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Preface

Thisreport is presenting the status of the work done at DM extracting wind speeds from Radarsat
SAR datain Southern Greenland. DMI is operationally recelving Radarsat ScanSAR data cover-
ing the Cape Farewel| area. These data are used for ice mapping but they aso contain information
of the wind speed over the ocean which is an important parameter for theice drift. Thiswork has
been done in co-operation with the German research inditution GKSSin particular Jochen
Horstmann. The co-operation began in 1998 and has in addition to the results presented here dso
resulted in acommon ENVISAT datainvestigator project and numerous publications at interna-
tiona conferences and in reviewed journas.
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1. Conventions

1.1 List of symbolsand abbreviations

a : Congant shaping the polarisation transfer function (Kirchoff=1)

C-band: 5.3GHz

CDPF: Canadian Data Processing Fecility

CEOS: Committee on Earth Observation Satellites

CIS: Canadian Ice Service

CMOD4: C-band modd version 4, for estimation of wind speed over the ocean from microwave
scattering

DM I Danish Meteorologicd Inditute

DM SP: Defence Meteorological Satdllite Program

DM SP-SSM/I : Passive microwave sensor, Special Sensor Microwave/lmager (DM SP)
DN: Digita Number

E: Spectrd energy dengity

ENVISAT: Environmenta Satdllite, ESA, launch date 2000.

ERS: European Remote Sensing satdlite, ESA

GK SS: GK SS Research Centre, Germany

HH: Horizonta linear polarisation

HIRLAM : High Resolution Limited Area Model

I Incidence angle

ICE LUT: Look Up Table enhancing sea | CE features

IM SI: Integrated use of new microwave satdllite data for improved seaice observation
k: Vector wave number

M BL: Marine Boundary Layer

NOAA: Nationd Oceanographic and Atmospheric Adminigtration

NOAA-AVHRR: Advanced Very High Resolution Radiometer (NOAA)

NRCS: Normalised Radar Cross Section

OSIM S Operationa Sea lce Monitoring by Satellites In Europe

Radar brightness: Radar cross Section (not compensated for incidence angle or orography)
RCS: Radar Cross Section

SAR: Synthetic Aperture Radar

ScanSAR wide: Special mode on Radarsat

T: Trandfer function

VV: Veticd Linear polarisation



2. Introduction

The Greenland Ice Service a the Danish Meteorologicd Ingtitute(DMI) is using satellites data for
the generation of seaice information products. The most ussful data type for the ice mapping is
Radarsat ScanSAR wide, but aso NOAA-AVHRR and DMSP-SSM/| data are used. Effort has
been invested in both developing a powerful image processing system and developing methods to
enhance ice features in SAR images and in other ways aid the image interpretation and ice mapping
process (Gill and Vdeur, 1999). The work presented here has resulted in both the possibility for
cdibrating the Radarsat images and for deriving the wind speed over the sea surface using the SAR
data.

Radarsat was launched and sent in orbit 4™ of November 1995. From the very beginning the Ca-
nadian Ice Service (ClS) has been the prime user of the Radarsat SAR datafor ice mapping
(Ramsey et d., 1997). Both the experience from CIS and several EU projects (IMSl, OSIMYS)
and evaduation campaigns conducted by DMI have shown that Radarsat ScanSAR dataisthe
most useful satellite data type for ice mapping. Radarsat is operating in anear circular polar orbit at
an dtitude of ~800 km, orbiting the earth ~14 times a day and has a 24 days repesat cycle. The C-
band, horizontd linear polarised (HH) SAR isthe only remote sensing instrument onboard the sat-
dlite and it can be operated in 14 different modes with varying resolution swath width etc. The
ScanSAR wide mode is the mode most often used for ice mapping. DMI is receiving Radarsat
SAR data both from Gatineau, in Canada, West Freugh in Scotland and Tromsg in Norway. Each
of those tree processing facilities have different processors, data procedures and dightly different
data formats, resulting in different data quaity (ScanSAR data from West Freugh are not yet offi-
cidly cdibrated). The data used for wind extraction are dl from Gatineau processing fecility.



3. Site

Datatreated in this report are from the Cape Farewel| region (59-61°N,38-48°W). The Cape
Farewdl| is the Southern point of Greenland. To the North East along the coast the East Greenland
Current is trangporting large quantities of Arctic seaiceinto the area. The separation between the
cold waters of the East Greenland Current and the warmer Atlantic watersin the Irminger Current,
abranch of the Gulf Stream, is distinct often even detectable in Satellite imagery. The Julianehdb
Bay (59.5°N-61°N,49°W-44°W) West of Cape Farewell is often shdtered from winds from the
surrounding mountains, the bay is from February to August usudly covered by seaiice. Weather
conditions are severe in the Cape Farewd | region where scorms or fog are common (Gill et d.
1998).



