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Abstract

In 1985 a group of four Dutch institutes, combining expertise in radar technology, water waves and
meteorology, submitted a proposal to the Netherlands Remote Sensing Board (BCRS) for a
systematic study of radar backscatter from the water surface. The study was aimed at the
development of a physically based algorithm for the relationship between radar backscatter and the
surface wind and would consist of laboratory experiments, experiments at sea from a fixed platform
and theoretical studies of the relevant processes. The impetus for the proposal came from the
expectation that in a few years time the ERS-1 satellite would be launched with in its AMI package
a C-band scaterometer, intended for the measurement of the wind speed and direction at sea from
space. The project, which was approved and supported by BCRS, therefore received the name
VIERS-1 for Verification and Interpretation ERS-1. It lasted from 1987 until 1994 and has now
indeed resulted in the physically based algorithm for which the project was started.

The first experiments in VIERS-1 were done in 1987 in a large wind water flume (length 100 m),
where especially the 2D distribution of the small wind waves, which are mainly responsible for
radar backscatter, and the radar directional effects of this distribution were studied. An even larger
wave tank (length 213 m) was transformed in a wind-wave flume in 1989 to study the effect of long
waves on the short ones. In 1990 a final experiment was performed at Meetpost Noordwijk, a
research platform 9 km off the Dutch coast, to obtain field data with which to check the model.

The development of that model meanwhile had been started and a computer program was
developed, based on state-of-the-art knowledge of radar backscatter, wave modelling and air-sea
interaction. Initially a model was made that calculated the radar backscatter under given conditions
of wind and sea, later the model was inverted to obtain the wind from the radar backscatter. For
operational purposes the model was coupled to the WAM wave model.

The crucial test for VIERS-1 was a comparison of the algorithm with the CMOD4 model, which
is mainly based on statistical fitting, using operational data. In this comparison it turned out that
the results of VIERS-1 were comparable with those of CMOD4, with VIERS-1 outperforming
CMOD#4 slightly at both high and low wind speeds, but with CMOD4 providing a somewhat closer
fit in backscatter space. This may be interpreted as an appreciable success for VIERS-1: the model
is the first of its kind and still has many possibilities for further improvement, whereas CMOD4
is probably the ultimate that can be obtained with a purely statistical approach.
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1. INTRODUCTION

Traditionally, the operational retrieval algorithms for the scatterometer which relate the radar backscatter
measurements to the surface wind vectors have been empirical. A review of the history of this empirical
relationship is given by e.g. Moore and Fung (1979), Jones et al (1982), Schroeder et al (1982) and
Barrick and Swift (1980). After Moore and Pierson (1967) proposed to use a satellite scatterometer’s
radar echo to determine the wind speed at sea, a variety of early scatterometer models appeared in the
1970's (for example, Valenzuela et al, 1971; Guinard et al, 1971; Jones et al, 1977; Moore and Fung
1979 and Wentz et al, 1984). The most successful scatterometer model of the early 1980's was the Seasat
A Scatterometer System (SASS1) model. The SASS1 model assumed a power law between the radar
backscatter 0and wind speed U and was tuned to a subset of the available surface truth wind data from
the Joint-Air-Sea Interaction Experiment (JASIN). The wind speed data set was relatively small,

4-16 ms™. When results of the tuned SASS1 model were compared with the JASIN data not used in the
tuning, a favourable agreement was found, giving confidence in the empirical approach. Nevertheless,
Woiceshyn et al (1986) and Anderson et al (1987) pointed out several weak points of the SASS1
algorithm. First of all, low wind speeds were systematically too high while high wind speeds were too
low. Secondly, winds obtained from horizontal polarisation were not consistent with vertical polarisation,
suggesting that a power law relationship between backscatter and wind is not adequate. Furthermore, it
was also felt that other geophysical parameters such as atmospheric stability and water viscosity would

have resulted in an improved wind field retrieval, in particular at the lower wind speeds.

Despite the shortcomings, the statistical fitting approach has resulted in a useful algorithm as follows from
the work of Stoffelen and Anderson (1996), although a somewhat more sophisticated power law
relationship needed to be introduced. The resulting backscatter algorithm, called CMOD4, showed a very
good fit in backscatter space while, in comparison with ECMWEF wind fields, the retrieved wind velocity
had a small wind speed error of about 2 m/s and directional error of the order of 20-30 degrees. However,
CMOD4 showed for low and high wind speed similar problems as the SASS1 algorithm. When using
CMOD4 in ECMWF’s analysis system, Gaffard and Roguet (1995) found that the underestimation of
wind speed in the high wind speed range resulted in less deep lows (by as much as 8 hPa) and, as a
consequence, the quality of the atmospheric forecast suffered. By applying a wind speed dependent bias
correction to CMOD4 (which was obtained by a comparison with buoy wind speed data) the scatterometer
winds were found to have a favourable impact on atmospheric analysis and forecast and even on the ocean

wave analysis and forecast (Andersson et al, 1996).




