortunately, the scale of the

weather systems for the 4, 24, and 9 Januaryhéitua£ioﬁs.
appears to have been large enough so that sufﬁace roughness
conditions could be considered hoﬁégeneous within ﬁhg'fogt;”
print. NIMBUS-G brightness temperéture distributions ét -
18.5°GHz for 9 January are shown in Figure 5 and indicate
similar qﬁalitative behavior in the areas viewed by éKYLAB
lending some confidence in the S1923 SL4 passive results.

In order to establish a basis for assessing the quality
of these SKYLAé results{ the reference surface windspeeds used
for the 4, 9, and 24 January data sets were compared with
those produced by Dr. Vincent Cardone of CUNY who used an

.objective procedure based upon-Pressure fields butlweighted

in favor of ship or aircraft reports. This comparison yielded



mean and RMS differences as shown in Table IV, wiph the
objective procedure yielding.somewhat lower mean winds.
It can be seeﬁ that the active portioﬁ of S193 auring SL4
produces resﬁlts comparable to fhat of either an dbjectiye:-
or subjective‘analysis procedure bagea upon conventidﬁaizs
data sources while the passive resuits are somewhat hiéher.
The S194 instrument operating at L-Band is also sensi-
tive to surface roughne;s, though 1éss so0 than the higher
frequencies. The data of-9 January were therefore suitable
for least squares fitting and produced the fellowing results

for vertical incidence.

U = -484'+ 5.4 T,

As with 5193, the data of 4 and 24 January were used to esti;
mate surface winds and compared to the analyzed wind field.
Mean and RMS differences resulting were 4.5 m/s and 5.6 @/s,
respectively. - T

Aircraft measurements of microwave brightness tempera-

ture at Ku band presented in Appendix A for data collected

on 5 and 11 June agree with satellite measurements to about 1°



Sensitivity of the instrument cannot be determined ab-
solutely, but can be inferred from the low RMS errors’of
the estimation of surface windspeed to be better than

.5 db in the case of the active portion of S193. Because
of the antenna damage, cémparable estimates of the per-
férmance of the passive side of 8193 cannot be made. In
the case of §194, the accuracy and sensitivity of the

instrument appears to have been approximately 1°%.
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"TABLE I
SL 2
“ , ' Incidence

Parameter ~ Polarization .ayg ag r? Angle

o ' \a% 29.3 .33 .22 44°

oo HH 58.9 .43 .37 44°

0o VW 63.2 .53 .75 51°

oo JHE 122 54 T4 51°

T, ) W - 65.2 - .47 68 44°

Ty HH - .45,2 .49 .75  44°

’&B vV -~ 12,7 .i4 .45 ) 51°

i HH - 38.7 .44 .78 51°



TABLE IX

9 January

- Incidence

Pafameter Polarization = aj ré_ Angle
Go vV '16.37 .55 .87 . 30°
o EH 24.16 .59' .78 ;Eifi_
Ty vV -256.87  2.23° :.;é :3565
Ty HH _ —1?6;85 1.86 -84 ;{§o?f,
oq - 22.26 ;‘.57 .94 ég:é
Go HH .34.o§ .59 .és 40.5
Ty vV ~431.39 3.58 .91 40.8
Ty - HH -238.9 2.54 .95 40.8
oo \a's . 26.61 .61, .91 47.6
Go HH 40.07 .53 . .65 L 47.6

Ty . VY ~553.8 4.49 .92._ 47.6
T HH ~246.9 2.8 .95 47.6



TABLE III

13

4,7

4 Jan 24 Jan
Mean RMS Mean RMS
Polari- Diff Diff Diff Diff Incidence

e Parameter zation {m/s) (m/s) {(m/s) .(m/s) Angle
30° oo LV 2.66 2.63 2.67 2.5 32°
30° Go HH 3.53 4.10 - .85 2.54 . 32°
40.8° oo vV ;68 2.57 0.00  1.59 ~ 41°
40.8° oq HE 2.57  3.63 1.47 1.86  41°
47° oo v 1.91 - 3.70  -1.01 -2.49 48°
47° o, HH - .9 3.73 =-3.11  2.67 28°
30° Ty vV -3.02 6.56 -4.6 5.4 32°
T, HH 2.72 6.13 3.0 4.0 32°
£0.7° Ty a4 1.99 5.04 - .8 3.4 41°
. Ty HE .69 4,35 - .4 3.5 41°
" . g7° Ty Vv ~1.71 5.27 -1.5 4.5 48°
T HH -4.06 4,25 -3.3 48°



TABLE IV

Mean " RMS

i Diff Diff Incidence
Cardone vs Ross {m/s) (m/s) Angle
. o .-
9 Jan -4.65 3.63 307
' -4, 101 C.3.21 . 40,7 -
2099 .. - . 3.02 S 47 6 ]
. ‘:ﬂ‘:_ S -
4 Jan Z3.33 3.0 - -30
-1,78 3.87 40
. =2.74 2.21 47
24 Jan - .02 .16 30
© ~3.05 1.56 .40
-2.85 . .93 _ 50
ORIGINAL PAGE I3
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FIGURE CAPTIONS

+

Figure 1. Surface analysis for the SKYLAB undérflight of
9 January 1974. Data locations at incidence

O, and 50.5°

angles of 0°, 40.7°, 47.6°, 42.9
are shown. Surface winds from ship reports
are shown with the solid flags indicating 590

knot winds.

"Figﬁre 2. ﬁrightﬁess temperature and Eo”@eésuréments‘
.“adjﬁsted to upwind aré shown as ;:fpnction of
time for the indicated incidencé gngles for'-

the 9 January.S193/194 data sets. Surface

winds were determined from the analvsis of

Figure 2 based upon ship reports. .

-

Figure 3. Surface analysis for the 4 January data set.

SKYLAB S193 data points at 6=0%, 40%, and 47°,

are shown.

Figure 4. Surface analysis for the 24 January data set.
$193 observation points are shown along with

the associated incidence .angle.
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FIGURE CAPTIONS (continued)

Figure 5.

Contour map of the NIMBUS-G 19.35 GHz brightness

- temperatures. Corresponding SKYLAB data points

are superimposed on the map for incidence angles

- of 50.5° (a), 42.9° (B), 0.0° (C), 40.7° (D), and

47.6° (E).
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Appendix A

MULTI-FTREQUENCY RADICMETRIC MEASUREMENTS OF FoaM

AND A MONO~MOLECULAR SLICK

. Be Au, J. Kenney, L. U. Hartin

Haval Research Laberatory
. Washington, D.C.

and
D. Ross

National Oceanic ard Atmospheric Administra:ion
. Miamil, Floxida . -

. .. ABSTRACT

Microwave radiometric measurements have
been made of both a surf-zone and of an ocean
~reglon wvhere smali-scale roughness was sup-
pressed by an artificial mono-molecular slick.
The foam measurements shew near identical foam
temperatures at 8.35 and 14.5 GHz, but large
variarions at 1.4 Glz. The resultant maximum
foam emissivities atr nadir range from 0.57 at
1.4 GHz to 0.84 at 14.5 GHz. The presence of
the mono-mulecular slick on the ocean surface
had the smme effect as a decrease 1In suxface
rougnness. For horizontal polarfzation, the
emission decreased below that of the surround-
ing ocean for all viewing angles’. At verpdical
polarization, the emission decreased below and
Increased above a2 viewing angle of approximately
60 degrees. The change in tempevature was ob-—
served at both 8.35 and 14.5 GHz, being barely
detecrable at 1.4 GHz.

