1007-4619(2009)01-0042-07

Removing upwind/downwind ambiguity of ocean wind direction by
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Abstract ;

direction. The global minimum of the cost function corresponds to the best estimate of the actual wind vector; but due to

Polarimetric microwave radiometer can be used for remote sensing of ocean surface wind speed and

the level of noise it may not be the closest ambiguity to the true wind direction. The presence of these ambiguous
solutions must be carefully considered in the retrieval of wind vector estimates. Expected errors in wind direction
retrievals have been examined using Monte Carlo simulation analysis, as well as the maximum likelihood estimation
(MLE) cost function in the presence of noise. An algorithm is proposed to obtain wind direction according to the first
and second rank solutions of the first scan and the first rank solution of the second scan. The simulated results show that
the algorithm can avoid ambiguous solution, and the cells near the position that along or perpendicular to spacecraft-
heading vector give the largest error of retrieved wind direction. These cells can be used for cold and warm calibration,
and the residual cells which give smaller direction errors can be used for wind direction remote sensing. A new scanning
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geometry for conical-scan is put forward.
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1 INTRODUCTION

The ocean surface wind, which generates the
momentum flux affecting ocean circulation and mixing,
is one of the key driving forces for the heat and moisture
exchanges between the air and sea surfaces.
Measurements of global wind vectors provide important
information for weather forecasts and scientific studies in
oceanography and climatology.

The passive microwave polarimetry is a new technology
which has developed since the 1990’s. Interest in using
microwave radiometers for ocean wind vector measurements
has increased in the past decade, because recent studies
have shown that the addition of polarimetric channels can
enhance wind direction retrieval performance. In January
2003, the WindSat/Coriolis mission deployed the first
satellite-based ~ fully polarimetric passive microwave
instrument. The purpose of the mission is to demonstrate
the capacity to obtain near-surface winds over the global
oceans from passive microwave measurements ( Gaiser
et al., 2004 ). The WindSat dataset represents the first
large-scale opportunity for the wind vector retrieval
performance achievable by a polarimetric radiometer to be

assessed. Wind vector retrievals from WindSat data have
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been examined in several previous studies ( Bettenhausen
et al., 2006; Yueh et al., 2006).

Further, the use of satellite passive microwave
radiometry also has a strong heritage for remote sensing of
atmospheric and oceanic environmental parameters at the
same time. Wind retrievals using traditional radiometers,
AMSR
Radiometer) and SSM/I ( Special Sensor Microwave/

such as ( Advanced Microwave Scanning
Imagers) , experience a dramatic loss in accuracy in the
presence of moderate and heavy rainfall and for high wind
speeds. So, common wind speed algorithms of these
satellites are for wind speed less than 20m/s with no rain
(Good berlet et al., 1999; Wentz, 1992, 1997; Chang &
Li, 1998 ). Scatterometers suffer the same problem
(Weissman et al., 2003 ; Jones et al., 1999, 1996). With
the advent of passive microwave polarimetry, an alternate
tool for estimating surface wind vectors in the extreme
weather conditions has become available. The performance
of WindSat wind vector in Atlantic hurricanes has been
evaluated by the comparison with independent surface
wind field. The RMS ( Root mean square ) of wind
direction difference is 22° where the rain rate is below 4
mm/h, while the RMS increases to 40° where the rain
rate is more than 4 mm/h ( A dams et al., 2006).

The objective of this study is to demonstrate methods
for predicting the characteristics of errors in wind
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direction retrievals and their dependence on the true wind
direction relative to the observation azimuth angle. More
focus is put on removing wind direction errors due to
upwind/downwind ambiguous solutions. Because the
assumptions regarding the combined modeling and
measurement errors are simplistic, the results present
here are not necessarily expected to reflect quantitatively
those from actual measurements. They are instead
expected to provide a useful methodology for evaluating

errors encountered in real retrievals.

2 OVERVIEW OF WIND DIRECTION RETRI-
EVAL ALGORITHM AND DIRECTION AM-
BIGUITY

2.1 Principle of wind direction remote sensing

For wind-generated sea surfaces, the emission is
symmetric with respect to wind direction. By building up the
relationships between the four Stokes brightness temperatures
and wind direction, as well as other geophysical parameters,
such as sea surface temperature (SST) and wind speed, we
can retrieve these parameters from brightness temperatures
measured by microwave polarimeter.

