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Wind Direction over the Ocean Determined by an
Airborne, Imaging, Polarimetric Radiometer System

Brian LaursenMember, IEEEand Niels SkopuSenior Member, IEEE

Abstract—The speed and direction of winds over the ocean full 360° signatures were available due to a unique scan configu-
can be determined by polarimetric radiometers. This has been ration. The experiment to be discussed in the following is rather
established by theoretical work and demonstrated experimentally yq5istic as the imager only has a limited view of the scene and
using airborne radiometers carrying out circle flights and thus the wind directi trieved pixel f ixel onl ina th
measuring the full 360" azimuthal response from the sea surface. e W'_n |rec_ Ions are re rleve_ pixel for pixel only using the
An airborne experiment, with the aim of measuring wind direction ~ associated azimuthal observation angle.
over the ocean using an imaging polarimetric radiometer, is de-
scribed. A polarimetric radiometer system of the correlation type, Il. BACKGROUND

measuring all four Stokes brightness parameters, is used. Imaging

is achieved using a 1-m aperture conically scanning antenna. The  The present paper dealing with airborne experiments is to be
polarimetric azimuthal signature of the ocean is known from regarded as part 2 of the paper “Polarimetric Radiometer Con-
m'?ﬁfrlling and C"C(;ebﬂ.igﬁtt expe(;ir?e?ts. C.c’”t‘bi”i_”g rh?I'Sir?tnfturlf figurations: Potential Accuracy and Sensitivity” by Sketal.

Wi € measure I ness data rrom Just a singie Tl rac . . . .
enables the wind dire?:tion to be determJined on g pixegll-by-pixel ,[6]'_”‘ this paper, poIarlmet.ry us!ng the StOk?S veqtor notatlon.
basis in the radiometer imagery. is discussed as well as basic radiometer configurations and their
merits. Also, the airborne radiometer system to be used in the
experiments is described. In the following, only a brief summary
of that information will be outlined.

The (brightness) Stokes vector is

Index Terms—Microwave radiometry, ocean wind measure-
ments, polarimetric radiometers, remote sensing.

[. INTRODUCTION ; Ty + Ty
CEAN WIND direction can be assessed with polari- o 0 Ty — Ty
metric radiometer systems measuring the full set of T'p= vl T T T
Stokes parameters. Airborne experiments and model work have v 450 T 40
been carried out, and such activities are still ongoing. Most T, -1,
experimental work has been performed employing a staring 2 2
: o . : (Ey) + (Ex)
radiometer pointing toward the sea surface while the aircraft ) )
makes full 360 turns. Thus, the radiometric signatures as a _ X | (B — (E) 1)
function of azimuthal observation angle relative to the wind k-z | 2Re(EvE}])
direction were investigated [1]—[4]. 21m (Ey E%)

Finding the complete 360polarimetric signature using a
. . . . o where
staring radiometer with a long integration time, and hence g00d7
radiometric sensitivity, is a necessary and important task, but it”
is a quite different task to determine the wind direction pixel

impedance of the medium in which the
wave propagates;

for pixel based on data from a future spaceborne imager with wavelength; i
_y . o o Boltzmanns constant;
its inherent short integration time and hence, poorer sensitivity. o
; . Ty vertical;
Furthermore, the full 360 response will not be available, . . )
Ty horizontal brightness temperature;

and the retrieval must rely on experimentally determined or
modeled signatures.
Airborne experiments, designed to simulate the space instru-

Tyso and?_y50 orthogonal linearly polarized mea-
surements skewed 45with respect to

L . ! normal;
ment situation, are highly warran.ted and are the subject of theT[ andT, left-hand and right-hand circular polar-
present paper. A very successful intermediate step was reported . o
; S . . ! ized quantities;
in 1998 [5]. Here, the objective was also to retrieve wind direc- )
tions from airborne imaging radiometer data, but in this case, the tqtal power, . .
Q difference of the vertical and horizontal

power components.
Manuscript received March 9, 2000; revised March 7, 2001. This work washe first and second Stokes parameters are measured using ver-

sponsored by in part the Danish National Research Foundation through its ﬁ&é” and horizontallv polarized radiometer channels. followed
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Meersk Olie og Gas, on behalf of Danmarks Undergrunds Consortium (DUdpy addition or subtraction of the measured brightness tempera-
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smaller than?) and/ but with a very clean second harmonic
sine shape.

