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Abstract—The Helsinki University of Technology’s airborne
fully polarimetric profiling radiometer at 36.5 GHz has been
used for wind-vector measurements over the Gulf of Finland. The
results, collected in a series of measurements over a period of
two years, are presented in this paper. The Fourier coefficients of
the harmonics of the first three modified Stokes parameters (in
brightness temperature) have been solved, and their behavior as a
function of the measurement incidence angle and the wind speed
has been examined, resulting in a linear model in the measurement range. In this paper, we show a clear relationship between
the incidence angle and the third modified Stokes parameter (in
brightness temperature), which has been used to compensate for
aircraft motion during measurements. Furthermore, the sensitivity of the wind-speed measurement to the incidence angle has been
studied, and a model for wind-speed retrieval as a function of the
harmonic coefficients and incidence angle was developed.
Index Terms—Polarimetric radiometer, Stokes parameters,
wind speed.

I. I NTRODUCTION

T

HE MARITIME wind-vector retrieval using a polarimetric radiometer has been one of the key points of interest
in passive microwave remote sensing as of the early 1990s. The
sensitivity of sea-surface brightness temperatures to ocean wind
speed and direction has been demonstrated in many studies
(e.g., [1]–[8]). Furthermore, the launch of the WindSat satellite
in January 2003 [9] has opened the possibilities for global
applications (e.g., [10]–[12]).
The results presented in this paper were obtained with
the airborne fully polarimetric radiometer (FPoR) developed
in the Laboratory of Space Technology, Helsinki University
of Technology (TKK) [13]; the radiometer measures the socalled modified Stokes parameters in brightness temperature,
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which are defined under the Rayleigh–Jeans approximation
as [14]
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where Tv , Th , T3 , and T4 are the brightness temperatures of
the vertically and horizontally polarized radiation and the third
and fourth Stokes parameter, respectively, λ is the wavelength,
kB is the Boltzmann’s constant, η is the impedance of the
medium, B is the bandwidth, and Ev and Eh are the vertically
and horizontally polarized electric fields. The brackets stand
for infinite time average. For simplicity, the term the Stokes
parameters is applied in the following for the modified Stokes
parameters in brightness temperature.
To describe the behavior of the Stokes parameters as a
function of wind direction, an established method (e.g., [15]
and [16]) is to use a second-order harmonic model
Tv ∼
= Tv0 + Tv1 cos φ + Tv2 cos 2φ
Th ∼
= Th0 + Th1 cos φ + Th2 cos 2φ
T3 ∼
= T31 sin φ + T32 sin 2φ
T4 ∼
= T41 sin φ + T42 sin 2φ

(2)
(3)
(4)
(5)

where φ is the wind direction. The first harmonics account for
the upwind/downwind asymmetry of the surface, and the second harmonics account for the upwind/crosswind asymmetry
of the surface. The Fourier coefficients of the two harmonic
components, as well as the zeroth-order terms (offsets) of the
first and second Stokes parameters, are functions of several parameters. We have assumed, here, that the harmonic coefficients
are only dependent on surface wind speed, incidence angle, and
frequency.
The dependence of a harmonic coefficient on wind speed
and incidence angle is examined in this paper. Earlier studies
(see Table I) have considered the dependence of the Stokes parameters on incidence angle, but the incidence angle variations
of the third Stokes parameter have not been studied in detail
previously.
In this paper, the dependence between the incidence angle
and the first three Stokes parameters is presented over the
measurement range. Using the obtained results, the incidence
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TABLE I
REPORTED POLARIMETRIC MEASUREMENTS OF MARITIME WINDS
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TABLE II
FLIGHT DATES, WIND SPEEDS, SURFACE TEMPERATURES,
AND C LOUD C ONDITIONS

Fig. 1. Measurement geometry. The incidence angle was varied by changing
the roll α and pitch β angle of the aircraft during the circular flights: α was
varied about 40◦ and β about 4◦ (nominal value of Θ being 43◦ ). The ground
speed v was about 55 m/s (varying between 50–60 m/s), and the flight height h
was about 1000 m.