1. INTRODUCTION

The dependence of the microwave brightaess temperature on sea state and sutrface
wind fields fs under active investigation and has led to the prospect of Tramotely
determining these parameters from a sateliite on an all-weafher basis.,” The useful”
ness of sea state and ~vind field data (in data scarce areas) weuld be of Immense
value to both meteorologists and oceanographers alike, Two oceanographlc effects
that play inmportant roles in the dependence of the microwave signal on the sea sur-
face are small-scale wave structure and foan.

The dependence of the observed microwave signal on sez surface structure mani-
fests 1tself through the emission and reflection from dielectric media with all
scales of surface roughness. These irclude not only the relatively smooth wind waves
and swell much larger than the observing waveleagth, but also the caplillary and ultra-
‘gravity waves present om the sea surface at low surface wind speeds. Current models
of the sea surface include roughness both larger and smaller than the gbserving wave-
length, but the effect of small-scale structure on the radiometric signal has yet to
be _experimentally verified. ’

Foam 1s a potentially more useful parameter to the Temote sensing of the ocean

surface by mnicrowave rvadiometry. Beyond an iniefal start velocity of 7 m/sec, foan

coverage increases with surface wind speed. The exact magunitude of the. signal

—-

1763



ORIOT A 7y . -
O POogLQgAGE g
: : ¥ .

increase depends on observing frequency, areal coverage of foam in the an%enna bean
and foan properties, Both the dependence of foam coverage with wind speed and the
radiometric properties of foam are areas.- of active research. Of primary interest
is the increase in temperature with frequenty and the variation with viewing angle
and polarization. N X .

Experimental information about both of these phenomenz has beenr obtained by the
Naval. Reseatch Laboratory in a series of airborne mulri-frequency radiometer measure-
menta. In one set of observations, low altitude measurements were made of a surf-
zone at a variety of viewing angles. In the other set, measurements wvare made of an
ocean region in which the small-scale roughness had been ‘suppressed by an artificial
mono-molegular slick. This suppression enabled comparison to be mada between an
ccean surface having all scales of roughness present and one having just the large-
scale structurea. .

- -

"2, INSTRUMERTATION .

The measurements in these experiments were wmade with a three frequency, unon—
scanning, alrborne radiometer system mounted on a NOAA €-130 aircraft. The antennas
all have identical gseven-degree beanwidths and were mounted omn a hydraulically coa-
trolled placrform that allowed viewing angles frou nadir out to 80 degrees to be ob-
tained. The antennas at K,{(l4.5GHz) and X-band(8.33GHz} were horn~fed dielectric
lenses while the L-band(l.EGHz) antenna was a dipole-fed eight foot diameter para~
boloid., Periodic calibration of thé radiometers was provided by noise diodes coupled
into the refergnce arm of the radiometers. Simultaneous dual-polarizatior measure—
ments were made at K,- and X-band, while single polarization (either horizontal or
- verctical) was observed at L-band. Data were vecorded both on analog strip~chart for
instant monitoring purposes and also on magnetic tape for later digital processing.
Sensitivity of the radiometers with a one second integration time was 0.21, 0,08 and
0.05 *K for L, X and K,-bands respectively.

-

3. SLICK MEASUREMENTS z

To determine the effect of small-scale roughness on the radiometrie signal, one
method is to suppress the smaii-scale waves in a speciiic arez on the ocean surface,
Althougk various types of oils damp small-scale waves, for sufficient oil thickness,-
61ls have a radiometric effect of their own. This effect may overwhelm any change
due to the damping of the small-scale structure. To eliminate this problem, oleyl
alcuiiol was used {00 The experiwent. It forms &4 d@unu-woiecelar 311ick oa fhe ocean
surface which 1is tee thin to have a radiometric effect, yet damps out the capillary
and ultra-gravity waves.

The oleyl alcohol was laid by the NOAA T~boat in the Atlantic Ocean about five
miles from Miami, Florida. A total of nine passes along the length of the slick
was made, with measurements being taken at angles from nadir out to 80 degrees.
Based on laser geodilite data, the significant wave height was about 2.4 meters.
Surface winds were 8 metersfsec, sufficient to produce some fpoam patches on the sea
surface. Corresponding 35-mm photographs of the sea surface at a rate of one per
gecond wexre used to confirm the areal extent of the slick,

The radiometer outputs as a function of time for a viewing angle of zero de-
grees are shown for horizontal polarization in Fig. 1 ard vertical polarization in
Fig. 2., The slick appears as a 2° K decrease in antenna temperature at both X- and
K, ~bands and for both polarirzations, with no detectable effgect at L-band. The change
in temperature with angle for beth polarfizations is summarized in Fig. 3 for K -band.
The slick decereases the observed temperature for horizontal polarization at alg
angles, but preduces an increase in temperature for vertical polarvization near 80
degrees. Results obtained om 3 April 1973 under lighter sea state conditions are
similar, but with a slight decrease in magnitude. The results for both days are
summarized Iin Figs. 4 and 5, which show the temperature difference between polar-
izations due to the slick as a function of viewing zangle. The difference between
polarizzations incresses with increasing viewing zngle and shows g slightly larger
effect at K, than X-band. Surface roughness thus has little influence on the
temperature change due to the slfick until large viewing angles are obtained.

. 4. FOAM MEASUREMENTS

To investigate the radiometric properties of foam as a function of frequency
and polarization, it is essential that the foam be identical in each case. This

1764
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was accomplished in the field observations by making measuremencs simultaneously at
three frequencies and at both herizontal and vertical polarization at X- and K, ,~band.
By using identical seven degree beamwidchs for all antennas, different feam coverages
among beams are eliwminated and comparison can then be made. To obtain good foam
coverage and sufficiently thick fdam, observations were conducted parallel to a surf-
zoue. The measurements were made from an altitude of 150 meters at angles from nadir
out to 53 degrees.

Figures 6 and 7 show the vadiometer output as a function of time for all ef the
radiometers at a viewing angle of 28 degrees, The wide varietions in signal are due
to both variacions in foam properties and foam coverage. One can neotice the cor-
relation between the three frequencies and both uo1ar*zations, with only a difference
in magnitede. To illustrzte the response detween the different frequencies, Figs.

8 and 9 show scatter diagrams of the temperature ingrease due to the foam at L- and
X-bands plotted against the Increase at Kgy-band. The increase in all cases Is the
increase in brightness temperature above that from a specular surface. The linear
relaztionship betwsen X- and K ~bands compared to the variability at L-band indicares
that the foam was- sufficiently thick to have the same response at the higher freq—
uencies, but variable response at L-band.

The results for all viewing angles are summarized in Fig. 10, which shows the
maximun foam emissivity at K ,-band as a functien of viewing angle for borh polari-
zations. The resules at X- and L-~band are not shown as the X-band values are within
12 of those at K,~band and these at L-band are similar in shape, only decreased in
wagnitude., For comparison purposes, the enpirical model as put forth by Stogryn is
also shown for the samg conditions as the experiment. .

