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Publications presenting the analysis of aircraft and SKYLAB data (fgtf
wa?ded earlier by separate mail) were presented at the University of Michi-
gan Remote Sensing of Invironment Conference, held in Lansing, Michigan, in
April. Tvo papers were presented; one entitled "A Remote Sensing Study of
Pacific i..rricane AVA", by D. Ross, B, Au, ¥W. Brown, and J. McFadden dealt
with the comparison of satellite and aircraft reasurermonts of surface rourh-
ness. The other, entitled '"Multi-Frecuerncy Radiometric Mecasurements of Foam
and a Mono~Molecular Slick', by B. Au, J. Kenney, L. Martin, and D. Ross,
dealt with aircraft measurements obfained during the pre-SKYLAB aircraft

progran.

Efforts in Progress:

A further analysis of the AVA wind and wave data obtained by the aircraft
has been partially completed in collaboration with the University of lamburg,
and a pezper prefenting these results is in preparation. The emphasis in this
paper is on the calculation of momentum transfer rates from the atmosphere to
the ocean by means of the observed wave spectra and wind speeds. Briefly, the
momentum flux to she wave spectra is related to the total wave energy, the
energy level of the higher frequency (short) waves, and the position of tie

peak of the energy spectrum as follows:
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where A = Const =~ 4.2
B Const &~ 1,05 + 1012

The ™ Reynolds flux to the hirh frequency waves

Pa

Air density

a Phillips constant as determined from the observed wave spectra

Uy = Surface wind speed at 10 meters

fmU 10

£ =

n = non-dimensional peak frequency of the wave spectrum

E

gZE/UIO“ = non-dimengional total energy of the wave spectrum

Preliminary results of the calculation of this parareter for AVA data,
when corpared to other data at both lower and comparable (high) winds, sug-
gest that there is an increased level of momentum flux for higher winds at
all fetch lengths for growing seas. Thos AVA spectra, however, obtained
near :he periphery of the storm (where observed surface winds were 40 knots)
show momentum transfer rates significantly less than one would expect for
such high wind conditions. It is tentatively concluded that the presence of
s~ell at a frequency very near the wind-wave peak frequency is responsible
for this result. It should alsc be noted that visible estimates of white-
cap coverage were also considerably lower than would be expected, supporting

the previous calculations.
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One iwmplication cf these results is that the energy level of the hich
frequency waves in the equilibrium regiqn is not a unique function of the
surf{ace wind. To put it differcatly, scotterin~ cross scetions of the oceon
surface may not be a unique function of tue surf{ace wind, tut rather are rec-
duced (for a given wind) in the presence of swell at frequen:ies nearby the
pesx frequency. The SKYLAD measurements of Hurricane AVA included both
underdeveloped and decaying conditions in areas of high wind. It is not
cbvious, however, from the SKYLAB data in AVA that o, reasurements are partic-
ularly sensitive to the shape characteristics of the wave spectrum. This ray
be due to improper corrections of oy for aspect angle of viewing relative to
the surface wind directiqp. attenuation, improper processing of the SKYLAB
data itself, or the fact that the scatterirg cross sections satuvate at wind
speeds of 30 knots, or so. Analysis underway of AAFE RADSCAT and wave data
obtained by the Houston aircraft program may resolve this discrepancy.

Additional efforts currently in progress concern reprocessing the wind
data collected by the NOAA aircraft to remove small errors in wind direc-
tion and processing of aircraft-obtained microwave data. The final ground
truth data package should be distributed within 30 days. Laser data from
the HJouston aircraft has recently heen received for the SL4 period. Unfor-
tunately, there appears to have been a problem with the record board of the
JSC reproduce machine which duplicated the tapes, or the board was overdriven
wvith too high voltage inputs. In either case, the tapes will have to be made

again.
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MULTI-FREQUEINCY RADIOMETRIC MEASUREMENTS OF FOAM
AND A MONO-MOLECULAR SLICK

B. Au, J. Kenney, L. U. Martin

Naval Resear:ch Laboractory
Waskington, D.C.