B. Calibration
angle dependence of the third Stokes parameter was also accounted for in data postprocessing. Furthermore, the sensitivity
of the coefficients of these Stokes parameters to the wind speed
is estimated as a function of the incidence angle. Also, a model
for wind-speed retrieval as a function of the harmonics and
incidence angle was developed.
In [17], we introduced a model for the sensitivity of windspeed measurement to the incidence angle and presented a
model on the third Stokes parameter’s dependence on incidence
angle; this paper gives a detailed description of these models, applied data analysis, and developed wind-speed-retrieval
model. In comparison to the study in [17], the data were
reprocessed using several improvements in the processing algorithm, and the results are compared with the improved model
by Yueh et al. [12].

II. TKK A IRBORNE FP O R
A. Instrument Description
TKK’s airborne FPoR was used for this paper. The radiometer operates at 36.5 GHz, and it uses direct cross-correlation
technique with analog correlators for solving all four Stokes
parameters simultaneously. It has a radiometric resolution of
about 0.2 K for the orthogonal polarizations and 0.3 K for the
third and fourth Stokes parameters with an integration time of
1 s. The absolute accuracy is estimated to be 0.5 K (a detailed
description of the radiometer can be found in [13]).
The FPoR is integrated into the profiling subsystem of the
HUTRAD radiometer system, which consists of several major assemblies including six other radiometers at 1.4–94-GHz
range [18], [19].

The calibration of the FPoR is presented in detail in [20]. In
general terms, a fully polarimetric calibration target is applied
to generate linearly independent sets of precisely known Stokes
parameters. The target consists of cold and hot absorber loads,
a polarizer grid, a retardation plate, and a pedestal with a rotary
mechanism. The cold load is implemented using an absorber
cooled down with liquid nitrogen.
III. M EASUREMENT F LIGHTS
Data were collected in five measurement flights during
2002–2004. The flight dates are presented in Table II. Each
experiment consisted of a set of circles flown over the
Kalbå dagrund area on the Gulf of Finland, the Baltic Sea.
Between each set of circles, the incidence angle of the antenna
beam was altered by changing the roll and pitch angles of the
aircraft; the obtained incidence angles ranged from 43◦ to 58◦ .
Altogether, 29 datasets were collected during five experimental
flights; each dataset contains data with a relatively constant
incidence angle and wind speed.
Fig. 1 illustrates the measurement geometry. The antenna
footprint on the surface ranged from about 100 × 130 m to
about 130 × 250 m. The attitude and speed of the aircraft
were measured using two redundant systems: an attitude GPS
navigation system and an inertial navigation system.
The ground-truth data were collected by the Kalbå dagrund
weather station, which is an open-sea station in the measurement area. The collected ground-truth parameters include wind
speed, wind direction, air temperature, and air pressure. The
wind speed in the experiments ranged from 6.7 to 12.0 m/s. The
measured wind-speed values (scaled to 10-m height above sea
level [21]) during the experiments are depicted in Table II. The

2124

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 45, NO. 7, JULY 2007

weather station measured wind speed and direction only once
in an hour, which generated some uncertainty. Therefore, the
measured T3 data were used to determine the wind direction for
individual datasets. It is noted that, when coincided in time, the
measured wind direction was always within few degrees with
that determined using T3 data. The only exception was flight
number 1; due to low wind speed, the T3 signal was weak and
determination of wind direction inaccurate. For flight number 1,
in situ measurement data were used for wind direction.
The physical temperature of the sea water and sea-surface
salinity were estimated from measurements performed by the
Finnish Institute of Marine Research.

were followed. The pressure profile was estimated using
the measured sea-level pressure and assuming exponential
behavior. The kinetic-temperature profile was estimated using
the measured surface air temperature and a statistical model. In
retrieving the third and fourth Stokes parameter of the sea surface, only atmospheric attenuation was compensated for. This
simplification is justified, because atmospheric emissions are
essentially unpolarized. The Stokes parameters of the sea surface were retrieved with the above processing steps. Finally, the
signal variations manifested by the incidence-angle fluctuations
(due to aircraft motion) were compensated for Tv and Th , using
the emissivity model presented in the study in [23], and for T3 ,
using the model presented later in this paper (in Table V).