The airborne, imaging, polarimetric EMIRAD system em-
ploys Ku (16 GHz) and Ka (34 GHz)-band polarimetric ra-
diometers of the correlation type. Each correlation radiometer
uses two receivers that are connected to the vertical and the hor-
izontal outputs of a dual-polarized feed horn, analog detectors to
find the first two Stokes parameters, and a fast complex digital
correlator to find the third and fourth Stokes parameters. The ra-
diometric sensitivity (8 ms integration time) for the vertical (or
horizontal) channel is 0.35 K. Thus, the sensitivity for the first
and second Stokes parameterg/iz- 0.35 = 0.5 K. The sensi-
tivity of the correlation measurements, i.e., the third and fourth
Stokes parameters, is 0.57 K (8 m integration).

The imaging antenna is based on an offset 1m aperture para-
bolic reflector scanning sinusoidally around a vertical axis, and
illuminated by microwave horns pointing upwards along this
axis. The beamwidth of the antenna s & Ku band and 1
at Ka band. The cross polarization due to the offset parabolic

ot reflector is below 25 dB. The maximum scan angleH25°,
0 90 180 270 360 and the incidence angle on the ground is constanttygiiKu
W, (deg) band and 50 at Ka band for this conically scanned system. Due
to the fixed feed horn and the scanning reflector, significant po-
Fig. 1. Typical variation in ocean Stokes parameters with azimuth angle Iarlzatllon_ mixing take§ place when Scan_mng awgy from Stralght
Radiometer frequency is 16 GHz and incidence angle is 55 aft. This is corrected in the data analysis, following the consid-
erations in [7].
. . The antenna and the receivers are mounted on a cargo pallet,
antenna skewed 4%and subtracting the measured brlghtne%hich is positioned on the loading ramp of a C-130 aircraft. The

tempera_ltures, or it can be found as the real part (_)f the Cr??\?np is closed during takeoff, landing, and transit, but lowered
correlation of the vertical and horizontal ele<_:tr|cal fields. Thﬁ) its horizontal position when measurements are to be carried
fourth Stokes parameter can be measureq with the tWO'Ch?nﬁg{ The antenna thus has an unobstructed view of the scene
radiometer connecFed o a Ieft-hand/rlght-h.and polariz low and aft of the aircraft. The ground speed of the aircraft is
antenna system, oritcan b.e found as t.he imaginary parF of m/s during operation with the ramp open. The flight altitude
cross correlation of the vertical and horizontal electrical f|eld§S 2000 m, and the-25° scan then results in a swath of 2000
All Stokes parameters are simultaneously measured by a tQ-For the 2000 m altitude the footprint on ground is 94146
channel correlation radiometer (employing a complex Corrgy at Ku band, and 4& 74 m at Ka band. 8 ms sampling and
lator) connected to a traditional horizontally and vertically pqntegration time in the radiometers in combination with a 2 s
larized antenna system. This is how the radiometer system ugggln period ensure contiguous imaging at the highest frequency.
here operates. The polarimetric signatures of the wind-driven sea only show
The measurement of the ocean Stokes parameters place stinall azimuthal variations in the range of a few K. At the same
gentrequirements to the sensitivity and accuracy of the radiontiene, they are quite dependent on incidence angle and pointing
ters. geometry, which may result in polarization rotation. Thus, air-
Typical variations in the second, third, and fourth Stokes paraft attitude must be carefully monitored, and the radiometer
rameters due to wind direction are shown in Fig. 1. Thaxis system includes an inertial navigation unit mounted directly on
is the azimuth angle, normalized to the wind direction so thatthe antenna frame. The antenna attitude is thus measured to
1, = 0 means that the radiometer looks in the upwind directiowithin 1/10°. Using this information, data is corrected for un-
The incidence angle is 55and the frequency is 16 GHz. Thewanted attitude variations (typically less thahid the present
curves are based on results from previous experiments [1]-[g&se).
The second Stokes paramei@r,has a typical variation of 3 K
around a mean value of 63 K. This mean value is dependent on
frequency, wind speed, atmospheric attenuation, and other geo-
physical parameters. The curve has a first and second harmonié polarimetric radiometer system for ocean wind vector mea-
cosine shape with maximum in the upwind direction (local masurements will typically use several frequencies (here Ku and
imum downwind) and minimum in crosswin#l. has the same Ka band), and the three Stokes parametgré’, andV. Some
typical peak to peak variation but around zero mean. It has a fisggnals will be strongly dependent, for exampleat Ku and Ka
and second harmonic sine shape with steep zero crossing inlihad, while others will be orthogonal lik¢ andl/ at the same
upwind direction and maximum and minimum close to cros$equency. The wind direction retrieval is theoretically com-
wind. The fourth Stokes parameter signal is always somewlm¢tely free of direction ambiguities due to this orthogonality.

