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Abstract

Tropical cyclone is a generic term which comprisagicanes in the Atlantic Ocean and Northeast
Pacific Ocean, typhoons in the Northwest Pacifie®g and cyclones in the Indian Ocean and
Southwest Pacific ocean.

Tropical cyclones account for a significant frantiof damage, injury and loss of life. Current
models are still not able to provide robust quatitie forecasts on track and intensity changes,
mainly due to the lack of reliable measurementhefinitial state conditions. There are still adbt
aspects in the physics of tropical cyclones, wiahnot well understood. Of particular importance
are processes taking place at the air sea intendteh is a key component in the heat flux driving
the cyclone. Due to the relatively small amountirositu data available within cyclones remote
sensing techniques play an important role in thigexaal of geophysical information. Because of
their all weather capability and wide swath coveragace borne active microwave sensors like the
Synthetic Aperture Radar are of particular inteneshis context

Several studies have demonstrated that SAR imdgbs ocean surface contain information on sea
state and wind field. Different techniques can beduto retrieve the propagation direction of ocean
waves, the surface wind speed and direction taifyesamd analyze mesoscale surface features.

The study presented hereafter focuses on the uSgrdhetic Aperture Radar (SAR) data for the
retrieval of the tropical cyclones characteristiargmeters. It is part of the EXTROP project
(Investigation of Tropical and Extratropical Cycémnusing Satellite data), which concentrates also
on the study of the evolution of tropical cycloreesl on their transition to extratropical cyclones
that can affect Europe. Six PhD candidates have hewled by the EXTROP project; two focusing
on numerical modeling of cyclones, two investiggtthe cyclones’ characterization using passive
remote sensing. The two last PhD topics considéneduse of active remote sensing (radar,
altimeters) for wind field retrieval; the presentrk is dedicated to the development of techniques
for tropical cyclone analysis using SAR (Synthéterture Radar) data.

The first part of the thesis consists of an ovewd the state of the art in the field of tropical
cyclone characterization. An extensive bibliograpstudy has been performed in order to reassess
the basic principles of the SAR imaging of sea awe$ and to highlight the advantages and
drawbacks of the methodologies and techniquesegppdr tropical cyclone analysis.

The second part of the thesis is then dedicatélaetpresentation of the algorithms developed in the
framework of the PhD for the retrieval of tropicgiclone intensity, based on the use of SAR image
intensity and of numerical model.

A new technique to derive the maximum wind speeatitha hurricane strength from SAR images is

then proposed. The problem of saturation in trdpigalone wind regime is overcome basing the

technique on the combined use of SAR measuremengdas of wind speed of 20 m/s or less and
a parametric model for tropical cyclone wind spédtk radius of maximum wind speed required as
input for the model is measured from the SAR imagjag a technique based on wavelet transform.
Wind directions have been computed from the SARgenasing spectral analysis to detect the area
containing feature associated with the wind flowd an interpolation technique. The procedure has
been applied to five images of tropical cyclonesvahg agreement with in situ measurements.

Maximum wind speed up to70 m/s can be determinéld an RMS error of 3.9 m/s.
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Extreme Wind and Wave Conditions in Tropical Cy@s®bserved from Synthetic Aperture Radar

1. Introduction

1 Introduction

1.1 State of the art

Tropical cyclone is a generic term that designsirdense storm characterized by a large low
pressure centre and numerous thunderstorms. Deyendi the ocean basin where they develop,
they are named differently. In the Northern Atlardind Northeast Pacific Ocean tropical cyclones
are called Hurricanes after the Caribe god of eMilirican’. In the Northwest Pacific Ocean the

term “Typhoon” from the Cantonese ‘strong wind’ employed and in the Indian Ocean and
Southwest Pacific Ocean they are called Cyclones.

Whatever the regions they affect tropical cyclormes among the most destructive of natural
disasters. Due to the population growth and ecoaonfiastructure of coastal areas these storms
are causing increasing amounts of material damagdest deaths are flood-related. Torrential rains
from decaying hurricanes and tropical storms cadgee extensive urban and river flooding. In

addition, hurricanes can spawn tornadoes, whicht@tlie destructiveness of the storm.

A mean of fifty tropical cyclones develop each y@&arthe tropical area worldwide [Emanuel,
1991]. Moreover Strong North Atlantic storms, whigtten have their origin in tropical cyclones,
lead to high impact weather events in Northern Afebtern Europe. Extra-tropical cyclones lash
Europe in winter with surface winds that can gas2Ge100 mph. Examples include the Burns' Day
Storm of 1990 and the 1997 Christmas Eve storm.tdtad insured loss from this type of storm in
Europe is estimated to have been 24 billion Euetsvéen 1985 and 2001. Although such storms
are more common in winter, they can occur in sumitare coincided with the Fastnet yacht race
on 14 August 1979, during which there were sevViatalities.

Accurate forecast of intensity and track of tropicgclones are of paramount importance for
reducing vulnerability to storm landfall. It is this context that the project EXTROP “Investigation
of extratropical cyclones using passive and activierowave radars” was defined. Research
activities, directly funded by the project, havedmgective to improve the understanding and the
predictability of North Atlantic cyclones. The tapbf the present PhD, which focuses on the
analysis of tropical cyclones using wide-swath SARges, was defined in this framework.

Because tropical cyclones are compact long-livedther systems, forecasts of their positions and
intensities, measured in terms of maximum wind theefirst steps toward characterizing the threat.
Reliable estimation of storm intensity depends alnemtirely on in situ aircraft measurements and,
for the last 30 years, on satellite-based techsigudrborne reconnaissance missions were
undertaken in the western North Pacific and Nortlaic regions around 1945. For the first
decade or so of airborne reconnaissance, surfazgswiere estimated mostly by visual inspection
of the sea surface. These missions continue ilNthtéh Atlantic region, but were stopped in the
western North Pacific in 1987.

Techniques for estimating tropical cyclone intenfiom satellite imagery and other satellite-based
measurements were developed during the 1970s.timvibestern North Pacific and North Atlantic
regions, these techniques were refined and catitbragainst aircraft measurements. Today they
constitute the primary means of estimating peakasarwinds in all locations except the North
Atlantic, where they are supplemented by reconaaiss aircraft measurements.
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Currently different sensors and observational ptaté are used to monitor the ocean and
atmosphere around a tropical cyclone. This inforomatobtained by buoys, ground based radars,
reconnaissance aircrafts and satellites is usestltegto prepare forecasts and issue warnings, and
their quality and quantity is of particular imparta for the skinless of the final results.

Satellite observations take a central role in thenitoring of tropical cyclones especially in area
where aircraft observations are not routinely aldd. Remotely sensed data from satellite platform
are in particular used to directly monitor positemd intensity of the storms, rainfall-rate andeirn
core structure analysis. Moreover these data asendated into numerical forecast models to
obtain more accurate estimates of the initial valfioe the model state variables.

The most popular technique, used operationallyrfore than thirty years as method of monitoring
tropical systems is the Dvorak Technique [Olandet ¥elden, 2007]. This technique is based on
image pattern recognition and empirically-baseesuio derive an estimate of tropical cyclone
intensity using enhanced infrared and/or visiblelige imagery. The subjectivity of the Dvorak
technique is well documented. Its main drawbackhet the precision of the analysis and the
accuracy of the cyclone intensity estimation laygitpend on the skill and experience level of the
satellite analyst.

Others methods are based on passive microwave atatatheir ability to detect changes in
tropospheric warm core structure of the tropicalaye that is related to changes of the minimum
sea level pressure and so to the storm intenshtgs@ methods are still not operational and the
accuracy is of about 10 m/s [Kidder et al., 2000].

The use of SAR images gives the opportunity toialkdaigh resolution wind field to be used in all
the applications where the knowledge of the finlesstructure of the wind is required, e.g. wind
farm optimal siting, coastal monitoring, near cabstind field, high vulnerability.

The retrieval of high resolution wind speed maprfrSAR images is a well-established technique
[Lehner et al., 1998] [Horstmann et al., 2003] [Maio et al., 2000]. In particular under tropical
cyclone conditions, where numerical modelling ande€asting of ocean wind fields is still a
challenge, SAR data can be used to improve theimxisiumerical model using assimilation
techniques [Horstmann et al., 2005],[Morey et 2005],[Perrie et al., 2008]. Using a technique
based on the inversion of a geophysical model fandqiGMF), SAR wind fields are retrieved in
two steps. In the first step wind directions areieged, which are a necessary input in the second
step to retrieve wind speeds.

1.2 Organization of the study

The present report is composed of two parts.

The first part is dedicated to the synthesis ofakiensive bibliographic study in the domain of the
tropical cyclone characterization. The basic SARgmg mechanism and the main processing steps
are reviewed in chapter two, where also the thebtize SAR imaging of ocean surfaces and wave
imaging mechanisms is described.

Tropical cyclone characterization and numerical ellotg techniques are investigated in the third
chapter. The parametric model of Holland that hesnbused during the PhD for the retrieval of
wind field in tropical cyclones is presented. Daets analytical character it could be optimized an

14



Extreme Wind and Wave Conditions in Tropical Cy@s®bserved from Synthetic Aperture Radar

1. Introduction

used together with SAR wind field measurementgetineimproving the wind field in areas where
the SAR measurements saturate.

Finally, the different techniques classically usedthe retrieval of wind field based on SAR image
analyses are reviewed in the chapter four. Diffesdgorithms used for the wind field retrieval
under tropical cyclone conditions, are presentedvaiitages and drawbacks of each method are
highlighted and analysed in order to stress the m@eimproving the existing models, especially in
case of tropical cyclones where the saturatiorhefliackscattered signal is the principal reason for
the underestimation of the actual wind speed.

The second part of the report focuses on the diefimand presentation of the algorithms developed
during the PhD for the retrieval of tropical cyckoimtensity, based on the use of SAR image
intensity and of a numerical model.

In the fifth chapter the SAR datasets used forstinely are described. Details on ENVISAT ASAR

Wide Swath mode (ScanSAR), RADARSAT Wide Swath made ERS-2 Wave mode images are
presented. Then a description of ERS-2 Scatteronzete altimeter data, used to validate and
compare to SAR measurements, is given. The perfiwezaand limitations of each data used are
assessed.

The sixth chapter presents an analysis of the fesitihat is possible to extract from SAR images of
tropical cyclones. In particular a techniqgue basedwavelet analysis for the extraction of the
storm’s eye size and shape is detailed. The metbgyas applied for the first time to ENVISAT
ASAR Wide Swath images.

The seventh chapter presents the modelling andajewent of a new technique for the estimation
of tropical cyclone intensity. The methodology &sbd on the use of SAR measurements together
with the Holland numerical model. In addition tHéeet of heavy rain on radar backscatter and on
the retrieved wind field is investigated theordtica

Finally in the eighth chapter an analysis of trapicyclone using a unique dataset of ERS wave
mode data is presented. The study proves thataiiae acquired globally over the ocean can be used
for tracking tropical cyclone in the open oceanmoareas where no aircraft or buoy measurements
are available.

Conclusion and outlooks are given at the end ofépert.
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2 SAR principles and techniques

Synthetic aperture radar (SAR) is a coherent inqagastrument based on a combination of high
precision electronic hardware for the acquisitibrin@ data and advanced theoretical principles of
signal processing to convert the data into images.

In this chapter the basic SAR imaging mechanismthadnain processing steps are explained. A
particular emphasis is put on the theory of oceark$cattering and wave imaging mechanisms.
The introduced techniques and concepts are the barsunderstanding different aspects of SAR
wind retrievals discussed in the subsequent chapter

2.1 SAR imaging principles

The objective of radar imaging is to generate a-dmoensional reflectivity map of earth surface in
the microwave region of the electromagnetic spetty typical radar imaging sensor consists of a
transmitting and receiving antenna mounted on aimgoplatform and oriented parallel to the flight
direction (Fig. 2-1). The antenna emits conseciytigéectromagnetic pulses of duratignto the
ground, which are backscattered from differentatggThe time differencét between the emission
and the reception of the pulse is a function ofdiséancer between the antenna and the target:

4t =2—CR 2.1)

wherec is the speed of light and the factor 2 accountgte round-trip propagation. The sensor
range resolution, i.e. the minimum spacing betw®en objects that can be individually detected,

Ar=""=_" (2.2)

where4f = 1/t is approximately the bandwidth of the pulse.

In order to achieve high resolution in range slpaitses are necessary. The reduction of the pulse
width leads to a high peak power for a fixed meawgr operation. To circumvent this limitation
long modulated pulses (chirp) are used insteadoftones. This makes a further processing step
(pulse compression) necessary.

In flight or azimuth direction the radar resolutisnprescribed by the size of the antenna footprint
Axa, Which is dependent on the distarRebetween the sensor and the scene and the angular
resolution of the antenna:

a

ra

A
== (2.3)
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>y

Fig. 2-1: Satellite- SAR acquisition geometry.
where/ is the wavelength of the electromagnetic pulselatie effective antenna length.
The spatial resolution in azimuth is then given by:

Ax,=a,R= R% (2.4)

To achieve high resolution in azimuth large antsnorashort distances to the scene are required. As
an example for the ASAR sensor on board the ENVISAtEllite that orbits at a height of 8Kénh

and has an antenna length of mGhe resolution is approximately 4kam. This resolution is too
coarse for most applications.

Using a SAR these problems are overcome by impléngethe synthetic antenna concept: a very
large antenna is synthesized by moving a real étienited dimension along a reference path. The
synthesis is carried out by coherently combining blackscattered echoes received and recorded
along the flight path.

The maximum length of the synthesized antdnpas equal to the size of the real antenna footprint
on the ground at the distanRe

L,=2R (2.5)

The angular resolution of the synthesized antesmna i

A

a,=— 2.6
=21, (2.6)
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The azimuth resolution of the synthetic aperturemma is:

4%, =a,R= (2.7)

The achieved resolution is therefore completelgpwhdent of the range distance and is determined
only by the size of the SAR antenna (see appendor More details).

2.2 Radar equation and normalized radar cross section

The relationship that links the radar charactexjshe observed target and the received signakis t
radar equation:

PG> X
P=-—F—]|A G, 2.8
where P; is the power transmitted by the satellite anterwa#hh wavelengthi, P; is the power
received at the antenn& is the antenna transmission gain dRds the distance between the
antenna and the target.

The terms in the square brackets, associated tdatiget, are the target effective ar®g, its
impedance losg, its directivity ' and the target gain in the antenna directi&n Since it is
difficult to evaluate each one separately theyexygressed as one term, thiRatdar Cross Sectidn
which describes the extent to which a target réflaa incident electromagnetic wave.

o=[Ax X G, (2.9)

Combining eq. (2.8) and (2.9) we obtain the firahi of the radar equation:

P_ RGZAZ

A0 2.10

" (anPR (2.10)
The radar cross section is normalized by the inpagel areal, to become theNormalized Radar
Cross Sectioh(NRCS), ¢°, which is given by (2.11) and it is independentia pixel size in the
image data. The units for NRCS are given in a lidtigaic scale, the decibediB):

(0]

o0 = (2.11)

g
A,
Analysis of NRCS of SAR data over ocean leads ¥estigate with high resolution the condition of
ocean surface, which reflects various phenomenarong at the air sea interface. Fig. 2-2 shows a
SAR image acquired on Aug 28 2005 over the GulMekico by the ASAR sensor on board the
ENVISAT satellite. Several features due to différatmospheric phenomena can be observed. On
the top of the image the imprint of atmosphericrimary layer rolls is visible as streaky features
aligned with the wind direction. In the lower paftthe image there are several cellular structures

associated with convective clouds and heavy raim¢hvproduces an increase of the backscattering
with respect to the background.
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2.3 Theory of SAR imaging of sea surface.

Synthetic aperture radar can be used to measute regplution wind field and ocean wave
parameters.

Over the ocean the radar backscatter depends @e#hsurface roughness and the radar parameters
(e.g. frequency, polarization, incidence anglephyl et al., 1981].

The surface roughness of the observed area playsi@ortant role in the backscattering of the
signal. Fig. 2-3 shows the effect of increasindae roughness on the SAR signal.

Fig. 2-2: ENVISAT ASAR Wide Swath mode scene acquid on 28-Aug-2005 over the Gulf of Mexico. The SAR
image shows the imprints of atmospheric featuresush as wind streaks and convective cells.
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Fig. 2-3: Effect of increasing surface roughness dhe radar backscattering

One can observe that increasing the surface roggheads to an increase of the electromagnetic
radiation in the direction of the radar.

The frequency of the electromagnetic wave detersiithe scale of the roughness detected. In
general, the NRCS increases for increasing freqaenEor incidence angles between 20° and 60°
the signal in VV polarization is always strongeairitthe one in HH.

Analysing the behaviour of the NRCS at varying diecice angles three areas can be distinguished
(Fig. 2-4) [Robinson, 2004]. In the first area (&) incidence angles less than 20°, the radar
backscattering can be described using a quasi-spestattering model. For calm sea state the
NRCS decreases rapidly with increasing incidenceglesn For increasing wind speed the
backscattering at nadir becomes weaker and variaarording to the incidence angles is less
sensible.

(b) (©
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wind
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Fig. 2-4: Ocean backscattering for different incidace angles [Robinson, 2004].

21



Extreme Wind and Wave Conditions in Tropical Cy@s®bserved from Synthetic Aperture Radar

2. SAR Principles and Techniques

In the second area (b), for incidence angles betv®8 and 70°, the backscattering is due to a
resonance effect (Bragg scattering) between theomaves and the sea surface roughness. This sea
surface roughness is generated by short wavelemaihs formed in response to the wind stress. In
this area the NRCS decrease less rapidly with @asing incidence angles. For incidence angles
larger than 70° (c) the NRCS decreases again sagi# to a shadowing effect of the long waves.