The maximum value of the experimental emissivity at nadir is 0.84, less than
the theoretical maximunm of 1.0 for a perfect emitter. The Fesults for all of the
frequencies are shown In Fig. 11, which shows the observed foam emissivities as a
function of frequency for nadir viewing angle., The empirical model of Stegryn is
again shown for comparison. One important feature 1s the increase in emissivity of
foam from L- to X-band and the flatness of the curve from X- teo Ku-band.‘

The absende of small-scale waves on the ocean surface changes the microwave
enission a2t 8.35 and 14.5 GHz, and has a barely detectable effect at l.4 GHz. At
horizontal polarizaticvn,.cthe change In emission 1s observed as a decrease in signal
for 21l viewing angles. For vertical polarization, there i1s a decrease in emission
for angles less than 60 degrees and an inczease in signal beyond. The magaitude of
the change in emission increases with increasing surface roughoess, particularly for
vertizal polarization at large viewing angles. The measurements show that the sea
surface tecomes effectively smooather when the small-scale waves are danped, in that
they have.an exadt opposite effect to an increase in surface roughmess. Further
experiments are required to determine whether the increase ' in emission from small-
scale roughness is independent of the uaderlying large-scale roughness, or whether
gmall-~scale waves become important only after large~scale roughness is present. In
any ecase, it is evident that small-scale roughness is important to the emissica fron
the sea surface and must be included in any theoretical model. —_

The presence of foam on the sea surface is responsible for large inereases in
microwave emission at all of the frequencies investigated., The emissfon varles with
areal coverage and foam properties, but is less at 1.4 GHz than at the higher freg-
uencies. The variability at L-band {s caused primarily by variations in foam depth,
which are nore important at the longer wavelengths., The enission from the foam is
less than from 2z perfect emitter, but it is within 16X of that valuve at 14.5 GHz.
For the thick fodm of this experiment, the emissivity of foam increases gradually
from 1.4 to 8.35 GHz, with neglible increase frem §.35 to 1l4.5 GHz., Ia general, the
observed foam emissivities disagree with the empirical model of Stogryn, being up to
20 *K greater in magnitude than his model.

For the conditions of this axperiment, where relatively thick foan was observed
.the frequency dependence gecurs between [,- and X-band. More experimental work is
required to determinme if this frequency dependence holds in general, It is unlikely
that the emissivity of foan would have the same frequency dependence or magnitude fo
the foaus patches and streaks on the sea surface during high wind conditions. Fer th
thinner foam patches and streaks, the change in emissivity would most likely cceur
at higher frequenciles. ’ -
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Appendix B

A REMOTE SENSING STUDY OF PACIFIC HURRICANE AVA

. D. Ross
Kational Oceanic and Atmospheric Administration
Miami, Florida

-

B. Au -
Naval Research Laboratory
Washington, D. C.

W. Brown .

Jet Propulsion Laboratory
Pasadena, California

J. McFadden

National Oceanic and Atmospheric Administration
- Miami, Florida

ABSTRACT °
‘

Aircraft, SKYLAB, NOAA-2, ATS-3, and NIMBUS-5
recently obtained a varieiy of measurements of Pa-
cific Hurricane aAVA. These measurements are unusu-
allv broad in scope a2nd includs saleilite observed
passive microwave emissivities at '13.9 + 19.5 Giz,

* active microwave scattering cross-sections at 13.9
GHz, and near infrared and visible images. Essen-—
tially simultancous aircraft measurements of wind
speed, waves, wnltecaps, 1.4 and 13-15 GEz passive
microwave emissivities, 1.4 GHz active microwave
images, sea surface terperatures,-pressure fields,
and aerosol size distributions were also obtained.
A brief description of sensors and platforms is
presented along with some in-depth details of re-
sults obtained. These results confirm the sensi-
tivity of microwave emissivity to foam ard liguid
water in the atmosphere. Wave measurements from
the aircraft show significant differences in the
shape of the energy spectrum when compared to other
fetch~limited spectra. Whereas fetch-limited spec-
tra are rharply peaked, the hurricane spectra re-
mote from the eye are broad, indicating the pre-
sence of swell and increased energy transfer within
the spectrum due possibly to non-linear interac-
tions, while those near the eye are sharply peaked.

_ The SKYLAB RADSCAT, operating at 13.9 GHz in a
cross—track mode, obtained microwave measurements
of a portion of the storm in both the active and
the passive mode. Preliminary results show that
the scattering cross-sections increase when viewing
the hurricane despite an expected attenuation due
to rain. Passive neasurements increase as expected
and are in general agreement with NIMBUS-5 meagure-
ments at 19.5 GHzZ.

Airecraft measurements of microwave brighiness
temperatures at L band show an increase which is

. ’
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largely due to foam and whitecaps while those at X
and XU band are coataminated by rain.” Active co-
herent L-band radar ‘images of swell produced by the
hurricane were cbtained enroute to the storm. These
images indicate a strong interaction takes place be~
.tween long and short gravity waves,

Flight level wind speeds were cbtained by means
of an inertial navigation system and represent a sig-
nificant increase in accuracy from past measurements -
of hurricane winds., Maxinmum winds encountered 1in
the eye wall measured 137 knots, the highest ever
for a Pacific hurricane, which had a record low cen-
tral pressure of 914 mb.

- The use of extensive and coordinated satellite
and aircraft measvrements has provided an unprece-
dented opportunity to study the dynamics of a hurri-~
cane., :

1. INTRODUCTION

The development and application of remote sensing techniques to the study of
man's environment has increased considerably in recent years. Perhaps the greatest
return on monies invested in this area has been ain use of satellites in observing
and predicting weather. One aspect of weather phenomena which is currently being
studied in great detall is tropical cyclones. A tropical eyclone is an intense
vortex of high winds and large moisture concentrations which can have a devastating
effect on man as they pass from water to land accompanied by high wind forces, in-
ordinately high water {surge) levels, and large amounts of rain. Because cyclones
.are generally born in remote ocean areas, they have .remained a little understood
phenomena. In recent years, however, aircraft have been used to study many- aspects
of the storms by means of a variety of in-situ measurements. More recently, satel-
lites equipped with imaging systems have been of great utility in detecting the
birth of cvclones and mredicting the path they are most likely to follow during
their lifetime.

This paper describes a number of measurements of some unique aspects of a cy—
clone obtained from airecraft and a variety of spacecraft and represents an unprece-
dented opportunity to evaluate the capability of remote sensing instrumentation to
contribute to the study of such phenomena.

2. BACKGROUND

The NASA SKYLAB experimental satellite was the catalyst needed to gel this ex-—
periment. Intended as a means of evaluating the Radar-Radiometer sensor packages
aboard SKYLAB, an aircraft program was initiated to fly beneath the SKYLAB and mea-—
sure an extensive number of environmental pavameters which might affect the signa-
ture of the earth viewang satellite sensors. One of the aircraft inveolved was a
National Oceanitc and Atmospheric Administration (NOAA) Cl30 Hercules normally
equipped to study hurricanes and other weather-oriented phenomena. For the SKYLAB
progrzm, a number of additional sensors were installed and are shown in Table I
.along with the parameter intended to be studied and expected accuracy. Figure 1

- shows the NOAA aircraft with passive microwave radiometers extended cut the rear
cargo door, - - - . R

As the NOAA SKYLAB underflight program was getting underway, the first Pacific
Hurricane of the season was forming and was named AVA, (Figure 2). As one of the
objectives of the SKYLAB program was to observe hurricanes, a dsta gathering pass
was planned for 6 June 1973, using the SL 193 Radar-Radiometer in the solar inertial -

—gtdnning mode. Unfortunately, a more extensive look at the hurricane with other
SKYLAB sensors could not be arranged because of conflicting priorities. Indeed, the
¥ASA system was literally turned upside down in order to schedule this limited pass.