and
D. Ross

National Oceanic and Atrospheriec Administration
Miami, Florida -

ABSTRACT

Microwave radiozmetric measurements have
been made of both a surf-zone and of a2n oceah
reglon where szall-scale roughness was sup-—
pressed by an artificial pono-molecular slick.
The foam reasurenents show near identical foanm
temperatures at §.35 and 14.5 GHz, but large
variations at 1.4 GHz. The resultart saxicunm
foam eniscivities at nadir raage from 0.37 at
1.4 CHz to 0.84 at 14.5 GZz. The presence of
the mono-nolecular slicx on the ocean surface
ha! the snme efifect as a decrease in surface
roughness. For horizontal polarization, the
‘enission decreassd below that of the surround-

ing ocean for all viewinz angles. At vercical

polarization, the enission decreased below an

increased 2bove a viewing angle of approxiz=ately '
60 degrees. The chargz in tenperature was ob-

scrved at both 8.35 and 14.5 GHz, being barely

detectable at 1,4 GHz,

1. INTRODUCTION

The dependence of the microwave brightness tenperature on sea state and surface
viad fields 1s urnder active investigation a2nd has led to the prospect of remotely
deternining these paraceters from a satellite on an all-weather basis. The useful-
ness of sea state and wind field data (in data scarce areas) would be of immense
value to both meteorologists and oceanographers alike. Two oceanographic effects
that play inmportant roles in the dependence of the microwave sizgnal on the sesa sur-
face are snall-scales wave structure and foaxzs.

The dependence of the observed microwave sigral on sea surface structure nani-
fests 1tself thrrugh the enission and reflection from dielectric media with all
scales of surface roughness. These include not only the relatively smooth wind wave
and swell nuch larger than the observing‘wavelih;:t. it “also the capillary and ulcer
3ravity waves present on the sea surface at low suriace wind speeds. Current models
it the ses surface include roughness both larger and snaller than the observing wave

aagth, but the effect of small-scale structure on the radiometric signal has yet cc
be exparizentally verified.

Foan is & potentially more useful parameter to tha remote sensing of the ocean
suzface by nicrowave radiometry. Beyond an initial start velocity of 7 n/sec, foaa
Soverage increasas with surface wind speed. The exact magnitude of the signal
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ments. In one set of obscrvations, low altitude measurenaals
. gone at a variety of viewin; angies. In the other set, ragsurenents
scean region in w
mono-tolecular slick.
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indrcasc J(pend‘ on obsarving frejuency, areal coverage of foan in the anfcnna beaz
and foam properties. 2oth the dependence of foam coverage with wind speed and the
radiometric properties of foam 2re areas of active research. 0f prinary iateresc
{s the increase in temperature ~ith frequency and the variation with viewing angle
and polarizacion.

Experimental Information about both of these phenomena has been obtained by the

"Maval Research Laboratory in a sevies of airborne multi-frequency radlometer measurc

were ~2ee 0f n surf-

23 ware ~ade of an
Wich the snall-scale rouzhress had been suppressad by an artificial
This suppression enabled comparison to be nade betwean zn
LI surface having all scales 6: roushness presen: and One'h&01ng'ju§£"§h¢'fééﬁaéb
§cale stTuectura.

VTein

2. INSTRUMNZINTATION

The zeasurezents in these expericents were made Wwith 3 three fr¢quency, nen-
,scaacning, airborne radiormeter systen =ounzed on a NO.A C-130 aivrcraZ:. The antennas
11l have identical saven-dagree beamuwidshs and wera rountes on o hrdraulically con-
srolled platiorn that alloweld viowing zngles from nadiv ous to 80 degrees to be ob-
cained. The antennas at Ku(li.SGEz) and X-band(5.33G¢2) were horn-fed dielectric
lenses while the L-band(l.5CEz) antenna was a dipole-fed eight foot diameter para-
boloid. Periodic calibration of the radiometers was provided by noise diodes couple
into the refereance arm of the radiometars. Simultaneous dual-polarization neasure-
Jaents were nmade at K,- and X-band, while single polarization (either horizontal or
vertical) was observed at L-band., Data were recordei both on analog strip-chart for
i{nstant monitoring purpoces and also ecn magnetic tape for later digital processing.
Sensitivity of the radicceters with a one second integration time was 0.21, 0.08 and
0.05 °K for L, X and K, -bands respectively,