The brightness

polarimetric radiometer can be parameterized by the

temperature measured by a

modified Stokes vector
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where E and E, are the complex amplitudes of the
vertically and horizontally polarized components of the
electric field in a narrow band of frequencies about a
center frequency with wavelength A. In (1), n is the
wave impedance of free space, and k=1.38 x 10 > J/K
is Boltzmann’s constant. The units of the Stokes vector
components are in Kelvins. The Stokes parameters can
be expanded in the truncated sine and cosine series
(Germain et al., 2002)

T, T, + T, ,cos (¢) + T,cos (2¢)
T, _ T, + T,cos (¢) + T,cos (2¢) ()
T, U;sin (¢) + U,sin (2¢)
T, Visin (@) + V,sin (2¢)
where ¢ = ¢, — ¢, is the relative angle between the

observation azimuth angle ¢, and the wind direction ¢,.
The first harmonics 7, , T,, U, and V, account for the
upwind and downwind asymmetric surface features, while

the second harmonics 7,

ws T,, U, and V, account for the

upwind and crosswind asymmetry. The ¢, in this paper is
settobe2x ¢, ,i.e, ¢ = ¢,, in order to make it simple
for description and Monte Carlo analysis.

The method of maximum-likelihood estimation ( MLE)
was used as the basis of the wind vector retrieval algorithm
(Piepmeier & Gasiewshi, 2001 ). Under the simplifying
assumption that the errors in the forward model and in the
measurements are Gaussian and independent, the MLE for
the wind vector is obtained by minimizing the cost function
given by

N

> (- T,-,,)ZATE.f, (3)
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Here, T, are the measured Stokes vector components, u
and ¢ are the true wind speed and relative wind direction
respectively, 7',, are the GMF predictions for the Stokes
vector components, computed for a trial solution for the
wind speed u’ and relative wind direction ¢', and N is the
total number of measurement channels ( frequencies and
polarizations) for the system. The factors Var(T,,) are the
inverse of the combined instrument and modeling error
variance estimates for each of the measurement channels.
The ML retrieval problem is posed in a form allowing for
the use of an arbitrary set of azimuth look angles,
radiometric frequencies, and polarization states. The result
is a nonlinear weighted least-squares minimization problem
which can be solved using any of several multivariate search
techniques.

All the wind-vector solutions found in each wind-
vector cell are referred to as “ambiguities”. The solutions
were ranked by the magnitude of the cost function at the
minimum point. The first rank solution corresponds to the
global minimum of the cost function. The second rank
solution corresponds to the second minimum of the cost
function. Usually, 2 to 4 solutions can be derived for
each wind-vector cell. The closest solution to the true
wind direction is the first rank solution or the second rank
solution ( Piepmeier & Gasiewski, 2001).

2.2 Upwind/Downwind ambiguity of wind direction

Generally, the ML estimate is close to the true wind
direction. Occasionally, however, a non-ML solution is
significantly closer to the true wind direction, which may
therefore yield a gross upwind/downwind 180°
directional error ( Laws er al., 2006; Liu et al., 2008 ).

Incorrect selection occurs because of instrument noise
and geophysical modeling uncertainty, which cause the
global minimum of the cost function f to occur at the
incorrect direction, while one of the local minimum
occurs at the correct direction. In order to characterize
the structure of the local minima of the ideal cost
function, the errors in wind direction associated with
each cost function minimum ( along with the ideal cost
function magnitude at the minimum point) were recorded
over a range of relative wind directions in 2° increments
at 8m/s wind speed. The results of this analysis are
shown in Fig. 1. The solutions associated with this
minimum appear in Fig. 1 as a horizontal line of points
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with zero error. Local minima of the cost function, other
than the global minimum, correspond to erroneous
solutions that could be ambiguous in the presence of
noises. The presence of these ambiguous solutions must
be carefully considered in the retrieval of wind vector

estimates and in the estimation of errors in the retrievals.