IV. T HEORETICAL A PPROACH
A. Atmospheric Effects

B. Wind-Speed Model and Sensitivity

The principles to retrieve the target brightness temperature,
i.e., the brightness temperature of sea surface, are described in
the following. The attitude data of the aircraft were applied to
compensate for the mixing of the measured first three Stokes
parameters due to aircraft roll (banking). The fourth Stokes
parameter was not compensated for, since it is the measure of
the circularly polarized radiation and, thus, independent of the
linear polarization basis.
When correcting for the atmospheric effects, a radiativetransfer model was applied for the orthogonal polarizations.
The model includes the following components: upwelling
atmospheric brightness temperature (TUP ); atmospheric attenuation (τ ); downwelling atmospheric brightness temperature
(TDN ); and the reflection coefficient of the sea surface as a
function of the relative wind direction and incidence angle
r(φ, θ). Scattering effects were assumed to be negligible,
and they were ignored. Also, the following condition was
assumed [22]:

The coefficients of the harmonics model in (2)–(5) were
retrieved from the measured data sets. Note that, since no
clear harmonic modulation was found, for the fourth Stokes
parameter as a function of wind direction, the fourth Stokes
parameter is not considered in this paper.
After solving the Fourier coefficients for each dataset, the
coefficients were examined as a function of the incidence angle.
A clear dependence for most of the coefficients can be found
at each wind-speed value. This dependence shows very linear
behavior within the measurement range (43◦ –58◦ ); therefore, a
linear model was fitted to these data.
Similarly, the harmonic coefficients show a linear behavior,
as a function of wind speed in the 6.7–12.0-m/s range, when
the incidence angle is kept constant. However, the slope of the
coefficients with respect to the wind speed (i.e., the sensitivity
of the harmonic coefficients on wind speed) is not constant as
a function of the incidence angle. These sensitivities (slopes)
can be plotted as a function of incidence angle. The sensitivity
is defined here as the absolute value of the slope. Because
the incidence angles were never exactly the same during the
measurements at different wind speeds, the incidence angles
applied for this analysis were interpolated/extrapolated equal
using the linear model described earlier (between the Fourier
coefficients and the incidence angle).
Furthermore, an empirical model, as a function of the harmonic coefficients and the incidence angle, for wind-speed
retrieval is developed using the sensitivity (with the sign).
For example, Yueh et al. [4] and Brown et al. [11] presented
model functions for wind speed, and Yueh [24] introduced a
theoretical model for incidence angle. Based on these models,
and our results, it is reasonable to assume a linear behavior
in the wind speed and incidence angle range of this paper.
Although, semiempirical [11] and theoretical [24] models have
also been presented previously, the choice of a purely empirical
model (also used previously [7]) is justified by the fact that geophysical models of windy sea surface have remained uncertain
[25]. The model is formulated as follows:

(φ, θ) =

TB (φ, θ)
= 1 − r(φ, θ)
TS

(6)

where (φ, θ) is the emission coefficient of the sea surface as
a function of the relative wind direction and incidence angle,
TB (φ, θ) is the brightness temperature of the sea surface as a
function of the relative wind direction and incidence angle, and
TS is the physical temperature of the sea surface. Note that the
atmospheric emission and attenuation are independent of the
wind speed and relative wind direction. The applied radiativetransfer model, accounting for the azimuth dependence of the
emissivity due to wind, can be written as
TM (φ, θ) = TUP + τ (φ, θ)TS + τ TDN [1 − (φ, θ)]

(7)

where TM (φ, θ) is the measured brightness temperature after
compensating for the aircraft roll. Equations (6) and (7) yield
TB (φ, θ) =

TM (φ, θ) − τ TDN − TUP
TS .
τ (TS − TDN )

(8)

In estimating the contribution of atmospheric radiation
and attenuation, the principles presented in the study in [22]

WS(C, θ) = (aC θ + bC )C + cC θ + dC

(9)

where WS is the value of wind speed, C is the harmonic
coefficient, θ is the incidence angle, aC and bC are the slope
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TABLE III
DATASETS OF THE HARMONIC COEFFICIENTS AND RESPECTIVE
WIND SPEEDS AND INCIDENCE ANGLES
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TABLE IV
STANDARD DEVIATIONS OF THE MEASUREMENT DATA
WITH RESPECT TO THE FITTED CURVE