3. SLICK MEASUREMEXNTS ~

To deternine the effect of small-scale roughness on the radiometric signal, one
method is to suppress the small-s-ale waves in a specific area on the ocean surface.
Alchough various types o' oils damp small-scale waves, for sufficient oil thickness,
oi{ls have a radiometric vffect of their own. This effect way overwhelm any change
due to the damping of the small-scale structure. To eliunirate this problea, oleyl
alcohol was usaed for the experiment. It forams a mono-molecular slick on the ocean
surface which is too thin to have a radiometric effect, yet daops out the capillary
and ultra~gravity waves.

The oleyl alcohol was laid dby the NOAA T-boat in the Atlantic Ocean about five
ailes from Mianmi, Florida. A total of nine passes along the length of the slick
vas nade, with measurements being taken at angles from nadir out to 80 degrees.
3ased on laser geodilite data, the significant wave height was about 2.4 meters.
Surface winds were 8 meters/sec, sufficient to produce some foam patches on the sea
surface., Corresponding 35-un photographs of the seaa surface at a rate of one per
second were 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 prlarization in Fig. 1 and vertical polarization in
Fig. 2. The slick appears as a 2’ K decrease in anteuna temperature at both X- and
K _~bands and for both polarizations, with no detectable effect at L-band. The chang
{in temperature with angle for both polarizations is suomarized in Fig. 3 for K -band
The slick decreases the observed temperature for horizontal polarization at 11!
angles, but produces an increase in tecperature for vertical polarization near 80
degrees. Results obtained on 3 April 1973 u.ler lighter sea state conditions are
similary, but with a slight decrease in nagnitude. The results for both days are
suzearized in 7igs. 4 and 5, which show the temperature difference between polar-
izations due to the slick as a function of viewving angle. The difference batween
polarizations increases with increasing viewving angle and shows a slightly larger
Qffact at K - than X-band. Surface roughness thus has little iafluence on the
teaperature change due to the slick until large viewing anglaes are obtained.

. &. TOAY MEASUREMENTS

To investigate the radiometcic properties of foam as a function of frequenecy

aad polarization, it is essential that the foam be idenctical in each case. This
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was accozplishad in the fiecld observations by making measurements si:ul:aneo:fly at
{hrec freoguencies and ut both horizontal and vertical pola:iznllgn at X- and hu-band
Py vsing fdentical severn dagree beamwidtns for all antenrnas, differeant an? coverage
pnong beans are elicinaced and co=parison can then Se made. To chiain pood foan
doveraze and sufficiently thick foan, obse:vatio§s wvera conducted parallel to a suff?
one. The measurecent: were nmale fro= an altituis of L54 mec@rs ac amgles from nali
ut to 33 degrees. .

Figures 6 and 7 show th2 radiomater oulzul as a funz=fon of tize for all of Fhe
vyadfomatars at a viewinxz angle of 23 Jezrees. Tr2 +ide variations in signal are due
4o both variations in foam properlties 2nd foam covaraze. One can notice :hg cor-
Yelation between the three frequancies &zné both polarications, with only'a differenc:
in magnitude. To fllustrate the respoase between the different frequencies, Figs.

and 9 show scatter diag:ams of the temperature incTease due to thf.foam nt.L-.?nd
K;bsnds plote=2d 2g2insc tha incre=ase 2t ¥,-band. The increase ir all cases is the
increase in bdrightsess temperature above that from a specular surface., The linear
yelationship between X- arnd {,-bands corpared to the variadilicy at L-band 1indicates
that the foam was suffiiciently thick to have the sarme response ot the higher freg-
yencies, but variable response at L~band. .