As aforementioned, over the ocean the backscagtésiimainly due to centimetre surface waves
(short gravity and capillary waves), which are gated and driven by the wind that blows over the
sea surface. SAR NRCS measurements over the oaedpecthus used to infer the wind field. To
relate the radar geometry and the NRCS measuremeritee surface wind field a geophysical
model function (GMF) is used. The NRCS measurerigerelated to the ocean surface roughness
while the retrieved wind field is tuned to the wiatl 10m height, because such measurements
represent the lowest surface layer in boundaryrlayedels for the fitting and validation of the
GMF.

Due to the high resolution at which the measuremant taken, SAR is also able to image the
ocean waves. It is thus possible to measure séa [géaameters like wavelength and direction,
significant wave height or wave period. The SAR gmg mechanism is influenced by the

modulation of the NRCS and by the wave motions, (bg the orbital velocity and acceleration

associated with the long waves) [Alpers et al.,1198

Due to the SAR imaging mechanism an object thatahaslocity component in the radar direction
will be shifted and smeared. This will cause, ia tdase of ocean waves, a distortion of the imaged
wave field and a filtering of the high frequencywea. Therefore the integral transform that
describes the mapping of ocean weave spectrumSAR image variance spectrum, also called
Modulation Transfer Function, is a non-linear fuoct[Hasselmann and Hasselmann, 1991]. More
details on the SAR Modulation Transfer Functiongixen in appendix A.
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3 Tropical cyclones: basic physic and modelling appraches.

Tropical cyclone wind and wave fields are of ingtrboth scientifically for understanding wind—
wave interaction physics and operationally for jpotadg potentially hazardous conditions for ship
navigation and coastal regions.

The prediction of intensity and track of tropicagiclones, which are characterized by intense and
fast varying winds are an issue for the forecast sgientific community. During the past years
several model for winds fields and waves duringitral cyclones were developed for weather and
storm surge predictions [Ross, 1976], [Brand etl8I77], [Holland, 1980], [Hsu et al, 2000].
Although improvements in the prediction of tropicgtlone intensity and track have been made the
errors are still too large.

As an example, Fig. 3-1 shows a plot of the Nalidtarricane Centre (NHC) annual average
official track errors between the forecast using @LIPER model [Aberson, 1998] and best track
data at the forecast verifying time, for Atlantiasin tropical storms and hurricanes for the period
1970-2007, with least-squares trend lines supersmgo

To improve the monitoring and the forecast sevésahniques for estimating tropical cyclone
intensity from satellite imagery have been develojatsaros et al., 2002], [Hawkins et al., 2001],
[Quilfen et al. 1998]. Most of these methods aik rsdt operational and the accuracy is about 10
m/s [Kidder et al., 2000].

In this chapter the basics elements of the straauad dynamics of tropical cyclones are introduced
together with some models used to forecast intemsitl track. Details on some of the numerical
models used to compare SAR data are given.

NHC Official Annual Average Track Errors
Atlantic Basin Tropical Storms and Hurricanes
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Fig. 3-1: NHC annual average official track errorsfor Atlantic basin tropical storms and hurricanes for the
period 1970-2007, with least-squares trend lines parimposed.
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Hurricane Name/Date Estimated Insured Loss
Katrina/August 2005 43.6bn USD
Andrew/August 1992 22.9bn USD
Wilma/October 2005 10.9bn USD
Ike/September 2008 10.7bn USD
Charley/August 2004 8.2bn USD
Ivan/September 2004 7.8bn USD
Hugo/September 1989 7.0bn USD
Rita/September 2005 6.0bn USD
Frances/September 2004 5.0bn USD
Jeanne/September 2004 4.0bn USD

Tab. 3-1: Ten Costliest Hurricanes to Make Landfallin USA

3.1 Definition and dynamics of tropical cyclones.

Tropical oceans spawn approximately 80 tropicalnssoannually over all oceans, about two-thirds
are catalogued as tropical cyclones [Emanuel, 208I8)ost 90% of these storms form within 20°
north and south of the Equator.

Tropical cyclones account each year for a sigmifideaction of damage, injury and loss of life.
Tab. 3-1 contains the list of the 10 costliest irapcyclones that affected the U.S. [Insurance
Information Institute, 2008] to give an idea of tgpe of damage that these storm can cause.

By definition a tropical cyclone is a storm systeharacterized by a large low pressure centre and
numerous thunderstorms that produce strong windsflaeding rain. The term ‘tropical’ arises
from the geographic location where these stormgirate, while the term cyclone refers to their
cyclonic nature, with wind rotating in counter-dksdse direction in the northern hemisphere and
clockwise in the southern hemisphere.

Tropical cyclone is a generic term for an intensers which, depending on the ocean basin where
it develops, can be called differently. In the Nerh Atlantic and Northeast Pacific Ocean they are
called Hurricanes after the Caribe god of evil, fidan’. In the Northwest Pacific Ocean tropical
cyclones are termed Typhoon from the Cantonesengtwind’, and in the Indian Ocean and
Southwest Pacific Ocean they are called Cyclones.

A tropical cyclone goes through several stagestatevelops. It starts as a tropical wave, a
westward-moving area of low air pressure. As themyanoist air over the ocean rises in the low
air pressure area, cold air from above is replattinghis produces strong gusty winds, heavy rain
and thunderclouds, a ‘Tropical Disturbance’. Asdirepressure drops and there are sustained winds
up to 17m/s the system is called ‘Tropical Depression’. Wltlea cyclonic winds have sustained
speeds from 17 to 38/s it becomes a ‘Tropical Storm’ (storms are givames when they turn
into a Tropical Storm). The storm becomes a Trdpgigalone when sustained winds aboven33
occur.
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Tropical cyclones are ranked according to their imaxn wind speed or minimum pressure. In the
Northern Atlantic and Northeast Pacific Ocean th#iSSimpson scale is used to classify tropical
cyclones according to the maximum sustained windedp(l min average),Error! No se
encuentra el origen de la referencig. The scale is based on the expected damage onaim@ade
structures due to the storm. The same scale istosethk typhoon in the North West Pacific, but
the wind speed is a 10 min average.

The Australian Bureau of Meteorology uses a sim#laale called Tropical Cyclone Severity
Categories, which is based on the estimated maximimd gusts. In the following the Saffir-
Simpson scale will be used as reference.

There are seven tropical cyclone "basins” whererst@ccur on a regular basis (Fig. 3-2): Atlantic
basin, including the North Atlantic Ocean, the Goff Mexico, and the Caribbean Sea (1);
Northeast Pacific basin from Mexico to about théeliae (2); Northwest Pacific basin from the
dateline to Asia including the South China Sea®);th Indian basin, including the Bay of Bengal
and the Arabian Sea (4); Southwest Indian basim fidfrica to about 100°E (5); Southeast
Indian/Australian basin (100°E to 142°E) (6); Aasian/Southwest Pacific basin (142°E to about
120°W) (7).

Category | Damage Wind Speed Storm Surge
1 Minimal from 33 to 42n/s from 1.2 to 1.5m
2 Moderate from 43 to 49/s from 1.8 to 2.4n
3 Extensive from 50 to 58/s from 2.7 to 3.7/
4 Extreme from 59 to 68V/s from 4.0to 5.5m
5 Catastrophic greater than B@s greater 5.5n

Tab. 3-2: Saffir-Simpson hurricane damage and stornsurge scale.

Fig. 3-2: Tropical cyclone basins
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Basin Responsible RSMC and TCWC Web site

Atlantic National Hurricane Centre http://www.nhoaa.gov/

-~ Central Pacific Hurricane Centre, http:/www.prh.noaa.gov/hnl/cphc/
Northeast Pacific

National Hurricane Centre

Northwest Pacific Japan Meteorological Agency itpvw.jma.go.jp/ima/indexe.html

North Indian Indian Meteorological Department hygww.imd.ernet.in/main_new.htm

Southwest Indian Météo-France http://www.meteofeacam/

Southeast

Indian/Australian Bureau of Meteorology* (Australia)

http://mww.boroxgau/

Fiji Meteorological Service

Meteorological Service of New Zealand* htp:/mww.metservice.com/
Papua New Guinea National Weather
Service*

—F

Australian/Southwes
Pacific basin

Bureau of Meteorology* (Australia) http://www.pi-gcos.org/

Tab. 3-3: RSMC and the TCWC (*) centres.

Tropical storm Hurri . . | hurri . .

Tropical Cyclone Basin | intensity Aurrlcane Smlt)ensny :tense uSrrB:ane intensity
Average (S.D.) verage (S.D.) verage (S.D.)

Atlantic(1944-95) 9.8 (3.0) 5.7 (2.2) 2.2(1.5)

gg)”heas‘ Pacific(1970- | 12 ¢ (4.4) 9.8 (3.1) 4.6 (2.5)

gg)”hwe“ Pacific(1970-| 56 9(4.1) 16.8 (3.6) 8.3 (3.2)

North Indian 5.4 (2.2) 2.2 (1.8) 0.3(0.5)

Southwest Indian 10.3 (2.9) 4.9 (2.4) 1.8 (1.9)

Southeast Indian /

Australian (1970-95) 6.5 (2.6) 3.3(1.9) 1.2 (1.4)

(1970-95)

Southwest Pacific/

/Australia (1970-95) 10.3(3.1) 4.6 (2.4) 1.7 (1.9)

Global 86.1 (8.0) 47.3 (6.5) 20.1 (5.7)

Tab. 3-4: Annual average numbers and standard devimns over the period 1944-1995
for Atlantic Basin and 1970-95 for the other tropi@l cyclone basin.
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Tracking, warning and advisory bulletins are issbgdsix Regional Specialized Meteorological
Centres (RSMCs) worldwide. In addition, there ame $ropical Cyclone Warning Centres
(TCWCs) that provide information to smaller regiodsb. 3-3 lists the RSMC and the TCWC
centres (marked with **) according to their arda@sponsibility.

Tab. 3-4 contains the annual average and standanatin of tropical cyclones in the various
basins [Landsea, 2000]. For the Atlantic basinnkisao a routine aircraft reconnaissance, records
are available since the mid-1940s. For the remgibasins reliable estimates of tropical cyclones
only exist from the beginning of the satellite ardhe mid-1960s.

The Northwest Pacific Ocean is the most activerbasi the planet. Annually, an average of 26.9
storms in the basin acquire tropical storm streragtiyreater; also, an average of 16.8 typhoons
occurred each year during the 1970-1995 periodng# tropical cyclones are most common in the
Northwest and Northeast Pacific basins, making egrly two-thirds of the average of 50 around

the globe.

3.2 Cyclogenesis

Most of the tropical cyclones in the Atlantic andstern north Pacific begin from westward
travelling disturbances, known as easterly wavesti@ weather maps these features appear as a
‘wave’ in the isobars that travel from east to wfsig. 3-3). Given favourable conditions, an
easterly wave may intensify and contract horizdytalltimately resulting in the characteristic
circulation of a tropical cyclone. In the westemcRic, large areas of upper-level low pressure hel
pull air from the centre of the developing disturbas and thus contribute to a drop in surface
atmospheric pressure. These features, known apitaidJpper Tropospheric Troughs’, or TUTTS,
are responsible for the larger number of tropigalanes in the western Pacific.

Conditions necessary for the development of a ¢admyclone from a pre-existing disturbance are
[NOAA HRD]:

 warm ocean temperature (at least 26.5°), needeshdintain the warm core that fuels
tropical systems,
e high humidity,
» vertical wind shear less than s
e atmospheric instability,
» a distance from the equator of 5@ or more to allows the Coriolis force to be enough
strong.
Tropical cyclones are “warm core” storms in thesgetinat the air near the centre is warmer than the
surrounding atmosphere.

The source of energy for tropical cyclones is thermodynamic disequilibrium between the
tropical atmosphere and the ocean [Emanuel, 19B4¢ disequilibrium does not arise from
difference in temperature between ocean and atneosphat usually is less than 1°, but in the
under-saturation of near-surface air with moistilidmanuel, 1991]. The upper atmosphere at the
same time has to be cool to allow the releasetehidheat energy. This increases the generation of
cumulonimbus which contributes to transport heatraoisture to the upper troposphere.

Once the warm air reaches the tropopause it spreatlaterally. The resultant effect of such
dissipation of the vertical air column is a loweriaf the near surface pressure and enhancing of
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surface wind convergence. The Cyclonic circulatiaitiated by the Coriolis effect, increases wind
convergence and so the transport of warm air testbwen’s core. The rate of heat transfer from the
ocean to the atmosphere is a function of wind sp&ad dependence is the principal feedback
mechanism that allows tropical cyclones to devel@p,ncreasing surface winds lead to increase in
heat transfer from the ocean, which leads to infieaton of the winds, and so on.

3.3 Mature tropical cyclone structure

In the mature stage tropical cyclones present &avganized structure. The air flows cyclonically
(in the direction of Earth rotation) from the suaup to the top of the storm, where the directibn
rotation is reversed (anticyclonic). Starting frahee storm centre the wind increases rapidly,
reaching the maximum intensity at a radius betwi®km and 100km, i.e. the radius of maximum
wind speed (RMW). Then the wind speed decreasee gradually with radius, following roughly
anr™ decay law, where =~ 1/2 Advection of the whole storm system leads to symametry in the
surface wind speed. The surface wind speed capfr®@dmated by the sum of the storm-relative
wind velocities around the centre and the trarmfatrelocity [Emanuel, 2003]. In the vertical
direction the wind speed is maximal near the sesfat about 500 m height, decaying slowly
upwards [Franklin J.L. et al., 2000]. Maximum wisHear allowed for the existence of tropical
cyclones is of 10 m/s between the surface andtpopause.

The transverse circulation, as shown in Fig. 3ofisest of radial inflow within a boundary layer of
about 1-ZXmdepth, ascent in correspondence of the eyewaltadhidl outflow in a thin layer at the
top of the storm.

A characteristic feature of tropical cyclones is itesence of an eye, defined as a nearly cloed-fre
region, with little or no winds. Surrounding theeag a wall of dense convective clouds rising about
15 km into the atmosphere. The eyewall is the area wheemost violent winds and heaviest
rainfall occur. Outside the eyewall clouds and pmiémtion are organized in one or more
cyclonically curved spiral bands of order & in width, extending to a height of 3 to Kfn (Fig.
3-4).

Fig. 3-3: Diagram of an easterly wave.
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Dense Cirrus Overcast

Fig. 3-4: Tropical cyclone section (Image courtesffOAA)

In case of particularly intense storms the existesicconcentric eyewall can occur, i.e. the small
inner eyewall could be replaced by an outer oneggad by nearly circular rain bands.

During this phase the storm tends to weaken to taaéiy reintensify after the replacement is
completed.

In the Atlantic Ocean tropical cyclones move westiyaut also drift toward the pole as a result of
the Earth’s rotation. Most of the Tropical cyclonésit reach 70° - 80° W longitude “recurve”
towards the north and eventually pass into the leitiditude west winds that push them eastward
into the high-latitude North Atlantic. There theisslpate over cold water or, after extratropical
transition, eventually reach European waters agdiayclones.

Fig. 3-5 shows a global map of the tropical cyckae recorded by the National Hurricane Centre
and Joint Typhoon Warning Centre. The time peripdns from 1860 to 2006 for National
Hurricane Centre track data and from 1959 to 2@®6tHe Joint Typhoon Warning Centre. The
tropical cyclone tracks are color-coded accordmthe Sapphire-Simpson scale. The image clearly
shows several features associated with tropicdbogs climatology, such as the absence of storm
tracks around the equator and the different bastmsre tropical cyclones develop. The prevalent
path followed by the different storms also revehks large scale atmospheric flows that influence
the tracks of tropical cyclones. Another interggtfeature that can be observed is the absence of
tracks in the Southwest Pacific and South AtlaBtcean due to the presence of strong wind shear
(which disrupts cyclone formation), cool water tergiures, and a lack of weather disturbances
favourable for tropical cyclone development. Theores register only one exceptional tropical
cyclone (Catarina) that developed in the Southritaoff the east coast of Brazil in 2004, due to
exceptionally unusual, favourable upper level wiadisl above average water temperatures from
24° to 26° C [McTaggart-Cowan et al. 2006].
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3.4 Modelling of a tropical cyclone’s wind field

Numerical models are utilized extensively to staegglone behaviour. The early tropical cyclone
wind models, of parametric type, made use of a fremiRankine vortex [Hughes, 1952], that
describes the velocity profile of vortices in reagcous fluids.

In 1954 Schleomer suggested a model that relatesitind field to the pressure field [Schleomer,
1954]. To improve the Schleomer model, that prodwszme errors in the estimation of the radial
extent of tropical cyclone wind fields, Holland paosed a modified formulation [Holland, 1981].
Such models are of parametric type and producetpsitthe tropical cyclone wind speed field.

With the advent of high speed computers more stiphisd models, which solve the physical
equations describing the motion of the atmospherédth the large-scale circulation and the
tropical cyclone itself, have been developed. kimsl of models is able to reproduce:

» the inflow of low-level air into the hurricane'snier core region;

» the supply of the storm's energy from the releakéhe latent heat of water vapour
evaporated at the ocean surface;

* the updraft of warm, moist air that feed thunderswin the core region of the storm, which
helps to intensify the hurricane;

» the outflow of cooler, drier air at upper levelstioé troposphere.