(K

X

09)

I1l. OCEAN WIND RETRIEVAL

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 16,2010 at 07:59:28 EDT from IEEE Xplore. Restrictions apply.



LAURSEN AND SKOU: WIND DIRECTION OVER THE OCEAN 1549

But noise, be it radiometric or from other sources, will give urexpected! values, calculated using the actual wind speed, sea
certainties in the retrieval, especially in the downwind directioriemperature, salinity, but standard atmosphere without clouds.
where the) andU signal variations are smallest. The resultingror differences 0-20 KA75 ; was enhanced proportionally re-
errors in wind direction do not just resemble Gaussian noise utiting eventually in a weight ofy as low as 5% compared with
include possible ambiguities, i.e., directions way off like for ext/ and V.

ample 140. There will be more about this in Section VIl about In short, the retrieval procedure is the following.

error analysis. » Establish the model functidfi; ;(/o).

In order to carry out the wind retrieval from a given set of « Establish the peak to peak respofise;, -
polarimetric radiometer measurements, the azimuthal signature. Establish the weighting functioA7; ;.
of the sea has to be established corresponding to the actual cons Compare the measuremetits,; with the model function
ditions of the measurements: frequency, incidence angle, atmo- (properly weighted) and find the wind anglg that results
spheric conditions, sea temperature, wind speed. This is called in the smallest difference(,)
the model function, and it will typically look like Fig. 1. It can

be determ|ned by mOde|Ing or by Carl’ylng out a pI‘Oper°360 |V WEATHER COND|T|ONS AND FL|GHT PATTERN

circle flight on the day of the measurement. The first is what is _ . _ ) _
eThe polarimetric radiometer data to be discussed in the fol-

needed in a future operational system, while the latter is a viable'. _ .
P y '% ing sections were acquired on October 21 and November

option in the experimental phase. The wind retrieval used h .
P b b 0 1998 over a target area centered &t 88 N, 4° 46 E in

Is based ona nonlinear we.|gh.ted least-squares minimizatio he middle of the North Sea. The test site was chosen between
the following error expression: . SR
) (T o) — T, )2 two o:;fsgore o:l pflatforms from whfane SI;[UVéIIEd datahwas ach- f
i, %0) — 15,5 quired. One platform was approximately 8 km to the north o
(o) =y D : (2)
=1

. AT? . the target center, the other 8 km to the south. Thus wind shadow
J=t e effects in the test area, stemming from the oil platforms, are
where avoided under predominantly westerly winds.
n number of frequency bands used (here 2), On October 21, at the time of data collection, the winds in the
T, j(tho) model function and area were 17 m/s with a direction of 218 he wind speed and
T measurement at thigh frequency concerning the direction were quite stable for many hours before and during
ith Stokes parameter (here only the second, thirghe experiment. The winds are normalized to standard meteo-
and forth). rological reference, and they are 5 min averages disregarding

The weighting functionsAT; ; does not only include radio- gusts. Cloud conditions were overcast with heavy clouds and

metric noise, but also noise from uncertainties in antenegen showers.

pointing (incidence angle, polarization mixing). Thus, in the On November 27, the wind conditions were less favorable.

retrieval, preference is given to less noisy channels. At the time of data collection (around noon local time) the wind
It was found of advantage to make a slight modification to trgpeed was 6 m/s with a 11@direction, but during the morning,

error expression in order to reflect the fact that some Stokes jae wind had dropped gradually from 10 m/s, 330 a zero

rameters have larger peak to peak respoiisg {,) than others, wind speed and direction jump to 11fust one hour prior to

that is, put extra weight to channels with large response. Hentit€ experiment. This behavior is associated with the passage
in the present case the error function is of a frontal system also responsible for poor cloud conditions:

2 4 2 overcast with heavy clouds and showers.

_ (Ti, (o) = T05)" = 2 Fig. 2 shows details about the flight pattern. The left-hand
(o) E E 2 (Twpp) : 3) . . . : .