16k



2. AIRCRAFT MEASUREMENTS

The NOAAR C130 deployed to Acapulco the morning of § June, refueled and com~
ménced its flight into the storm at 2107Z. Figure 3 shows the track of the air~
craft along with isolines of f£light level (500 £t.) winds measured with a Litton
LTN~51"inertial system using the true ailrspeed output from a Xollsman differential
pressure transducer. As a result of a measurement of an extraordinarily low cen-
tral pressure of 915 mb obtained by an Alr Force Reconnaissance aircraft approxi-~
mately three hours prior to our entry into the storm, it was decided a low level

. (500 ft.) penetratipn into the eye would be unwise. The portion of the track shown
in Figure 3 from 2155 to 2315 was therefere flown at 10,000 fzet. Low level (500
ft.} measursments oI wind spsed and direction, wave helgnts, whitecap densities,
and microwave emissivities were obtained curing the period 2107-2156, and again
from 2325 to 2356. Microwave measurements, which reguire the carge dcor to be open
with extended-radiometers, were not taken during the latter time period bescause of
the reduced safety factor associated with high turbulence in conjunction with open
carge doors. N

Figure 4 is an example of laser altimeter profiles of waves in an area of 65
knot flight level winds. Figure 5c shows the spectra of this segment, ma2pped to

. fixed coordinates, along with a spectra of high waves measured in the North Sea
. (Ross, et al, 1970). Alsc shown are spectra {Panel a, b} obtained at other regions
within the storm plotited together with spectra of the same total energy obtained in
the H-Sea and the North Atlantic. There are some significant differences between
these sets of .spectra. Those obtained npear the eye (Fig. 5b, ¢) are sharply peaked
and. agree well with the N-Sea spectra which are severely fetch limited. The third
spectrum was obtained approximately 110 nautical miles from the eye and shows con-
siderably more low frequency energy than the North Atlantic spectrum whiech was es-
sentially fully developed. In addition, this spectrum shows a reduced level of en-
ergy on the high frequency side of the peak. We attribute this difference to non-
linear interactions between the high freguencies and swell of freguencies near the
peak which results in a breoadening of the hurricane spectrum. Figure 6 shows the

_variation of wind speed and significant wave height with radial distance from the
eve. The dashed ling chows expected surface {20 meter) winds assuming a logarithe-
mic variation in wind between the surface and flight altitude (Cardone, 1969). ‘The
significant wave height is known to vary as the sguare of the wind speed for fully
developed seas. It can be seen in this figure that this relationship does pot hold
in a hurricane bacause of the fetch and duration limited character of the hurricane
wind field. }

Observations of microwave brightness temperature were obtained during the per-
iod 2107-2147. The data at the higher microwave frequencies are strongly affected
by the presence of rnln as one-minute ayerage values at vertical incidence vary in-
consistently from 130° to 145°, and 140° to 200° for ¥ and KU Band respectively.
Brightness temperature vs. incidence angle for this segment at L-Band is shown in
Pigure 7 along with data for a low wind condition obtained 11 June. It £an be seen
that there is a systematlc increase 1n brightness temperatures of about 4 °K at all
incidence angles. Inspection of simultaneous vertical phctography reveals little
thin foam streaking presumably because of the swell content of the seaway and the
percentage of whitecap coverage is approximately 10 percent.’ Based on the resuits
of Au, et al. (1974), presented elsewhere in this sympesium, we attribute this in-
crease to the whitecap (fcam) coverage. Thus, a sensitivity of .4°K/% whitecap
coverage is obtained. . . -

Enroute to the storm, coherent side-looking radar operating at a frequency of
1.35 GHz (A = 25 ¢cm) was used to obtdin surface imagery. A series of wave-like
patterns is apparent in this imagery which appears to be a combination of locally
generated wind waves mixed with swell coming from the hurricane. This imagery, to-
gether with a vertical photograph obtained simultaneously, was digitized and sub-
jected to two-dimensional Fourier analysis. Figure 8 shows the optical image of
the two-dimensional Fourier transform at the top, along with a densitometer trace
obtained along the axis of the principal direction {lower left, and center}. Also
shown is a composite hindcast wave spectrum constructed by using the wave spectra
obtained at 2147Z along with a specirum obtained an the Atlantaic Ocean for a wingd
speed of approximately 22 knots. Surface winds at the time of this image were vis-
ually estimated to be 20 knots, which was substantiated by sun glint analysis of
ATS-3 Satellite imagery (Strong, 1973). The position of the laser wave measure-
ments and of the hurricane relative to the radar imagery is shown in the inset in

. -
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the upper right corner of the figure. Good agreement between the wave lengths of
the principal wave compcnents .can be seen. That the radar is imaging the waves is
evident; not so evident is the scattéring mechanism which allaws detection of waves
longer than the backscattering Bragy waves {(Crombie, 1955). It has been demonstra-~
ted in several laboratory and field experiments (cf. Shemdin, et al., 1972, Mitsu-~
vasu (1971)) that presence of a swell in a wind sea will reduce the amplitude of
the wind-wave energy peak by an amount which is dependent upon the enexgy and fre-
quency separation of the swell. Tonguet-Higgins (1969) describes this interaction
which resuilts in shorter waves peaking near the crest of the longer wave as 1t pass-
es by. The long waves thus modulate the Bragg waves which, in turn, modulace the
return of the radar energy resulting in an image of the longer waves. Since more |
than one long wave component is seen in the image, it has been suggested (S5tilwell,
1974) that this modulation 1is accomplished by interaction between all waves longer
than the Bragg waves. The radaf magery therefore may contain useful amplitude as
well as wave length and direction information if the transfer function for the for-'
mer can be established. Unfortunately, the radar power supply gave cut shortly af-
ter this segment was completed so that no imagery of the local hurricane wave field
was obtained during the eye penetration. .

4. SATELLITE RESULTS

Imagery and microwave data from a variety of satellites were cobtained of the
hyrricane in various stages of development. A summary of these satellite studies
is shown in Table II. Figure 9 is a composite of ATS imagery showing the track of
SKYLAB as it passed near the storm. Unfortunately, the storm was moving rather
fast, and although the SKYLAB antenna scanned "to 52° incidence angle, only a small
portion of data was obtained in the high wind periphery of the storm. This data,
along with NIMBUS 19.5 ‘GHz measurements of the same portion of the storm, are shown
in Figure 9 for the incidence angles of 45°to 52.5°. Also shown are rainfall rates
inferred from the 19.5 GHz NIMBUS-5 radiometer (Wilheit, 1974).