Some of these models, e.g. GFDL [Bender et al, l9urihara et al., 1998], are used
operationally by the National Hurricane Centre (NHG forecast tropical cyclone intensity and
track [NOAA NHC].

In this study the Holland model has been chosea esference model because of its analytical
nature. Such a model can easily be optimized and tised together with SAR wind field
measurements improving the wind field in area witleeeSAR measure saturate.

3.5 The parametric Holland model for tropical cyclonewiind speed.

The Holland Model is an analytical model for thelieh profiles of wind speed; in a tropical
cyclone [Holland, 1980]. As shown in [Schleomer54Pthe relationship between the pressure and
the radial distance in tropical cyclone followsygérbolic law:

rsln{ pn-pc}:A (3.1)
PP,

whereA andB are scaling parameters, is the ambient pressure (corresponding to theevafuhe
first anticyclonically curved isobarl. is the pressure in the tropical cyclone centre @mgl the
pressure at radius
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Fig. 3-5: Global track and intensity map of tropicd cyclones (image courtesy: Robert A. Rohde).
The tracks are coloured according to the Saffir-Simason scale.

Using the gradient wind formula [Andrews, 2000] thied profile can be expressed as:

1
_ 2¢£2 |2
Vg={AB—(p':aBp°)exp(—Aj+r f T—i (3.2)

r® 4 2

whereVj is the gradient wind at radiusf is the Coriolis parameter analthe air density. In the
region of maximum wind the pressure gradient amdcéntrifugal force are much bigger than the
Coriolis force and the air is in cyclostrophic baide, thus equation (3.2) can be reduced to:

Vi = {As(pn—‘fc) exp[—ﬁBﬂz (3.3)
or r

SettingdVuww/dr equal to zero we get the radius of maximum W

Ry = A8 (3.4)

Ruw is independent of the values of central and anmipesssure. Substituting formula 3.4 in 3.3
leads to the formula of the maximum wind sp¥gd

Vi =C(p, - p.)2 (3.5)
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where

C= (piejz (3.6)

with e equal to the base of the natural logarithm.

The A parameter determines the location of the peakenatind profile relative to the origin arigl
defines the shape of the tropical cyclone wind ifgofAs the difference between the central
pressure and the environment pressure increagewjnd profile becomes more peaked with higher
wind speed more concentrated around the radiusagfmum wind and a reduction of the radius of
destructive winds.

In a final step to obtain a more realistic simwulata vector corresponding to the direction and dpee
of forward movement of hurrican€,, has been added to the Holland wind field:

V=V +V, (3.7)

For physical reason tH& parameter should be between 1 and 2.5. To keemathes of maximum
wind speed coincident with the radius of maximumsgure gradient tH& parameter cannot be less
than 1, while constraints on the conservation efréflative angular momentum of the air flowing
inside the storm places the upper bound [HollaB801.

Fig. 3-6 shows the effect of varying the B parametethe wind profile. Fig. 3-7 shows an example
of the simulation of a tropical cyclone wind fialding the Holland model. The input parameters for
this simulationVy, Ruw andp; have been taken from the NOAA Hurricane Reseaigision with
reference to the hurricane Katrina on September52@0 UTC.
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Fig. 3-6: Holland wind speed profile for differentvalues ofB
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Fig. 3-7: Holland wind field simulation of hurricane Katrina on September 28 15:00 UTC
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4 Wind speed retrieval from SAR images

4.1 The state of the art

The use of SAR images gives the opportunity toialdaigh resolution wind field to be used in all
the applications where the knowledge of the firesstructure of the wind field is required, e.g.
wind farm siting, coastal monitoring, near coasteld field, high vulnerability.

The retrieval of a high resolution wind speed m#&msn SAR images is a well established
technique [Lehner et al., 1998] [Horstmann et2003] [Monaldo et al., 2005]. In particular under
tropical cyclone conditions, where numerical madeglland forecasting of ocean wind fields is still
a challenge, SAR data can be used to improve tistirex numerical model using assimilation
techniques [Horstmann et al, 2005], [Morey et2005], [Perrie et al., 2008].

Using the technique based on the inversion of glggsical model function (GMF), SAR wind
fields are retrieved in two steps. In the firsjpsténd directions are retrieved, which are a neagss
input in the second step to retrieve wind speets.4-1 shows a flowchart of the processing chain
used to estimate wind fields from SAR images.

In this chapter the different algorithms developeah particular emphasis on tropical cyclone
wind speed retrieval, are described.

In the first section the geophysical model usedetaeve wind speed is presented. Then the SAR
image calibration is discussed in detail for thHedent types of data, as this is the basis for a
correct retrieval of the wind speed. As wind dil@ctis required as additional input to the
geophysical model the different techniques to eg#ithis information directly from SAR images or
from numerical models are described. In the lasti@® of the chapter the different algorithms
developed for wind speed retrieval, and in paréictdr tropical cyclone conditions, are detailed.

[ SAR image ]

\

SAR image Wind Direction Incidence

calibration from Angles
streak direction Map

and

\ interpolation /
CMOD-5
Inversion

wind
Speed

Fig. 4-1: Flowchart of the wind speed retrieval fran SAR images.
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4.2 The GMF

For C-band frequencies and moderate incidence subgisveen 20° and 60° the main contribution
of backscattering from the ocean surface is dubdcso called Bragg resonance [Hasselman et al.
1985], [Ulaby et al. 1982]. According to this modieé backscattered power is proportional to the
density of surface elements whose size is comparabl the wavelength of the incident
electromagnetic radiation. For microwaves the spoading roughness is generated by so-called
short-gravity and capillary ocean waves.

These waves respond instantaneously to the windlbas over the sea surface. Moreover, as they
are distributed around the direction perpendicuiarthe local wind they make the radar
backscattering dependent on the wind directionréfoee the backscatter can be used as a measure
of the local sea surface wind.

The condition for resonance is dependent on theoweve wavelength, and the incidence angle
and is given by (Fig. 4-2):

A
L —n 4.1
8 2sing (4.1)

where/g is the Bragg resonant wavelength, aralpositive number [Wright, 1978].

To relate the radar geometry and the NRCS measutsritethe surface wind field (@ height) a
geophysical model function is used. GMF modelseanpirically based upon statistical analysis and
physical knowledge of the a-priori behaviour of theckscatter signal, and properly tuned for the
sensor employed. The general form of such semirgapmodels is [Ulaby et al. 1982]:

a°(x,U,8)=a(1+bcosy +ccos2y) (5.10)

whereU is the near surface wind speed usually definekDam height, and, is the azimuth angle,
i.e. the angle between the wind direction and titerana beam look direction. A wind blowing in
the direction of the radar beam and toward therréglaeferred to as upwing<£0°), while one
blowing away from the radar is referred to as dowmawy=180°), and the one perpendicular to the

Fig. 4-2: Bragg resonance, is the radar wavelength g the incidence angle
and 4g is the Bragg resonant wavelength.
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radar is referred to as crosswing90° andy=270°). The coefficients, b andc are functions of the
wind speed and incidence angle, modelled using hnagepolynomials.

For C-band and vertical polarization the CMOD GMFused [Stoffelen and Anderson, 1997],
[Quilfen et al. 1998], [Hersbach et al., 2007]. éries of CMOD functions were tuned to different
sets of parameters. The latest version of thislfar@MODS5, is particularly suited for the retrieval
of wind fields in case of storms, as backscattessueements in extreme winds conditions obtained
by aircraft and in situ measurements have been teséagne the model function. The GMF was
adapted by Hersbach and Stoffelen using ECMWF mwaitedl and data from the Imaging Wind
and Rain Airborne Profiler (IWRAP) instrument [Heash et al., 2007].

Fig. 4-3 shows the behaviour of the NRCS as modeitéeng the CMOD-5 GMF for different wind
directions (a) and wind speeds (b), and an incidemgle of 25°.

In Fig. 4-4 a 3-D plot of NRCS evaluated by CMOD5 €lifferent wind speeds and directions, for
an incidence angle of 25° is shown. For high wipdesls the CMOD-5 model accounts for the
reduction of the drag coefficient, that is a measafrthe momentum exchange at the sea surface. A
reduction of the drag coefficient will lead to adwetion of surface roughness and thus to a
reduction of the SAR measured NRCS. One can obgbhatefor a wind speed above BYsthe
GMF starts saturating and for hurricane force wimdseven higher ones it is reduced. This
behaviour is confirmed by measurements in a wam& {Rowell et al., 2003]. It can also be
observed that the area of CMODS5 that ranges froom&@0 70m/sis contained in ondB or less.
This makes wind speed retrieval from SAR even nurallenging, considering that the radar
measurement is affected by noise or attenuation.

4.3 Image calibration.

In order to invert the GMF, the NRCS has to bewdetifrom the image. The measure of NRCS has
the advantage to be independent of a particulasssersed to acquire the data, and depends only on

8 | 1 1 | | | 1 .18 L . i s ’ i '
0 50 100 . 15(_) ZFJU 250 300 350 0 10 20 \/\70 40 f° 50 70 80
Directions in degret ind sgeec [m/s]

a) b)

Fig. 4-3: NRCS behaviour for different wind directions (a) (wind speed equal to 10 m/s continuous lin20 m/s
dashed line and 40 m/s dash-dotted line) and diffent wind speed (b) (up-wind continuous line, crossind
dashed line) for a fixed incidence angle of 25° &-band according to CMOD-5.
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Fig. 4-4: Plot of CMOD-5 GMF for various wind speed and directions and a fixed incidence angle of 25°

the radar frequency, the geometry of acquisitiod e scene characteristics, like roughness, or
dielectric constant.

The relationship between the image amplitude, gimetigital number DN”, and the radar NRCS
coefficient ¢°) can be written as:

o= DN2M (4.1)
K

where @ is the local incidence angle and the constantofakt is the “Absolute Calibration
Constant”, derived from measurements over precisarsponders [Zink et al., 2002]. The fadtor

is processor and product type dependent, and maygehbetween different beams for the same
SAR product type.

4.3.1 Wide swath data radiometric quality

Assessment of the radiometric quality, which cassis the measurement of the radiometric
accuracy, radiometric stability and radiometricotaton, is needed to better understand the SAR
performance when used for wind speed retrieval.

In Tab. 4-1 the ENVISAT ASAR wide swath mode radeiric quality parameters are summarized
[Buch et al., 2000]. Radiometric accuracy is dedirses the absolute accuracy of the radar cross-
section measurement, which is the difference baetwke nominal and the measured target radar
cross-section [Bally, Kader, 1995]. Radiometricbgiy bounds are given by the temporal
variability of the instrument response from a targfeconstan®. The radiometric resolution of a
SAR image, irdB, is the measurement of the ability to distinglistween targets with differeat.

The equivalent number of look is intended to repnéghe speckle component of the observed
intensity.
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Parameter Value

Radiometric Resolution 1.45dBto1.72 dB
Radiometric accuracy 1.20dB to 1.45
Radiometric stability 0.32dB to 0.42 dB
Equivalent number of look >12

Tab. 4-1: ENVISAT ASAR radiometric quality parameter.

Speckle noise occurs in a coherent system suchA&s 8nd affects the radiometric accuracy.
Speckle is multiplicative noise which is formed agesult of random phase variations in the
interaction between the radar signal and the saifdtaby et al. 1982].

Statistics of speckle are usually described in seohthe Effective (or Equivalent) Number of
Looks ENL), defined by the normalized standard deviatioraiSAR image of a homogeneous
target [Bally and Fellah, 1995]:

1

ENL= (4.2)
(ar)®
whereqr is the normalized standard deviation:
qr -9 (4.3)
U

1 ando are the sample mean and standard deviation cighal power .

gr is a measurement of the width of the SAR signalgradistribution. The corresponding interval
Aqr around the expected intensktypecis:

Aqr = |_(1_ qr) |:Iexpec;(:l'-'- qr) O expec] (4-4)

As an example, in the case of the ASAR Wide Swathldlimage, aENL =12 the value ofjr is :

NI

gr = ENL 2 = 0.2887 (4.5)

For a homogeneous target the recorded values strébdted around the expected valugecwith a
standard deviation equal to 0.2887. Therefore rea@ounts of data lie within the interval:

lo° - 147dB; 0° + 1.1d8)| (4.6)
wheres® is the expected NRCS.

Radiometric confidence intervals can be reducedawsraging over independent ‘uncorrelated’
pixels in the radar image. The relationship betwiherENL after pixel averaging and the original
ENL is:
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ENl?verage: ENLorig. % (47)

whereN is the number of pixels of the averaged areaRuithe number of pixels per resolution
cell in the radar image.

In the case of ASAR Wide Swath Mode Image, avegagwer 40x 40 pixels, corresponding to an
area of Xmx 3km, leads to an improvement in the error bound of:

|o° - 041dB,0° + 03748 (4.8)

This value of averaging will be used in the follogito retrieve wind fields, as it assures a
radiometric accuracy of the same order as scateerm

4.3.2 Wave mode data calibration

The ERS-2 Wave Mode images are not delivered asmatrically calibrated data by ESA. In any
case to use them for wind speed retrieval and wanedysis their mean intensity has to be
accurately calibrated and translated into NRCSea&lu

Due to the small variation of the incidence angleoss Wave Mode images equation 4.1 reduces
to:

o _ DN?
K

o (4.9)

In this study the calibration of the imagettes vwesformed using the calibration constdft
estimated by [Horstmann et al., 2003] using a datacquired in September 1996. Before applying
the calibration a cross check with a new data 6&000 Wave Mode data, acquired three years
later between September 1 and September 30 1988%biyRS-2 Satellite and collocated with the
ERS-2 Scatterometer data, has been performedeotdepossible drift in the value of the constant.
The Wave Mode images NRCS have been compared hétbarresponding scatterometer NRCS.

| rms=0.59 [dB] ] rms=0.57[dB]
I bias=0.07 [dB] ] bias=0.08[dB]
cor=0.94
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Fig. 4-5: Plot of Scatterometer NRCS vs. Imagette RCS. a) before correction, b) after correction usig | Q
standard deviation (see Fig. 4.6)
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The scatterometer NRCS values have been retriesied the wind fields delivered by the French
Processing Facility to invert the geophysical modegiction CMOD-2FR [Quilfen et al., 1998]
originally used to estimate them. Since the r&ah(d imaginaryQ) data channel of Wave Mode
data are quantized by the analog to digital coevéADC) with a limited number of bits (4 bits for
each channel), NRCS measurement are affected btueagon effect, particularly for high values
of NRCS. In Fig. 4-5 a) this effect is shown plogtithe imagettes NRCS versus the simulated
scatterometer NRCS.

The power loss correction (Fig. 4-6) [Kerbaol ef 4098] is given as function of ther Q channel
standard deviation which is computed as part optieeessing from the raw data. Fig. 4-5 b) shows
the scatter plot of the Wave Mode data NRCS vssttaterometer NRCS after the power loss
correction is applied. It can be observed thatgbeer loss correction is significant for values
above -4dB. This level of NRCS values can easily be reaclnettapical cyclones conditions, at
wind speed above 30/s

4.4 Wind direction retrieval using spectral analysis

As shown in the workflow of Fig. 4-1 wind directias required as input in the SAR wind speed
retrieval algorithm. For this purpose the derivatlmased on spectral analysis has been chosen for
its robustness and relatively easy implementaatiaywing it to be put in a semi-automatic chain.

On SAR images often so-called “wind streaks” argble, ranging in wavelengths from 600 to
2,000 meters [Alpers and Bruemmer, 1994]. In FiJ. @) the direction and wavelength of the
wind streaks measured from the image of hurricaatgika are shown. The variation in sea surface
roughness that makes wind streaks visible on SA&y@s is explained by changes in surface wind
speed due to the formation of boundary layer rolls.
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Fig. 4-6: |1 Q standard deviation vs power loss foERS-2 Wave mode images.
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Under combined surface heating and strong windszdmtal helical circulations can form in the
boundary layer. These circulation are consistsl@tksvise and counterclockwise pair of helices
[Stull, 1998] (Fig. 4-8). They have an importankeran the vertical exchange of momentum, heat
and moisture in the atmosphere. The direction e$e¢hrolls is assumed to be parallel to the wind
direction [Lehner et al., 1998]. The wavelengthwafd streaks can be related to the roll size and
thus the mixed layer depth [Foster, 2007], [Momiset al., 2005].To determine wavelength and
direction of wind streaks from SAR images as fatelp the image is divided in subscenes okrh0

x 10km Then an FFT analysis is performed on each subsaemrder to obtain the 2 dimensional
image spectrum. To remove spectral features, whrehnot due to wind streaks, a filtering is
applied on the image spectrum, cutting out theueegies higher than 508 and lower than 2000
m. Fig. 4-7 b shows as an example the filtered spectetrieved from the box highlighted by the
light-blue square in Fig. 4-7 a. The orientationtlod streaks (black arrow) is perpendicular to the
main spectral energy peaks.

As the image spectrum is symmetric there is a Biguity in the estimated wind direction. This
ambiguity may be removed through comparison witfeotlata sources or through a study of wind
shadows in the images. In particular, for the asialpf tropical cyclones, knowing that in the
Northern (Southern) hemisphere the winds fieldofw8 a spiral path in anticlockwise (clockwise)
direction is possible to resolve the 180° direcaombiguity without external information.