The results for all viewing angles are sumnarfzed in Fig. 193, ~which shows the
“Axinu: foan exmissivity at K -band as a2 fuaction of wiewing anzle for both polari-
.zations. “he r1esulrts at X- and L-band are not shown -as the A-band values are within
117 of those at K -band and those at L-band are sirilar in shape, only decreased in
Magnitude. For comparison purposes, the ermpirical model as put forth by Stogryn is
also shown for the gsame conditiocxs as the experiment.

The maxinum value of the experimental enissivity at nadir is 0.84, less than
.the theoretical maximum of 1.0 for a perfect emitter. The results for all of the
‘frequencies are shown in Fig. 11, whieh shows the observed foam emissivities as a
function of frequency for nadir viewving angle. The empirical model of Stogryn Ais
again shown for comparison. One inportant feature is the increase in eaissivity of
foam from L- to X-band and the flatness of the curve from X- to K, ,-band.
»

..

5. CONCLUSIONS

The absence of snall-scale waves on the ocean surface changes the microwave
enission at 8.35 and 14.5 GHz, and has a barely detectable effact at 1.4 GHz. At
horizontal polarization, the charge in enission is observed as a decrease in signal
for 211 viewinz angles. TFor vertical polarization, there is a decrease in enission
for angles less than 60 degrees 2nd an incremase in signal beyond. The nagaituie of
tha change in enission increases with increasing surface roughnsss, particularly for
vertical polarization at large viewing angles. The measurenents show that the sea
surface becones effectively snoother when the small-scale wvaves are daaped, in that
they have an exact opposite effect to an increase in surface roughness. Further
experiments are required to deternine whether the increase in emission froa small-
scale roughness is independent of the underlying large-scale roughness, or whether
sngll-scale waves become important oaly after large-scale roughness is present. In
any casge, it is evident that small-scale roughness {s important to the emission fron
the sea surface and must be included in any theorerical mocdel.

The presence of foam on the sea surface is responsible for large increases irn
microvave exission at all of the frequencies investigated. The emission varies with
areal coverage and foan properties, but is less at 1.4 GHz than st the higher freq-
vencies. The variabflicy at L-band is caused prinmarily by variations in focax depth,
which are aore inportant at the longer wavelengths. The exission from the foaa is
iess than fronm a perfect enitter, but it is within 167 of that value at 14.5 C=z.
Tor the thick foaxm of this expericent, the emissivity of foanm incrzases gradially
from 1.4 to 8.335 GHz, with neglible increasa from 8.35 to 14.5 GHz. 1In general, the
observed foam ezissivities disagree with the empirical model of Stogrvn, being up to
20 *K grester in magnitude thaa his nodel.

Yor the conditions of this experiment, where relatively thick foaz was observed
the frequency dependence occurs between L-'and X-band. More experinental vork is
cequired to determine 1if this frequeancy dependance holds in general. It is unlikely
that the emissivicy of foam would have the same frequency dependence c. magnitude fc
the foam patches and streaks on the sea surface during high wind conditions. For th
thinner foan patches and streaks, the change 1in ecissivity would most likely occur
4t higher frequencies. .
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A REMOTE SENSING STUDY OF PACIFIC HURRICANE AVA
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ABSTRACT

Aircraft, SKYLAB, NOAA-2, ATS~3, and NIMBUS-$S
recently obtained a variety of measurerents of Pa-
cific Hurricane AVA. These measurements are uhusu-
ally broad in scope and include satellite observed
passive microwave emissivities at 13.9 + 19.5 GHz,
active microwave scattering cross-sections at 13.9
GHz, and near infrared and visible images. Essen-
tially simultaneous aircraft measurements of wind
speed, waves, whitecaps, 1.4 and 13-15 GHz passive
microwave emissivities, 1.4 GHz active microwave
images, sea surface temperatures, pressure fields,
and aerosol size distributions were also cbtaired.
A brief description of senscors 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 and liquid
water in the atmosphere. Wave measurements from
the aircraft show significant differences in the
rhape of the energy spectrum when compared to other
fetch-limited spectra. Wnhereas fetch-limited spec-
tra are sharply peaked, the hurricane spectra re-
mote from the eye are broad, indicating che pre-
sence of swell and increased energy transfer within
the spectrum due possibly to non-linear interac-
tions, while those n..r 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 expecied attenuation due
to rain. Passive measurements increase as expected
and are in general agreement with NIMBUS-5 measure-
aents at 19.5 GHz.