ATE, part of the figure summarize the imaging parameters, while

Jj=1 =2 X <
I is very dependent on cloud conditions (atmospheric attendﬁ(—e right-hand part shows the actual flight pattern centered at
t

tion), Q is quite dependent on cloud conditions, whifeand e target center coordinates. Eight passes are carried out, four

. S |egs each flown back and forth. Each pass is approximately 8
V' are only marginally dependent on clouds. This is not s £ . o
prising bearing in mind thaf is the sum ofl}- and 7y, both . The eight passes correspond to headings: 1), )00,

. . L . 3) 313, 4) 135, 5) 0C°, 6) 180, 7) 45, and 8) 228. Flying
being dependent on atmospheric conditiass the difference the passes two by two back and forth simulates a possible

betweerlly, and T}, but changes due to varying atmospherig, o anq. aft look situation for a future spaceborne instrument.
condmons do not qur[_e cancel sin€e is much larger thaflr - e (ime delay between two observations of the target center is
(typically 63 K, see Fig. 1). In contrast to this,andV’ canbe 516 nd 5 min, fitting well with the time between the fore and
interpreted as differences between channels having almost §he ¢t 100k for a typical space instrument. During the passes,
same signal strength (see the Stokes vector definition and Figgikeraft roll and pitch are kept to a minimum, generally below

[/ andV has a zero mean value). Thus, for examflle, in- 3 few tenths of a degree.

creases with atmospheric attenuation, But;. will increase In addition to the primary flight pattern described above, a
with the same amount, arid will to first order be unaffected. circle flight was carried out to check the instruments and to
Therefore, in cloudy conditions with unusually severe attengonfirm the model function. Such measurements are carried out
ation (actually monitored using thechannel), the weighting with the radiometers staring at the sea surface without scan-
function forQ(AT> ;) was enhanced proportionally to put lessiing, while the aircraft makes full 38Gurns around the target
weight on@ in the retrieval (rely more o®/ andV'). In prac- center. Actually, in the present case, these measurements are
tice, this was done by comparing the measurgdlues with the used to establish the mean value of the second Stokes parameter

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 16,2010 at 07:59:28 EDT from IEEE Xplore. Restrictions apply.
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48 x 74 m (Ka band)

Fig. 2. Imaging geometry and flight pattern.

Fig. 3. The 16 GHz circle flight results: 10 s integration time.

model function as this is dependent on atmospheric conditi

90 180 270 360
Y, (deg)

not being measured otherwise.

V. CIRCLE FLIGHT

olns
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34 GHz
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0 9 180 270 360
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-3' Lt N 1 N i1 . I ] _3 .4[ y) N 4 . L N 1 ]
0 9 180 270 360 0 9 180 270 360

Y, (deg) Y, (deg)

Fig. 4. The 16 and 34 GHz circle flight results: 1 s integration time.

parameters are shown as functions of the relative wind direction
1,, which is the angle between the wind direction and the ra-
diometer observation azimuth angle so thiat= 0 is upwind.
Datais averaged for 10 s, during which the aircraft moves 700 m
along track, and the original 94 146 m footprint is elongated

to a 94x 846 m resolution cell. The smooth first and second
harmonic cosine and sine curves are based on modeling as pre-
viously described, and thg curve has been offset to fit the data
(thus accounting for the general atmospheric attenuation of the
day).

The influence of atmospheric conditions as discussed in Sec-
tion 1l is quite obvious. At the time corresponding to azimuth
angles around 180 a heavy cloud is encountered. The vertical
and horizontal brightness temperatures, and hence the first (not
shown here) and second Stokes parameters, are strongly cor-
rupted by this cloud, while the third and fourth Stokes parame-
ters are only marginally influenced. It is evident that use of the
second Stokes parameter for wind retrieval under such condi-
tions would lead to faulty results. This is partly avoided by the
weighting as described in Section Ill.

It is of interest to observe the influence of a relatively small
footprint being of a size comparable with features on the windy
sea surface. Fig. 4 shows partly the same data as presented in
Fig. 3, only this time only integrated 1 s. The Stokes parame-
ters@, U, andV are shown, and this time both at 16 and 34
GHz. The footprints are approximately 84216 m at 16 GHz
and 48x 144 m at 34 GHz. A noisy appearance is evident, espe-
cially concerning thé/ parameter at 34 GHz. Radiometric noise
s with 1 s integration time around 0.05 K and thus insignifi-
cant. Residual uncorrected attitude errors would influence both
frequencies approximately equally. It has been observed that in-
creasing atmospheric attenuation dampen the noise-like signal,

As an example, 16 GHz circle flight data from October 2&specially at 34 GHz. It is thus concluded that the signal is a
is shown in Fig. 3. The brightness temperatures and the Stokeg sea-surface signal (“geophysical noise”) being significantly

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 16,2010 at 07:59:28 EDT from IEEE Xplore. Restrictions apply.
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Fig. 5. Radiometrid data and retrieved winds from the October 21 flight. TRK is aircraft track angle, Whilg is average azimuth look angle (TRK-180
due to aft-looking).