TABLE V
SLOPES OF THE HARMONIC COEFFICIENTS VERSUS
THE I NCIDENCE A NGLE W ITH THE W IND S PEED

where the averaged standard deviations (with respect to the
fitted curve) of the measurements for each of the first three
Stokes parameters are listed. Note that the standard deviation
includes both instrumental and geophysical noise.
A. Dependency on Incidence Angle

and offset of the sensitivity (with the sign) of the harmonic
coefficient C, and cC and dC are the coefficients of the offset
of the sensitivity (with the sign) of the harmonic C.
In previous studies [4], [7], [12], sophisticated nonlinear
models have been presented for the dependence of the harmonics on the wind speed over a wide range of incidence
angles and/or wind speeds. As stated in the previous paragraph,
for the incidence angle and the wind-speed range analyzed
in this paper, however, the linear model presents a simple
and accurate way to describe the incidence angle dependence
and, particularly, the sensitivity of the coefficients to the wind
speed.
V. E XPERIMENTAL R ESULTS
Table III shows all 29 obtained datasets of harmonic coefficients with wind-speed values and incidence angles. In general,
the measured brightness temperatures show relatively little
deviation from curves given by (2)–(4) with the coefficients
of Table III. However, during measurements flights numbers 3
and 5, the sky was at least partially covered with clouds, which
degraded the data a little bit by increasing the deviation of the
data points from the fitted curve. This can be shown in Table IV,

Fig. 2 shows the harmonic Fourier coefficients of the first,
second, and third Stokes parameter as a function of the incidence angle at three different wind-speed values (namely 6.7,
8.6, and 10.9 m/s). The linear fits are illustrated with lines. The
data collected at the two other wind speeds (8.1 and 12.0 m/s)
show similar behavior; they are left out in order to improve
the clarity of the illustration. Also, the data collected from
the third flight (wind speed at 12.0 m/s) suffered from the
cloudy conditions, and particularly, the first and second Stokes
parameters were affected (see Table IV). Table V lists the slopes
(versus incidence angle) for all five experiments.
Yueh et al. presented in [4] a model for the harmonic
coefficients as a function of the wind speed at three different
incidence angles (45◦ , 55◦ , and 65◦ ). This model was improved
in the study in [12] using, for example, new WindSat satellite
data. The coefficients of [12] are plotted in Fig. 2 at these incidence angles and respective wind speeds. For many harmonics,
the resulted plots are similar to those obtained in this paper. In
particular, Tv2 , Th1 , and T32 show similar behavior. However,
there are also differences, for example, in Tv1 .
It can be seen that the harmonics of the third Stokes parameter have clear dependence on the incidence angle (Fig. 2,
Table V). However, as shown in Table V, the sign of the dependence is different in flight numbers 3 and 5 (wind speeds at 12.0
and 10.9 m/s) from numbers 1, 2, and 4 (wind speeds at 6.7, 8.6,
and 8.1 m/s), which show similar behavior as the model and
measurements presented in the study in [24]. Note, however,
that the flight numbers 3 and 5 were the ones contaminated
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Fig. 2. Fourier coefficients of the first, second, and third Stokes parameter as a function of the incidence angle. (Left) Our experimental data. (Right) Values from
the Yueh model [12]. In the plots of our experimental data, the lines show the linear fit to the dataset at each wind speed.

by the clouds, which could explain the unexpected behavior.
On the other hand, T3 is, in general, relatively undisturbed by
clouds.
The potential sources for the harmonics’ differences include
differences of sea water’s viscosity; in the measurements conducted for this paper, the water had a temperature of +2 ◦ C
on average and a salinity of approximately 5 psu. Both of
these values are believed to be lower than the average conditions in the study in [12]. Also, different atmospheric conditions can cause some differences, as suggested in the study
in [26]. Furthermore, the second-order processing differences
between this paper and [12] may have caused some differ-

ences in the results; for example, we have taken advantage
of mathematical methods and statistical estimates to assess
atmospheric contribution, whereas [12] relied on radiometricmeasurement data.
The obtained dependence slopes, presented in Table V, can
be used for the correction of the incidence-angle deviations, for
example, due to aircraft motion during measurement.
B. Sensitivity to Wind Speed
The obtained harmonics are dependent on the wind speed.
As an example, the harmonic coefficients of the third Stokes
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Fig. 3. Third Stokes parameter as a function of wind speed. The upper figure
shows the first and second harmonic coefficient at an incidence angle of 43◦ ,
and the lower figure shows the first and the second harmonic coefficient at an
incidence angle of 58◦ .