Due to many sea surface features it is often netipte to retrieve the wind direction over the
complete swath using the aforementioned technigsiesshown in Fig. 4-6 a. To obtain a uniform
field of wind direction an interpolation is perfoeah as final step.
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Fig. 4-7: a) Wind streaks retrieved from the ASAR image of hurricane Katrina. b) Two dimensional speectuim
retrieved from the box highlighted with light-blue in a). The black arrow represents the wind directio,
perpendicular to the main spectral energy peaks.
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Fig. 4-8: Wind rolls in the planetary boundary laye.

4.5 The SAR wind speed retrieval algorithm

In this section the algorithms developed to retrilve wind field from SAR images are described.
Particular attention is given to the scatterometgproach as it is employed for the following
analysis.

4.5.1 Scatterometer based approach

This method is based on the direct use of a GME lthies wind speed and direction to NRCS
measurements. The method is widely accepted, adlin®operational services.

For a fixed incidence angle, given a wind speed dinéction vector as input to the GMF, it
produces a unique value of NRCS. The inverse istmiet as a particular value of NRCS can be
associated to several pairs of wind speed andtaired=or a Scatterometer the problem can be
solved thanks to the multiple acquisitions of tame area from different look angles that the sensor
operates. In the case of SAR, where only one atigmswith fixed look angle is available, the
problem is indeterminate. It is therefore necessarknow the wind direction a priori in order to
determine the wind speed.

It is possible to obtain information on wind direct from the SAR images itself detecting linear
features, like wind streaks, aligned with the wehection. Several methods to determine the wind
streak direction have been developed, e.g. speatiaysis [Lehner et al., 1998], wavelet analysis
[Du et al., 2002;] and local gradients [Koch, 200%#he 180° ambiguity associated with these
methods may be removed through comparison withrathta sources or through a study of wind
shadows in the images. In this study the methoddas the FFT analysis for the streak detection
[Lehner et al., 1998] has been chosen as previtugies have shown a good retrieval of wind
direction in tropical cyclone conditions, in whittie general circulation is known.

A reasonable estimate of wind direction may als@toided by numerical model data [Monaldo,
2000], scatterometry [He et al., 2005], or in siteasurements [Hasager et al., 2004]. Unfortunately
the spatial resolution at which these data areigealvis too coarse, not allowing resolving the fine
scale structure of the wind field that may be ested from SAR images.
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Once the wind direction is estimated for each ckthe SAR image the inversion of the GMF can
be performed. When the wind direction is known @mrthe wind speed retrieval procedure is
straightforward, and requires only the solutioradfero-crossing” problem. At gives?(i,j) in cell
(i,)) the corresponding value of wind spe&dj) for a fixed wind directiorpy and incidence angle
90 iS :

vii, j)=min(od, 5, - o°(. i) (4.10)

wheregy, ,  is the simulated NRCS for fixeghand6pand wind speed varying betweemrisand
80m/s

4.5.2 2D-var retrieval approach

This inversion technique uses an optimal inverswethod that combines numerical weather
prediction data with the measured NRCS and the GPMbitabella et al 2002]. Using a two

dimensional variational approach a cost functiorosgh minimization leads to the optimal wind

vector is defined.

The cost function can be written as:
J= (V _VNWP)T B_l(v _VNWP) + (UgAR - UEMF )T R_l(JgAR - JgMF ) (4-11)

whereV is the estimated wind field/nwe is the model wind field°sar is the SAR measured
NRCS andd’gur is the NRCS estimated from GMB.andR are the error covariance matrices of
the NWP estimates and NRCS measurements respgctivelch under the assumption of no
spatial correlation are diagonal matrices.

The method produces results comparable with thes afiethe Scatterometer approach, but it
requires a considerable processing time.

4.5.3 Neighbouring blocks approach.

This technique estimates the complete wind fieldeesl and direction, using the NRCS
measurements from two neighbouring subimage blduikeging slightly different incidence angles
[He et al., 2005].

The method is based on the minimization of theofelhg cost function, assuming that the wind
vectors of two neighbour subimages in the rangecton are equal:

| = (UfSAR_ J10(5MF)2 + (USSAR_ USGMF)Z (4-12)

where d°saris the measured NRCS amfigyr is the GMF predicted NRCS. The minimization
process requires that the partial derivative wétspect to wind speed and wind direction have to be
equal to zero. The technique requires externalrmméion on wind direction to remove the 180°
ambiguity. The method is still experimental anddsesome improvements to reach the accuracy
level of the other techniques.
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4.6 Retrieval of wind speed in tropical cyclone condits

SAR provides an alternative approach to acquireemiasions for improved and timely
characterization of the wind field of tropical ocyonks. Since the launch of satellites like
RADARSAT or ENVISAT, that are able to acquire SARages with dimensions up to 580 x

500 Km and so to capture the whole structure of a tropigalone, a growing interest has been
shown by the scientific community to use these iesafpr the retrieval of wind field and the
analysis of atmospheric features associated wehstorm. While several authors have shown that
SAR images can be helpful to improve the understgnaof the storm morphology [Katsaros et al.,
2000], [Vachon et al., 2002], the retrieval of wifrelds and in particular the maximum wind speed
is still an open issue. Several authors have obddat using the technique based on the inversion
of a scatterometer GMF for SAR wind speed retri@vddurricane force wind conditions the results
are biased low when compared to in situ measurenjeiorstmann et al., 2005].

Besides the approach described in section 4.4iePatral., (2006) extended the application given
by He et al. (2005) to tropical cyclones. Howewvexiernal wind direction information is still
needed to find the best solution for the cost fimmctShen et al., (2006) modified the method,
making it possible to retrieve wind vectors from FSAmages without external information, in
certain circumstances. However, an apparent hias)gsts for hurricane wind speed in the studies
of both Perrie et al., (2006) and Shen et al., §200

Long and Nie, (2007) proposed a new technique basedhe use of a numerical model to
recalibrate RADARSAT images of tropical cycloned$doe applying the retrieval technique based
on the inversion of scatterometer GMF CMODS5. Altgbuthe method avoids the use of the
polarization ratio, which is often a source of esrdhe authors show that the retrieved wind speed
is in agreement with collocated model data for wapeeds up to 2B/s For higher wind speed
large errors have been found, mainly due to saturaf the GMF and presence of heavy rain.

All authors of the above mentioned papers agreethearetrieval of the wind field in a tropical
cyclone is still an open issue. Heavy rain, thatrapical cyclone conditions can reach up to 100
mm/h and the saturation of the backscattered signal thie principal reasons for the
underestimation of the actual wind speed in SARawtd wind speed.
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5 Data set description

Because of their all-weather capability and widathwoverage space borne radars are of particular
interest for the study of tropical cyclones. Onetloé main advantages of these sensors, e.g.
scatterometers, SARs and altimeters, is the pdimetraf dense clouds coverage and weak
influence of rain. Hence such radars can measute rather high precision the NRCS of the sea
surface.

This chapter describes the different types of desad in the present study. In the first part a
detailed introduction to ENVISAT ASAR Wide Swath deo(ScanSAR) data, RADARSAT Wide
Swath mode data and ERS-2 wave mode data is gfeloywed by a description of ERS-2
scatterometer and altimeter data used for validafitne performance and limitation of each data
set is also addressed.

5.1 Remote sensing data

In this paragraph the remote sensed data usetidasttidy are described. All these data have been
acquired using satellite-borne radars. Radar sensan be separated in two categories: nadir
looking radars such as altimeters, and side lookadgrs such as SARs and scatterometers.

Altimetry sensors basically determine the distafroen the satellite to the target surface by
measuring the satellite-to-surface round-trip tiofea radar pulse. Additionally, analysis of the
intensity and shape of the returned pulse allowsexéng information on sea state and wind speed.
To obtain a high vertical resolution these radaesaperated with very short pulses. Such sensors
have a high vertical resolution, in the order ofitteetres [ENVISAT radar altimeter handbook],
but have a small footprint on the illuminated soefaue to the short pulse length.

Satellite scatterometers are side looking non aotteladars that accurately measure the power of
the pulse scattered back to the antenna. They lbeem originally designed to map wind speed and
direction over the oceans, but they also measutieusland, sea and ice variables. To achieve a
high radiometric resolution pulses received overnde area are averaged. This results in a spatial
resolution of only several kilometres.

As detailed in chapter 2, SAR sensors are cohsgstéms designed to image the earth surface with
high spatial resolution. The last generation SAReay, like TerraSAR-X, can achieve a sub meter
resolution.

In Tab. 5-1 the key characteristics of the presaillite missions equipped with radar sensors for
the monitoring of the ocean surface are listed.

5.1.1 ENVISAT ASAR wide swath data

The European satellite ENVISAT was launched on K&t 2002 into a Sun-synchronous polar
orbit to provide measurements of the atmosphereammcatmosphere, and sea ice. The satellite,
equipped with ten different sensors, allows the imooing of sea surface temperature, water vapour,
cloud top height, earth radiation budget, and tha state conditions. The satellite has been
positioned in an orbit similar to the ERS-2 sateltio allow the acquisition of data over the same
area with half an hour time shift.
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Waveband . . .
(central larizati REGIBRIEITE Inclldence Resolution | Swath width
e Polarization accduEr’acy ang ((je range s [km]
Sl [dB] [deg]
Image Mode
100
ENVISAT 30x:30
ASAR C (5.3) VV,HH 1.5-3.5 19-45 _
Wide Swath 400
150x 150
ERS 1-2 AMI C (5.3) Y, 2.5 20 - 26 38 30 100
RADARSAT-2 C (5.3) VV,HH 1. 20-49 t('):rforg ixlgo
RADARSAT C (5.3) HH 1.5-3.5 20 - 49 tgrfé%fi(go Fro&? 0
TerraSAR-X | X (9.65) VV,HH 15 20-45 | Frombio | Fromi0to
ooca Winds Ku (13.4) VV,HH 0.2 46-54 | 128125 1800
catterometer
ASCAT
Seatoromoter C (5.3) WV 0.5 500 + 500
Seatia C (5.3) Y, 0.2 18-59 | 2500x 2500| 500
catterometer
ERS . 16000 to
altimiter Ku(13.8) n.a. 0.4 Nadir 20000 n.a.
ENVISAT Ku(13.575), .
altimiter S(3.2) n.a. 0.4 Nadir 2000 n.a.
Topex
Poseidon, Klé(153é6)' n.a. 0.2 Nadir 328830 n.a.
Jason 1/2 (5.3)

Tab. 5-1: Key characteristics of Synthetic ApertureRadar and Scatterometer instruments.

ENVISAT carries a SAR instrument, called “ASAR” opéng in C-band (5.33GH2). The main

feature of ASAR is the active phased array antéhatoffers the possibility to operate in a number
of different modes with different incidence angs&®l polarizations. ASAR can acquire data in the
so called ScanSAR mode, in which several beamsa@riined to generate an image of 400
width (Wide Swath), with 15@n resolution and 7% pixel size (Fig. 5-1). The incidence angles in
ScanSAR mode vary between 19° and 45°. A constiaitite use of ASAR Wide Swath mode for
wind speed retrieval at medium to high wind speadi&ith high spatial variation of the wind field
is set by the saturation of the analog to digitadwerter for small incidence angles.

In ScanSAR mode a large part of a tropical cycloaa be imaged synoptically allowing the
analysis of the storm structure and the assocrag=sbscale features (Fig. 5-2).

5.1.2 RADARSAT-1 scan SAR images (SWA)

The Canadian satellite RADARSAT-1 equipped withARSsensor was put in a sun- synchronous
orbit on November 4, 1995 at 788n above the Earth. The SAR sensor works at@-z (C-band)
in HH polarization. Like the ENVISAT ASAR sensor BRARSAT-1 is able to operate in different
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modes (Fig. 5-3) with image swath ranging fromkda to 500Km with a resolution from &n to
100 m. The scanning SAR (ScanSAR) wide mode (SWA) of RIRBAT-1 provides coverage of
500 Km nominal ground swaths at incidence angles bet2@&rand 49°, with a spatial resolution
of 100m and a pixel size of 5t (Fig. 5-4).

RADARSAT images are acquired with HH polarizatiomdano geophysical model function, to
retrieve wind fields for such polarization has bekeweloped. Some studies to adapt the GMF for
VV polarization, through the use of an empiricaltermined multiplication factor, have been done
[Elfouhaily, 1997],[Thompson et al., 1998],[Vacheh Dobson, 2000],[Horstmann et al., 2000],
[Mouche et al., 2005] but the results are undecudision and a consensus has not been found yet.
In this study RADARSAT images are used only for #malysis of atmospheric features, e.g. wind
streaks, associated with tropical cyclones.

Flight
Direction

Fig. 5-1: ENVISAT ASAR acquisition geometry in WideSwath Mode, (image courtesy ESA).

90"W 89"w 88°WY 87" W 86" 85"

Fig. 5-2: ASAR ScanSAR Image of hurricane Katrina aquired on 28 Aug. 2005 15:51, over the Gulf of Méco.
Coverage is about 400 km x 400 Km.
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Fig. 5-3: RADARSAT-1 acquisition modes.
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Fig. 5-4: RADARSAT Image of hurricane lvan acquiredon 11 Sep. 2004 23:13 UTC. Yellow line represeritse
storm track.

5.1.3 AMI SAR data

The European Remote Sensing satellite ERS-2 ifotlosv-on mission of ERS-1 and was launched
in April 1995 [ESA Earthnet on line]. The satellite still operating and is flying in a sun-
synchronous polar orbit at 783 height and 98.5° inclination.
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Sub Satellite Track Wave Mode

swath

Image Mode swath

Fig. 5-5: ERS-2 SAR Wave Mode Data acquisition gecgtry

At the time of their launch the ERS satellites esgnted the most sophisticated Earth observation
platform ever developed and launched in Europeh Batellites were designed to acquire data for a
large variety of users and applications.

In this study data acquired with the Active Micromanstrument (AMI) are used. The instrument
incorporates two radars, a SAR and a Scatteromatélind Mode operation. Due to operational
requirements the two modes are mutually exclusiue Wind and Wave Modes are also capable of
interleaved operation, in so-called 'Wind/Wave Mdégy. 5-5).

To provide a global and continuous coverage obttean the SAR provideskim x 10 Km images,
also called Wave Mode Images, or imagettes atvaterof 200Km along the satellite track (Fig.
5-6). The relatively low data rate allows on-bodata storage and subsequent downlink when a
receiving antenna is in line of sight. Wave Modéadare acquired at a nominal incidence angle of
23°, with a resolution of 2@n in range and 4n in azimuth. The size of an imagette in azimuth
(along track) is 5.1Km (320 pixels), while in range (across track) iagproximately 10Km (600
pixels).

ESA delivers as standard product derived from Weleogle data coarsely gridded image power
spectra, so called UWA spectra [G. Brooker, 1998kse data are distributed to weather centres in
real time and used for ocean wave mode validatmhaassimilation.

Using the BSAR processor developed at DLR/DFD Wsheele raw data have been processed to
single look complex SAR image data. In total modnant 800,000 imagettes were processed,
covering the period from January 1999 to Decemi@d02More technical details about the
reprocessing of the data can be found in Lehnat. ,2000).
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sensor: ERS—-2 Procassor: BSAR@IME o ESA/DLR 2005 A

wy g

Raw Data D GSO44505—-3—1—85

UTC Times: 19—SEP—'|999/0222D:53 /T 7\
Coordinates: N 26.20° / w 58.97°

Processing Date: DE—FEB—2005 Flight Morth DLR '

- -

10 Krr
Fig. 5-6: ERS Wave mode image acquired on Sep. 199P over Hurricane Gert.

5.1.4 AMI scatterometer data

Spaceborne scatterometers are radars originallglaleed to obtain information on wind speed and
direction over the sea surface. The AMI Scatteremebnsists of three antennas, one pointed
sideways and two at + 45°.

The antennas illuminate a swath of 300 and are processed to a pixel size oK&bboth in range
and in flight direction. A wind field retrieved ungy the AMI scatterometer on Oct. 24 2005 over
Gulf of Mexico is shown In Fig. 5-7.

As Wave Mode data are available at the same tinte lapation within the larger ERS-2
Scatterometer swath, for every Wave Mode imageeaigely collocated Scatterometer wind vector
is associated. AMI Scatterometer data have beahtosalidate the calibration of Wave Mode data
and to compare the SAR retrieved wind speed. Th#esometer wind fields used in this study
have been processed and delivered by the Frenatesaiag and Archiving Facility (F-PAF)
[Pouliguen and Harscoat, 1994].

5.1.5 ERS-2 RADAR altimeter data

The ERS-2 Radar Altimeter is a Ku-band (13.8 GHalirpointing active microwave sensor that
allows the measurements of significant wave heagiet the ocean with a radar footprint that varies
with the sea state from two to ten kilometers [iWarth.esa.int/missions/]. The standard delivered
product consist of one measurement every secoatictiiresponds to Km in distance, along the
satellite orbit. Altimeter estimates of significamave height, provided by the Altimeter Data
Processing System (ADP) at GeoForschungsZentrusd®ot (GFZ), are used to compare SAR
measurements and to improve the detection of thg gage of storms in the open ocean.
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ERS: 20051024 04:307 HIRLAM: 2005102400+3 at LAT LON: 26.9€ -84.98 |R: 06:00

100mis

Fig. 5-7: ERS Scatterometer wind field acquired or©ct. 24 2005
over the Gulf of Mexico (Hurricane Wilma) (image cairtesy ESA).
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6 Features Analysis of tropical cyclone images

This chapter describes the estimation of some cterstic tropical cyclones parameters like eye

size and shape, radius of maximum wind speed amdi Wwireaks from SAR images. These

parameters are key input for a parametric modélopical cyclones used in this study. A technique

based on wavelet analysis is used to estimate ybesige and shape, while the wind streaks are
analysed making use of a Fourier Transformatiodafaset of fourteen SAR images selected from
the ENVISAT ASAR and Radarsat-1 archives have lsedected for the study.