4. Theory

4.1 Empirical theory of the interaction between electromagnetic radar
waves and the ocean surface.

Scatterometry is measuring the wind near the sea surface usng microwaves (Stoffelen, 1998).
Scatterometry can be performed with scatterometers but in fact any active microwave ingrument
eg. AR.

The amplitude of the smdl scale capillary waves respond amost instantaneoudy to the loca wind
shear stress and dign perpendicular to the loca wind direction. The microwave scattering depend
strongly on the amplitude of the capillary waves and the wave direction. The physical phenomenon
that isimportant for the working of the scatterometer is the presence of capillary waves on the
water surface. The ocean radar return is wind speed and direction dependent (Stoffelen, 1998).

The resonant scattering of the electromagnetic wave on the ocean surface is called Bragg scatter-
ing. Bragg scattering is dominating the microwave scattering from the ocean surface for moderate
incidence angles. The condition for Bragg scattering is given by the relation:

wavelength water = (n*wavelength_radar)/2* Sin(incidence_angle) Q)
The radar cross section (RCS) can then be approximated by:
RCS = T(incidence_angle)[E(2k)+E(-2k)] 2

where k is the vector wave number of the radar beam with amplitude k=2phi/wavelength_radar, E
isthe spectrd energy dendity of the short surface waves, and T isatransfer function describing the
electromagnetic interaction with the ocean surface.

There is arelationship between the backscattered microwave power and the energy density of the
gravity-capillary waves. There is aso a rdationship between the energy densty of the gravity capil-
lary waves and the wind shear stress over the ocean. Findly there is arelationship between the
wind shear stress and the wind speed 10 m over the ocean surface.

The empirica relations between the normalised radar cross section (NRCS) the incidence angle
and the wind speed and direction have been devel oped and validated for Scatterometer measure-
ments. The ERS scatterometer for which the CMOD4 mode was developed is operating in the
vertica linear polarisation and was cdibrated against measurements of wind speed and direction
measured at buoys. For scatterometers which are measuring the same resolution cell from different
look directionsit is possble to derive both the wind speed and direction. However none of the
gpace borne scatterometers in operation at the moment can derive the direction unambiguoudly.
SAR data are only obtained from onelook direction and it is therefore not possible to derive the
wind speed without knowing the direction and deriving the direction without knowing the wind



speed. The wind direction can most often be found looking at the structure generated by the wind
inthe SAR image e. i. wind streaks.

4.1.1 Using SAR as scatter ometer

Deriving wind speeds using SAR data has been demonstrated with success (Hortsmannet a. 2000
, Lehner et a. 1998 , Alpers and Brummer, 1994). The SAR winds can be obtained in very high
resolution for example to resolve marine boundary layer (MBL) close to the coast (Horstmann et
a. 1997) and boundary layer rolls (Alpers and Brummer, 1994) to find the optima setting for wind
turbines (Johannessen & Korshakken, 1998) to study wind fields close to the ice edge (Tonboe et
al. 1999), to study katabatic winds (Alpers et d. 1996) or the structure of hurricanes (Katsaros et
al. 2000).

The ERS SAR islike the ERS scatterometer operating in the vertical linear polarisation and it
therefore possible to adopt the wind algorithms developed for the ERS scatterometer to ERS SAR
data. When the high resolution SAR data are used for the extraction of wind a number of issues
must be addressed. For example speckle is apparent in al SAR data and for wind extraction it
should be suppressed by appropriate averaging (discussed later). Also dicks, ocean waves, cur-
rents, seaice etc. play aggnificant role in the SAR data which make the extraction of wind data
from areas dominated by those physica artefacts impossble.

The gpproach taken to use Radarsat data for deriving wind speed has been to compensate the
CMOD4 modd, which was developed for verticd linear polarisation, to work aso for the horizon
tal linear polarisation of Radarsat. The backscattered microwave power over open water is differ-
ent than for the horizonta linear sgnd (Moore and Fung, 1979).

The empirica expression given by Thompson et a (1998) in formulae 3 can be used to prepare the
HH polarised sgnd for the CMOD4 dgorithmn.

NCRS(HH) = (1+a tarfg)¥(1+2 tarfg)? * NCRS(VV) (3)
a is1for the HH/VV compensation agorithm based on Kirchoff theory (Horstmann et . 1999).