stronger at 34 GHz than at 16 GHz. We explain it as a perturave to be spatially integrated to be realistic and to correctly

bation of the Stokes parameter signal due to the fact that tineasure the required Stokes parameters which reflect bulk prop-
footprint, and especially at 34 GHz, is comparable in size to tlegties, not properties of individual waves.

distance between wave crests. This is supported by the fact that

by careful inspection of full resolution (i.e., no postprocessing VI
integration)l/ imagery at 34 GHz, a striped appearance is seen,

indicating that the individual wave fronts are being imaged. Any Fig. 5 shows an example of the radiometric data acquired and
satellite sensor would of course not see this effect, and our dtta retrieved wind directions. The eight panels in the left-hand

. IMAGING MODE
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and middle columns correspond to the eight passes over the TABLE |
target area. Recalling that the flight consisted of four legs each WIND RETRIEVAL STATISTICS: TRUE WIND 216°
flown back and forth, it is seen that the left-hand column can be 2l wind vectors Ambiguity removed

regarded as four examples of a fore look and the middle column passes | wind dir. | stdev. [ wind dir. | stdev.
is the corresponding aft looks (18@part from the first). The

16 GHzI data is shown as the background, with bluish colors 270/%0 210 2 207 8
indicating the sea signature, and green-yellow-red-white indi- 315/135 218° ® 218° &£
cating increasing brightness temperature due to increasing at-

mospheric attenuation. All panels have north pointing toward 0/180 240° 122 240° 12°

the top of the page, and with the target center at the panel center. 55
The recorded swaths are shown properly oriented and located
in the appropriate panels. The averagesitu wind direction

is shown at the bottom of the figure. The wind directions, as TABLE I

retrieved from the recorded radiometric data, are shown as ar-/VIND RETRIEVAL STATISTICS, SECOND EXPERIMENT: TRUE WIND 225°
rows on top of the 16 GHz | data. Before the retrieval, the T wind vectors | ambigaity emoved
data was spatially averaged to 6000 m ground resolution passes | wind dir. | _stdev. | wind dir. | _stdev.

in order to avoid measurements on individual waves, i.e., ob-
tain average surface conditions. At the same time, radiometric
sensitivity is improved with a factor roughly equal to the square 315/135 | 227° & 227° &
root of the ratio between the areas of the averaged resolution cell
and the original Ka band footprint (just corresponding to con-
tiguous ground sampling). In the present case this corresponds 451225 225° 63° 228° 10°
to a roughly ten-fold improvement, i.e., to 0.05 K fband@,

and to 0.057 K fo/ andV'. " . . . -
gases: it is not meaningful with one wind vector pointing 90

The third (right-hand) column is an attempt to combine th ¢ he oth id ind field. M I .
wind retrievals from the simulated fore and aft looks into 4/ rom the others amidst a wind field. Manually removing

two-look situation. A rather simple, automatic selection algc?—l.J.Ch obwpus ambiguities n t_he upper an_d the lower row sig-
ificantly improves the statistics as seen in the second half of

rithm has been implemented. If the difference between dir “ble |

tions of the two single look retrievals is smaller thar? 6the . .
g b OThe data set presented and discussed above was acquired ap-

average value has been calculated and plotted (the vafue 60" . ol hour bef Anoth : i
is a rather arbitrary choice, found to work well during the proc_)roxma €ly one hourbetore noon. Another experimentwas car-

cessing of the actual data). Differences larger thaniB@icate ried out 2 h later on the same day with practically the same

ambiguity problems, and a selection of one direction instead\g?ather conditions. Table Il summarizes the wind retrievals.

the other must be performed. As already stated, the upwind con:rhe results are seen to be almost identical to those from

dition is favorable compared with the downwind condition dug'|e ff|rst zxpegment. ?jf‘ﬁ Nov?m_b Zr 27, di‘n expenmerlfc Waj
to larger polarimetric signatures in that direction. Hence, if ofEriormed under very ditierént wind conditions as mentione
Section IV. Fig. 6 displays the data in the same format as

look has an estimated wind vector in the upwind sector, and fhe>cc . o o . .
P d in Fig. 5. Significant confusion in the retrieved wind

other has one in the downwind sector, the upwind is considerga™" | . .
more reliable and hence selected. Note that all these operati i ctions is qbservgd in the two Upper rows (p'asses 270/90 and
are incorporated in the data processing software and are 5/135), while a fairly good retrieval IS seenin the two 'OWGT
formed automatically, i.e., without human intervention. rows (passes (.)/180 and 45/.225)' In this case, it has no meaning
ho attempt a simple ambiguity removal concerning the 270/90