Retrieved wind vectors by means of the VIERS scatterometer algorithm are compared in Section 4 with
the ECMWF analysed wind fields and it is found that VIERS and ECMWF winds are compatible in a
statistical sense. As a reference we use results from CMOD4. A direct comparison between VIERS and
CMOD4 winds reveals a good agreement between the two products except that in the high wind speed
range VIERS has higher winds than CMOD4 while at low winds VIERS has lower winds. In view of the
problems CMOD4 has at the extreme wind speed ranges, it is concluded that the VIERS model is
performing better. Nevertheless, it should be emphasized that the misfit in O, space between modelled
and observed backscatter is generally larger for VIERS than for CMODA4. This is probably caused by a
too simple directional distribution of wind waves in VIERS. After the statistical comparison we proceed
with a synoptic discussion of the differences between retrieved and analysed wind concentrating on a

frontal system that occurred in the Norwegian Sea on 6 November 1991.

A summary of conclusions is presented in Section 5 and suggestions for improvements are given as well.

2. THE VIERS MODEL ;

To our knowledge to date, the most successful modelling attempt of the scattering of the radar signal at
the sea surface is due to Donelan and Pierson (1987). These authors obtained the spectrum of gravity
capillary waves from a simplified energy balance, consisting of wind input and dissipation through
viscosity and wave breaking. Combining this short wave number with the observed directional spectra

of Donelan et al (1985) the complete surface wave spectrum is then known.

Scattering off a surface with a broad spectrum of waves is réasonably well modelled by means of a so-
called two scale approach (Valenzuela, 1978; Plant, 1990). Thus, the normalised radar backscatter can
be found by integrating the scatter from the individual facets (which are tilted by the longer gravity waves)
weighted with the probability that the water surface is tilted by a certain angle. Introducing a separation
scale wave number k_, for high wave numbers (k>k C) the main scattering mechanism is assumed to be
Bragg scattering while for k<k_specular reflection is taken. Results are supposed to be weakly dependent
on the choice of k_; Donelan and Pierson (1987) selected k_=k,/40, wherek, is the Bragg wave number

k, = 2 kg sin, )

with 6 ; the local incidence angle which depends on the tilt of the water surface by the long waves and k,

is the radar wave number.



Application of the Donelan and Pierson scatterometer algorithm to the VIERS wave tank data set revealed
a number of shortcomings in the model (Calkoen et al, 1990). First of all, considerable discrepancies
between modelled and observed short wave spectral shape were found; for large winds the modelled
spectrum drops off too rapidly while at low wind speed considerable amounts of wave energy were
observed beyond the viscous cutoff wave length of Donelan and Pierson. In 6ther words, the modelled
Donelan and Pierson short wave spectrum was found to be too sensitive to the effects of water viscosity.
Clear experimental evidence of this was also given by Jidhne and Riemer (1990) who in the framework
of the VIERS project measured the slope spectrum by means of optical techniques. Even for low wind
speed considerable contributions to the slope spectrum were found at wave number k=800 rad/m which
is well-beyond the viscous cut off of Donelan and Pierson. Apel (1994) has summarised the findings of
Jiihne and Riemer (1990) and Klinke and Jihne (1992) in terms ofa semi-empirical model for the short

wave spectrum.

Also, shortcomings in the electromagnetics part of the Donelan and Pierson scat algorithm were found.
In order to shield off a singularity in the Bragg scattering near nadir, a cutoff condition was applied when
the local incidence angle was less than 18°. Nevertheless, for small incidence angle the contribution of
Bragg scattering dominates the one of specular reflection, which is unexpected. Furthermore, the choice
of the cutoff wave number is not always adequate. For example, for the wave tank data the dominant

wave has a much larger wave number than at sea, sometimes even beyond k _.

In order to alleviate the above-mentioned problems, it was decided to develop a new scatterometer
algorithm. In particular, regarding the electromagnetic part, the introduction of a cutoff wave number on
a more or less physical basis was considered. Furthermore, it was decided to remove the cutoff condition
near nadir and to add the specular reflection. Finally, it was thought to include more physics in the energy
balance equation, because nonlinear wave-wave interactions and effects of slicks may be relevant

processes as well in determining the short wave spectrum.