Error of wind direction/(°)

0 50 100 150 200 250 300 350

True wind direction/(°)
Fig.1 ~ Wind direction error associated with ideal cost

function minima as a function of the true wind direction

The magnitude of errors observed in retrievals from
simulated data carry a strong dependence on the true
relative wind direction ( Laws et al., 2006 ). In the
presence of noises, the azimuth angles in the range of
0°—30° (150°—180°) could be retrieved into the range
of 180°—210° (330°—360°), which rise up to 180°
error of wind direction. This is caused by the wind
direction harmonic character of the Stokes Vectors.
Fig.2 shows the azimuthal variation of theoretical Stokes
parameters over a 360° circle at 55°incidence angle. The
data were acquired using a two-scale model ( Yueh,
1997) at 18.7GHz, with wind speed U,, = 8m/s at
height of 10m and surface temperature 7, = 290K. The
upwind and downwind directions are presented as 0°and
180°, respectively. To highlight the wind direction
dependence, the zeroth harmonic terms (T, and 7, )
have been subtracted. As indicated by Fig.2, the value
of T, and T, is small and the sign is much alike with
azimuth angle in the range of 0°—30° and 180°—200°,
as well as azimuth angle in the range of 150°—180° and
330°—360°. This upwind/downwind ambiguity tends to
distort the statistics so that a few such errors have a large
impact on the standard deviation ( Wentz et al., 2005).

To resolve the upwind/downwind ambiguity, the first
harmonic of the first and second Stokes components (7, and
T,) should be used. However, since the relative magnitude
of wind direction signal in them is two orders lower than
themselves, which is almost equivalent to the instrumental
noise and error of GMF for these channels, the first and
second Stokes components may be of no help in removing
upwind/downwind ambiguity (Laws et al., 2006).
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Fig.2 Directional dependence of the four Stokes
vectors with wind speed being 8m/s and surface
temperature being 285K for 18.7GHz

3 METHOD FOR RESOLVING UPWIND/
DOWNWIND AMBIGUITY

3.1 Monte Carlo simulation

Simulated radiometer measurements were used to
investigate errors in wind vector inversions. The
approach used here is based on both analysis of Monte
Carlo simulations and the form of the cost function used
to retrieve wind vectors.

The simulated data were generated by adding a Gaussian
random component to GMF predictions of microwave
brightness temperatures. The GMF we used here was based
on Windrad 05 Model. The empirical model Windrad05 was
retuned from the empirical model Windrad99 derived from
aircraft data ( Yueh et al., 1999) , and the retrieval analysis
supported the consistency of the Windrad05 model with the
Windsat data ( Yueh er al., 2006). Brown (2006) also
gived a model based on only Windsat data. The coefficients
of T, T,, T, and T, get saturated at wind speed over 15m/
s in Windrad05, while only coefficients of 7, and T, get
saturated in Brown (2006). This difference is caused by
improper atmospheric correction in Brown (2006). The
coefficients given in Meissner (2002, 2005) are consistent
with Windrad05. So, in this paper we used Windrad05
model as reference.

The strong response of 7, and 7, data to the
atmospheric cloud liquid and water vapor does not allow
robust wind direction estimates. In contrast, the third
and fourth Stokes parameters are less sensitive to cloud
and water vapor and more suitable for the ocean wind
direction measurements over a broader range of weather
conditions. We chose only the third and fourth Stokes
parameters for analyzing wind ambiguity and developing
a new algorithm to settle this problem.

Because the 7, of 37Ghz in Windrad05 model is very
small, the wind vector retrieval algorithm developed for
the analyses used only the third and fourth stokes vectors
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T, and T, of 10.7Ghz and 18.7GHz, and 7, of 37Ghz.
The incidence angle of each band was set to be the same
as Windsat, i.e., 49. 9°, 55. 3°, 53° for 10. 7Ghz,
18.7GHz, and 37GHz, respectively. Then, the cost
function would be( Yueh et al., 2006)

= m,m(u,@V) “ T

“~ ar(T, )

A measurement noise standard deviation of 0.4 K was

assumed for all 7, channels, 0.25 K for all T, channels,
and standard deviation of 2m/s for retrieved wind speed.
Here, the measurement noise is a root-sum-squared
combination of both instrument noise and GMF ( errors
of model, atmospheric parameters and SST) errors. The
process of generating simulated data with random errors
and inverting to obtain wind vector estimates was
repeated 625 times (25 x 25 grid) for each wind
direction, over the full range of wind directions in 2°
Under the
independent errors, it obtained solutions for the wind

increment. assumption of  Gaussian
vector by minimizing the cost function (4 ). A
combination of grid search and minimum locating
techniques was employed to ensure that all minima of the
cost function were precisely located.