6.1 Tropical cyclones analysed

The images selected for this study were chosen HmmMENVISAT ASAR and RADARSAT-1
wide swath archives if the eye of the tropical oyd, needed for the analysis, is visible. A tofal o
14 images were selected for the analysis. In Tdbtl® key characteristics of the tropical cyclones
at the time of the SAR acquisition are given.

6.2 Eye size and shape

Tropical cyclones, in the mature stage, are charaed by the presence of a well defined eye at the
geometric centre of the storm. The eye of a trdgigalone is a region of mainly low wind speed
and very little rain. It can be clear or filled oy and mid-level clouds (a filled eye), or it mbhg
obscured by the central dense overcast.

The size of a tropical cyclone eye can vary betweé&m and 50Km [Kimball, 2004]. For very
intense tropical cyclones a phenomenon called ‘EjleReplacement’ can occur. In such cases,
some of the outer rainbands may strengthen andhizgato a ring of thunderstorms, the so called
‘Outer Eyewall’, that slowly moves inward acquirimgoisture and angular momentum from the
inner eyewall until the latter collapses. Duringsthhase usually the storm weakens, to eventually
re-intensify when the outer eyewall replaces timeirone completely.

As the ocean surface of the eye area is relatsmlgoth, the SAR backscattered signal will be weak
when compared to the surrounding area which isaciarized by the strongest wind speed in the
storm. The tropical cyclone’s eye will appear i ®AR image as a dark area with elliptical shape.
Fig. 6.1 shows as an example the eyes of fourdabgiyclones. The size of each image iK&Ox

60 Km. The top left image shows the eye & major axis) of hurricane Katrina (2005) when an
eye replacement was in progress. The top right érsmpws the small eye (n major axis) of
typhoon Kiko (2004), while the lower left and loweght images show the eyes of hurricanes
Danielle (1998) (3&m major axis) and Lili (2002) (2Bm major axis) respectively.

6.2.1 Eye detection using wavelet analysis

The characteristic appearance in SAR images ofrtpcal cyclone eye makes possible to detect
its size, shape and orientation using an edge titmtetechnique. Hereafter the image of the
hurricane Lili’s eye will be used to show the valsqrocessing steps (see Fig 6.2).

In this study the approach proposed by Du and Via¢B003) has been followed, and applied for
the first time to ENVISAT ASAR images [Reppucciadt 2008]. As first step a wavelet analysis is
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Image centre Image acquisition LA Central
Sensor 9 9 q Wind Cat
Lat, Lon Time (UTC) Pressure
Speed
Hurricane ENVISAT o o .
Koo ASAR 26,22°N - 87,8°W 28-08-05 - 15:5() 70 mis 905 m Y
Hurricane ENVISAT o o .
e ASAR 24,08°N - 86,00W 22-09-05 - 03:45 75 mis 897 m \
Typhoon ENVISAT o 0 OO . (-
e AGAR 17,99°N 131,00°E |  09-09-05 - 01:11 40 m/s 955 m |
Typhoon ENVISAT o 0 OO . (-
e AGAR 2573°N 123,35°E |  11-09-05 - 01:46 55 m/g 945 m |
Typhoon ENVISAT o 0 NO.NA . 1294
o oda ASAR 28,7°N 128,54°E 06-09-04 - 13:23 45 m/s 940 m |
Typhoon ENVISAT o 0 204 . 1E-
T e ASAR 2536°N 121,83°E | 25-08-04 - 15:21 33 m/g 980 m |
Hurricane ENVISAT 2943°N 84,20°W |  06-09-04 - 15:38 23 mis 982 mb TS
Frances ASAR
Hurricane ENVISAT 0 0 1O.0E . 02
Wilra ASAR 24,64°N 84,68°W | 24-10-05 - 03:39 49 mis 958 mb I
Typhoon ENVISAT o o 0805 - 0124
X ASAR 21,20°N 128,06E 30-08-05 - 01:24 63 m/g 925 mb |
Hg;rr;?(j‘l?ee RADARSAT-1 | 30,48°N 72,87°W |  31-08-98 - 10:52 46m/id 977 mb I
Hurricane | o A\pARSAT-1 | 39,44°N 56,80°W 26-09-01 - 21:41 40m/§ 977 mb |
Humberto
H”r['iﬁa”e RADARSAT-1 | 29,13°N 86,76°W 02-10-02 - 11:4¢€ 47m/d 971 mb I
gﬁruok‘;” RADARSAT-1 | 30,17°N 12544°E|  05-09-02 - 21:38 45m/| 950 mb I
H”g{(')‘;%”e RADARSAT-1 | 33,99°N 76.21°W 15-09-99 - 11:08 51m/d 943 mb I

Tab. 6-1: Key characteristic of Tropical Cyclones aalysed as reported by HRD and JMA.

performed in order to remove the high frequencyuies due to the noise that can affect the
performance of the edge detection.

A wavelet transform provides a time-frequency repreation of a signal. Applying wavelet
analysis for edge detection gives the possibilityclooosing the size of the details that will be
detected. When used with SAR images this allovisriilg out the high frequency features that are
associated with local noise. The size of the detedetails is set by the wavelet scale. Using as
basis the ‘Daubechies D4’ wavelet with a level ppximation equal to 5 corresponds to look at
features with a spatial scale of X4n in the case of ASAR images and K in the case of
RADARSAT-1 images. At this scale the eye of thepital cyclones will be detected as a low
frequency feature. Fig. 6-2 shows the eye of thgidane Lili after the processing using the
aforementioned technique. After the filtering th&RSimage is transformed into polar coordinates
(Fig. 6-3).

58



Extreme Wind and Wave Conditions in Tropical Cy@si®bserved from Synthetic Aperture Radar

6. Features analysis of tropical cyclone images

Fig. 6-1: Tropical cyclone eyes of hurricane Katrim (a), typhoon Kiko (b), hurricane Danielle (c) anchurricane
Lili (d). Each image is 60 Kmx 60 Km.

Fig. 6-2: Eye of the hurricane Lili after the processing using wavelet analysis.
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Fig. 6-3: The eye of Lili transformed into polar crdinates. Pixel are coloured according to their itensity value.

The maximum radiometric gradient is then computed@the radial directions with a step size of
1 degree. In a final step the average value ofrtaimum radiometric gradient is used as threshold
to estimate the extent of the eye area. Fig. 6edvshthe resulting eye area for the tropical cyctone
shown in Fig. 6-1. In Tab. 6-2 the results of thecedure applied to the whole dataset of Tab. 6-1
IS presented.

It should be noted that following this approach #nea of the eye is estimated objectively, i.e. the
threshold is estimated for each case without usthgr external information.

Distance from center [Km]

-10 0 0 20 30

Distance from conter [Km]
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.

Disatnce from center [Km]
.

30
=30 =20 =10 o 10
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Fig. 6-4: Estimation of the eye’s area for the trojzal cyclones shown in Fig. 6.2., with an asterigenoting the
eye’s centre.
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Tropical Cyclone Name Area Major Axis Min Axis Eccentricity Orientation
(number)

Hurricane Katrina (1) 484,24 32,73 19,06 0,82 101,82°
Typhoon Kiko 09 (2) 89,73 11,96 9,87 0,56 79,53°
Typhoon Kiko11 (3) 245,67 19,89 15,18 0,65 88,65°
Typhoon Songda (4) 225,58 27,80 12,41 0,89 116,26°
Typhoon Marce (5) 749,12 46,71 21,75 0,88 97,77°
Hurricane Frances (6) 904,2 40,02 30,39 0,65 83,85°
Hurricane Wilma (7) 4376,3 87,6 64,12 0,68 120,29°
Hurricane Danielle (8) 736,77 38,21 24,69 0,76 114,79°
Hurricane Humberto (9) 255,47 23,018 14,34 0,78 114,62°
Hurricane Lili (10) 251,08 20,94 15,42 0,68 85,37°
Typhoon Sinluka (11) 4785,2 107,42 57,88 0,84 97,62°
Hurricane Floyd (12) 2579,2 67,94 49,094 0,69 111,99°
Mean Values 1306.9 43.68 27,85 0,73

Standard deviation 1668.2 29.42 18.72 0,1

Tab. 6-2: Eye size and shape parameters.

6.2.2 Eye size, shape and centre location

Once the extent of the tropical cyclones has beterchined different parameters can be computed.
The size of the eye is estimated multiplying thenbar of pixels belonging to the eye by the pixel
size.

The centre of the tropical cyclone (asterisks ig. BF4) is estimated computing the centre of mass
of the eye region (first moment). The referencggd is calculated as the ellipse that has the same
normalized second central moments as the eye rédgom, 1999]. The eccentricity can be used to
estimate the shape of the eye, i.e. the smallee¢bentricity is the closer to a circle is the ayea.

The orientation is given as the direction in dedre®veen a vertical axis in the image and the major
axis of the reference ellipse. Fig. 6-5 shows tikerence ellipse calculated for the eye of the
hurricane Lili. In Fig. 6-6 to Fig. 6-8 the histagns of the parameters estimated from the dataset
reported in Tab. 6-2 are plotted.

Fig. 6-5: Reference ellipse for the eye of hurricanLili.
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Eye Size [Km?]
Eccentricity

Fig. 6-6: Histograms of eye size (left) and eye extricity as estimated from the dataset of Tab. 6-2

Major Axis [Km]
Minor axis [Km?]

Fig. 6-7: Histograms of major (left) and minor (right) axis eyes as estimated from the dataset of Ta-2.

Minor axis orientation vs N [Deg]

Fig. 6-8: Histograms of minor axis orientation
with respect to the North as estimated from the daset of Tab. 6-2.
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6.3 Estimation of the radius of maximum wind speed

The radius of maximum wind speed is the regionhat houndary of the tropical cyclone eye
affected by the highest wind speed. This paramstene of the inputs for the Holland parametric
model used in the following analysis. In the SARaga this area will appear as a ring much
brighter than the surroundings. The radius of maxmwind speed is estimated from SAR images
using two perpendicular profiles, in the range amonuth directions, passing through the tropical
cyclone centre.

Fig. 6-9 shows a cut through the centre of the @yéhe hurricane Katrina in the range (look)
direction. In this direction it is possible to obg=a strong ramp in the brightness values intreduc
by the incidence angle variation across the swidhremove the contribution due to the incidence
angle variation a polynomial of first degree hasrbétted to the data (dash-dotted line in Fig.)6-9
and subtracted to obtain the result shown in FHfj06In a following step the radius of maximum
wind speed is estimated measuring the distanceeeetthe centre of the tropical cyclone and the
abscissa of the point with the highest brightnedses(see black arrow in Fig. 6-10).

2200 T T T T T T T

2000

1800

1600

brigthness values

1400

1200

1000 1 1 1 1 1 1 1
-80 -60 -40 =20 0 20 40 60 80

Distance from center [Km]

Fig. 6-9: Cut through the eye of hurricane Katrinain the range direction.
The dash-dotted line represents the first order pginomial fitting to the SAR measurements.
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400 T T T T T T T

300 1

200 b

100 b

-100f 1

=200 b

Deramped brigthness values

=300 b

-400 E

_500 1 1 1 1 1 1 1
-80 -60 -40 =20 0 20 40 60 80

Distance from center [Km]

Fig. 6-10: Cut through the eye of hurricane Katrinain the range direction after deramping. The red aterisk
represents the point with highest brightness. Thelbck arrow represents the estimated radius of maximm wind
speed.

In the azimuth direction, as the variation in theRSmeasurements are only due to changes in the
wind field the deramping step it is not needed (Big1). Assuming that the wind direction along
the two cuts it is not changing, thenRis then computed finding the maximum in the peotiblack
arrow in Fig. 6-11). In Tab. 6-3 the values qjf/Ras estimated in the two directions and the mean
value are reported.
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1900 - <> .
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1700 i
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Fig. 6-11: Cut through the eye of hurricane Katrinain the azimuth direction. The red asterisk represats the
point with highest brightness. The black arrow repesents the estimated radius of maximum wind speed.
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Tropical Cyclone Ruw range [Km] Ruw azimuth [Km] RuwMean [Km]
Katrina 21 22.5 21.75
Kiko 09 9.0 10.5 9.75
Kikol11 15 12 13.5
Songda 15 13.5 14.25
Marce 43.5 22.5 33
Frances 43,5 42 42.75
Wilma 51 43 47
Danielle 28,5 30 29.25

Humberto 21 25.5 23.25
Lili 135 16.5 15
Sinluka 75 61.5 68.25
Floyd 45 67.5 56.25

Tab. 6-3: Estimated radius of maximum wind speed imange direction and in azimuth direction.

6.4 Atmospheric boundary layer roll analysis

The marine atmospheric boundary layer is part efatmosphere that is in direct contact to the
ocean. It is in this region that ocean and the aphere exchange heat, moisture and moment via
turbulent transport. The turbulent flux is orgawizim convective cell and rolls. Atmospheric
boundary layer rolls (or convective rolls) are balicirculation patterns in the marine atmospheric
boundary layer which are superimposed on the meaa field (primary flow) [Stull, 1998]. These
rolls modulate the short scale roughness due tagwyi flow, resulting in lines of enhanced and
decreased backscatter in the SAR image. The directi the roll is parallel to the mean boundary
layer wind shear vector [Lehner et al., 1998].

In tropical cyclone conditions the inhomogeneou$ulence in the boundary layer led, mainly, to
the formations of roll vortices [Foster, 2005]. F&g12 shows an ENVISAT ASAR image acquired
over typhoon Kiko on Sept. 9, 2005. The image dostaignatures of roll vortices. The wavelength
of these rolls is on the order of 700 m to 1100Smme scientists [Foster, 2007], [Morrison et al.,
2005] assume that the wavelength of these rolisl&ed to boundary layer depth, which would be
valuable information to be deduced from the SARgea

Following the approach explained in section 4.4,asmalysis of the wavelengths of the SAR
detected boundary layer rolls has been conductetthetropical cyclone dataset reported in Tab.
6-1.

Fig. 6-13 and Fig. 6-14 show two examples of theeed boundary layer rolls (a) and the relative
histograms (b) for the hurricane Danielle (1998) #re typhoon Songda (2004), respectively. Tab.
6-4 shows the result of the analysis of boundaygraolls from the dataset described in Tab. 6-1.
For each tropical cyclone the number of detectathfary layer rolls as well as the mean value of
the wavelength and the standard deviation is giVée. histograms of the results given in Tab. 6-4
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are shown in Fig. 6-15. The estimated wind dirediovill be used in chapter 7 as input for the
algorithm used to retrieve tropical cyclone wineag fields.

Fig. 6-12: Sub image of 30 Km x 30 Km extracted fim the ASAR image of typhoon Kiko (2005), showing &
imprint of wind streaks. The black arrows show thewind direction.
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Fig. 6-13: a) Wind rolls retrieved and b) histogramof wavelength for hurricane Danielle.
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Max. Wind Central Number of Mean STD
Cat Detected
Speed Pressure wavelength
Rolls
Hurricane 70m/s 905mb Vv 265 879 74.38
Katrina
Hurricane 75m/s 897mb Vv 247 875 81
Rita
Typhoon 40 m/s 955mb | 458 890 77
Kiko
Typhoon 55 m/s 945mb I 198 877 77.6
Kiko
Typhoon 45m/s 940mb I 709 844 68
Songda
Typhoon 33mis 980mb I 189 011 92
Marce
Tropical
storm 23m/s 982mb TS 606 897 80.7
Frances
Hurricane 49m/s 958mb [ 346 887 88
Wilma
Typhoon 63m/s 925mb IV 244 863 75.8
Talim
Hurricane 46 m/s 977mb 1 471 807 58.2
Danielle
Hurricane 40 mis 977mb | 440 822 55.9
Humberto
H”T"Cia”e 47mls 971mb I 711 823 53.4
Typhoon 45 mis 950mb I 605 788 48.6
Sinluka
Hurricane 51m/s 943mb 1T 547 820 69,4
Floyd
Mean value 431 855,92 77,71

Tab. 6-4: : Number of wind rolls and mean wavelendt detected from each SAR image of Tab. 6-1.

67



Extreme Wind and Wave Conditions in Tropical Cy@s®bserved from Synthetic Aperture Radar

6. Features analysis of tropical cyclone images

1z00

/]

—a00

l

H ll k

N L
-w.a

_ %u}__ :

R ha

-I*Tkr- [ 1]

/]

_.,...._.__ﬂ...__.__,.""_..ﬁ_,ﬁ. ___w s

g

[} 1] é - = |y --_-

n L] E IR

-
— l - e -
- -H

q— -#- — - -.- ﬁd

_..__.. ol ) _..__..
Woll ol ..._ L_u

o ™ Wl

= -L— —'-

%__,_

Wavelength [m]

b)

Fig. 6-14: a) Wind rolls retrieved and b) histogramof wavelength for typhoon Songda.
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Fig. 6-15: a) Number of rolls and b) mean wavelengtof the dataset shown in Tab IV.
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7 A new technique to estimate tropical cyclone intemy using SAR
Wide Swath data

The knowledge of the wind field in a tropical cyoto is essential for the estimation of its
dimensions and the identification of the regioret thay be seriously damaged by its passage.

The standard SAR wind field retrieval techniqudsvalretrieving a smooth field of wind vectors
that can be used to define the size and the shiafiee sstorm, but fail in the evaluation of the
maximum wind speed, which is underestimated. Nbetss Wide Swath SAR data contain
valuable information on the tropical cyclone sturetthat can be used to infer its intensity.

