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Requirements

You know the basic concept of complex SAR data
You know and understand physical basics

You know and understand SAR technology
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Fig. 6: High resolution SAR data show highly detailed spatial variability at ocean surface (© DLR). Due to its high spatial resolution, the
SAR retrieved sea surface wind field is particularly used for coastal monitoring, to improve and assimilate into weather predictions, to
monitor tropical and extra-tropical cyclones, to map katabatic and gap winds, to investigate atmospheric vortex streets and boundary
layer rolls, as well as in support of offshore wind farming (see references). The following is focused on using TerraSAR-X and Tandem-X
high spatial resolution data to monitor coastal wind field. The figure illuminates improvement of spatial resolution of TerraSAR-X (3 m for
Stripmap in this case) compared to the previous ERS-2 SAR data (25 m). The bright points on the TerraSAR-X image are the offshore wind
turpin\es over the Baltic Sea.
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Wind impact on sea surface: Physical background

Synthetic aperture radar is capable of providing wind information over
the ocean by measuring the roughness of the sea surface.

stronger wind — surface roughness — stronger radar backscatter
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Capillary waves traveling along the boundary layer of a fluid are dominated by the effects of surface tension.
The source is the turbulent fluctuations of wind vector.
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Fig. 7: SAR imaging of sea surface: capillary waves by wind (© DLR, Pleskachevsky)
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Wind direction from

wind streak structures in SAR images
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Fig. 8: Streak wind structures in SAR images: Streak structure are visible in radar images (as well in optical images). Up to today,
the source of the wind-induced streaks visible in radar and optical images are under discussion. The major conclusion is that this
linear streak features are induced by the Langmuir circulation. An area of downward flow causes more surface roughness and
therefore brighter backscatter than an area of upward flow, thus creasing a periodic structure in a SAR image. This wind streaks
visible in SAR image is considered to be aligned with the direction of wind on the scale of a few kilometers in SAR imagery. Based
on this rationale, the wind direction is estimated with an 180 directional ambiguity (© DLR, S. Brusch) (Extension ref. Gerling,

1986)
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Empirical Geophysical Model Functions (GMF) »

Geophysical Model Function (GMF) empirically relates the
Radar (e.g., Scatterometer and SAR) Normalized Radar Cross
Section (NRCS, g;,) and incidence angle (0) to the sea surface
wind vectors (wind direction ¢ and speed v). GMFs are
generally described as:

oo = By (v, 8)1+ B,(v, 8)cos ¢+ B,(v, 8)cos 2¢)

in which, relative wind direction ¢ is defined as the angle
between wind direction ¢ and radar looking direction «, i.e.
¢=¢—a.

The g, is largest if the wind blows toward to the radar look
direction and is smallest when the wind blows perpendicularly.

An overview of some empirical GMFs for co-polarized and
cross-polarized SAR data are given in following.
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Fig. 9: Schema for surface wind estimation
from SAR data (© DLR, Pleskachevsky)
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Empirical Geophysical Model Function (GMF) »

C-band GMF for Co-Polarized SAR (VV)

The GMF, called CMOD (C-band MODel) was originally
developed by ESA for the C-band scatterometer
onboard ERS-Satellites (ERS-1/2, http://www.esa.int/
esakEQ/). The widely used CMOD functions are the
CMOD4 (Stoffelen et al.,, 1997; Stoffelen, 1998) and
CMOD 5 (Hersbach et al., 2007), as well as its updated
version CMODS5.N (Verhoef, et al., 2008) to provide 10
m winds at neutral conditions. CMODS5 is developed
particularly to improve performance for higher wind
speeds. Another GMF (CMOD _IFR2 (Quilfen et al.,
1998)) was developed independently at Ifremer, also
with particular focus on retrieving higher wind speed.

Fig. 10: Simulation of CMOD5 (© DLR, S. Lehner)

The left figure shows the dependence of g, with the sea surface wind speed and (relative) direction
for incidence angle of 30°. The CMOD GMFs are also applicable to spaceborne C-band SAR (e.g., the
ERS-1/2 and ENVISAT/ASAR data acquired in VV polarizations.
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Empirical Geophysical Model Function (GMF)

C-band GMF for Co-Polarized SAR (HH)

The CMOD functions are applicable for radar NRCS acquired in VV polarizations. To apply the CMOD
functions for NRCS in HH polarizations, convertion of the crgH to agv using the empirical Polarization

Ratio (PR) Model priori to apply the CMOD GMF is often considered.
a) Three PR models which consider influence of the incidence angle on PR are often used.