The purpose of -the S 193 Radar-Radiometer is ta infer surface wind fields from
measurements of the microwave backscatter. .The passive portion of the instrument

' is intended to provide a basis for correcting the return radar cross~section (G_}
due to attentuation by liquid water. The inference of surface wind speed is fufther
complicated because the amplitude of the backscattered component is semsitive to
the relative direction of. the wind vector. Jones "(1974), from data obtained with

1 3 T i - - - & mlassrde & Jh e
an aircraft evystem at vertical polarxicaticon, reporis a2 difforcncs of about 5 4L ba-

tween the ugwind and cross-wind directions for 'a wind speed of 14 m/s and incidence
angle of 407, vertical polarization. The up-downwind asymmetry he cbserved of 1-2
db is further evidence of short wave modulation by longer waves. Estimates of wind
direction along the footprint were made as previously described and resulted in
positive corrections of 2-4 db. A backscattered component due to rainfall is not
accounted for in the data whichare summarized in Table III.

It can be seen from panel a of Figure 10 that if a correction were applied to
g~ wvalues, due to rain attentuation, that the o9 for both polarizations would in-
crease with increasing wind speed between 1857:15 and 1858:00. WNeglecting the wal-
ue at 1858:16, o© would then decrease at 1858:31, following the decreasing trend in
surface wind. At the 45%° incidence angle (panel b), rainfall rates were markedly
reduced and d© qualitatively agrees with trends in the wind speed. ¢.,..°, in both
.cases, has been corrected for wind direction while no such correction 'has been ap-
plied to c,H°. As with-the coherent radar images, the ¢° is a measure of the ener—
gy content” of resonant Bragg waves — near capillary, or centimeter, wavelengths in
the case of the § 193 radar. Phillips (1966) using dimensional arguments shows
- that the high freguency end (£; > f,)* of the gravity wave spectrum should reach a
maximum, or eguilibrium, value. Increased energy transfer into this spectral re-
gion would simply result in increased energy loss through wave breaking. Piersen
and Stacy (1973) suggest three forms for-the behavior of the high frequency end of
the spectrum, including the ultra-gravity and capillary regions, which are wind
speed dependent and result in increased wave energy levels for all increasing winds.
Hasselmann, et al. (1973), show that the Phillips equilibrium constant decreases
with increasing fetch indicating long wave-short wave interaction is important in
the behavior of the high fregquency tail of ¥he spectrum.

- - -~

*fm 15 the frequency at which the peak energy occurs.
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Prom the observations of SKYLABR measurements obtained in Zurricane AVA, it is
tempting to attribute the observed ¢© variations to corresponding variations in en-~
ergy level ‘¢of wind spéed dependent Bragg waves. On the basis of this limited data
set, the considerable potential for errors associated with the corrections required
for attenuation, reldtive wind direction, and backscatter due to rain, and an un~
known sensitivity of ¢ at high wind speeds, we reject this step at this particular
time. A final conclusion nust await additional data cbtained for high sea states
during SL4 and a better estimate of azimuth dependence of 9 for different wind
epeeds and both polarizations.

5. CONCLUSIONS

It can be concluded from this data set that the use of remote sensors could be

a useful tool in the monitoring and study of tropical cyclones. The potential for
such sensors listed hy observational category is as follows:

1. Active microwave - Both cross-sectional as well as 1mag1ng microwave sys-—
tems can be used to map aspects of the wave field of a hurricane. High fregquency
systems, such as the SXYLAB RADSCAT, may have reduced utility in areas of heavy

rain, while low frequency imaging systems will be limited prlmarlly by the regquired ,
- high data rataes.

2. Passive microwave - Aircraft and satellite measurements at 1.4, B.35, 14,

-and 19.5 GHz show the higher frequencies to be capable of determining liquid mois-

ture budget while the lower freguencies could be useful for determining the atmos-
-phere-ocean energy exchange badget bascause of a sensitivity to energy loss cccur-

-ring through the wave spectrum. However, because of diminished sensitivity at 1.4
GHz, a frequency scomewhat higher, but less than & GHz, would be more appropriate.

3. Visible; ’ .ot

e o~ A Satellites - Visible region imagery has been extremely useful in posi-
tioning the hurricane, calculating its forward veloc1ty, and estimating the degree
of asymmetry aof the hurricane.

b. Coherent - Red laser light can be used with good resilts from low
aircraft altitudes to profile surface waves despite heavy ra2in and spray, and the
wave measurements can be used to bound the role of momentum transport to the ocean.

c. Photographlc - Observatlons of whltecav density, which is related to
momentum transfer and the wave spectrum, can be obtained. Thin foam streak direc-

tion relative to the eve of the hurricane could give an estimate of 1nflow angle of
the surface winds.
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!
TABLE I, NOAA C130 AIRCRAFT INSTRUMENTATION
Parameter Instrument Accuracy
Wind Speed/Direction LTN~51 * 2.0 kts
Inertial Navigation System * d
Sea Surfacé Tempera— Barnes PRT-5 - 4 (=]
- l.¢¢C
ture . .
Microwave Emissivity 1.4, 8.5, 14 GHz Radiometers t1.0%
Wave Heights and Laser Altimeter L + 1% or 3"
+ Lengths . - .
Wave Length and Coherent Radar 1.35 cHz * 10
Direction
white Caps and Foam 35 mm Vertical Camera t 20% of Observation
Liquid Water Content *

- gpta
~

Johnson Williams Hot-Wire . 15%

TABLE II. SUMMARY OF SATELLITES USED TO STUDY HURRICANE AVA

Satellite’ Imagery Type Microwave Data Use
1. ars Visible -_— Positioning, Cloud cover
2. NIMBUS-S ‘Microwave | i9.5 GHZ Posizioning,'Rainfall rate
e . HH, W i _ .
3. MNOAA-2 " Visible —_ Positioning, Asymmetry
Infrared o — . Cloud .Cover
4., SXYLAB Photography 13.5 GH= - Surface Winds
——— HH' W - ——— T -
HV, VH Rainfall DPistributions
5. DpP Visible Positioning, Cloud cover,
Asymmetry
- - Infrared ot . Cloud Heights

T L ]
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TABLE YIX. SUMMARY OF SATELLITE OBSERVATIONS

132

, ' Rela- - ‘W% s19

o IMBUS=S  Tpagp. 5193 8193 €193,  S193, ) Ale  sec  dense

SKYLAB A BH  fall HH v v HH 20 U muth tion Angle

Time L %) (mu/hr)  (°w)  O®x) - (aw) {db) (kts) _{Deg.) _ (Deg.) _ (ab) _ (Deg.,)

1857:15 . 170 2 %21 173 -14 ~19 36 50 150 . +2  52.5,
1857:30 ! 170 2 124 174 =14 ~20 42 90 150 ‘+2 52,5
1857:45 ; 193 , 25 145 lias =-13 -16 48 120 120 +4 52.5
1858100 i 193 25 152 189 {14 -15 a0 160 80 °  +3 52,5
1858:16 | 200 50 216 233 . ~13 ~13 | 39 160 80 +3 52,5

1858:31 180 5 135 185 =17 ~19 32 " 160 80 '_+3 52,5 "

1 -

1857:18° 170 2 122 161 -4 .17 32 90 150 42 4s.0
1857:34 i 170 ¢ 2 122 161 -14,5 -19 T %0 1éo{it'ﬁ‘+z 45.0
157149 1 170 - 2 140 115 -15 -16 36 10 13@;‘*}»r+3 45.0
1858:04 175 3 136 171 -13 -16 37 140 ..106-{’=1 +5  45.0
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Appendix C

A COMPARISOH OF SKYLAB S-193 AND AIRCRAFT VIEMS OF SURFACE ROUGHNESS  M-2
AND A LOOK TOWARD SEASAT

By Duncan Ross, Sea-Air In%eraction Laboratory, National Oceanic and
Atmospheric Administration, Atlantic Oceanographic and Meteoroiog-
ical Laboratories, Miami, Florida

ABSTRACT

An extensive alrcraft underflight program was conducted along the Skylab ground-
path for the purpose of documenting wind, wave, and atmospheric conditions affecting
the amplitude of the active and passive microwave signatures. The $-193"microwave
system senses a roughness parameter at the ccean surface that is proportional to the
surface windspeed. The exact relationship between the wind and this roughness para-
meter is the subject of continuing investigations. .