parameter are presented in Fig. 3 as a function of the wind
speed. The linear fits are illustrated with dashed lines. The
harmonics are shown for incidence angles of 43◦ and 58◦ . It can
be clearly seen that the slopes are dependent on the incidence
angles.
The absolute value of the slope with respect to the wind
speed, or the sensitivity of the harmonic coefficients to the wind
speed, is shown in Fig. 4 for the Tv , Th , and T3 parameters,
respectively, as a function of incidence angle. It can be seen
that the sensitivity of all coefficients has a clear dependence
on the incidence angle. In most cases, the sensitivity increases
with decreasing incidence angle, except in the case of Tv1 . In
the measurement range, the sensitivities of the harmonics on the
wind speed have the following characteristic linear functions on
incidence angle:
∆Tv1 (θ) = 0.0036 θ − 0.0221

(10)

∆Tv2 (θ) = −0.0019 θ + 0.1095

(11)

∆Th1 (θ) = −0.0021 θ + 0.1634

(12)

∆Th2 (θ) = −0.0120 θ + 0.7611

(13)

∆T31 (θ) = −0.0052 θ + 0.4357

(14)

∆T32 (θ) = −0.0082 θ + 0.5732

(15)

Fig. 4. Sensitivities (meters per second per Kelvin) of the first and second
harmonic coefficients of the first three Stokes parameter to the wind speed as a
function of the incidence angle.
TABLE VI
COEFFICIENTS FOR THE WIND-SPEED MODEL, (9)

TABLE VII
RESULT OF THE WIND-SPEED MODEL, (9), USING THE VALUES OF
TABLE VI FOR DIFFERENT HARMONIC COEFFICIENTS C

where θ = 43◦ –53◦ .
C. Wind-Speed Model
The data set was used to develop a model for wind-speed
retrieval based on (9). The harmonic coefficients of the third
Stokes parameter are obviously best suited for this purpose due
to their insensitivity to the clouds (see Table IV) and stronger
dependence on the wind speed over the incidence angle range
(particularly, the first harmonic coefficient). Tv2 and Th1 are
poorly suited for the use in the model due to the fact that they
are very insensitive to the wind speed (see Fig. 2).
Table VI shows the coefficients of (9) for Tv1 , Th2 , T31 , and
T32 . Tv2 and Th1 did not produce useful values due to the afore-

mentioned reasons. Table VII shows the averaged result of the
model applied to all data sets and root mean square (rms) of the
deviation from the ground truth. The first harmonic coefficient
of the third Stokes parameter produces the best result having
most of the rms values under 1 m/s, which would indicate that
this harmonic is the most accurate for wind-speed retrieval over
the given incidence-angle range. This preliminary model can
be used for the wind-speed retrieval (using measurements in
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multiple azimuth angles) up to this accuracy. The model for T31
reads (θ = 43◦ −58◦ )
WS(T31 , θ) = (−0.19 θ + 3.3)T31 − 0.12 θ + 11.31.

(16)

The model is to be expanded to a wider wind-speed and
incidence-angle range as more measurement flights will be
carried out. In the development process, the results given by
this model can be compared to other models of other studies in
order to find an optimum model.
VI. C ONCLUSION
Five airborne-measurement campaigns have been conducted
over the Gulf of Finland, the Baltic Sea. FPoR data have been
collected at 36.5 GHz over an incidence-angle range of 43◦ –58◦
and for wind speeds between 6.7 and 12.0 m/s (scaled to 10-m
height above sea level). In the measurement range, the results
indicate a linear relationship between the harmonics of the
first three Stokes parameters with the incidence angle. The
coefficients for this relationship are presented; the coefficients
of the third Stokes parameter were used to compensate for
aircraft motion during measurements and, thus, to improve the
quality of the data.
Furthermore, the sensitivities of the Fourier harmonics to
wind speed have been investigated for Tv , Th , and T3 as a
function of the incidence angle. In the measurement range,
the sensitivities have clear linear dependence on the incidence
angle. In general, the sensitivity decreases with increasing
incidence angle, with the exception of the first harmonic of Tv .
On the other hand, the swath width of an imaging polarimetric
radiometer (airborne or spaceborne) decreases with decreasing
incidence angle; the results presented here can be used to
make tradeoff studies for an optimal incidence angle for each
instrument and/or application. Finally, using the sensitivity,
a preliminary empirical model function, as a function of the
harmonic coefficients and the incidence angle, for wind-speed
retrieval was developed promising an accuracy better than 1 m/s
on average.
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