The determination of the empiricd congtant a is based on the collocated data set of 1) scatterome-
ter measurements and ScanSAR wind measurements 2) HIRLAM modd andysis and ScanSAR
wind measurements (Horstmann et d., 2000).

4.1.2 SAR spectrum

The spectra energy dendty of (ERS) SAR data over the ocean surface varies with wave number.
At high wave numbers the variation is dominated by speckle. At a spectral energy density of wave
lengths in the order of ~300 m thereisalocd maximum in the energy dendity corresponding to the
wave ength of ocean waves. From the ocean wave maximum of 300 mto aloca energy dengity
minimum a waveengths of 2 km the influence of speckle decrease. At wavelengths of 2 km or
gregter the variation is dominated by variationsin the wind stress (Horstmann et d. 2000). In this
study dl scenes have been spatially averaged to 2* 2 km.



4.1.3 Application of thetheory

Wind speeds can be extracted using SAR data whenever the conditions for scatterometry theory
are met. The capillary waves at the sea surface must be in equilibrium with the loca wind speed a
10 m above sealeve and the surface must be affected by nothing but the wind. This practicaly
means that wind speed can not be derived where there are surface dicks, where currents or den-
gty differences in the ocean is damping the capillary waves. The wind can naturaly not be derived
over seaice or land. The uncertainty of the measurementsis increased when the marine boundary
layer is either stable or unstable or when the measurements are performed close to land or when
the ocean surface is affected by rain. Also internd waves a the shef and swells are affecting the
microwave signa independently of the wind speed.

4.1.4 (Wind induced) featuresin SAR images

‘The radar is a surface roughness sensor: the rougher the sea surface, the higher is the normalised
radar cross section (NRCS)' (Brandt et a. 1996). The wind generated roughnessis the major
factor over the ocean but other mechanisms may play arole aswell. Features on the ocean surface
that may be seen in the SAR images of the Cape Farewd | area are shortly described below using
examplesfrom the literature:

4.1.4.1 Atmospheric Gravity waves

Atmospheric gravity waves may be caused at the border between air masses of cold and warm air.
Atmospheric gravity waves seen in SAR images have been studied by Thompson et d. (1992) off
the Canadian Pecific coast. The marine atmospheric boundary layer where the gravity waves were
propagating, wasin this case stable but was capped by inversion. The waves were 1.3-2.3 kilo-
metres long and were travelling in groups of about 10 waves. The group speed was about 6m/s
pardld to the surface wind shear but with opposite propagation direction. The waves were gener-
ated & the border between an intruding unstable air mass and the stable air mass capped with the
inverson.

4.1.4.2 Atmospheric Rolls

Rallsin the marine boundary layer are caused by ingtability in the lower aamosphere. The ingtability
can be dynamic, in this case the rolling motion is generated by the changing wind velocity with
height over the surface. The roll-axisis oriented perpendicular to a direction between the geostro-
phic wind direction and the surface wind direction. Often these rolls occur in an inversion capping
Stuation, and the scde of the ralls are coincident with about haf the depth of the marine boundary
layer. If theingability isthermd (Rayleigh-Bernard ingtability) the wavelength of therollsis 2-4
times larger than the height. The thermd rolling is caused either by cold air passing over awarm
surface or by cold air over warm air. Theroll axisis pardld to awind direction between the sur-
face wind direction and the geostrophic wind direction. Atmospheric boundary layer rolls contrib-
ute Sgnificantly to the vertical exchange of momentum, heat and moisture in the atimaosphere.
(Aplers and Brummer, 1994).



4.1.4.3 Ocean Tidal waves

Tidd wave trains have been studied by Brandt et d. (1996) in the Straight of Gibratar: ‘ Internd
waves become visible on radar images because they are associated with variable surface currents
that modify the surface roughness patterns via current-wave interaction.” (Brandt et a., 1996). As
thetida currents flow through the Gibratar Straight characteristic and predictable wave patterns
are generated. The SAR is measuring the surface roughness of the ocean surface and the tidal
waves are affecting the smdl scale surface waves. Asafirst order gpproximation the variation of
the image intengity is proportiona to the gradient of the sea surface velocity (Brandt et d., 1996).

Li et d. (2000) have studied ocean tidd wavesin Radarsat SAR images at the shelf of the coast of
New Jersey in order to determine the mixed layer depth. Their results werein fair agreement with
sdinity and temperature profile observations.