Before our attempt to improve on the Donelan and Pierson scatterometer model is described, it is
emphasised that a basic assumption of the VIERS scatterometer model is that wind wave generation is
determined by the surface stress. At the air sea interface, the stress field is determined by the wind speed,
the stability of the air column and the sea state, which we characterise by the wave age of the wind sea.
In order to obtain the stress T or the friction velocity u_, the wind profile U(z) is assumed to have the

form



UG) = —"I; (log(@/z,) (L) @

Here, the roughness length includes the effects of the sea state and is parametrized according to Smith et
al (1992)

2

u
z, = o—, 0.=0.48(c p/u*)'1 (3)
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where cp/u* is the age of the wind sea and c, is the phase speed of the peak of the wind sea spectrum.

For the stability function{f we adopt the Businger-Dyer expression (Businger et al, 1971; Dyer et al,
1970):

- ZIL. (stable; L>0)
¥ = % + 2log((1+@)/2) +log((1+®?)/2)~2tand (unstable; L<0) “)

where

®

(1-16Z/L)*% (5)

and the Monin-Obukov length is computed according to Stewart (1985),

-u,U(z T,
L = * ( ) air (6)
8K Tsea_Tair

with g the acceleration of gravity, k the von karman constant, 7', the air temperature and 7', the water

temperature.

For given wind speed, phase speed of the waves, air and sea temperature the friction velocity u, is solved

from Eq (2) in an iterative manner.



2.1 The short wave model
The model for the short wave spectrum is based on the energy balance equation, which is solved under
steady state circumstances because the short waves have a very short response time scale. Also, advection

of short wave energy is disregarded and the energy balance equation therefore reads

Sin + Snanl + 8

visc

* Sy + Sgpes = 0 @
where S, represents the effects of wind stress, .S qony describes 3 and 4 wave interactions, S, = describes
viscous dissipation, §,, describes dissipation due to white capping and S Jicks describes the resonant
energy transfer between surface waves and slicks (Marengoni effect). The energy balance equation (7)
is solved as a boundary value problem in wave number space by providing the energy flux from the long

2 . .
to the short waves at a boundary k = kj oin = g/u*. which corresponds to ¢/u, = 1 with ¢ the phase

speed of gravity waves.

In order to determine the energy flux at the boundary k=kj0 knowledge of the gravity part of the wave

in’
spectrum is required. In general, the long wave spectrum consists of wind sea and swell and the

simplifying assumption is made that the energy flux at k.

‘join

is mainly determined by the wind sea part of
the spectrum since swell usually has a small steepness. The one-dimensional wind sea wave number
spectrum is assumed to be given by the JONSW AP shape (Hasselmann et al, 1973), which is obtained

from the frequency spectrum by using the linear dispersion relation for gravity waves. Hence,

2
= -4 _ 5 kP r ‘
F(k)—‘/zapk ex ZT ‘ 8)
where
~(k"-k )
r = ex >
20 kp

In JONSWAP steady state conditions were considered and therefore the spectral parameters kp, o, Y
and 0 were only determined as a function of dimensionless fetch. The sea state will depend on both
duration and fetch, however. In order to accommodate both circumstances, the spectral shape parameters

are assumed to depend on the wave age

X = cfu, ‘ | ©)



where u_ is the friction velocity and c, is the phase speed of the peak of the wind sea spectrum which
in principle may be obtained from an ocean wave prediction model (e.g. the WAM model, cf Komen et

al, 1994). Thus,

2
k, = glc,

— Av-B
o, = Ay o

2
<221
4

¢ = 0.08

The parametrization of the Phillips parameter 0., was not obtained from JONSWAP, because in the

JONSWAP fit for o, also laboratory data were used which, as is known from Donelan et al (1985),

belong to a different family. In a tuning exercise with the full VIERS model it was found that
A=024,B=1"

gave satisfactory results. This choice of parameters for the Phillips parameter is in fair agreement with

the reanalysis of JONSWAP data performed by Giinther (1981). Furthermore, JONSWAP only

considered young wind sea cases with a peak enhancement factor y which was on average 3.3. In order

to assure that for old wind sea the JONSWAP spectrum asymptotes to the Pierson Moskowitz spectrum

(hence Y~ 1), we have added the x> factor in the expression for ¥.