Due to regression errors, the first rank ( most likely )
solution is not always the closest ambiguity to the true wind
direction. We applied a spatial vector median filter ( MF)
to the retrieval cells to correct isolated errors in the
ambiguity selection based on MLE. The MF is an iterative
spatial filter that selects from the set of ambiguities in the
cell being filtered the one most consistent with the
previously selected ambiguities in a window of surrounding
cells. It accomplishes this by minimizing the vector median
filter function, a weighted sum of norms of vector
differences between an ambiguity and the previously
selected ambiguities for all cells in the window.

In our application, the window was set to 7 x7 cells (in
scan-based coordinates) centered on and including the cell
being filtered ( Smith er al., 2006; Shaffer er al., 1991 ).
The MF was initialized with the first rank wind vector from
each ocean retrieval cell. If a retrieved wind direction was
more than 20° different from the median filter output, the
next most likely direction would be tested for a better fit.
The next most likely direction was chosen if it fell within
the 20° window, otherwise the original ML estimate was
retained ( Piepmeier and Gasiewski, 2001 ). After the MF
was applied to all ocean cells in an orbit, the newly
selected wind field replaced the previous wind field. The
process was iterated until the wind field converges.

3.2 Algorithm for resolving upwind/downwind
ambiguity

If there are two measurements in different scan

angles, the third and fourth Stokes vector components
being zero along the upwind and downwind directions in
one scan will become nonzero in the other. Thus wind
direction ambiguities can be isolated using the third and
fourth Stokes vector of the second scan, as indicated in
Fig.3. The difference of scan angle in Fig.3 is 80°.

Difference of two scan angle is 80°
LS

— Scan 1 SN

TJ/K

-1. 1 1 1 1 1 1 )
5O 50 100 150 200 250 300 350

Azimuth angle/(°)

Fig.3 T, in two different scan angles as a function

of the true wind direction

The first rank solutions for each true wind direction of
one scan are shown in Fig.4 (a). The median filtering
solutions for each true wind direction are shown in Fig. 4
(b). In order to isolate the effect of ambiguous solutions
on the wind vector retrieval errors, the retrieval
algorithm was modified to generate an additional wind
vector estimated by choosing the closest solution to the
true wind vector in the first rank and second rank
solutions of one scan. This estimate corresponds to the
closest solution to the true wind vector of one scan.
These results are shown in Fig. 4 (c). An additional
wind vector was estimated by choosing the closest
solution to the true wind vector in the first rank solutions
of two scans and second rank solution of the first scan.
This estimate corresponds to the closest solution to the
true wind vector of two scan. These results are shown in
Fig.4 (d).

The error of MLE solution based on only one scan is
61.69°, as indicated in Fig. 4 (a). The error of MF
initialized with MLE solution is 50.36°, as indicated in
Fig.4 (b). The error of the closest solution based on
only one scan is 26. 82° and that based on two scans is
15.18°, as indicated in figures 4 (c) and (d). Of all
the above four solutions, the closest solution based on
two scans give the best result of retrieved wind direction.
Since true wind direction couldn’t be known in practical
application of obtaining near-surface winds over the
global oceans using satellites, the closest solution would
not be archived.
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Fig.4 Comparison of retrieved wind direction versus true value from different methods

(a) MLE; (b) MLE with median filter; (c) the Closest solution of one scan; (d) the Closest solution of two times scans.

4 CONSIDERATION FOR PRACTICAL APPLI-
CATION

As true wind direction couldn’t be known in practical,
to obtain wind direction
according to first and second rank solutions of the first scan
and first rank solution of the second scan, as shown in
Fig.5. In Fig.5, ¢, is the direction initialized for median
filtering, ¢, is first rank solution of the first scan, ¢, is

we proposed an algorithm

second rank solution of the first scan, ¢, 1is first rank
solution of the second scan, and a, = lg, —¢, |, a, = lg,
-, l, ay = lg, —¢,1. The result of median filtering
gives the final retrieved wind direction.