4.1.4.4 Wind fronts and cyclones

Cyclones and wind fronts can be seenin SAR images (Wu et d. 2000; Clemente-Colon and Y an,
2000) also wind shadowing can be studied in detail in coastd areas (Horstmann et d., 2000;
Horstmann et d., 1997)

4.1.4.5 Stability of the atmosphere

At the border between cold and warmer waters, as for instance the border between the Gulf
Steam and the colder North Atlantic waters, the stability of the air mass blowing across the border
between the two water masses may change (Friedman and Li, 2000). When the wind is blowing
from cold water across warmer waters the boundary layer becomes unstable and the wind speed
gpparently increases. Thisillustrate one of the problems deriving the wind speed a 10 m above the
surface using SAR (or scatterometer) and not the wind shear on the surface. The wind etimate
from Radarsat is not corrected for stability.

4.1.4.6 Storm cells

Storm cells seen in Radarsat SAR images are described by Friedman and Li (2000). The cell ob-
served in the SAR image is rounded and one hdf is brighter than the other. Thisis a characterigtic
gppearance during the downdraft stage of arain/storm event. The air is dropping towards the cen
tre of the cell and diverges as it reaches the ocean surface. The haf of the cell where the diverging
ar isblowing against the general wind direction the wind speed islower and the radar brightnessis
aso lower, the haf where the diverging air is blowing in the direction of the genera wind the wind
Is enhanced and the radar brightness increased. Also differencesin wind direction may be ob-
served as differences in radar brightness in the SAR image of a Rain/storm cell.

During intense rain the capillary waves are damped by the impact of raindrops (Katsaros et d.,
2000). An extreme result of intense rain may be observed by SAR. Atlas (1994) reports that in-
tense rain on the ocean surface may create sufficient turbulence in the very ocean surface layer to
damp the capillary surface waves and creste echo-free ‘holes in the SAR image.



5. Data

5.1 Datatransfer and form

The Radarsat data format isfollowing the CDPF CEOS standard which is described in detail in
CDPF CEOS SAR product format standard (1995). The data which are transferred to DMI are
delivered in 5 separate files: Volume Directory File, SAR Leader File, SAR DataFile, SAR
Traller, Null Volume Directory File. The actud data are contained in the SAR Data File and I+
portant parameters which are used during the wind processing are contained in the SAR Trailer
Fileand SAR Data File. The SAR data are represented by digital numbers (DN) as 8-bit unsgned
integers. The data are received over the Internet. The datafile is separated in 9- 13 data blocks of
gpproximately 10 Mbytes each during trandfer. The traller files are transferred asis. The transmis-
son of the data has commenced minimum 4 hours from data acquisition. The data are aso send to
DMI on CD’sthese arrive in packages about 2 week after the image acquigtion.

5.2 Data quality

During the SAR processing with the CDPF processor, a specia icelook up table (ICE LUT) is
used, developed for enhancing ice festures. The calibration and development work on the process-
ing fadilitiesis resulting in continuoudy improving image qudity. Latest when ScanSAR was de-
clared officidly cdibrated in February 1999 making it possible to estimate the accuracy of the wind
speeds derived from the data. However avisud ingpection of the datawill reved severd unwanted
artefacts. 1) Scaloping isthe periodic variation of DN in azimuth direction. The pesk to peak dis-
tance for this variation in azimuth is about 1.2 km. Scaloping is caused by errorsin Doppler pa-
rameter estimation, lately scalloping has been reduced considerably in the data received & DMI. 2)
The Nadir ambiguity isabright line in azimuth direction. It isfound in dl images where the satdllite
was Stuated over open water during the data acquigition. The Nadir ambiguity is due to a nadir
reflection from the ocean surface, which is not compensated for during the processing. The satdllite
IS over open water during data acquisition for al Cape Farewel images. 3) The ScanSAR principle
combines raw data from different beam scans. For ScanSAR wide it is the beam combination
wl,w2w3 and s7. The data from the 4 different beam scans can be seen as 4 areas in range sepa-
rated by small differencesin DN between each area. Thisis caused by spacecraft attitude uncer-
tainties (Bedl, 2000). 4) Anaogue to Digitd Converson (ADC) saturation is often aproblemin the
near range part of the image for open water. Even though Radarsat is operating with an automatic
gain control, areas in near range sometimes reach saturation when the return power is distributed
unevenly between the two haf swaths, for example because of varying wind conditions. (Vachon

et al. 1999, Vachon et d. 2000). 5) Range ambiguity iswhen echoes from one place are repested
in adifferent podtion in range. Thisis avery annoying artefact when the data are used for ice map-

ping.