0 2 n\2

1+2tan” 6@
Thompson model PR = O-XV — ( i )2
o (A+atan®6)

in which, @ isincidence angle. Thompson et al. (1998) proposed a=0.6. Both Vachon and
Dobson (2000) and Horstmann et al. (2000) concluded that a=1 is suitable for the C-band
RADARSAT-1 data.

_op _ (L+2tan?6)?
oy (L+ Bsin? 0)°

Elfouhaily model PR

B = 2 as proposed in [Elfouhaily and Thompson 1999]

0
Mouche model PR = O-XV =C,EXP(C,0) +C,
OHH
Co = 0.0065,C; =0.1289,C, = 0.9928 as proposed in [Mouche et al., 2005]
b) In addition, influence of wind speed and sea state on PR are also considered

(Mouche et al., 2005; Zhang et al., 2011).
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Empirical Geophysical Model Function (GMF) »

C-band GMF for Cross-Polarized SAR (VH, HV)

Unlike the NRCS in co-polarization SAR has a nonlinear dependence on wind direction and incidence
angle in addition to wind speed, the cross-polarized SAR NRCS is shown has only dependence on wind
speed (Vachon and Wolfe, 2011; Zhang et al., 2011). Thus, wind speed can be retrieved from cross-
polarized SAR images directly without the need for external wind direction information, which in fact is
the case for co-polarized SAR images. However, as the NRCS in the cross-polarized SAR data is much
lower than that in the co-polarized data, there are some limitations for retrieving the sea surface wind
speed below 10 m/s.

For cross-polarized SAR data, the GMF called C-2PO (C-band Cross- e
Polarized Ocean) Model is developed [Zhang et al., 2011] using the
RADARSAT-2 Quad-polarization data, which exhibits a distinctly linear
relationship between the NRCS and wind speed. The C-2PO model
relates the cross-pol NRCS to wind speed at 10 m height (Uyg)
according to:

(d)

%y, =0.580* U, —35.652

In which, the unis of O'(I)/H and Uy, are dB and m/s, respectively. An |, *% 5 50 15 20 2 20
example of this relation is shown in the right panel. It should be _ Yro [l

. . Fig.11: (Courtesy by B. Zhang at
noted that radar returns in cross-polarized data are generally much BIO, Canada)
weaker than that in co-polarized data, implying that the accuracy of
radiometric calibration is therefore of vital importance.

.
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Empirical Geophysical Model Function (GMF) »

L-band GMF for JERS-1 SAR and ALOS-PALSAR (HH polarization)

Wind features were in fact clearly visible in early L-band SAR images from SEASAT, which was launched
in 1978 and operated for only 105 days. Two L-band SAR sensors, i.e., the JERS-1 (1992) and the ALOS-
PALSAR (2006) have later been launched by the Japan Aerospace Exploration Agency (JAXA). The L-
band GMF was developed by Shimada et al. (2003) for JERS-1 SAR data and its updated version
(Isoguchi and Shimada, 2009) for the PALSAR data. Both GMFs are tuned by collocating SAR NRCS to
scatterometer wind vectors.

The L-band and HH polarized SAR onboard JERS-1 featured a high resolution of 18 m, a fixed off-nadir
angle of 35°. It is found that influence of incidence angle on NRCS within 37° to 42° is negligible. Thus,
a L-band GMF for JERS-1 is based on a linear combination of functions of wind speed and direction.
Here, ¢ is relative wind direction. Coefficients a,,a;,a,,and a; are functiosn of wind speed. Detailed of
these functiosn are available in [Shimada et al. ,2003].

olM=a, + a,cosP+a,cos2¢ + a;cos3¢
The L-band GMF for PALSAR data has the same expression as the CMOD functions, i.e.,
oo = By (v, 8)1+ By(v, 8)cos ¢+ B, (v, 8)cos 2¢)

However, the transfer functions in the three terms of B, , B; and B, in the L-band GMF are different from those used in CMOD4 or
CMODS. The detailed descriptions are available at [Isoguchi and Shimada, 2009]. Due to the longer radar wavelength (23.6 cm for
PALSAR), the L-band wind sensitivity is less than the C-band one at large incidence angles and moderate winds.
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Empirical Geophysical Model Function (GMF) »