In general, the retrieved wind directions compare well wit . . N
] S . . N nd 315/135 passes, while this is absolutely justified and works
the actual wind direction with relatively few ambiguities. Thé Il for the 0/180 and 45/225 passes. The wind direction is

worst errors and ambiguities are seen in the lower row (45/2 . . o
. . ound quite well and with reasonable standard deviation, see
passes), where the second look is seriously hampered by a r(aa

198° 22° 204° 14°

270/90 221° & 221° *

0/180 230° 13° 230° 13°

sive, rainy cloud that shows up as red and white in the underlyi s%le lll summarnizing the wind reirievals from the November

; ) . : . experiment.
| image. An interesting observation can be made in the top row__""" . . L - .
g g b This is quite a pleasing result bearing in mind the difficult sit-

ation combining low wind speed, sudden discontinuity in wind
gbrgction shortly prior to sensing, and severe cloud condition. It
IS noteworthy that this observation supports the theory that the
. . . polarimetric radiometer senses the actual wind direction disre-
Table | summarizes the wind retrievals.

The combined wind directions, as illustrated in the right—han%ardlng past history.
column of Fig. 5, have been averaged and the standard devia-
tion calculated. The wind direction is found quite well, but the
standard deviation is very sensitive to ambiguities. Looking at Returning to Fig. 5, several erroneous wind directions were
the wind vectors in Fig. 5, it is quite obvious that even a venyoted, and a further discussion of the ambiguity situation will
simple “geophysical filter” can remove the ambiguities in modte carried out in the following in a simplified case. Assume

(270/90 passes). The first look has many approximatelya®®-
biguities due to predominantly downwind look geometry, whil
the second look has no ambiguities, despite a more severe cl
condition, due to upwind look geometry.

VIl. ERRORS IN THEDIRECTION RETRIEVALS
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Fig. 6. Radiometrid data and retrieved winds from the November 27 flight. TRK is aircraft track angle, {hil¢ is average azimuth look angle (TRK-180
due to aft-looking).

only one frequency, 16 GHz, and only two Stokes parametersLet us consider a situation where the valdgs = Q(60°)
namely Q and U. The model function shown in Fig. 1 is assumedd {/,,, = U/(60°) are measured. For this situation, the error
(only @ andl), and the error function [equation (2) from Secfunction is illustrated in Fig. 7. The error is 0 at®%8s expected,
tion 11l] reduces to and the direction 60is found correctly by the procedure out-
2 2 lined in Section Il [minimizee(t),)]. Even rather large offsets

e(tPo) = (Qtho) = Qm)” + (U(4h0) = Un) ) or variations in the measur@i,,(,, arszm values due to noise or
assuming equal weight on both channéléy,,) andl/(¢),) are other measurement errors will not cause the second minimum to
the model functions, whil€),,, andl,,, are measured values inbe the global minimum resulting in a faulty retrieved direction.
a given case. This is typical for more or less upwind looking cases.
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TABLE Il where even rather large measurement errors will not cause
WIND RETRIEVAL STATISTICS, NOVEMBER EXPERIMENT. TRUE WIND 110° ambiguities. Above that angu|ar range (i.e., the downwind
T veoions Anbignity removed range of gngles), typic.al errors in the ordeﬂ;ﬁ.z K can cause
passes | wind dir, | stdev. | wind dir. | _stdev. ambiguities. The ambiguities are symmetrical around the 180

direction, and for example, a B@mbiguity corresponds to the
15C°/ 210° case.
315/135 51° 91° With this in mind, let us return to Fig. 5, upper-left panel (the
270 pass). The wind direction i$,, = 216°. Hence;ip, =
e — (Yr) = 126°. This gives a potential ambiguity 108
451225 122° 36° 120° 18° (i.e., slightly more than 90 away from the true wind, which
is exactly what is observed in nine cases.

15 T Also in the lower row, pass 225significant direction errors
are noticed. In this case, a heavy (possibly raining) cloud dis-
turbs the measurement and the weighting-bim the retrieval
is very low. Thus, the previous discussion cannot explain the di-
e(y,) rection errors. The directions are found primarily using &he

5 - andV parameters, and it is noted from the model function in
Fig. 1 that in this typical downwind case the variationg/irare
| very small, paving the way for direction errors.

0 200 400 The rather confusing situation in the upper two rows of Fig. 6
has not been analyzed in any detail. A certain randomness is ev-
ident and the case is probably close to the threshold concerning
SNR. Note that the error analysis as described earlier cannot be
applied directly as the model function of Fig. 1 cannot be used

270/90 188° 81°

0/180 112° 62° 113° 16°

10 [ -~

W, (deg)

Fig. 7. Retrieval error function(), ): true wind at 60.