The above mentioned artefacts reduce the absolute calibration accuracy of the SAR data. Radar-
sat estimates that the radiometric calibration accuracy a the moment (1999) is +/-1.35 dB (more
for scallops). Bed (2000) mentions that as a result of spacecraft attitude aone an estimated wind
speed of 25 m/s may be with up to 25% in error. The problem with the relative error on the wind
gpeed islargest for high wind speeds and low incidence angles due to the form of the SAR wind
agorithm (Horstmann et d. 2000).
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6. Method

6.1 Data processing.

The wind speed can be derived from the Radarsat ScanSAR data if the incidence angle, normal-
ised radar cross section (NRCYS) and the wind direction is known. The DN can be transformed to
NRCS using the knowledge of incidence angle and compensating the data for specia enhancement
procedures gpplied during the SAR processing.

The radar brightnessis given according to the data compensation given by:

radar_brightnessdB] = 10*loguo[(DN? + offset)/lookup_tab] 4

Offst, isafixed offset related to the specific enhancement gpplied to the data during processing.
Inthiscaseit is ICE processing, developed for enhancing ice festures. Lookup_tab, isthe specid
lookup table used during processing in this case to enhanceice.

The radar brightnessis compensated for the incidence angle to give the NRCS:

NRCYdB] = radar_brightness + 10* logwo(SIn(1)) (5)

[, istheincidence angle.

To reduce speckle NRCS are averaged to 2* 2 km pixds. The CMOD4 wind modd is gpplied to
the data considering the wind direction which can be estimated from wind stresks in theimage. The
wind speed dgorithm is described in more detail in chapter 3.

After thisthe data follows a norma import scheme to the ERDASArcView ice andyds system,
including geocoding.

11



7. Reaults

Firg example of detailed Radarsat ScanSAR windsiis a katabatic wind event south of Ammassalik
on the Greenland East coast. The katabatic wind does not only continue over the seaice drifting
aong the coagt it aso continues with amost undtered strength 200 km over open water. The sea
ice has been spread in the area with most wind.

Figure 1. Katabatic wind off the coast of Ammassalik.
Second example is from the Cepe Farewd | in southern Greenland. The example illustrates the

great variation of wind speeds which may be found in this area. These variaions are not well re-
solved in neither model data nor scatterometer data.

12



Figure2. Winds in the Cape Farewd | Waters.
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Figure 3. Cape Farewell ice chart 18th of April 2000 with wind vector from Radarsat
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8. Discussion and Conclusions

The loca wind conditionsin the Cape Farewell areaare complex, but with great sgnificance for
the interpretation of SAR images and the seaice drift. The sources for wind observations over the
Cape Farewd | waters are sparse. Some of the ships operating in the region is recording and re-
porting meteorologicd information to DMI. Thisinformetion is very vauable and is dways
checked by the person in charge of the ice chart for the area. Also observations from the land sta-
tionsis useful for the overview but an extrgpolation of this information to the surrounding watersis
difficult because of the effects from loca topography on and around the station Site.

The HIRLAM modd isregularly producing both analysis and forecasts for the area. Even though
the andysisis based on observations the mode output is not vaidated over the Greenland waters
and the accuracy of the model in this region cannot be determined.

The coverage of wind scatterometers have until recently been rather poor. The AMI SCAT on
board the ERS 1 and 2 satdllites have been tested in the ice service. With the 500 km swath and
the 24 day repesat cycle (the scatterometer is turned off when the SAR is operating) this instrument
could not guarantee data whenever it was needed. For the loca wind conditions the 25 km data
resolution was too coarse. QuickScat was launched in June 1999 and it has a very attractive cov-
erage with a 1800 km swath and daily 90% globa coverage, however this data has not yet been
tested in the ice service. The data resolution of QuickScat islike ERS 1 and 2 namely 25 km.

Deriving the wind speeds from the same data as are used for the operationd ice mapping is attrac-
tive. The resolution of the measurements of 2 * 2 km is not matched by any other source, and
makes it possible to detect even loca wind conditions. The spatid variaionsin the wind field can
be studied in detall.

The uncertainty of the measurements with Radarsat ScanSAR is hot discouraging considering other
data sources and the difficulties involved in doing measurements there.

One of the mgor drawbacks usng Radarsat ScanSAR data for the wind measurementsiis that the
measurements can only be done over open water. The wind speed over the sealiceis off course
important when congdering the ice drift. The wind speed over the ice must be extrapolated from
the derived wind speeds over the sea.

For other gpplications of Radarsat winds than ice mapping the irregular tempord coverage repre-
sents a problem. Using the data during the ice andysis the tempora coverage is less important as
the ice mapping is done with basis in the same data as are used for the Radarsat winds. During
stable wesather conditions the details of the Situation may be read from the data interpreting the
wind and the ice Stuation at the sametime.
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