In the first part of the chapter an analysis of ##dR measurements in tropical cyclone conditions is
presented. For tropical cyclone conditions satanatif the radar backscatter and dampening due to
heavy rain occurs leading to an underestimatiothefwind speed. A quantitative damping of the
cross section due to heavy rain is estimated usieagadiative transfer model and compared to the
SAR measurements. The influence of damping byaaiwind speed retrieval is then analysed.

In the second part of the chapter a new techniguethie estimation of wind field in tropical
cyclones from SAR data, using the parametric Hadllarodel, is presented. The method is based on
a least square minimization of the difference betwea parametric model and the SAR
measurement in the range where the wind speed|mvb20 m/s A strategy to include the
technique into an operational hurricane forecastesy is discussed. As a final step a possible
correction for NRCS in tropical cyclones is preseint

7.1 Wind speed retrieval for tropical cyclone conditisn

The extraction of quantitative information aboute thvind field of tropical cyclones from
spaceborne SAR sensors is an important applicalibae. potential of looking in a synoptic way
with sub kilometric resolution at the ocean surfanecondition where all the conventional
instruments fail has gathered the interest of bl scientific community and the political
authorities in charge of issue warnings. Sevenadiss have been conducted on tropical cyclone
wind field retrieval from SAR images [Shen et ab0B], [Pichel et al., 2007], [Reppucci et al.,
2008] and it has been shown that although the tgubns able to retrieve a smooth field of wind
vectors that can be used to define the size andhaipe of the storm, the maximum wind speed is
underestimated. As an example, Fig. 7-1 shows the speed retrieved using the scatterometer
approach detailed in chapter 7 from the ASAR widatB image of hurricane Katrina acquired on
Aug. 28, 2005. In the area where the wind speedldhoe higher than 3fh/swhen compared to
the actual winds peed (see Fig. 7-2) and in pdaticaround the eye the directional distribution of
wind speed contains artefacts, which do not seeet@f geophysical origin [Horstman et al.,
2005].

In this case the maximum wind speed retrievedpbotia50m/s is much lower than the wind speed
reported by the HRD of about #8/s The cause of this underestimation can be mainky t
strong rain contamination and effects due to seseeestate. In the following an analysis of the
NRCS measurements in tropical cyclone conditions bva presented. Particular emphasis will be
put on the effect of rain on the NRCS measurements.
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Fig. 7-1: SAR derived wind speed from the hurrican&atrina acquired over the Gulf of Mexico on Aug. 8, 2005
15:50 UTC.
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Fig. 7-2: Reanalysed wind speed U10 of hurricane Kidna at 15:00 UTC, processed by NOAA HRD. The blac
rectangle represents the SAR image of Fig.7.1

7.1.1 NRCS measurement in tropical cyclones

To quantify the amount of attenuation that occursNiRCS measurements in tropical cyclone
conditions the SAR measurements have been comparsianulated NRCS obtained using the
Holland model wind field as input to the CMOD5 GMF .these simulations the incidence angle
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Fig. 7-3: (a) Along track cut (white line) throughthree consecutive images of Hurricane Katrina. (bMeasured
(solid line) and simulated NRCS (dash dotted line)sing the Holland model. Grey parts correspond todnd.

grid is the same of the SAR image under investigatiThe wind directions have been simulated
using spiral direction turned 15° inside.

Fig. 7-3 b shows in solid the NRCS values corredpanto a cut through the centre of the
hurricane's eye in the SAR image (see white lin€ign 7-3 a) along the azimuth direction.

The dash dotted curve represents a simulation ekeipected NRCS using wind speed from the
Holland model. Within a distance of 360n from the centre of the hurricane we can obserae th
the measured NRCS is lower than the simulated gradbbut 1 dB.

From the cut it is possible to estimate the radiismaximum wind speed gy as approximately
25Km. This is consistent with the in situ measuremepbrted by NOAA HRD [HRD web site].

A strong damping of 3 dB or more in the centrehs tain band “A” and about 2 dB for the rain

band “B” can be observed. This damping arises fati@nuation of the microwaves by raindrops in
the atmosphere, from a modification of the seaas@rfroughness induced by the impact of
raindrops and by wind field variations associateith whe rain band. The area of enhanced
backscattering “C” is due to a thunderstorm celé Wurricane Katrina was characterized by a
region of heavy rain around the centre, the unifdiRCS reduction can be in part explained by the
atmospheric attenuation due to rain and by the gdam the surface due to the impinging rain
drops.
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7.1.2 Analysis of rain damping

Depending on radar wavelength and incidence anglag rain can have three different effects on
microwave signals, i.e. scattering of the incidsiginal back to the sensor (Volume Scattering),
attenuation of the microwave radar signals dueito drop absorption, and alteration of the ocean
surface roughness and hence of the backscatteyeal.si

Experiments in wave tanks have shown that the a@hasfgthe surface roughness due to the
impinging rain drops can be a significant sourceenbr; unfortunately the limited number of
experiments and the limited configuration of incide angles and polarization at which they have
been performed do not allow to fully parameterizing modification of the NRCS by rain. Thus in
this study a model which only takes in to accotetatmospheric effects of the rain will be used.

Attenuation and volume scattering produced by driops has been widely studied and several
formulations based on the Mie scattering are ablalfUlaby, 1982].

The effects of the rain in the atmosphere have bsaatelled using the following formulation of the
radiative transfer model:

5:0 - O_Oe—ZkHsece) +,72_];< (1_e—2kHsec(9)) (71)

whered is the radar incidence anglg, is the rain modified NRCS anglis the undisturbed NRCS.
The model assumes a rain layer of helght

The first term on the right hand size of Eq.7.1respnts the attenuation term, while the second is
due to volume scattering.

The attenuation coefficient of raik (dBKm?), is related to the rain rat®, by the following power
law:

k=alR" (7.2)
The volume scattering coefficient,(in m?), depends on reflectivityZ (in mnfm), and rain rate,
R, by:

TES 18 2
n=17107K [ Z (7.3)

Z=aR’ (7.4)

The model coefficients, b, a, £, depend on the shape and drop size distributidD(Dof rain
drops.

The DSD exhibits a different behaviour accordingMuether the rain is convective or stratiform.
Since both type of rain are present in tropicall@yes, the model coefficients are modelled using
the results from [Haddad et al., 1997] for conwextand stratiform rain. Tab. 7-1 lists the
coefficients for the C-band case.
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a b o B
Convective clouds 0,0013 1,124 196,32 1,382
Stratiform clouds 0,0012 1,186 378,71 1,454

Tab. 7-1: Model coefficients for attenuation (eq.2) and reflectivity (eq.7.4).

In Fig. 7-4 (a) and Fig. 7-4 (b) the plots of théeauated NRCS for different rain rate and for
convective and stratiform rain are shown.

For low NRCS, that correspond to low wind speedtémmn that accounts for the volume scattering
is dominant leading to an increase of the backsgagf, while for high values of NRCS the
attenuation is dominant. An additional attenuatenm should be taken into account for the layer of
foam that covers the sea surface in tropical cyelmnditions

7.1.3 Impact of NRCS attenuation on wind speed retrieval

The rain rate in tropical cyclones conditions caach extreme values. Precipitations in hurricane
Katrina measured on Aug. 28 2005, 03:25 UTC by TRBHEllite in Fig. 7-5 show around the eye
and in the centre of the rain band values abovenb®h. Values of rain rate with the same
magnitude were also measured by the NOAA HRD dirama the same day between 14:00 and
16:00 UTC as shown in Fig. 7-6.

To quantify the impact of rain on the measured NRi@Sattenuation due to different rain rates has
been simulated as a function of the undisturbed SIRThe height of the rain layet has been set
equal to 5Km, i.e. the mean freezing level altitude for theptes. As shown in Fig. 7-4 (a) and (b)
for a rain rate of 5dnm/h the attenuation can be between -1.5 andiB2 These simulations
indicate that about 60% to 80 % of the NRCS dampiitlyin tropical cyclones can be explained by
rain attenuation in the atmosphere. The remainemguing can be explained considering that the
rain can strongly modify the sea surface causingdtitional damping of the measured NRCS that
must be added to the one due to atmospheric attenu&inally there is a potential impact of the
foam layer that covers the sea surface in trogigelones conditions on the SAR measured NRCS.

The effect of NRCS attenuation on the wind spettikral has been estimated through a simulation
study. Using the CMOD5 GMF, NRCS values for wineéegp between 3 and /sand for wind
directions between 0° and 360° have been simuldtbdn an attenuation of 0B has been
applied. The attenuated NRCS has then been reasettieve back the wind speed.

Contour plots of the errors of the retrieved winpeed for two incidence angles are presented in
Fig. 7-7a) and Fig. 7-7b).
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Fig. 7-4: NRCS attenuation (delta) due to a) convége and b) stratiform rain vs. undisturbed surfaceNRCS for
three different rain rates .
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Fig. 7-5: Rain rate of hurricane Katrina measured @ Aug. 28 2005, 03:25 UTC by TRMM satellite.
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Fig. 7-6: Rain rate derived from the airborne Steppd Frequency Microwave Radiometer data on Aug. 2&f the
hurricane Katrina.
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Fig. 7-7: Contour map of the wind speed error [m/sHue to 0.5 dB attenuation in the measured NRCS dsnction
of wind speed and direction for incidence angles &5° (a) and 35° (b).

The error of the wind speed retrieval increase wittd speed. The rate at which the error increases
depends also on the incidence angle and wind directhis behaviour can be explained looking at
the shape of the GMF (see Fig. 4-4). For low to iomadwind speed, up to 2@/s the increase of
NRCS with wind speed is high, so even a big emahe measurement will not affect significantly
the wind retrieval. The contour plots of Fig. 7aj &nd Fig. 7-7 (b) show that for this case thererr

is less than 10%. For wind speed above 20 m/shhpesof the GMF is a flattened and small errors
in the measured NRCS lead to large errors in timel \wpeed retrieved.
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7.2 A new tropical cyclone wind speed algorithm

From the above analysis it is clear that due temsegea state and high rain rates the retrieval of
wind speed from SAR images can be affected in arseway. To correct the measurements and in
order to obtain reliable estimates of wind speetditamhal collocated information provided by other
sensors are needed. Unfortunately these additidait@ are not available in most of the cases.
Nevertheless, as tropical cyclones exhibit a stddadkbaviour, Wide Swath SAR measurements
contain valuable information on the storm structthrat can be used to infer its intensity, i.e.
maximum wind speed. The contour plots of Fig. 7-&nd Fig. 7-7 b clearly show that for wind
speed of about 2h/sor less the error on the SAR retrieved wind vectdess or equal to 10%,
making the measurements rather reliable. Moredweahalysis in chapter 6 has demonstrated that,
although the measurements are attenuated, it sid@do estimate the shape parameters of the
tropical cyclone eye. The measurements of wind dpeedow 20m/s and the estimated radius of
maximum wind speed can be used to fit an apprapHailand model, obtaining an estimate of the
storm intensity.

In the following section details about this newhieique will be given. Then the results for the
selected hurricanes and typhoons cases will bgysadhland discussed. The last part of the chapter
will be dedicated to a potential correction to gppl SAR measurements in the area aboven20

7.2.1 Methodology

In this study to retrieve information on tropicgctone intensity we make use of SAR Wide Swath
images together with a priori information on tradicyclones wind speed profiles from the Holland
parametric model.

In a first step a one dimensional approach has heed to investigate the behaviour of the NRCS
and of the wind speed in tropical cyclones condgid-rom the SAR image a profile in the azimuth
direction through the tropical cyclone has beemaet¢d. This allows analysing the dynamics of the
NRCS avoiding the strong modulation introduced Hgy incidence angle. The selected profile has
then been used to retrieve the wind speed. Inthdustep a tropical cyclone wind speed profile has
been superimposed using the Holland model. Foretlsgaulations the model input parameters
central pressure and radius of maximum wind spesé been taken from the HRD [HRD web site]

and JAXA [JAXA web site] web sites. Wind directiohave been estimated from the SAR image
using the technique detailed in section 4.4.

Fig. 7-8 to Fig. 7-12 show five profiles, extractedm different tropical cyclones, of the SAR
retrieved wind speed (solid) and the Holland sinadawvind speed (dash-dotted) along the flight
direction. All the profiles show a good agreemeithwhe Holland simulation in the area where the
wind speed is below tropical storm force wind (@¥9. This shows that SAR wind speed
measurements below the aforementioned thresholekkable even in tropical cyclone conditions.

Once the reliability of SAR measurements in theaakinterest is established, a two dimensional
approach has been used to estimate the tropiclaineymtensity.

As first step we have selected from the SAR regiewind field the area that is below to tropical
storm force wind to avoid possible contaminationattgnuation effects. As an example, Fig. 7-13
shows the wind field retrieved from the SAR imadehorricane Katrina and the area selected for
the fitting procedure (red rectangles). The arealdeen selected using as thresholdsmisand the

tropical cyclone advection speed, i.e. the speedhath the storm moves as estimated by the
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Meteorological Agency. In this area an appropribtelland model which matches the SAR
retrieved wind speed has been fitted.
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Fig. 7-12: SAR retrieved wind speed profile (solidand fitted wind speed profile (dash dotted) for tphoon
Songda on Sep 06 2005.

As explained in chapter 3 the Holland model depeamdshree inputs, i.e. the radius of maximum
wind speed, the minimum central pressure and thamuen wind speed. In the fitting procedure
the radius of maximum wind speed has been fixeth@asured from the SAR images using the
approach explained in chapter 6, while the cemressure and the maximum wind speed are free
variables to be minimized.

The retrieved maximum wind speed and central presave the ones that minimize the cost
function:

3 (p. )=y abslay(p, vy )- oy (7.5)

i
where:

d’; = HollandsimulatedNRCS

o?; = Hollandmeasure®l\RCS

In Fig. 7-14 (a) is shown the three dimensionat pfahe SAR retrieved wind speed and the result
of the fitting in the case of the hurricane KatrinaFig. 7-14 (b). The results of the fitting yiedd
new maximum wind speed of @#/sthat agree with the HRD analysis of mls
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Fig. 7-13: Wind speed retrieved from the SAR imagshown in Fig.7-3 a. The red rectangles define theea used
for the fitting procedure.

7.2.2 Results

We validate the result of the new technique using tropical cyclone images. All the images were
acquired by the ASAR sensor in VV polarization. Tdimice of ASAR VV polarized images has
been dictated by the possibility of using the GMHA@D5 directly on the measurements, avoiding
the use of a polarization correction that can hewoof further error. For all the cases the fitin
procedure succeeds to select a profile that mattieeSAR retrieved wind speed in the area below
20 m/sgiving an estimate of the tropical cyclone inténsThe values of maximum wind speed and
central pressure estimated are in agreement watlvdtues reported by the web site of HRD [HRD
web site] and JAXA [JAXA web site], as reportedTiab. 7-2.

In the following the hurricane and typhoon casedslve analysed in detail. A statistic of the result
will be shown as well. In a final step an analysfishe behaviour of the NRCS in the area above 20
m/swill be presented and a potential correction iéldiscussed.

81



Extreme Wind and Wave Conditions in Tropical Cy@si®bserved from Synthetic Aperture Radar

7. A new technique to estimate tropical cyclonemsity using SAR Wide Swath data

' 2
= 5
3 L3
= e
n k-]
T "
-
8 5 2
13 o T4
n ey —
i
= = [ =
= ¥ =N |
a '
@ 4 T an
%W | -
2 N
L= T W :
= c
" =5 10
[ g ¥ y .
LI !
A e o o
20 w Q.F Z e A= =
B R . o X 200 180 _ypn I e . :
2 o, A - a ' —— 150
Range Direction ' = = e éﬁ fal - S 200 o
e — 200
[Km] Range Direction 258 300
[Km]

Fig. 7-14: Three dimensional plot of the SAR retriged wind speed a) and the result of the fitting itthe case of
the hurricane Katrina b).

Measured Max '\SA,g)IjvlTltierfgeved Measured SAR Retrieved
Wind Speed Central Pressure | Central Pressure
Speed
Hurricane 70 m/s 68 m/s 905 mb 901 mb
Katrina
Hurricane Rita 75 m/s 70 m/s 897 mb 887 mb
Typhoon Kiko 45 m/s 48 m/s 955 mb 950 mb
Typhoon Kiko 55 m/s 60 m/s 945 mb 940 mb
Typhoon 45 45 940 940
Songda

Tab. 7-2: Results of the new procedure for the detmination
of the max wind speed ad central pressure (eq. 7.&pplied to the data set of Tab. 7-1.

Hurricane cases

Two hurricane images of Katrina and Rita were aeglin the Gulf of Mexico in 2005 with the
storm eyes clearly visible.

Hurricane Katrina was at the time of the ENVISATedldte overpass a category V storm of large
dimension with a radius of hurricane force windabbut 180Km and the radius of tropical force
wind exceeding 308m.

The cut in Fig. 7-8 shows that above 120s there is a clear underestimation of wind speedl tha
increases with distances approaching the hurricyee The wind speed difference reaches a
maximum value of about 3@/sin the area around the storm eye. The fitting edoce gives a
value of maximum wind speed equal to 88 that agrees with the values of i#ls reported by
HRD.
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Hurricane Rita reached the exceptional maximum vgipeled of 8@n/salthough the dimension of
the storm where relatively small with a radius ofricane force wind of only 5Rm.