Scan 1
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Scan 2

measurements + ML

o
¥
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Fig.5 Simplified flowchart of the retrieval algorithm

This algorithm gives different performances with
different wind speeds and scan angles in two scans.

Fig. 6 shows that, when wind speed is higher than
10m/s, our algorithm performs the same as the closest
solution of two times scans which is impossible to obtain
actually, and much better than the first rank solution of
only one scan, given that the difference of scan angles of
two scan is 80°. The wind direction error in Fig. 6 is
calculated all over the 360° of true wind direction. When
wind speed decreases, the performance of our algorithm
decreases. As < 4m/s, our algorithm
performs almost the same as the first rank solution of only
one scan. This is thought to be caused by the fact that the
amplitude of the

wind speed

wind-direction-dependent  signal
decreases as wind speed decreases, and the mean wind
direction errors of the first rank solutions for two scans

increase as wind speed decreases.
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Fig. 6 Wind direction error as a function
of the wind speed
Fig.7 shows errors of wind direction versus wind speed
and differences of scan angles. As indicated in Fig.7, the

performance of this with the

new algorithm changes
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difference of two scan angles. Meanwhile, errors of wind
direction are smaller with higher wind speed.

Error/(°)
60

Difference of two scan angles/(°)

5 [ 15 20
Wind speed/(m/s)
Fig.7 Errors of wind direction versus wind
speed and differences of scan angle

Fig. 8 shows differences of errors of wind direction
from the new algorithm and closest solution of two times
scans versus wind speed and differences of scan angles.
As indicated in Fig. 8, differences of errors of wind
direction from the new algorithm and closest solution of
two times scans changes with the difference of two scan
angles. These differences are the lowest with differences
of scan angle being 90°. Meanwhile, these differences
are smaller with higher wind speed.
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Fig.8 Differences of errors of wind direction from the
new algorithm and closest solution of two times scans
versus wind speed and differences of scan angle

The relation between antenna scan azimuth angles ¢,
of forward-looking and ¢, of backward-looking for the
same ground cell is ¢, + ¢, = 180°. Suppose that ¢,
and ¢, are measured clockwise from the forward
direction of satellite, the difference of scan angles ()
between for-look and aft-look for the same ground cell is
as follows:

a =180 -2 x ¢, (5)

Based on the new algorithm developed in this paper,
a method to improve calibration accuracy by creatively
designing fully onboard calibrator and reasonably
allocating time for calibration and observation during one

scan cycle are demonstrated in the next issue of Journal
of Remote Sensing. ( Wang et al., 2009)

5 SUMMARIES

Expected errors in wind direction retrievals have been
examined using sensitivity analysis techniques, Monte Carlo
simulation analysis, and examination of the MLE cost
function in the presence of noise. The case with errors due to
upwind/downwind ambiguities was focused on in simulated
retrievals. The magnitude of errors observed in retrievals from
simulated data without ambiguity removal are generally much
larger than in those predicted by the closest solutions to true
wind direction, and a strong dependence on the true relative
wind direction are observed in our study.

Since true wind direction couldn’t be known in
application of obtaining near-surface winds over the
global oceans from satellites, the closest solution will not
be archived. We proposed an algorithm to obtain wind
direction according to first and second rank solutions of
the first scan and first rank solution of the second scan.
When wind speed is high, for example higher than 10m/
s, our algorithm performs the same as the closest
solution. When wind decreases, the performance of our
algorithm decreases. This is thought to be caused by the
fact that mean wind direction errors of the first rank
solutions for two scans increase as wind speed decreases.

Considerations on practical application have been
presented. The algorithm based on closest solution of
two scans gives different performances of removing
upwind/downwind ambiguity as the angle «a changes.
The cells near the position that along or perpendicular to
spacecraft-heading vector give the largest error of
retrieved wind direction. These cells can be used for cold
and warm calibration, and the residual cells which give
smaller direction errors can be used for wind direction
remote sensing. And a new scanning geometry for
conical-scan has been put forward.
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