X-band GMF for TerraSAR-X and Tandem-X (VV and HH polarization)

v' The XMOD1 (Ren et al., 2012) was first developed to relate empirically the X-band SAR NRCS to
the sea surface wind vectors. It has the function as:

O, =X, + XV + X, SIN(B) + X3 COS(2¢) + X,V COS(2¢)
Xy, X1, X and x5 are coefficients tunded by collocating SIR-X NRCS to the ECMWF numerical

model results. 6 is incidence angle in unit of degree and ¢ is relative wind direction, and v is sea
surface wind speed at 10 m height.

v" The newly develped XMOD2 [Li and Lehner, 2012] is a non-linear GMF, which has the same
general expression as CMODS, i.e.,

o = B," (v, 8)1+ B,(v, 8)cos ¢ + B, (v, 8)cos 2¢)
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Empirical Geophysical Model Function (GMF) »

X-band GMF for TerraSAR-X and Tandem-X (VV and HH polarization)
Comparisons between XMOD1 and XMOD2 under different

conditions.
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Fig. 12: Simulation of XMOD1 and XMOD2 GMF (Courtesy by X.-M. Li at DLR)
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Empirical Geophysical Model Function (GMF)

v" To apply the XMOD1 and XMOD2 for TerraSAR-X and Tandem-X data acquired at HH polarization, two
Polarization Ratio model are developed [Shao et al., 2012]. One is based on the retuning of the
Elfouhaily PR model using TerraSAR-X data acquired in dual-polarization mode. f is 2.47 in the
following function.

_op _ (1+2tan® )’

ol (1+Bsin?)?

Elfouhaily-X model

The other one is based on the empirical function given in [Masuko et al., 1986], with retuned
coefficients of X, = 0.61 and X;=0.02 in the following function.

0
X-PR model PR =2 = X ,EXP(X,0)
OHH

v In addition to develop a detailed GMF to relate X-band NRCS to the sea surface wind vectors,
Thompson et al. (2012) applied a different approach to develop an X-band GMF by interpolating the
coefficients of well-tested C-band and Ku-band GMFs.
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Empirical Geophysical Model Function (GMF) ¥

Doppler shift GMF for Co-Polarized C-band SAR (VV, HH)

In addition to develop an empirical GMF to relate SAR NRCS to the sea surface wind vectors, the
,Doppler Shift“ methodology is the other approach to estimate the sea surface wind speed. The
,CDOP“ GMF was developed by (Mouche et al., 2012) by collocating the Doppler anomalies measured
in ASAR data with the ASCAT scatterometer wind vectors. The CDOP GMF was developed for both HH-
and VV- polarizations. An example showing the dependence of the Doppler Centroid anomaly on wind
direction under wind speed of 7m/s is giving below. It is showed in Mouche et al. (2012) how the
combination of NRCS and Doppler helps to better constrain the wind inversion and improve the wind
direction retrieval (particularly interesting in cases of front, low pressure system etc...).

WV Polarizatien — € band — Wind 7 m/s — Incidence 30 deg

It is necessary to point out that the Doppler shift also s 1 ' |
contains contributions from the radial ocean surface i i i
currents and waves. Thus, unless the current is
negligible or directly along the azimuth direction, this
component should be subtracted priori to retrieval of
sea surface wind.
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Fig. 13: Envisat ASAR Doppler Centroid anomaly for VV polarization against relative wind direction
SAREDU\ for wind speed of 7 m/s and incidence angle of 30° (Courtesy by A. Mouche from CLS)
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SAR wind inversions

The GMFs introduced previously indicates that radar NRCS relates to both the sea surface wind speed
and direction. Scatterometer has multiple beams, which ensures to obtain both wind direction and speed
simultaneously. However, SAR systems have only one antenna. To retrieve the sea surface wind field from
high spatial resolution SAR data, the wind direction needs to be determined primarily. There are
generally two methodologies are available to retrieve the sea surface wind direction from SAR imagery.