In the case of the active portion of the system, the intensity of off-nadir
backscatter from the ocean is thought to be primarily determined by the amplitude
of short gravity/capiltary waves and has been shown to be strongly a function of
azimuth relative to the surface wind direction. The passive side of the instru-
ment senses the naturally emitted (and reflected) microwave energy and is propor-
tional to the RMS slope and percent foam coverage of the ocean.

~ NOAA, NASA, and USAF aircraft were equipped with a variety of environmental
sensors in an attempt to specify the surface conditions affecting the satellite
Sensors as weil as dclive and passive microwave scnsors intended to calibrate the
Skylab instrument. The aircraft program is described, and some comparisons of sat-
ellite.and aircraft results are presented. The principal result of the comparison
of active radar is that direct inferences of-the surface windspeed ars possible,
but subject to considerable scatter, and that this scatter appears to be due to in-
teraction between long gravity and short Bragg waves and backscatter due to rain as
well as errors in correcting for azimuth dependence. It is shown that oy for inci-
dence anylies of ¥50° increases both with windspeed and with increasing energy level
of the high-frequency gravity waves that, themselves, are proportional to both the
Tocal wind and fetch in a manner that is not uniquely determined by the windspeed.

An unforeseen opportunity to observe a Pacific hurricane by both Skylab and

NOAA aircraft has contributed to the development of a simplified wave forecasting
scheme applicable to hurricanes, and more general conditions, which combines the
better qualities of both spectral and height/period forecasting techniques, The
implication of this result to the SEASAT program is that quite large data inputs

in both the time and space domain can be handled using existing computers and should
produce a forecast of comparable or superior quality to existing spectral techniques,
but in shorter time steps. Horizontal polarization data obtained by the aircraft in
Hurricane Ava, and in other experiments, which led to this development are presented,
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" INTRODUCTION

The $-193 experiment aboard Skylab was intended to test the concept of remote
determination of surface wind conditions on a worldwide basis as ‘an aid to improved
environmental forecasts. A part of this experiment included an aircraft underflight
program to calibrate and validate the inference of surface wind conditions from the -
satellite measurements of radar backscatter, ogs and upweliing natural]y emltted
microwave _energy, T ar-

A number of significant developments have ev01ved as a result of this comb1na—
tion of satellite and aircraft studies of the environment, which will be touched
upon herein. It is impossible, however, to discuss in depth all aspects included
in the scope of this program. Results presented here are preliminary, and some con-
clusions may be modified as additional date sets are considered. The reader is,
therefore, asked to be tolerant of missing detajls and tentative conclusiocns -that,
hopefu]ly, will be firmed up in future reports.

- AIRCRAFT INSTRUMENTATION

. The aircraft measurements were obfained from instrumented NCOAA, NASA, and USAF
C130 aircraft. All aircraft were equipped with a basic environmental package con-
sisting of an inertial platform for windspeed determination, a Barnes Infrared Ra-
diometer for sea surface temperatures, a laser wave profiler for wave measurements,
a Cambridge Dew Pnint Hygrometer, a Rosemount Air Temperature Probe, and a vertical
camera for white-cap photography, The NOAA C130 was additionally equipped-with a
three-frequency passive microwave system at K (14.5 GHz), X (8:35 GHz), and L (1.8
GHz) bands. This system was used for dual polarization measurements at X and K .
bands and horizontal poiarization measurements at L-band. Because the NOAA aircraft
was not available for the third launch period, a cooperative arrangement with the
Air Force 53rd HYeather Reconnaigsance Sguadrgn of the Alry Healner Service was nego-
tiated by MNOAA, and the inertial platform, laser, microwave, and camera systems
were transferred to the Air Force C130 for the SL-4 underflight program. Figure ]
shows the NOAA C130 aircraft with passive microwave antennas extended to the in-
flight operating position. -

The NASA JSC C130 aircraft was similarly equipped except that the microwave
system was both active and passive (time-shared) and centered only at 13.5 GHz.
The NASA aircraft participated in the underflight program during all three Taunch
periods.

SATELLITE INSTRUMENTATION

. Skylab $-193 Instrument. The S-193 experiment aboard Skylab consists of an
instrument capable of operation in dne of three modes: (1)} short pulse altimetry,

{2) radar backscatter, and (3} a passive radiometer mode. The instrument is a single

frequency device centered at 13 GHz (Xy band). In the so-called RADSCAT configura-
tion, the instrument alternately switches between the active and passive mode. It

is_capahle of scanping-{in-the-along-track and across-track directions, and thus ob-
‘tains dual polarization measurements of radar backscatfering cross section, og, and
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ypwelling naturally emitted microwave energy, which is directly proportional to the
apparent, or antenna, temperature T4, as a function of incidence angle. ! .
. L

Radar Backscatter. The mechanisms responsible for determining the level of
radar energy backscatiered by the ocean surface are primarily, but not limited to,
the amplitude of resonant Bragg waves for incidence angles between about 30° and
¢0°, and the RMS slope distribution for near vertical incidence angles (Wright,
19Aa8: Valenzuela. 1968). The Bragg condition is defined as

%?i %-Ké =Ky €os 83 +Kg cos 6y
water .

- -

where 6; and 8, are the incident and scattering angles, Kg = 2n/2 microwave. In the
case~of 5-193, -these waves correspond to cm wavelength ocean waves, The detailed
behavior of Bragg waves and alsc their effect on bacKscatter has been the subject of
considerable study in Taboratory experiments in recent years {(cf. Rouse and Moore,
19725 Duncan, Keller, and Wright, 1974; Keller, Larson, and Wright,1974; Keller and
Hright, 1975; Reece and Shemdin, 1974; and many others). The principal result of
these studies is that the backscattered doppler radar spectrum for a particular radar
frequency and incidence angle is not & unique function of windspeed but rather is, to
some. degree, a function of fetch, duration, and presence of swell as well as wir -
speed.

The Wave Spectrum. - It has been suggested that the S-193 RADSCAT data are af-
fected by both Tong and short ocean waves., In the follewing sections, an attempt
will be made to evaluate S-193 data in terms of the wave spectrum. A brief descrip-
tion of the spectrum and its behavior during growth and swell situations is there~

iy .
fore arnrosrizic.