The JONSWAP spectrum is strictly speaking only valid for wave numbers up to 9 times the peak wave
number. Recent observations of Banner (1989) confirm that up to a wave number of 30 rad/m the wave
spectrum indeed follows a k~* law, thus the region of validity of the JONSWAP spectrum may be
extended to these high wave numbers. However, the present parametrization of the high wave number
tail of the gravity wave spectrum differs in one important aspect from Banner’s observations; namely the
Phillips parameter shows in the present case a more sensitive dependence on wave age and friction
velocity. On the other hand, our paramctrization is not in conflict with the data of Jidhne and Riemer
(1990) who found in the Delft wave tank a linear dependence of the gravity wave part of the spectrum on
friction velocity which agrees with Eq (10) with B=1.

For wave numbers higher than k,

ioin 8 IEW regime is entered because 3 wave interactions start to play a

role in the steady state energy balance of the short waves (Eq (7)). In the following we shall only develop
a theory for the one-dimensional wave number spectrum, while the angular distribution of the short waves

10



is modelled in a fairly simple fashion. The main reason for this is that we were unable to derive a

reasonable parametrization of the angular dependence of the nonlinear interactions.

The one-dimensional wave number spectrum F(k), which is related to the Fourier transform of the

autocorrelation of the surface elevation, is normalised in such a way that f F(k)kdk =E Where Eis

the wave variance. The wave energy density & follows then from . 0 : ,
&k) = %2 F(k) ' (11)

where we shall only consider pure gravity capillary waves with dispersion relation

k) = ygk+Tk® = | (12)

" with g acceleration of gravity and T surface tension. Hence, effects of current and shear in the current

will be neglected.

Let us now describe some of the details of the source terms in the energy balance (7). For the input source

term we adopt Plant’s expression (Plant, 1980),

2
S, - PBF, B - 6(0( E) (13)
C

where the dimensionless constant O is given the value 0.03. The slowing down of wind by the short
waves (the so-called quasi-linear effect) can be incorporated by renormalising & (cf Janssen et al, 1989;

Snoeij et al, 1993) and it has in practice a considerable effect on the energy balance.

Although Donelan and Pierson did not take effects of nonlinear 3 and 4 wave interactions into account,
the work of Valenzuela (1978), van Gastel (1987) and Janssen (1987) suggests that 3 wave interactions
play an important role in the dynamical evolution of gravity-capillary waves, while K itaigorodskii (1983)
and Phillips (1985) stress the importance of 4 wave interactions for short gravity'waves. The exact
expressions for three and four wave interactions obtained by Davidson (1972), Valenzuela (1978) and
Hasselmann (1962) will be used as a guideline to obtain an efficient parametrization of the nonlinear

transfer.

- Following Kitaigorodskii (1983) we assume that the nonlinear transfer is a local process in wave number

space and, introducing the energy flux €(k) one thus has

11
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2
x| =

and on dimensional grounds the expression for € reads

4
e(k) = £—[oc3 B*+a, B (15)
v
4

where v, is the group velocity 0w/dk, B is the angular average of the degree of saturation (Phillips,
1985),

B = k*F(k) (16)

while o, and ¢, give the strength of the three and four wave interactions respectively. The coefficients o,
and o, may still depend on the ratio c/vg. In particular, ¢, should vanish in the gravity wave regime

because 3 wave interactions are not possible there.

Three dissipative processes are assumed to play a role in the gravity-capillary regime, namely, viscous
dissipation, wave breaking and damping due to slicks. For viscous damping we use the exact expression
(Lamb, 1934),

S = -4vkF , an

visc

where Vv is the kinematic viscosity of water.

Damping by slicks is caused by the Marangoni effect (Alpers and Hiihnerfuss, 1989) which is the result
of a resonant interaction between a sound wave in the surface film and short gravity waves. The

Marangoni effect gives rise to an enhanced viscous damping,

Sslicks + Svisc = _4vejf k 2F (18)
where
Vg =V Mk, v, 6, E) ' (19)

with M a relative damping ratio given by

12



M- 1 + X(cosd-sind) + XY + ¥Ysind 20)
1 + 2X(cosd-sind) + 2X?

0 is a phase angle and,

E 2 E
X = 2 k , Y = L (21)

pw /va3 pw 4oy

Furthermore, E_ is the dilational modules of the surface film and p,is the density of water. The surface
film is determined by the two parameters 0 and E - The phase angle 0 is approximately 180° whereas E
depends strongly on the type of slick. For a natural slick, mostly of biological origin, E , may have the
value of 0.01 N/m, whereas for chemical slicks its value may vary between 0.01 and 0.05 N/m.