Adrcraft measurements of microwave brightness

temperatures at L band show an increase which ig
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‘largely due to foam and whitecaps while those at X
and KU band are contaminated by rain. Active co-
herent L-band radar images of swell produced by the
hurricane were obtained enroute to the storm. These
images indicate a strong interaction takes place be-
tween long and short gravity waves.

Flight level wind speeds were obtained by means
of an inertial navigation system and represent a sig-
nificant increase in accuracy from past measurements
‘of hurricane winds. Maxinmum winds encountered in
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 measurements 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 in use of satellites in observing
and predicting weather. One aspect of weather phenomena which is currently being
studied in qreat detail is tropical cyclones. A tropical cyclone 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 ia 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, sate.-
lites equipped with imaging systems have been of great utility in detecting the
birth of cyclones and predicting 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 aircraft and a variety of spacecraft ani represents an unprece-
dented opportunity to evaluate the capability of remote sensing instrumentation to
contritute to the study of such phenomena.

g 2. BACEKGROUND

|

! The NASA SKYLAB experimental satellite was the catalyst needed to gel this ex-
periment. Intended as a meins 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 parameters which might affect the signa-
ture of the earth viewing satellite sensors. One of the aircraft involved was a
National Oceanic and Atmospheric Administration (NOAA) Cl30 Hercules normally
equipped to study hurricanes and other weather-oriented phenomena. For the SKYLAB
program, 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 out the rear
CaArgo (Oor.

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 data gathering pass

was planned for 6 June 1973, using the SL 193 Radar-Radiometer in the solar inertial
scanning mode. Unfortunately, a more extensive look at the hurricane with other

SKYLAB sensors could not be arranged because of conflicting priorities. Indeed, the
KASA system was literally turned upside down in order to schedule this limited pass.
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3. AIRCRAFT MEASUREMENTS

The NOAA Cl30 deployed:-to Acapulco the morning of 6 June, refueled and com- .
menced its flight into the storm at 21072. Figure 3 shows the track of the air- :
craft along with isolines of flaght level (500 ft.,) winds measured with a Litton 5
LTN-51 inertial 'system using the true airspeed output from a Kollsman differential P
pressure transducer. As a result of a measurement of an extraordinarily low cen- :
tral pressure of 915 mb obtained by an Air Force Reconnaissance aircraft approxi-
mately three hours prior to our entry into the storm, it was decided a low level
(500 ft.) pene.ration into the eye would be unwise.: The portion of the track shown
in Figure 3 from 2156 to 2315 was therefore flown at 10,000 feet. Low level (500
ft.) measurements af wind speed and direction, wave heights, whitecap densities,
and microwave emissivities were obtained during the period 2107-2156, and again
from 2325 to 2356. Microwave measurements, which require the cargo deoor to be open
with extended radiometers, were not taken during the latter time period because of
.the reguced safety factor associated with high turbulence in conjunction with cpen
cargs doors.