From the cut in Fig. 7-10 one can observe that igoply around the eye the SAR measurements
seem to agree well with the model measurementsthi®rase it must be considered, that the eye
of the storm is in the near range of the SAR imatgen incidence angle of 22°, where the measured
NRCS can be contaminated by contribution due tawdpereflection or breaking waves.

The fitting procedure gives in this case a maxinwimd speed of 75n/sand a central pressure of
890mh values that even in this case agree with the &Drt.

Typhoon cases

In the two SAR acquisitions of Kiko (Fig. 7-9 antyF7-11) the maximum difference between the
two profiles is smaller as the storm at the tim&AR acquisition was only category 1 according to
the Saffir-Simpson scale with a maximum wind spe®dller by 30n/scompared to Katrina case .

Also in the case of typhoon Songda (Fig. 7-12) 8#R retrieved wind speed profile shows a
strong attenuation, that reach a maximum valueboiut 20 m/s in the area of maximum wind
speed.

7.2.3 Statistics over ScanSAR scenes

A statistic of the retrieved maximum wind speed aeditral pressure is presented. The actual
measured value for each tropical Cyclone in TaB.has been taken from the HRD web site and
the JAXA web site. In Fig. 7-15 is plotted the seaplot of the measured maximum wind speed
versus the retrieved maximum wind speed. The meam s about 4m/s Fig. 7-16 shows the
scatter plot of the retrieved central pressureusetBe measured central pressure; the mean error is
about 7mb.

7.2.4 Error analysis

As final step, to estimate the effect of variati@amsthe input parameters an error analysis has been
performed.

For each of the input parameters radius of maximima speed, SAR measurements and advection
speed of the storm 100 optimizations have beeruledbd adding at each run a random etrtw

the parameter under investigation. The ersohas been chosen as follows: for the SAR
measurement white noise with zero mean and stam#dsidtion equal to 0.8B has been added,; in
the case of storm advection speed and radius oinmuax wind speed an error with Gaussian
distribution and standard deviation equal to &u® and 2.0Km respectively has been selected.
Moreover to quantify the error due to a possiblasbin the measured data a test of 100
optimizations has been done adding to the SAR Iprefaich time a random value with zero mean
and standard deviation equal to 0.5 dB.

In Tab. 7-3 the results are shown. The first colummes the investigated input parameters, the
second column presents the standard deviationasfd in the last column the root mean square
error of the estimated maximum wind speed. Theguore shows stable results and the effect of
errors on the estimation of the input parametead l® an RMS error that in the worst case is less
than 7 % of the actual maximum wind speed.
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Fig. 7-16: Scatter plot of the measured minimum
central pressure versus the SAR retrieved minimum
central pressure.

Fig. 7-15: Scatter plot of the measured max. wind
speed versus the SAR retrieved max. wind speed.

Std ¢ Max wind speed RMS error
SAR measurement 0.5dB 0.2m/s
Advection speed 2.0m/s 2.81m/s
Radius max wind 2.0Km 4.54m/s
Bias 0.5dB 3.28m/s

Tab. 7-3: Error analysis of the optimization procedire.

7.3 NRCS correction

The analysis detailed in section 7.1.3 has showahiththe area above tropical storm force wind the
retrieval of wind speed using the standard GMF (D lead to underestimation that is
dependent on wind speed, direction and SAR acaqnsigeometry, generally increasing for
increasing wind speed. To analyse the SAR measumsnie the area where the wind speed is
above tropical storm force winds (38/9 a profile from the SAR image through the tropical
cyclone eye has been extracted (Fig. 7-17 (a) apd7F18 (a)). This allows to study the trend of
the measured NRCS for fixed incidence angle anetifiwind direction, though in the regime of the
analysed wind speed (above &9 the modulation due to wind direction is few terth dB
[Horstman et al. 2005].

Fig. 7-17 (b) and Fig. 7-18 (b) show two plots &fRSmeasured NRCS in the area abovenig
(red); the blue curve represent the simulated NB€IBg Holland model and the GMF CMODS5 for
the hurricane Katrina and the typhoon Kiko respetyi To compare the SAR measurements to the
simulations a third order polynomial profile hasbditted to the SAR measurements (see dotted
line in Fig. 7-17 b and Fig. 7-18 b). The differermetween the two measurements is plotted in Fig.
7-17 c and Fig. 7-18 c.
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In both cases we can observe that the differentvecles the measured NRCS and the simulated one
decreases as we move in the direction of the styen This can be explained observing the
different trend between the SAR measurements aadsithulations. The decrease of the NRCS
predicted by the simulations seems not to be fabwy the radar measurements.

However, in both cases the decrease shows a lileeaease with distinct slopes due to the different
incidence angle at which the profile is extractg8.9° for the Katrina case and 37° for Kiko case).
This suggests that a correction to the SAR measaneoould be in principle developed.
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Fig. 7-17: SAR retrieved wind speed (black line (3)and Holland simulated (blue line (a)) for hurricane Katrina.
(b) shows the SAR measured NRCS in the area aboveé /s (red line) and Holland simulated NRCS using

CMOD5 GMF (blue line). The dashed line representdie 3rd order polynomial fitted to the SAR measuremats,
(c) shows the difference between the Holland simukd NRCS and the fitted profile of (b) (black dashd line).
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Fig. 7-18: SAR retrieved wind speed (black line (3)and Holland simulated (blue line (a)) for typhoonKiko; (b)
shows the SAR measured NRCS in the area above 17snfed line) and Holland simulated NRCS using CMOD5
GMF (blue line ). The dashed line represents the 8rorder polynomial fitted to the SAR measurements;(c)
shows the difference between the Holland simulatddRCS and the fitted profile of (b) (black dashed he).

7.4 Conclusion

Although C-Band is considered robust against atmesp disturbances, the standard wind field
retrieval technique using the scatterometer GMF CMGhows an underestimation in the area of
tropical cyclone force winds. This could be exptminby the rain contamination and additional
effects due to severe sea state that produce regstl@mping of NRCS. This leads, for wind speed
above 20m/s to an error in the retrieved wind speed thatpgai30m/swhen using the standard
procedure, for the cases considered in this sidymprovement could be given by the combined
use of SAR with other instrument that can measairerate on the same platform.

A new technique to derive the maximum wind speed thie tropical cyclone strength from SAR

images has been proposed. The problem of saturatiwapical cyclone wind regime is overcome

basing the technique on the combined use of SARsanements for areas of wind speed oh28

or less and a parametric model for tropical cyclenied speed. The radius of maximum wind

speed, required as input, is measured from the 8A&ye using a technique base on wavelet
transform. Wind directions have been computed ftben SAR image using spectral analysis to
detect the area containing feature associatedthathwind flow and a new interpolation technique.
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The procedure has been applied to five imagesopidal cyclones showing agreement with in situ
measurements. Maximum wind speed up tan7€can be determined with an rms error of 3/%
More tropical cyclone images would be required dofurther validation and optimization of the
procedure.
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8 Analysis of Wave mode data taken under tropical cyone
conditions

Ocean waves, particularly in high wind and fetchited conditions, can have an important role in
the interaction between the ocean and the atmospbkerce they modulate the air/sea fluxes of
momentum, heat and moisture. These parameters s recognized as fundamental in the
development of tropical and extratropical stormatg€os et al., 1993].

The ERS satellites acquire SAR images of 10 nbsize in Wave Mode every 200m along the
orbit over all oceans providing about 1200 measerémdaily. These images are of great interest
for the study of tropical cyclone induced sea statd wind field, in particular in areas where
measurements by airplane or in situ are not aVailabnot feasible.

Several studies have demonstrated that SAR imaigdse mcean surface contain information on
ocean waves [K. Hasselmann et al, 1995]. Differemthniques can be used to retrieve the
propagation direction of ocean waves, the surfame s8peed and direction and to identify and
analyse mesoscale surface features [Lehner @08I0].

This chapter focuses on the analysis of ocean waxameters, e.g., significant wave height, and on
the retrieval of surface wind speed in extreme wand wave conditions using a new data set of
reprocessed ERS-2 SAR Wave Mode data, also cdliegigettes”. These type of SAR images have
been analysed and validated in the framework ofdpxproject [Song G, 2009].

In details the data set contains scenes acquiredtbg North Atlantic in 1999 when several storms
classified as hurricanes [http://www.nhc.noaa.gogturred. The number of overflights and the
respective number of imagettes acquired in theniticiof the tropical cyclones (within 50Rm
from the storm centre) are summarized in Tab. BiIFig. 8-1 the sampling of hurricane Floyd
which occurred in September 1999 is shown; the drais represent the imagettes acquired within
500 Km from the hurricane centre with the colour codiederring to the power loss corrected
Normalized Radar Cross Section (NRCS). The coldéuh® hurricane path indicates the respective
Saffir-Simpson storm intensity categories.

Hurricane track 1999
Name Num. of passes  Num. of Imagette
Bret 2 8
Cindy 8 45
Dennis 5 23
Floyd 10 40
Gert 11 48
Irene 5 19
Jose 6 31
Lenny 6 27

Tab. 8-1: Number of imagettes acquired within 500 K
of the centre of different hurricanes in the seasof999.
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Fig. 8-1: Hurricane Floyd (Sep.1999) track with loation of Wave Mode acquisitions.

Some illustrative case studies of extreme storngs, e€lurricanes Floyd and Gert in the North
Atlantic in September 1999, are used for numersaleriments. The potential of wave mode data,
which provide high spatial resolution and continei@ampling at the same time, to improve our
understanding of storm dynamics is assessed. Caoparof the SAR retrieved parameters with
parametric Holland type cyclone models are perfakme

8.1 Preprocessing of ERS-2 Wave Mode data

ERS2 SAR Wave Mode Data is not delivered as a inpagduct by the ESA. The SAR Wave
Mode data used in this study were processed toirolsiagle look complex images using the
German Aerospace Centre processor BSAR [Breit et18B7] in the framework of the
WAVEATLAS project. More technical details about treprocessing of the data can be found in
[Lehner et al., 1998]. In total more than 800000v&/&ode images were processed, covering the
period from January 1999 to December 2000.

After processing the Wave Mode data have beenretdith to NRCS values using the procedure
developed by [Horstmann et al., 2003], as explainadhapter 4.

8.1.1 Inhomogeneity test

Several ocean features such as internal waves, sthe@ks, surface slicks and eddies became
visible in SAR images because they modulate theaseiroughness induced by the wind and thus
the backscattered radar power.

To exclude imagettes that contain features thatdcbave a negative effect on the subsequent
processing a homogeneity test is applied. Theusst has been introduced in [Schulz-Stellenfleth
and Lehner, 2004] and is based on statistical ptiegeof periodograms, which are commonly used
for spectral estimation. The homogeneity paramgigrclose to 1 for homogeneous images.
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Flight  North

rocessing Date: 24—FEB—2005

ensor: ERS—! roce: BSAR@IMF  © ESA/DLR 2005

Fig. 8-2: Imagette Inhomogeneity along the hurricar Floyd path.

For inhomogeneous images it can significantly edckeA threshold of 1.05 is used to separate
homogeneous and inhomogeneous cases.

Most of the imagettes acquired near the hurricastesv homogeneous wave fields, which are
suitable for subsequent wave parameter extractioly few images are inhomogeneous. Such
images are located near the centre of the hurrishowing structures of the eye wall or rain cells,
as shown in Fig. 8-2 where the diamond representiagVave Mode data are coloured according
the inhomogeneity valu€. In total only 5% of the imagettes acquired néwe hurricane were
found to be inhomogeneous.

8.2 Ocean waves and wind speed analysis

In this section, two different case studies aresm®red. The first study concerns the hurricane
Gert; an analysis of the ocean wave spectrum armdN& the Wave Mode data is summarized.

The second case study considers the hurricane Flaydechnique that is able to retrieve
information on significant wave height and wind egpdrom Wave Mode data using the empirical
CWAVE-1 algorithm [Schulz-Stellenfleth, 2007] iscstan.

8.2.1 Hurricane Gert

It has been demonstrated that SAR data can be tasedtimate the 2D ocean wave spectra
[Hasselmann and Hasselmann, 1991], [Schulz-Sténet al., 2005], [Schulz-Stellenfleth and
Lehner, 2004].

CMOD5 Scatterometer Holland
Imagette lower 57.0 m/s 20.3 m/s 57.6 m/s
Imagette upper 145 m/s 16.3 m/s 37.5m/s

Tab. 8-2: Imagette retrieved wind speed compared wh scatterometer and simulated wind speed.
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Using a technique based on cross-spectrum angdisgen and Johnson, 1995] it is possible to
retrieve the direction of the wave systems imaggdSBR images. As an example 2D spectra
retrieved from two SAR Wave Mode images acquiregrioximity of the eye of hurricane Gert on
Sep 19, 1999 are shown in Fig. 8-3 (right-hand)side

In particular the spectrum retrieved from the upipeage, in Fig. 8-3, shows two wave systems.
The first one is a wind sea, with a wavelength o 125m, which is due to the local wind field
and aligned with wind direction. The second long&ell system has a wavelength of about 600
Analysis of the imaginary part of the cross speuntmevealed that these waves are traveling in
southerly direction, thus in a direction opposiithwespect to the hurricane heading.
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Fig. 8-3: Scatterometer wind field (left) with colbcated imagettes (centre) and ocean 2D wave spectriright)
acquired over the hurricane Gert on Sep 19, 1999.
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Fig. 8-4: Wind speed profile of hurricane Gert usig Holland Model,
the asterisk represent the position of imagettes iRig. 8-23.
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A possible explanation is that the swell system gaserated by the hurricane Floyd which in that
period was located about 1000 kilometres to théhnairhurricane Gert.

After radiometric calibration and power loss coti@t, which is particularly significant in case of
high wind speed, the two imagettes of Fig. 8-3 Hasen used to estimate the wind speed using the
geophysical model function CMOD5, and compared Wit scatterometer wind speed and the
wind speed simulated using the analytical Hollaratled [Holland, 1981] (see Tab. 8-2).

Fig. 8-4 shows a wind speed profile generated ugiegHolland model with the position and the
relative value of speed in correspondence of theitmagettes. The value of speed retrieved from
the lower image is in agreement with the simulateeed and higher than the scatterometer speed,
while for the upper image the retrieved value draldcatterometer value are comparable and both
lower than the simulated wind speed.

In a following step a comparison with a parametnimdel presented in [Ross, 1976] is carried out in
order to check whether the spectral parametersargistent with other wave observations made in
hurricane conditions. In this model the peak waeequ T, is expressed as a function of the
dimensional radial distance

X, =X, g/U? (8.1)

and wind speetl as

1 v 021
T=—"o"X
Po097 ' (8-2)

whereX; is the distance to the hurricane centre. Usingatim/e values for wind speed derived from
CMODS5 and radial distance we g&=10.0s for the Wave Mode image at the boundary and
Tp=17.2s for the Wave Mode image closer to the hurricangree This is in reasonable agreement
with the observed wavelength of 418 and 125m, which correspond to 16stand 9.0s,
respectively, assuming deep water.

8.2.2 Hurricane Floyd

The CWAVE-1 algorithm [Schulz-Stellenfleth 2007]edlsfor wave parameter extraction is based
on an empirical SAR imaging model and requiresraque input the calibrated Wave Mode data.
Using a training data set of imagettes collocatéd acean wave spectra and wind speed computed
with the numerical model WAM, run at the Europeante for Medium-Range Weather Forecast
(ECMWEF), a linear model is fitted. It takes as ihpariable the NRCS, the image variance and a
number of additional spectral parameters.

In this study the CWAVE-1 method has been usecttioeve the significant wave height Hom
Wave Mode data acquired under tropical cyclone ttimms. Due to the difficulties encountered to
obtain in situ measurements of sea state parametenerical simulations carried out at the
University of Miami [Tenerelli and Chen, 2001], fjx//www.orca.rsmas.miami.edu/floyd] for
validation purposes have been used. Fig. 8-5 slamwexample of Kestimation for the hurricane
Floyd on 12 Sep. 1999. The;lretrieved from the imagettes, represented by diemand coded
according to the vertical colour-bar (located ie filgure right-hand side), is superimposed on the
simulated H field, with colours referring to the horizontallgor-bar. The agreement between the
retrieved and the simulated I3 reasonable.
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In a second step the CWAVE-1 algorithm has beed tseetrieve the wind speed in idheight
from imagettes. On average the agreement with ECMWfe data is reasonable with an RMS
error of 1.76m/sthat is below the standard used to measure theesmaeter performances.

Fig. 8-7 shows a scatterometer wind field, as eotmted background, and the wind speed retrieved
from the imagettes as colour-coded triangles. Ewerthis particular case the agreement is
reasonable and it has to be pointed out that inwtimel speed retrieval using the CWAVE-1
algorithm no external information on wind directiamas used.

Significant Wave Height/Wave Direction 19990912 157
(Hurricane Floyd)

Unit: (m)

Fig. 8-5: Mean wave heights retrieved from imagette (triangles with pink colorbar associated)
compared with numerical simulation for hurricane Floyd (background with rainbow colorbar associated).
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Fig. 8-6: Simulated CMOD5 NRCS as function of
wind speed for downwind and crosswind case at fixed
incidence angle of 23°.