Slicks may be destroyed, however, by the action of wind. We have modelled this by letting the dilational
modules vanish for strong enough winds: E. = 0.005(1 -tanh(10%,-4.33)). In addition, since it is
unrealistic that the ocean is covered by a single large slick, a second modification was implemented.
Since slicks come in patches, there is need for a fractional filling factor F' (Lombardini, 1986). With
F < 1 the damping is modified according to M, = M/(M+F(1-M)), where M is the damping when
the coverage is complete. Typical F-values are in the range 0.88-0.99.

Individual breaking events are difficult to model because of strong nonlinearity. In a statistical description
of wave evolution, the white caps cover only a relatively small fraction and white capping may therefore
be regarded as a process which is weak in the mean. In Komen et al (1994) it is then shown that the
corresponding source term is quasilinear: it consists of the spectrum at the wave number considered

multiplied by a factor which is a functional of the entire spectrum. Extending the Komen et al (1984)

“expression for gravity wave dissipation into the gravity-capillary regime we take

Sy = ~By FEREYURFK) | 2)

where 3 ; 1s a constant of the order 2, and w and k are mean angular frequency and wave number, while E

is the wave variance.

13



Combining now the explicit expressions for the source terms, the energy balance equation (7) becomes

s, w?
— ¢etk) =y — B 23
= Z® Y e )

where the parameter Y is defined as

2
Y = aw( f‘i] - 4vM k? - B, o(K°EY(k/k) (24)
C

and hence gives the net effect of wind input and dissipation. The energy flux €(k) is given by

4
e(k) = <(c, B>+e, BY) (25)
vy
g

and we have eliminated the wave number spectrum F in favour of the degree of saturation B = k*F.

The interaction coefficient ¢, for 4 wave interactions is taken as a constant, &, = 0.25 while o, is
allowed to depend on wave number because it is assumed that for gravity waves three wave interactions

are not important. We take

o, = 3;—:[mnh{o3(x—l)}+l]

where x = ‘/k/kj om 80d G = 2. We remark that this choice of &, is, to a certain extent, arbitrary;
however, a continuous transition from vanishing ¢, in the gravity range to a constant value in the gravity-
capillary range is needed to avoid jumps in the spectrum. ‘

By supplying the boundary condition at k=kjm. of continuity of flux (or spectrum) the differential
equation (23) may be solved for the degree of saturation B and the wave number spectrum F(k) follows.

n

In combination with the JONSWAP spectrum for k<kj oip 1€ full one-dimensional wave number spectrum
is obtained. Examples of the one-dimensional wave number spectrum according to the VIERS model
equatipn (23) are shown in Fig 2 for four different friction velocities and old wind sea (wave age
X = 25). The sensitive dependence of the high-wave number part of the spectrum on friction velocity

should be emphasized,; this is of course the main reason why a scatterometer, which ‘observes’ waves with

14
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wave numbers larger than 100 may be used as an instrument for measuring the wind field above the

oceans.

In order to perform a successful wind retrieval, the two-dimensional wave number spectrum is required.

To that end, we have taken a simple directional distribution D(Q),

D) = -(1+2a052(6-4,) | | (6)

where ¢ is the wave direction, (I)w the wind direction and 4, a parameter which measures the width of
the directional distribution; a, is assumed to depend on friction velocity only, and not on wave number.

The two-dimensional wave number spectrum is then given by

Wk.$) = F()D() @27

and it will be used in a two scale model to obtain the normalised backscatter.

2.1.1  Results of the short wave model
We would like to discuss briefly some of the properties of the energy balance equation (23). In addition,

p— modelled spectra are compared with observed spectra obtained in the Delft wave tank.

Since in practice the degree of saturation B is of the order 0.1 or less, it is a fair approximation to
disregard four wave interactions in the expression for the energy flux, Eq (25). Retaining therefore only

three wave interactions, the energy balance equation (23) may be solved and the result for the degree of

saturation becomes
v # 1 k

B=|=%| cHe+— [ de L.t | (28)
Oy 20, k

*join

where € is the value of the energy flux at k = kj oin- 1tis of interest to discuss the respective terms in
Eq (28) separately. The first term is related to the effect of three wave interactions. In the absence of
wind input and dissipation it follows from the condition of a constant energy flux in wave number space.
Using the dispersion relation for pure gmvity—éapillary waves (Eq (12)) the degree of saturation according