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, mapped to
fixed coordinates, along with a spectra of high waves measured in the North Sea
(Ross, et al, 1970). Also shown are spectra (Panel a, b) obtained at other regions
within the s*orm plotted togethe- with spectra of the same total energy obtained in
the N-Sea and the North Atlantic. There are some significant differences between
these sets of spectra. Those obtained near the eye (Fig. Sb, ¢) are sharply peaked
and agree well with the N~Sea spectra which are severely fetch limited. The third
spectrum was obtained approximataly 110 nautical miles from the eye and shows con-
siderably more low frequency eneryy than the North Atlantic spectrum which was es-
sentially fully developed. 1In addition, this spectrum shows a reduced level of en-
ergy on the high fregquency side of the peak. We attribute this difference to non-
linear interactions betweesn the high frequencies and swell of freguencies near the
peak which results in a broadening of the hurricane spectrum. Figure 6 shows the . ;
variation of wind speed and significant wave height with radial distance from the ;
eye. The dashed line shows expected surface (20 meter) winds assuming a logarith-
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 not hold
12 ; hurricane because 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 freguencies are strongly affected
by the presence . € rain as ong-minute average values at vertical incidence vary in-
consistently from 130° to 145°, and 140° to 200° for X and KU Band respectively.
Brightness temperature vs. incidence angle for this segment at L-Band is shown in
Figure 7 along with data for a low wind condition obtained 11 June. It can be seen
that there is a systematic increase in brightness temperatures of about 4 K at all
incidence angles. Inspection of simultanecus vertical photography 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 results
of Au, et al. (1974), presented elsewhere in this symposium, we attribute this in-
crease to the whitecap (foam) coverage. Thus, a sensitivity of .4 °K/% whitecap
coverage is obtained.

Enroute to the storm, coherent side-looking radar operating at a fregquency of
1.35 GHz (A = 25 cm) was used to obtain surface imagery. A series of wave-like
patterns s apparent in this imagery which appears to be a combination of locally
. generatad 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 21472 along with a spectrum obtained in the Atlantic Ocean for a wind
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 t.e 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 components can be seen. That the radar is imaging the waves is
evident; not so evident is the scattering mechanism which allows detection of waves .
longer than the backscattering Bragg waves (Crombie, 1955). It has bee: demonstra-
ted in several laboratory and field exper;ments (cf. Shemdin, et al., 1972, Mitsu-
yasu (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 energy and fre-
quency separation of the swell. Longuet-Higgins (1969) describes this interaction
which results in shorter waves peaking near the crest of the longer wave as it pass-
es by. The long waves r~hus modulate the Bragg waves which, in turn, modulate 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 (Stilwell,
1974) that this modulation 1s accomplished by interaction between all waves longer

e

. than the Bragg waves. The radar imagery 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 out 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 .
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is shown in Table II. PFigure 9 is a composito
SKYLAB as it passed near the storm. - -~ 2ving rather
fast, and although the SXYLAB antenna scans antle, cnly 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 sam2 port:on 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 NIM3US-35 radiometer (Wilheit, 1974).

The purpose of the S 193 Radar~Radiometer is to 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 (v )
due to attentuation by liquid water. The inference of surface wind spead is furfther
complicated because the amplitude of the backscattered component 1s sensitive to
the relative direction of the wind vector. Jones (1974), from data obtained with
an aircraft system at vertical polarization, reports a difference of about 5 db be-
tween the ugwind and cross-wind directions for a wind speed of 14 m/s and incidence
angle of 40~, vertical polarization. The up-downwind asymmetry he observed of 1-2
db is further evidence of short wave modulation by longer waves., Estimates of wind
direction along the footpr nt 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 dava which are< summarized in Table III.

° It can be seen from panel a of Figure 10 that if a correction were applzed to
o° values, due to rain attentuation, that the o® for both polarizations would in-
crease with increasing wind speed between 1857:15 and 1858:00. Neglecting the val-
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 09 gqualitatively agrees with trends in the wind speed. 0¢,.,°, in both
cases, has been corrected for wind direction while no such correction "has beea ap-
plied to Oun - 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 frequency end (f; > fy)* of the gravity wave spectrum should reach a
maximum, or equilibrium, value. Increased energy transfer into this spectral re-
gion would simply result in increased energy loss through wave breaking. Pierson
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 cre 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 frequency tail of the spectrum.