Fig. 8-7: SCAT wind speed and CWAVE-1 derived
wind speed superimposed (triangles).
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This PhD focused on the use of Synthetic ApertuaddR (SAR) data for the retrieval of tropical
cyclone characteristics. It was part of the EXTR@®ject (Investigation of Tropicahnd
Extratropical Cyclonesising Satellite data), which concentrated alsohenstudy of the evolution
of tropical cyclones and on their transition torakbpical storms that can affect Europe. Six PhD
candidates have been funded by the EXTROP pradject;focusing on numerical modelling of
cyclones, two investigating the cyclones’ charaz&ion using passive remote sensing. The two
last PhD topics considered the use of active remsetesing (radar, altimeters) for wind field
retrieval; the present work was dedicated to theeld@ment of techniques for tropical cyclone
analysis using SAR (Synthetic Aperture Radar) data.

The first part of this report consisted in an ovexw of the state of the art in the field of tropica
cyclone characterization. An extensive bibliograpstudy has been performed in order to reassess
the basic principles of the SAR imaging of sea aue$ and to highlight the advantages and
drawbacks of the methodologies and techniquesegppdr tropical cyclone analysis.

In the second chapter, the basic SAR imaging mesimaand the main processing steps have been
reviewed. The theory of the imaging of ocean s@daand wave imaging mechanisms was
particularly considered. Based on the analysidqiefdurface roughness, the SAR signal can indeed
be used to characterize the sea state in termave#sand wind field.

Tropical cyclone characterization and numerical ellaty techniques were investigated in the third
chapter. The prediction of intensity and track afptcal cyclones, which are characterized by
intense and fast varying winds are an issue forftinecasting and scientific community. The
parametric model of Holland extensively used inghely has been presented. This model has been
selected and used as reference due to its andlytare. It was optimized and used together with
SAR wind field measurements to improve the wintbfretrieval in areas where the SAR saturates.

The different techniques used for the retrievalvofd field from SAR image were reviewed in the
chapter four. Classical methods based on the iorerd a geophysical model function were first
described. The image calibration was discusseetaildor the different types of SAR images, as it
constitutes the basis for a correct retrieval ef AR wind speed. Different algorithms used for the
wind field retrieval under tropical cyclone condits, were then enumerated and investigated.
Advantages and drawbacks of each method were gigkll and analysed in order to stress the
need for improving the existing models, especiallgase of tropical cyclones where the saturation
of the backscattered signal is the principal redsoithe often strong underestimation of the actual
wind speed.

The second part of the report was then dedicatéldet@presentation of the algorithms developed in
the framework of the PhD for the retrieval of trcgdi cyclone intensity, based on the use of SAR
image intensity and of a numerical model.

In chapter five the SAR datasets used for the stuele described. Those data sets come from
different sources. A detailed introduction to ENXISEASAR Wide Swath mode (ScanSAR) data,
RADARSAT Wide Swath mode data and ERS-2 wave mada was presented. Then a description
of ERS-2 scatterometer and altimeter data, usedilidate and compare to SAR measurements,
was given. The performance and limitation of eaata det used have been assessed.
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The sixth chapter was dedicated to the presentafiam analysis of the features that is possible to
extract from SAR images of tropical cyclones. Tekatfires extraction was based on the use of
wavelet transform.

The seventh chapter was dedicated to the descaripfithe modelling and development of a new
technique for the estimation of tropical cyclonéemsity. In addition the effect of heavy rain on
radar backscatter and on the retrieved wind fiedd imvestigated theoretically.

Finally in the eighth chapter an analysis of trapiyclone using a unique dataset ERS Wave Mode
data was detailed. The study proved that the datgyired globally over the ocean, can be used for
tracking and sea state analysis of tropical cyciongpen ocean areas especially where no aircraft
or buoys measurements are available.

Concerning the perspectives, the overall work hasqa that SAR data, due to their all weather
capability and wide swath coverage are of particiiterest for the study of tropical cyclones. In

particular SAR images can be used to infer inforomabn fine scale storm structure, e.g. eye size,
radius of maximum wind speed and rain band strectur

Although C-Band is considered robust against atimesp disturbances, standard wind field
retrieval technique using the scatterometer GMF CM@hows an underestimation in the area of
tropical cyclone force winds. This could be exptminby the rain contamination and additional
effects due to severe sea state that produce regstiemping of NRCS. This leads, for wind speed
above 20m/s to an error in the retrieved wind speed thatigau30m/sfor the cases considered in
this study. Improvement could be given by the camabiuse of SAR with other instrument that can
measure rain rate on the same platform.

A new technique to derive the maximum wind speed thie tropical cyclone strength from SAR
images has been proposed. The problem of satunatitvapical cyclone wind regime is overcome
basing the technique on the combined use of SARsunements for areas of wind speed oh28

or less and a parametric model for tropical cyclened speed. The radius of maximum wind
speed, required as input, is measured from the BAd&)e using a technique based on wavelet
transform. Wind directions have been computed ftbm SAR image using spectral analysis to
detect the area containing features associated théthwind flow and an interpolation technique.
The procedure has been applied to five imagesopidal cyclones showing agreement with in situ
measurements. Maximum wind speed up to70 m/s caeteemined with an RMS error of 31¥'s
More tropical cyclone images would be requiredftother validation.
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A-1 SAR imaging principles

Radar measurements are based on time delays eéttesignal. The objective of a radar imaging
system is to generate a two-dimensional reflegtimp of a scene in the microwave region of the
electromagnetic spectrum. A typically radar imagsegsor consists of a transmitting and receiving
antenna mounted on a moving platform and orientedllel to the flight direction (Fig. A-1). The
antenna emits consecutively electromagnetic pud$dsne durationz, to the ground, which are
backscattered from different targets. The timeedéhcedt between the emission and the reception
of the pulse is a function of the distariRbetween the antenna and the target:

2t = Z—CR (A-1)

wherec is the speed of light and the factor 2 accountgte round-trip propagation. The sensor
range resolution, i.e.. the minimum spacing betw®enobjects that can be individually detected,

Ar = —= — (A'Z)

whereAf = 1/ 1 is approximately the bandwidth of the pulse. Thieee high resolution in range
short pulses are necessary. The reduction of thee puidth leads to a high peak power that is
difficult to handle in practice. To circumvent tHimitation it is possible to substitute the short
pulses by modulated long ones (chirp), provided tiway are followed by a processing step (pulse
compression).

In the flight or azimuth direction the radar resmn is dictated by the size of the antenna foaotpri
This latter is dependent on the distarRebetween the sensor and the scene and the angular
resolution of the antenna:

A
a. =— A-3
ra L ( )

where/ is the wavelength of the electromagnetic pulselatiee effective antenna length.
The spatial resolution in azimuth is:

Ax,=a,R= R% (A-4)

For a uniform antenna illumination, is coincident with its physical length. To achieligh
resolution in azimuth large antennas and shortoblajesstances are required. As an example for a
satellite sensor that flies with an orbital heiglit800 Km and an antenna length of 1% the
resolution is approximately Bm and this is not acceptable for most applications.

A Synthetic Aperture Radar overcomes these problbynsmplementing the synthetic antenna
concept: a very large antenna is synthesized byngavreal one of limited dimension along a
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Fig. A-1: SAR acquisition geometry.

reference path. The synthesis is carried out byermtly combining the backscattered echoes
received and recorded along the flight path.

The maximum length of the synthesized antennausldq the size of the real antenna footprint on
the ground at the distanée

L. =—R (A'5)

The angular resolution of the synthesized antesmna i

A
a. =—"— A-6
=21, (A-6)
The azimuth resolution of the synthetic aperturema is:
L
Axsa:asaR:E (A_7)

The achieved resolution is now completely indepahdé the range distance and is determined
only by the size of the antenna.

A-2 Processing of SAR data

As the imaging processes in the range direction ianthe azimuth direction are governed by
different time scales, they can in first approximatbe treated as independent.

Synthetic aperture radar is of high interest fommging ocean wave parameters. In principle it is
possible to measure ocean wavelength and direotvame height and near surface wind speed.
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Many studies have been conducted on the theornABf &ean imaging [Hasselmann et al., 1985]
and from all is clear that the radar image is naliract map of the imaged scene on the ocean
surface. The SAR imaging mechanisms is influencgethe modulation of the NRCS and by the
wave motions (i.e., by the orbital velocity and elecation associated with the long waves) [Alpers
et al., 1981]. It results in a nonlinear integrainisform that describes the mapping of ocean weave
spectrum into SAR image variance spectrum, alstea¢tdlodulation Transfer Function (MTF)
[Hasselmann and Hasselmann, 1991]. According tontbeels described in literature the SAR
imaging of ocean waves can be divided in two mpjocesses.

The first one, known as the real aperture radarRRAechanisms, is common to conventional
radars which detect the NRCS without synthesizedreara. The second process, that is inherent to
only SAR, is known as “Velocity Bouncing”. In thellowing the two processes will be described
detailed.

A-2-1 Range processing
Most SAR systems transmit a chirp signal of thenfor

: t? 7,
f,(t) = exr{][wt + 02 H | < > (A-8)

wherer, is the pulse duratiom = 2xzf is the angular frequency with the carrier freqyein@ndo is
the chirp rate related to the pulse bandwidth by:

ar=2nAf (A-9)
In Eq. A-8 amplitude is set to 1 as it does noy@ay role in the subsequent analysis.

The standard reference system used for SAR imagiodels is right handed with the platform
flying in positivex direction with velocityv (Fig.A-1).

Consider a point target of coordinate=T0, W, z); with a distance from the platform equalRo
The signal backscattered by the target and recamdzbard is:

f(t-7)= exp{j at-7)+ j%(t—r)z} (A-10)

wherert is the time delay between the transmission andebeption of the signal. Assuming that
the change of the distance between the target &aedantenna is very small (start-stop
approximation).

r =2—CR (A-11)

After the baseband conversion we obtain

f(t)= exp{— jor + j%(t—r)z} (A-12)
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The subsequent step in the processing of the matesignal implies convolution with the (range)
reference function:

glt)= ex;{— j(a)t +”7tzﬂ (A-13)

the impulse response after the convolution is:

h(t)zAfexr{A'ﬂR

The last approximation holds near the peak |tjg<and for large time-bandwidth products
(4f-p>>1).

jsin c[raf (t-71) (A-14)

According to (A-14) a point target is imaged asisributed object with a range dimension equal
to:

4r = 089-S (A-15)
2 /f

It corresponds to the distance between the 3 dBtpaf the impulse responsd. corresponds to
the nominal slant range resolution. Two point taign be resolved only if they are separated by a
distance greater thatr.

A-2-2 Azimuth processing

To investigate the capability of the SAR systemrdgolve target in the flight direction, let's
consider (2N+1) equally spaced positions of théaatenna and a point target(0, y, %), located

at the centre of the scene and illuminated by titerma at positionS=(x =n'd, r=0) with n=-
N,...N (Fig. A-2). The signal backscattered by the targed received by the antenna at each
positionn'd is:

: . 2R . 2R .21 .\
filnd)=exp - jo— |=exg - jowo— - j—{nd A-16
()= - 102 e - 12 - 22 i} | @ 16)
where ;
' 2
R =R?+(nd)? =R+ (”2‘2 (A-17)

The azimuth-dependent part of the return is giwen b
f(nd)= ex;{— j % (n'd)z} (A-18)

The signal of (A-18) is recorded and then processaynthesize an antenna of lengd=Lsa,
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T=(0.2)

Fig. A-2: Along track acquisition geometry.

The instantaneous frequency of the recorded sigmahges linearly as the antenna move along its
path. This represents a chirp in the azimuth dwaavith a negative rate.

The instantaneous Doppler frequency is given by:

2 2
fFd=wt) =9 |-V p2 |22 (A-19)
a'l IR IR
Ar , _Ar
- <t <
2Lv 2Lv

Similar to the range compression step the azimugbgssing is done by a discrete correlation with

a reference chirp:

g(n'd) = ex;{ j 2(n'd)ﬂ (A-20)
AR
Consideringn d<<X the result after the correlation is:
f(nd)= sinc(z—nn' dj = sinc(l n d) (A- 21)
L AX
with
AX =% (A-22)

the synthetic aperture radar azimuth resolution.
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A-3 SAR modulation transfer function

In the range of small to moderate incidence anfilesveen 20° and 60°) the radar backscattered
field from the sea surface can be obtained fromchdioff's integral by applying the Bragg
resonance theory. According to this theory the NRE&e sea surface is proportional to the sum
of the ripple variance spectra at the Bragg wavalars

K, == £K,sing (A-23)
whereKyis the wave number.

The modulation of the NRCS by the long ocean wdlmger than twice the SAR resolution cell)
is caused by two effects: the tilt modulation amel hydrodynamic modulation.

The tilt modulation can be explained by a geometdffect, i.e. the small scale roughness (Bragg
resonant waves) is seen by the radar at differetlence angles depending on the location on the
long waves [Alpers et al., 1981].

The non uniform distribution of the short waveshmiespect to the long ocean waves (Fig. A-4),
due to interactions between the short and long s/aie responsible for the hydrodynamic
modulation [Hasselmann and Hasselmann, 1991].

In the case of SAR, in addition to the tilt and falynamic modulations of NRCS, the orbital
motions of the water particles due to the long acaaface waves must be accounted. In particular
this effect, also known as “Velocity Bunching” ckead to the formation of wave-like patterns in
SAR images even for a uniform NRCS.

As SAR finds the location of a target in the azimdirections using Doppler coordinate; a target
with a velocity component in the direction of tlagar will introduce a Doppler shift and so a shift
of the detected position. The sea surface model iessdescribe the SAR response is represented by
moving facets, having dimensions that are large pgoed to the radar wavelength but small
compared to the radar resolution cell. The motibrihese facets is due to the orbital motion
associated with the long surface waves. This motehich is spatially variable, leads to an
alternating concentration and spreading of thetjposof the facets in the image plane, and so to a
wavelike pattern in the SAR image.

Fig. A-4 shows the contributions to the modulatibansfer function of the three mechanisms
described above versus the direction of propagatidhe waves respect to the radar.

Velocity bouncing vanishes for range traveling wawkt the same time the tilt modulation and the
hydrodynamic modulation are maximum. Range tragelvaves are imaged best by SAR. For
waves traveling in other direction the influencewvelocity bouncing can be strong, leading to
severe distortion in the imaged wave field.
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Bragg scattering waves
S

f/'
M
SE—— long wave

direction of wave propagation

Fig. A-3: Asymmetric distribution of Bragg waves on a longvave due hydrodynamic modulation
(adapted from Alpers et al. 1981, Fig.2 pp. 6485).

CONTRIBUTIONS TO
MODULATION TRANSFER
FUNCTION

™VELOCITY
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~sinfg 4
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AZIMUTH RANGE

ANGLE ¢ vs. AZIMUTH

Fig. A-4: Contribution of the tilt modulation, hydr odynamic modulation and velocity bouncing to the SR
modulation transfer function for different wave dir ection with respect to the antenna (after Alpers eal. 1981,
Fig.6 , pp 6489).

References

Alpers W., Ross D.B. and Rufenach C.L., 1981. GnDetectability of Ocean Surface Waves by
Real and Synthetic Aperture Raddwurnal of Geophys. Rewol. 86, pp. 648 1-6498.

Franceschetti G., Lanari R., 1999. Synthetic Aperteadar ProcessinGRC PressBoca Raton,
Fla.

105



Extreme Wind and Wave Conditions in Tropical Cy@s®bserved from Synthetic Aperture Radar

Appendix A

Hasselmann K., Raney R.K., Plant W.J., Alpers Wuycdman R.A., Lyzenga D.R., Rufenach C.L.,
Tucker M.J., 1985. Theory of Synthetic Aperture &a®cean Imaging: A MARSEN View.
Journal of Geophys. Resol. 90, pp. 4659-4685.

Hasselmann K. and Hasselmann S., 1991. On thengamlimapping of an ocean wave spectrum
into a Synthetic Aperture Radar image spectrum iemahversion.Journal of Geophys. Resol.
96, pp. 1071 3- 10729.

Robinson I. S., 2004. Measuring the Oceans front&péhe principles and methods of satellite
oceanographyspringet

Ulaby F.T.; Moore R. K., Fung A.K.1986. Microwave Remote Sensing: Active and Passive
Volume II: Radar Remote Sensing and Surface Saajtand Emission Theoryrtech House

106



Extreme Wind and Wave Conditions in Tropical Cy@s®bserved from Synthetic Aperture Radar

Acknowledgments

Acknowledgments

| dedicate this thesis to my wife,
Fifame,
For encouraging,

And for supporting me,

| would also like to acknowledge the people contidal to the success of my Ph.D.

| cannot find words to express gratitude to my sugers Prof. Hartmut Graf3l and Dr. Susanne
Lehner; this thesis would not have been possibtaowt their help and support. | would like to
thank Susanne for welcoming me at German Aerosgaestre (DLR), for her dedicated
supervision and guidance during my Ph.D. Thankisetosupport, attention to detail, hard work, |
learned a lot about the subject.

| would like to express my deep gratitude to Dhalmmes Shulz-Stellenfleth whose advices and
insight was invaluable to me. His knowledge of 8%R technologies and our discussions have
been a great source of inspiration.

The four years spent at DLR has been the occasiaoreet marvelous people. | would like to thank
and express my friendship to my colleagues Stephasch, Xiao Ming Li and to the whole Marine
Remote Sensing group of DLR for all the help arstassions.

It is a pleasure to thank Dr. Chan-Su Yang ancKibrea Ocean Research & Development Institute
for their warm welcoming, our collaboration had eddalue to my studies. The month | have spent
in Korea in their Department have been a great réspee.

| would also like to express my deepest gratitud®lts. Christine Fluche; her help for solving all
administrative issues has also made this thesslges

Last but not least, | would like to thank my paeefar their unconditional support.

The last lines go to all the people, who one wayaoother contributed to the success of this
work....

107