to the constant energy flux condition becomes

15
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- _ % . .
where y = kik, ,k, = (g/T)" is the wave number that separates gravity waves and capillary waves and
c, = (gT)". Therefore, in the gravity wave range (k<k ) the degree of saturation increases with wave
number like k** while, in the capillary wave range, B, A decreases with wave number like k ~¥4 and B,,

attains its maximum value around k = k o

Effects of wind input and dissipation (y) are represented by the second term in Eq (28), and result in a
modification of the ‘inertial’ subrange spectrum given in Eq (29). The degree of saturation now becomes
a sensitive function of the friction velocity while, for large wave numbers, dissipation becomes important.
For a large enough wave number the degree of saturation B will vanish. Let us call this particular wave
number the cut-off wave number. In order to be able to compare with results from the Donelan and
Pierson model, we shall retaih, in ¥ of Eq (24), only the effects of wind input and viscous dissipation.
Hence, the cut-off wave number is determined by viscosity, and the viscous cut-off wave number in the

Donelan and Pierson model follows from the condition y = 0, or

2
ou,

v

(30)

Bl

In the present model, B does not depend on the local value of y , but on an integral in wave number space
involving Y. As a consequence the viscous cut-off wave number shifts to much larger values than given
by Eq (30). This shift in cut-off wave number is caused by the nonlinear energy transfer which tries to
maintain an inertial subrange spectrum. As a result the present model therefore has a reduced sensitivity

to changes in the water viscosity, at least in the wave number range that is relevant for scatterometry.

Furthermore, it is noted that € , which is determined by the JONSWAP spectrum (8), contains all the
effects of sea state (i.e. wave age of long waves) on the short wave spectrum. As an illustration, we have
compared in Fig 3 the degree of saturation B for young wind sea () =7) with old wind sea (}=25), and
the sea state dependence may be quite considerable, in particular in the low wave number range. From
Fig 3 it is also noted that for young wind sea the increase of B in the high wave number range is less
pronounced than in the case of old wind sea, which suggests that for young wind sea the short wave

spectrum is controlled by nonlinear transfer because the short gravity waves are steeper.
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We conclude this sub-section by comparing results of the present short wave model with observed
frequency spectra in the Delft wave tank. Frequency spectra were measured by means of a Lobemeier
wire and a laser slope gauge (LSG) of Jihne for different friction velocities and fetches. Lobemeier
spectra are thoﬁght to be reliable up to a frequency of 10 Hz while LSG spectra are supposed to be valid
to at least 100 Hz. If the Doppler shift due to the orbital motion of the long waves is ignored (this is a
reasonable assumption in a wave tank), the modelled frequency spectrum E(f) may be obtained from the

wave number spectrum F(k) according to

Ep = 2 F
A

4

where the group velocity v . is obtained for the dispersion relation of pure gravity-capillary waves
(Eq (12)). Examples of the comparison between observed and modelled frequency spectra are shown in
Fig 4 for two different friction velocities and a fetch of 90 m. In view of the differences that do exist
between the two types of observed spectra, it may be concluded that the present short wave model shows
a fair agreement with the observations. Finally, it is remarked that the water surface in the wave tank was
clean, hence effects of slicks were disregarded. For low wind speed, slicks may have a dramatic impact

on the spectral shape as is illustrated in the low wind speed case of Fig 4.

2.2 The radar backscatter model
Once the 2D wave spectram is known, the normalised backscatter may be obtained by means of a two-

scale model. According to the wave-facet model (Plant, 1990), the normalised cross section is given by

0, = ay + [ ditany) [ d(tand) Pyltany, tand)o,’(®) 31)

-0

where P is the probability that a (Bragg-) facet is oriented with tilts tan{y and tand along wind and
cross wind respectively, while © ; 18 the local incidence angle. For an anisotropic Gaussian surface one
has

2 2
P - 1 o 'y tan’d

B~
2ms, 8 2 2
wbch 25, 25., ]

(32)

with s,i » and Scz'b the slope variances in up wind and cross wind. The Bragg contribution of a facet is
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pioportional to the two-dimensional wave number spectrum at the Bragg wave number &, (cf Eq (1)).

In fact,
ol = 8mky cos*0,| 8ol AW(k,)+W(-k,)] (33)
with kR‘ the radar wave number and g a factor which depends on the polarisation. The contribution due

to specular reflection is given by

of = m|R(0)|*sec*0P(( . ) (34)

o

where P is the probability that a specular facet is oriented with tilts {_and v parallel and at right angles

to the radar look direction respectively. For an anisotropic Gaussian surface one has

2
P = P(,~tan, {,=0) = —— expl 220 35)

2
2ms, S, 250,

with s: ; and s: , the slope variances in the upwind and crosswind direction, whereas SE, 5 18 the variance
in the radar look direction. Only those waves that have a wavelength longer than the radar wavelength
R(o)|?

is the reflection coefficient at normal incidence, which depends on the radar frequency via the relative

contribute to the slope variances as shorter waves are not seen by the radar (Stewart, 1985). Furthermore,

dielectric constant € -

[R©)| = 0.65(e,~1/(/5+1] .