*fa is the frequency at which the peak energy occurs.
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From the observations of SKYLAB measurements obtained in hurricane AVA, it is
tempting to attribute the observed ¢® variations to corresponding variations in en-
exgy level of wind speed dependent Bragg waves. On the basis of this limited data
set, the considerable potential for errors associated with the correct;ons required
for attenuation, relative 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 must await additional data obtained for high sea states
during SL4 and a better estimate of azimuth dependence of ¢ _ for different wind
speeds and both polarizations. °

S. 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 by observational category is as follows:

1. Active microwave - Both cross-sectional as well as imaging microwave sys-
tems can be used to map aspects of the wave field of a hurricane. High frequency
systems, such as the SKYLAB RADSCAT, may have reduced utility in areas of heavy .
rain, while low frequency imaging systems will be limited ptlmarlly by the required
high data rates. -

2. Passive microwave - Aircraft and satellite measurements at 1.4, 8.35, 14,
and 19.5 GHz show the higher frequencies to be capable of determining ligquid mois-
ture budget while the lower frequencies cculd be useful for determining the atmos-
phere-ocean energy exchange budget because of a sensitivity to energy loss occur-
ring through t! . wave spectrum. However, because of diminished sensitivity at 1.4
GHz, a frequ. y somewhat higher, but less than 6 GHz, would be more appronriate.

3. Visible:

a. Satellites - Visible region imagery has been extremely useful in posi-
tioning the hurricane, calculating its forward velocity, and estimating the degree
of asymmetry of the hurricane.

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

¢. Photographic - Observations of whitecap density, which is related to -
momentum transfer and the wave spectrum, can be obtained. Thin foam streak direc-
tion relative to the eye of the hurricane could give an estimate of inflow angle of
the surface winds.
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TABLE I. NOAA Cl130 AIRCRAFT INSTRUMENTATION
Parameter Instrument Accuracy
Wind Speed/Direction LTN-51 ¥ 2.0 kts .
Inertial Navigation System
8ea Surface Tempera- Barnes PRT-5 % 1.0%
ture
Microwave Emissivity 1.4, 8.5, 14 GHz Radiometers : 1.0%
la::n::ights and Laser Altimeter .: 1% or 3*
Wave Length and Coherent Radar 1.35 GHz * 10t

Direction
White Caps and Foam
Liquid Water Content

35 mm Vertical Camera : 20% of Observaticn

Johnson Williams Hot-Wire % sy

TABLE II. SUMMARY OF SATELLITES USED TO STUDY HURRICANE AVA

Satellite Imagery Twne Microwave Data Use
1. ars Visible —_— " positioning, Cloud cover
2. NIMBUS-S Microwave 19.5 GHz Positioning, Rainfall rate
s HH, VWV
3. NOAA-2 Visible — Positioning, Asymmetry
Infrared _ — Cloud Cover s
; 4. SKYLAB Photography 13.5 GHz Surface Winds
i HE, VV
BV, VH Rainfall pistributions
3. DPP Visible Positioning, Cloud cover,
, Asynmetry
Infrared Cloud Heights
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TABLE IIT. SUMMARY OF SATELLITE OBSERVATICNS

Bala- ow® 193

NIMBUS-S $193 S193 sS193, 5193 tive Cor- Inci-

Rain- o o Azi- Tec dence

sxyas  19:3 GHZ Tpy  g,)) Tay  Twv  Ow ORH U20 % muth tion Angle

Time °x) (mm/hry  (°x)  (*x)  (db) ___ (4b) {kts)  (Deg.)  (Deg.)  (db) _ (Deg.)
1857318 170 2 121 173 -14 -19 6 % . 150 +2 . 52.5
1857:30 170 2 126 174 -4 -20 a2 Y 1s0 +2  52.5
1857:45 193 28 14 188 -13 -16 a8 120 120 4 82,5
1858:00 193 25 152 189 -~14 -1s 40 160 80 +3  52.5
1858:16 200 50 216 233 -13 -13 39 160 s0 +3  s2.5
1858:31 180 s 135 185 -17 -19 22 160, 80 +3  52.8
1857118 170 2 122 161 -4 -17 22 20 150 +2  45.0
1857:34 170 2 122 3161 -14.5  -19 36 %0 180 42 45.0

1857349 170 2 140 175 =18 -16 36 110 130 +3  45.0 )
1858104 178 3 136 a1 =13 ~16 37 140 1n0 +s  &s.0
1858:20 182 P 128 165 -14.5  -18 36 120 120 4 48,0
1058135 180 s 132 169 . -18.5 -2 as 100° 100 S 45.0
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