*  FFT method. It is introduced previously that the wind streaks in SAR imagery are alight with sea
surface wind direction. Therefore, where wind streaks are visible, they can be used to estimate
the wind direction up to 180° ambiguity, finding the dominant direction faster Fourier Transform
(FFT) (e.g., described in Gerling, 1986)

* Local-Gradient (LG) Method. Different with the FFT method conducted in the spectral domain,
the LG method is applied in the spatial domain while it also depends on visible wind streaks in
SAR image. The ideal wind streak is about constant along its direction and strongest varying
about orthogonal to its direction. As the direction of strongest increase is given by the gradient,
the direction of a wind streak is about orthogonal to the gradient direction. Thus the wind
direction, which is considered to be align with wind streaks, also perpendicular to the direction of
the gradient. (Koch, 2004; Horstmann and Koch, 2005)

The 180° ambiguity of the estimated wind direction using FFT method or LG method can be removed depending on spatial variations of the sea surface wind
field, particularly, over coastal zones where topography/orography often has significant effect on sea surface wind field. (Extension ref. Lehner et al., 1998;
Horstmann et al., 2000, etc.). Where the wind streaks are not visible in SAR image, the Projection method (Wackermann et al., 2003) is applied to estimate
wind direction. Alternatively, forecast of numerical models, such as ECMWF, NCEP GFS or WRF, are often used as a priori to estimate sea surface wind
direction from SAR image. This works generally well where wind direction gradients are smooth, but less satisfactory near strong wind direction gradients,
such as fronts and cyclones. Taking wind directions from scatterometer measurements can work better if such measurements are available close to SAR
acquisitions, ideally less than one hour.
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Workflow to retrieve sea surface wind from SAR

Surface Wind: XMOD Algorithm -
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Fig. 14: Workflow for wind field estimation from SAR data (© DLR, Brusch)
In fact, size of the SAR subscene used to estimate sea surface wind direction should be larger than 10
km, as typical scale of wind streaks varies between 2 km and up to 10 km under different wind
situations. Therefore, to retrieve sea surface wind field from SAR in high spatial resolution in scale of
kilometer, interpolation technique should be considered (Reppucci et al., 2010). After the sea surface
wind direction is available, the sea surface wind speed can be retrieved using the GMFs described
previously.
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Fig. 15: Wind speed retrieved from HH polarized Stripmap data of TerraSAR-X acquired
over Sylt Island, North Sea on March 26, 2008 and XMOD derived wind field (wind
speed errors due to insufficient information are masked by white colour) (Lehner et al,

Fig.16: Wind from QuikSCAT scattero-
meter data (25km resolution) and the
DWD forecast model GSM (0.75° res.) for
the North Sea. The retrieved TS-X wind
fields show fine-scale turbulence effects
which are not visible in coarser model,
SAR and SCAT data) (Lehner et al, 2012).
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Wind field from SAR data: Alpha Ventus Wind Park>-

Alpha Ventus: Offshore Wind park in the North Sea

L&

North Sea u TerraSAR-X Stripmap on 7. August 2011 at 17:18 UTC
) < . . .
German VV Polarisation, Resolution: 3m

Fig. 17: Wind estimation from TerraSAR-X Stripmap image for Alpha Ventus Offshore Wind Park in the North Sea (© DLR, Li)
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Wind field from SAR data: Alpha Ventus Wind Park

Alpha Ventus: Offshore Wind park in the North Sea DWD atmospherics model (3h, 0.75 deg.)
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Fig. 18: Wind estimation from TerraSAR-X Stripmap image for Alpha Ventus Offshore Wind Park in the North Sea.
Comparison to DWD model (© DLR)
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Wind field from SAR data: Alpha Ventus Wind Park

57

Alpha Ventus: Offshore Wind park in the North Sea
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Comparison to in-situ measurements (© DLR)

Fig. 19: Wind estimation from TerraSAR-X Stripmap image for Alpha Ventus Offshore Wind Park in the North Sea.

24



XMOD

TS-X ScanSAR
VV Polarisation
Pixel size: 8.25 m

Fig. 20: Tropical Cyclone Eye “MEGI” SSW measurement of Typhoon using TSX-SC data (© DLR)
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Wind field from SAR data: Hurricanes

C M O D A Three consecutive ASAR Wide Swath Images C M O D

acquired in the Gulf of Mexico
on Aug. 28, 2005 at 15:50 UTC

400x400km, ,wind field” resolution appr. 150m, pixelsize 75m

Fig. 21: SAR sea surface wind field for tropical cyclones: Hurricane Katrina, August, 2005 (© DLR, Lehner)
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Surface Currents Oil Detection
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