The factor 0.65 in this last equation is based on a correction of the standard reflection coefficient as
specified by Valenzuela (1978). The correction factor is needed because the remaining short wave

disturbances of the water surface reduce the cross section as given by physical optics.

The above general two scale theory has to be supplemented with a criterion to separate long waves from
short ones. The wave number spectrum is separated into a low and high wave number part by means of
the separation scale k_

Wik, d), k < k_
WL(k, ¢) = O, k>k

o k<k,
Wl ® =\ w, ¢), &> ,

(36)
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Hence, using the directional distribution (26) the slope variances of the tilting waves are given by

k
1 +a, ;
2 2 3
52, = [ KFydk
u, b ) { ()
1-a " 0
s2, = > [ KF(ydk
0

2

while the slope variance of the waves that contribute to specular reflection is given by

2 2 . . . . s
s,i s = Sy b * S p- Finally, the separation scale k_ is determined by the condition

B = 4k} o2, o = f F(o)dk (38)
k

c

Condition (38) follows from the work of Bahar, Barrick and Fitzwater (1983) and Brown (1978). An
optimal choice for the parameter [ is then found to lie in the range 0.1-1. Based on a comparison with
the VIERS dataset (Snoeij et al, 1993), f=0.13 turns out to give optimal results for the normalised
backscatter.

The present version of the two scale model was tested against observed data obtained during the VIERS
tank experiment at Delft Hydraulics. Observed wave spectra were used as input to the backscatter
algorithm. Fig 5 shows the normalised radar cross-section 0 (in dB) as function of incidence angle for
vertical and horizontal polarisation. The fetch was 90 m and the friction velocity was u,=0.367 m/s.
From Fig 5 it is concluded that there is a fair agreement between modelled and observed backscatter for
vertical polarisation but that the modelled backscatter is too low by as much as 5 dB for horizontal

polarisation.

3. THE INVERSE VIERS MODEL

The VIERS model consists of the three principal components discussed in Section 2, namely 1) a module
to determine the stress for given wind, air-sea temperature difference and sea state, 2) a module to
determine the short wave spectrum for given stress and sea state of the long wind waves and 3) a module
to obtain for given 2-dimensional wave spectrum the normalised backscatter. Therefore, the VIERS

model relates radar backscatter to wind vector, measurement geometry (e.g. incidence angle), sea state,
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air-sea temperature difference and slicks. In the following we disregard effects of atmospheric stability

on the stress.

For the practical application of wind retrieval from (ERS-1) scatterometer data, the model has to be

inverted, however. In order to achieve this the following simple, straightforward procedure was adopted.

First a table of normalised backscatter 0, is produced; the VIERS model is run for different incidence
angles, wind vectors and wave periods (or peak phase speeds) and the resulting 0, ‘s are collected in a
table. The wind parameters are wind speed U and the direction ¢ with respect to the look direction of
the radar. If one accepts an accuracy of 1 m/s in retrieved wind speed and 15° in the wind direction, the
incidence angle may be chosen in the range of 18°until 57° in steps of 1°, U from 1 until 30 m/s in steps

of 1 m/s and ¢ from 15°, for instance.

The inversion procedure we adopted is specific for the ERS-1 configuration, where for a certain cell i
three measurements of radar backscatter for different look angle and incidence angle were performed. The
measured sigma triplet is denoted by (of, 0, 0,) where the subscripts denote fore mid and aft beam,
respectively. The wind retrieval procedure is then as follows

1. Determine incidence angles of fore, mid and aft beam: 0 f(i), 8,0, 6,3).

2. Calculate the corresponding model triplets for all tabulated wind vectors according to

1]

of* = 0“8, U, $+45, c,)

o’ = 0@, U, $, ¢, (39)

og* = 08, U, $-45, c)

I

Here, ¢ is the wind direction with respect to the midbeam and ¢, is the wind sea phase speed obtained

from a wave prediction model (e.g. the WAM model, Komen et al, 1994).