2 Wave conditions can be fully described by the two-dimeﬁsfonal energy spectrum,
A*{f,8}, and integration over direction (&) and fregquency, f, yields the total energy

‘- g é e

Lot

which is proportional to mean surface displacement, 202,

For a wind blowing off a shoreline, the fetch is defined simply as the distance
from shore to the downwind measurement site. Figure 2 presents the behavior of the
one-dimensional energy spectrum for seven Tetch locations during offshore wind con-
ditions as observed in the JONSUAP experiment (Masselmann et. al., 1973), The 49n-
set of Figure 2 depicts the meaning of the Tive parameters suggested by Hasselmann
et, al, as convenient for describing the important characteristics of the spectrum.
It can be seen from tnis figure that the peak trequency, ty. grows and migrates to-
ward lower frequencies as fetch increases. Hasselman et. al. found that the
sharppess parameter, y, and the width parameters G5» Oh, are essentialiy independent
of fetch, The Phillips parameter, u, however, genera1?y decreased with increasing
fetch., The behavior of the spectrat scale parameters can also be represented
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convéniently in nondimensional form by incorporation of the local windspeed, Uiss ang
gravity. Thus, Figure 3 presents the behavior of nondimensional energy

and nondimensional frequency

versus nondimensional fetch

Nondimensionalization in this manner has properly accounted for the windspeed depen-
dence of the behavior of total energy and peak frequency with fetch. The interre-

lationship between o, E, and %m js therefore apparent and was studied in detail by
Hasselmann et. al. (1975). They proposed %m as a convenient means of describing
the stage of development of the wave spectrum in an average sense. Figures 4 and

5 from this study show the behavior of E and « with respect to %ﬁ and X. The Tines
denoted . : .

c =103
“ w
and )
c =103,
. _

are representative of -the momentum entering the wave field (Hasselmann et. al.,
1973), with an approximate mean value of .

v 1a~2
- . ‘Cw-"lo » ) i .
or about 20 percent of the total momentum transferred to the ocean by the wind.
Variations about the mean are attributed to changes in the local wind conditions.
An example of varying the wind by a factor of 1.5 for a particular f; is included
in the figures. = .

RESULTS

Because the principal purpose of the S-193 experiment was to remotely infer
surface wind conditions, it is appropriate to first consider examples of the data
from a typical pass as a prelude to more extensive analysis of the complete data
set. Figure 6 presents the results of a pass in the Gulf of Mexico during SL-2
and is a typical example of variable low windspeed conditions. The $-193 active
radar backscattering cross sections, (og). and passive microwave antenna tempera-
ture, T,, for horizontal peolarization and an incidence angle of 50° are shown
plotted as a function of Tatitude along with the surface wind conditions as de-
termined from the NOAA aircraft underflight.
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Considerable varjability can be seen for oqy, especially around 19° apd 2%y -
The data for those latitudes less than 23°, however, were not corrected for azimuih -
dependence and therefere show scatter due to changes in wind direction as well as-
speed. The higher latitudes, however, are of most interest because “they were accom-
panied by extensive ground truth. It can be seen that the surface winds decreased
significantly between 24° and 26° N, while oy decreased only siightly between 2a°
and 25.5° N and actually increased at 26° N. The horizontally polarized antenna
temperature agrees well with aircraft determinations and also increases signifi-
cantly at 26° N. Because of the presence of many rain showers observed by the afr-
craft to be in the area of 26° N, these increases are tentatively attributed to
this factor. This passy therefore, implies significant corrections would normaliy
be required to account for the presence of rain.

During SL~2, a unique opportunity to observe high wind conditions developed
with the appearance of a hurricane in the eastern Pacific southwest of Acapulco,
Mexico (Ross et. al., 1974). As plans were being formulated for observing the
storm with the S-193 system, the NOAA C130 aircraft deployed on the 6th of June to
Acapulco, refueled, and fTew a 7.5-hour mission into the storm. -~ Figure 7 is a NOAA-
2 composite satellite view of Hurricane Ava showing the flight track of Skylab as it
conducted a data pass with S-193 operating in the side-looking solar inertial mode.
Unfortunately, the siorm was rapidly moving away from the subsatellite track and it
© was not possible to obtain measurements in the region of maximum winds. Figure 8 .
is an-example of active and passive measurements of Ava obtained at incidence angles
of 42.5° and 50.5° along with estimates of surface winds obtained during the air-
craft penetration and rainfall rates estimated from the NIMBUS-5 satellite 19.35
passive microwave system (Wilheit, 1372}. It can be seen from this figure that
there is an increase in oq and Ty in the higher wind areas of the storm with the
highest antenna temperature ooccurring in the zone of heavy rainfall.

High wind conditions were also obtained during the third launch pericd. Figure
9 shows the subsatellite track for data obtained on the 9th of January at incidence
angles of 0° and % =50° along with the NOAA surface analysis for 1800Z. This situa-
tion is‘particularly interesting because the windspeed varied from 7.5 to 30 m/sec
from the beginning to the end of the sampling periocd with 1ittle rainfall reported
except in the .region of the front. Figure 10 presents the variation in op and Ty
for +47.6° and -50.5° incidence angle along with surface winds estimated from an
isotach analysis based mainly on ship reporits and the NASA JSC aircraft measure-
ments. A qualitative comparison of these data sets, together with that from Hurri-
cane Ava and the June 171 pass in the Gulf of Mexico, strongly suggests a first-
order dependency on surface wind conditions but with scatier. :

Unfortunately, due to damage to the 5-193 antenna occurring during an SL-3
extravehicular excursion, the antenna pattern was altered in an unknown fashion.
1t is therefore risky to include the 9 January data set with those obtained during
SL~2 when calculating windspead dependency.  This case was therefore treated sepa~
rately and is shown piotied against windspeed in Figure 11. o4 and T, data ob-
tained during SL-2 are shown in Figure 12 plotted against windspeed. These data
sets are resiricted to those data passes described above, which were accompanied
by an airecraft underflight. Aircraft-deterpined antenna temperaturss included
show good agreement with S-193. The surface winds attached to each satellite data
point are judged to be accurate to about 1 to 3 m/sec in the case of SL-2 and 3 .10
5 m/sec in the case of the Si-4 pass of 9 January. The judgment of accuracy in-
cludes the effects of mesoscale variability in the local wind conditions and inac-
curacies associated with aircraft-determinad winds and ship reports in the case of

* ORIGINAT} PAGE I3
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the 9 January data, Unfortunately, no study is known to the author that compares
ship reports (mostly visual estimates) to continuously recorded and calibrated
winds averaged over 10 to 30 minutes. Therefore, one is left with a judgment.