15 | for this low wind case.
10 - VIIl. DISCUSSION ANDCONCLUSIONS
e(yy) An imaging, polarimetric radiometer system, measuring the
5 - — full set of Stokes parameters at Ku and Ka band, has been used
in airborne measurements over the wind-driven sea. An exper-
/TN iment was carried out over the North Sea on a day with good
0 0 200 400 winds (17 m/s) but rather poor (but realistic) weather conditions
for radiometer measurements: heavy clouds and rain showers.
V, (deg) Despite the weather, wind direction was found with good fi-
delity and few ambiguities in most cases, especially using a
Fig. 8. Retrieval error function(¢, ): true wind at 130. combination of two looks 180apart, representing a possible

space system configuration with a fore and an aft look. Removal

If, however, we study a case where we have measiJied= of obvious ambiguities, further improves the results, and the
Q(130C°) andl/,,, = U/(130), the situation is quite different, aswind direction is on average found to be withif 8f the true
shown in Fig. 8. The error is 0 at 13@and this is the global min- value, with a standard deviation of .0
imum as we would expect, but it is seen that a second very deep\nother experiment was carried out under very different
minimum is present at 230Even a small amount of measurewind conditions: only 6 m/s, but the wind had dropped to
ment error can cause the first null to be slightly filled and theero and jumped 140in direction just one hour prior to the
second minimum to be enhanced and become the global méperiment. Also, here the weather conditions were difficult
imum, and an ambiguity error arises. with heavy clouds and showers. Despite this, the wind direction

Fig. 3 indicates typical measurement errorsk@f.5 K disre- was found quite well from some flight tracks to withif 8f
garding obvious clouds, and this corresponds to & 846 m the true value, with a standard deviation of 1@n other flight
footprint. Fig. 5 represents data from a 60800 m footprint, tracks, retrieval was not possible, and the situation with poor
i.e., five times larger, and typical errors are thus estimatedweather and low winds can be concluded as being marginal for
+0.5/4/5 = £0.2 K. Returning to the case above, just subproper wind direction retrieval. An interesting observation is
tracting 0.2 K from thd/,,, value causes the 23Mninimum to that in the cases where retrieval was possible, the correct wind
be very small (0.000 013) and the E3finimum to be filled to direction was found despite the wind jump one hour before
the value 0.04. A wrong (ambiguous) direction is thus foundensing, confirming that the polarimetric radiometer measures
Notice that the angle values 13230 are symmetrical around the actual winds and not past history.
the 180 direction. From the data, it is also clear that one-look retrieval is

Investigating this further reveals that for anglés up possible, with more ambiguities to handle, however. This is of
to about 100-119 a relatively robust retrieval is expectedmportance when designing a future spaceborne polarimetric
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system: the inclusion of both a fore and an aft look is nmetric noise. Thus, the present retrieval is not radiometric noise
problem for the imaging radiometer itself, but it certainljyimited, and itis felt that a factor of two worse radiometric noise,
imposes constraints on the spacecraft design to ensure uriagh; some 0.1 K, would serve well, that is, not degrade the re-
scured looks fore and aft. Further analysis is needed in ordettrieval accuracies presented here.

assess more accurately the benefits of having two looks for the

retrieval. Also note that further work on how to combine the REFERENCES

data from the two potential looks is warranted. In the present[1; s H. yueh, w.J. Wilson, S. V. Nghiem, F. K. Li, and W. B. Ricketts, “Po-
case, the wind directions have been found independently in larimetric measurements of sea surface brightness temperatures using an

the two looks and afterwards averaged to find the two-look aircraft K-band radiometerfEEE Trans. Geosci. Remote Sensivg).
33, pp. 85-92, Jan. 1995.

solution. This is probably not the optimal way for retrieval. 21 s H.yueh, W.J. Wilson, S. V. Nghiem, F. K. Li, and W. B. Ricketts, “Po-
One could combine the data from both looks, enter twice the larimetric brightness temperatures of sea surfaces measured with aircraft

amount of data into the error function (add an extra summation géagg 'ﬁ??ff{g‘?‘(’s";f,ierfg%E?E Trans. Geosci. Remote Sensing.
in equation (3) summing the fore and the aft situation), and thusz} N.’skou and B. Lauersen, “Measurement of ocean wind vector by an

directly find the two-look wind vector solution that minimizes airborne, imaging polarimetric radiometeiRadio Sci. vol. 33, pp.