: -

DISCUSSION

The above data sets strongly suggest a useful-first-order relationship between
surface winds for both o and T, subject to some degree of scatter. There are sev-
eral sources of errors in both parameters contributing to the scatfer that crops up
in the processing. In addition, there may be errors due to invalid atmospheric as-
sumptions {or errors in the corrections required for a particular assumption), ran-
dom errors in inferring the 10-meter windspeed from aircrafi measurements, as well
as natural variability in local wind conditions. The above errors inherent to this
data set probably cannot be reduced any further. -

One potential source of error that can be addressed, howaver, 1ies in the Tack
of uniqueness of the active or passive signature due to the variabiiity in possible
wave conditions that may be ‘present for a given windspeed. Reece and Shemdin (1574),
in a study conducted in a wave tank, showed that the high-frequency waves, for a par-
ticular fetch, are windspeed dependent, but the absolute energy level for a particu-
lar windspeed is reduced with the addition of 2 low-frequency component (swell) and
that the amount aof the reduction is proportional to’ the amplitude of the low-
frequency coriponent. HMitsuyasu {1977) showed similar reduction in ‘the high-
frequency gravity region of the wave spectrum with the introduction of swell.
HasseTmann et, al. {1973), showed that the Phillips constant (] (Phillips, 1958},

_which determines the energy level of the =5 region of the wave spectrum, decreases
with increasing nondimensional fetch as discussed zarlier. In srder to assess the
possible importance of the gravity wave spectrum in this data set, it is desirable
to consider og as a function of some observable parameter of the wave field that
varies with fetch in a wail-behaved and predictable mannar, -

The nondimensional peak frequency, ?ﬁ, was shown earlier to be a particularly
useful parameter that well describes the stage of development of the wave_spectrum.
Aircraft measurements of the wave spectrum were used directly to specify f for
Skylab data sets obtained on 5 and 11 June 1973. The data for Hurricane Ava, how-
ever, present a special probiem because the aircraft measurements were not obtained
at the exact subsatellite point. In order to specify the peak frequency, it was
desirable to develop some technique of estimating these parameters from the air-
craft data set. The hurricane wind Tields are circular in nature, however, and
the fetch relationship needed to infer fy is ambiguous and arbitrary. Furthermore,
the position of the aircraft measurements relative to the eye of the hurricane were
concentrated in the rear quadrant, whereas most of the satellite positions were to
the right of the hurricane center, Figure 13, however, presents some of the wave
data obtained, plotted along with spectra from the North Sea measured under similar

- wind conditions, but fetch limited, and in the North Atlantic during fully developed
conditions. The resemblance between the spectra is siriking. The most significant
feature of the Ava-spectra, however, is the general lack of "swell," which would ap-
pear as a secondary peak in the spectrum. This is especially significant when the
unidirectional assumption required in processing the aircraft data js considered.
Because we assume all waves are moving in a direction parallel to the aircraft
flight track, swell from some other direction is moved toward lower freguencies in
the mapping process to fixed coordinates, Teading to an unrealistic "broad"
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appearance to the spectrum with multiple peaks. Hurricane Ava was a superhurricane
by any criteria and had a record low pressure for eastern Pacific storms of 914 mil-
1ibars. Fortunately, another such storm of which wave measuremants have recently
become available was Hurricane Camille, one of the worst hurricanes to ever strike
the coast of the Unjted States as it went ashore near Mobile, Alabama, in August of
1969. Camille's eye dimensions, maximum winds, forward velocity, and central pres-
sure were virtually identical to those of Hurricane Ava. Measurements of wave con-
ditions in relatively deep water were obtained by a consortium of ¢il companies,
Some of the data were reported recently (Patterson, 1974, and Hamilton and Ward,
1974} and were used in this study. Figure 14 presents the relative positions of
Camitle and Ava wave data to the eye and wind field of Ava as determined from the .
NOAA aircraft flight. It is fortunate that Camille was so similar to Ava as the
windspeeds measured on the oil company platform were biased low because of poor
anemometer exposure for a storm approaching in the direction of Camille. Ava's
winds were therefore used to specify the Camille wind field, which avoids the dif-
ficulty of introducing ancther empirically based technique to specify 10-meter ane-
mometer winds. The wave data from Camille and Ava were then nondimensionalized and
plotted against the nondimensional radial distance from the eye and are presented
in Figure 15. It can be seen that a simple power Tlaw reasonably well describes the

radial behavior of both E and f Nondimensional peak frequencies for the Ava data
set were therefore ca]cu1ated from the expression.

o f, = 1.687-2° -
where . e
- - rg . %
R U'lf\z - "L

and r is the particulédr radial distance from the subsatellite point to the eye of
‘Ava. The Ava data 'set was then combined with data from 5 and 11 June_1973 and is
shown in Figure 16. It can be seen that oy varies considerably with f;. It can be
argued that, because the windspeed is included in.the calculation of fp, it is dif-
ficult to correctly separate the windspeed dependency from stage of deveiopment

To aid in this separation of dependencies, a mu?tiple regression analysis was per-
formed according to the equation

Z=ag+ax+ ayy

fetting Z = oy, x = Uyp, and y —~ f;. The constants ag, a;,_and a, were found to be
-29.5, 0.20, and 59.4, respectively. Such a dependency on fy is much greater than
expacted or would be predicted on the basis of wave tank experiments cited earlier.
The same multiple regression analysis was performed on the 9 January data set, based
on hindcast fy,  for 47.6° incidence angle, and yielded vaiues of -15.7, 0.39, and
17.5 for the same constants. The hindcast performed assumed 1imited fetch but un~
limited duration, and the rather low wave heights reported suggest an underestimate
for the values of j, for the higher winds. Also possible 1s a bias 1n the case of
the hurricane data set due to backscatter from rain. The 9 January data set, how-
ever, seems to confirm a fetch dependency and both sets considered together suggest
“that controlled high-wind, variabie-fetch experiments should be performed to accur-
ately infer high winds from measurements of og.
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A similar treatment of the fetch effect in the case of the passive microwave
measurements s also indicated and is underway.

RELATION TO SEASAT

. The success of the simplified approach suggested by Hasselmann et. al. (1975)
for specifying the evolution of the wave spectrum depends on successful parameteri-.
zation of the nonlinear interactions that control the exchange of energy within the
spectrum that, in turn, are very sensitive to local gustiness in the surface wind
conditions. However, because it is not necessary to deal with the entire directional
spectrum for each grid point in a numerical forecast scheme, it will be possible to.
increase the density of grid points and decrease the time steps involved, in fore-
casting waves. For example, a typical spectral model consisting of 17 frequencies .
.and 15 directions for 512 grid points in the North Atlantic-requires 130 000 storage
locations, whereas the simplified approach, expanded to account for two swell sys-
tems, can increase the grid density to 5012 and require only 30 072 Tocations.

Such a forecasting approach is needed for rapid assimilation of satellite data and
« will likely be in operation by the time the SEASAT satellite is launched. At this
. time, the First Global GARP Experiment will also be underway and provide a unique
opportunity to test the SEASAT concept.

CONCLUS IONS

o

The Skyiab S-193 experiment has proved that active and passive microwave sen-
sors can be used to infer surface winds but are subject to scatter and a decreasing
sensitivity with increasing windspeed in the case of the active radar, and bias due
to rainfall with 11ttle sensitivity to Tower windspeeds in the case of passive micro-
wave signatures. These results, therefore, suggest that combined active and passive
systems with 2 weighiod averaging process {employing polarization dependencies) being
used to infer the local wind might reduce some of the scatter due to random errors
and should be tested with Skylab data. The results further suggest that a parameter-
ization of the wave spectrum may be necessary in order to further reduce the scatter
in gg. The Skylab data set contains most of the data needed to test these hypotheses
and could tead to satellite determination of both the windspeed and surface wave
spectrum by judicious use of active and multifrequency passive microwave systems.
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Figure 15, Behavior of nondimensional energy, E, and peak frequency, "f?m, versus radial

distance from eye. R = 10% constitutes the region of maximum winds.
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for the SL-2 data set.
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