; ; ; ; 669-675, May—June 1998.
.the error. This way, .the. wind direction accuracy could well [4] S. H. Yueh, W. J. Wilson, S. J. Dinardo, and F. K. Li, “Polarimetric
improve and the ambiguity problem be more manageable. microwave brightness signatures of ocean wind directidE&E Trans.

A very simple method was used to remove obvious ambigu-  Geosci. Remote Sensingl. 37, pp. 949-959, Mar. 1999.
ities by noting that it is not geophysically meaningful to have a [°] J: R- Piepmeier, A. J. Gasiewski, M. Klein, V. Boehm, and R. C. Lum,
h . . . Ocean surface wind direction measurement by scanning polarimetric
few W'nd vectors pointing f_ar Oﬁ_the gen?ral d'!’eCt'On of a_h0$t microwave radiometry,” irProc. Int. Geoscience and Remote Sensing
of wind vectors. In the section with the discussion on ambiguity  Symp.’98 Seattle, WA, p. 2307. S _
errors, it is seen that the wind direction retrieval algorithm, in [6] N- Skou, B. Laursen, and S. Sgbjerg, *Polarimetric radiometer configu-
e .. . . . ! rations: Potential accuracy and sensitivit)EE Trans. Geosci. Remote
_add|_t|c_Jn to giving a certain _dlrect|on (yvhere the error f_unCt_Ion Sensingvol. 37, pp. 2165-2171, Sept. 1999.
is minimum), can also provide potential ambiguous directions[7] A.J.Gasiewskiand D. B. Kunkee, “Calibration and application of polar-
; iitiec i ization-correlating radiometerslEEE Trans. Microwave Theory Tech.
as o_utpgt. This can bg used to help solve ambiguities in future Vol 41, pp. 767-773, May 1993,
applications where wind data from a spaceborne polarimetric
radiometer will be merged with numerical weather models. If a
suspicious retrieved direction does not fit the model but the p
sible ambiguous direction does, this can be selected with gr
confidence, as it is in fact also a possible output of the pola
metric retrieval algorithm.
In this paper, measurements were taken at Ku and Ka bar
It has, however, not been thoroughly investigated to which d
gree _the_retn_eval process benefits from having two frquencu diometry. Ocean surface signatures have been inves-
Bearing in mind that the Stokes parameter model functions ¢ | : tigated by imaging airborne polarimetric radiometers
not very different at Ku and Ka bands, one could suspect that with the aim of determining wind directions.
in the aircraft case, where spatial resolution is not an issue, the
benefit of the high frequency channel is marginal. For a space-
borne system, the situation is different, however. One could ¢
ceive a retrieval where the highest frequency channel (i.e., b
ground resolution) is the prime channel weather permitting, a
the lower frequency channels take over in nonfavorable weatt
conditions, at the same time compromising ground resolutic
Even lower than Ku band would seem reasonable in order
cope with a wider range of weather conditions. . . e
As to the | ortant question: which radiometric sensitivity i ice sheets in Greenland and Antarctica, his interest
S. 0 ) Impor a : ; ) - ! y turned toward microwave radiometry. From 1975 to
required in order not to unduly compromise wind direction ret979, he developed a scanning, multifrequency, airborne radiometer system.
trievals, the present work does not provide a straight answer_,ﬂ?r that, his subjects were radiometer measurements of sea ice and oll
L din Section VI th . lisb d d . Ir%‘ci\_i/ution on the sea, spaceborne radiometer systems, and development of
mentioned in Section VI, the retrieval is ase_ on qtalntegra systems for specific purposes. In the 1980s, his interest turned back to
over 600x 600 m cells, and the corresponding radiometer sestive instruments, and he became engaged in the development of an airborne,

sitivity is some 0.05 K. But in Section VIl it is argued, based oRfultifrequency, polarimetric and interferometric syntetic aperture radar system.
' However, activity within microwave radiometry has continued, mainly within

the circle ﬂ'ght data, that typlcal measurement errors are aroufd areas of synthetic aperture radiometry and polarimetric radiometry. The
+0.2 K (“geophysical noise”: the resolution cell is still not verywork on synthetic aperture radiometry has led to the proposal concerning a soil
much Iarger than structures on the wind driven sea Surfacgz_isture and ocean salinity (SMOS) mission accepted as one of ESA's Earth

. Explorer Opportunity Missions. The work with polarimetic radiometry has
Based on a rule of thumb, the0.2 K noise corresponds to Aied to a successful demonstration of a potential new instrument for measuring
standard deviation of some 0.14 K, i.e., three times the radi@ean winds from space.
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