3. Determine the normalised quadratic distance between modelled and measured triplets,
i)
Opps-1 = Z Q, (40)
n=1

where the index 7 refers to the beam (n, =3) and
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wave model are not fixed a priori, the most important ones being kj o

Q, = - (41)

Here, kp is the relative accuracy of the measurement (of the order of 5%) and kpon is the

measurement error in O.

Determine the normalised quadratic distance between retrieved and ECMWF Wind (both
magnitude and direction),

2 2
U-Uggop N ¢ +X~boro

Q = — T2
oHo A UGEO A‘CI)GEO

(42)
where X, is the look direction of the midbeam with respect to north. The errors in the ECMWF
wind fields are estimated to be AU, = 2 m/s and Adg,, = 20°.

Determine for all 30x24 tabulated wind vectors the cost function D,

D = \[Qprs 17 Q6r0 (43)
and infer its absolute minimum.
The model wind that minimises D is called the retrieved wind. The wind direction with respect

to true North, ¢, . is givenby ¢, = X, + &, where ¢ is the retrieved wind direction with

respect to the midbeam.

The fourth step is inserted in order to remove the ambiguity in direction of 180°. This is a well-known
problem in scatterometry and is evident from expression (33) of the Bragg contribution to the radar
backscatter. Thus, the ambiguity problem is removed by step 4 but one may introduce a spurious

interdependence between retrieved and ECMWEF winds.

Before we discuss in the next section results for wind retrieval with the VIERS algorithm, it is of

importance to briefly comment on the tuning procedure we followed. Several parameters in the short

the directional width parameter a,

in?
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and the Phillips parameter o - However, it should be emphasized that there are empirical guidelines for
the choice of a, and » Nevertheless, the model output depends critically on the precise choice of kj oin® %2
as a function of u, and o, asa function of wave age. These three variables were the basic tuning

parameters.

Initially, we tuned the ‘forward’ VIERS algorithm. Thus, the simulated backscatter, obtained using
ECMWF winds and WAM model periods, was compared with the backscatter as observed by ERS-1.
After some tuning a reasonable agreement between simulated and observed backscatter was obtained.
We typically found a standard deviation of error of about 2 dB in 0, which in view of the limited
knowledge of the spectrum of short waves and in view of the accuracy of the analysed wind field (which
we assume to be 2 m/s) is already quite an achievement. We were therefore quite optimistic that the thus
obtained algorithm would be successful in retrieving winds from the observed radar backscatter.
Unfortunately, this turned out not to be the case and some additional tuning was required to obtain reliable
winds. The main reason for the additional tuning is that we needed an accuracy of the model algorithm
of at least 0.5 dB which cannot be achieved using analysed winds with a relatively large error in

magnitude (+ 2 m/s) and direction (+ 15°).

It was therefore decided to use the inverse of the VIERS model to do the tuning. To that end, about
30 000 otriplets, measured with the ERS-1 scatterometer on 6 November 1991, together with collocated
periods from the WAM model, were supplied to the inverted VIERS model. The resulting retrieved winds
(magnitude and direction) were plotted against collocated analysed winds obtained from the ECMWEF

atmospheric model. The tuning parameters kj

oin? Gy and o, were chosen in such a way that the average

bias and scatter index (between VIERS and ECMWF winds) were as low as possible and the spectra from
the short wave model of the best quality. This approach ensures that the VIERS and ECMWF winds are
compatible in a statistical sense, while also reasonable choices for the tuning parameters have been
obtained. For example, the wave age dependence of the Phillips parameter, as given in Eq (10), is in fair
agreement with Giinther’s reanalysis of the JONSWAP data.

The tuned VIERS algorithm has been used to produce the plots depicted in Figs 6 and 7. In order to
visualize the density of points, contour lines of equal density (number of points per square m/s cq°) arev
drawn. As a reference we have produced the same plots with the CMOD4 mbdel, using the same
inversion technique. It can be seen that the VIERS is well-tuned in the sense that it produces winds that

are compatible with the analysed ECMWF winds.
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4. WIND RETRIEVAL WITH THE VIERS ALGORITHM

In this section we would like to present our results for wind retrieval with the VIERS algorithm. Results
are compared in detail with analysed wind fields from ECMWF and with retrieved winds from the
CMOD4 algorithm. Two approaches are followed. In section 4.1 we shall use statistical tools to compare
results, while in section 4.2 we give a comparison of results with emphasis on synoptic situations. It is
felt that these two approaches are to some extent complementary and they will highlight the strong and
weak points of the VIERS algorithm.

4.1 Statistical comparison

We have applied the wind retrieval algorithms of VIERS and CMODM4 to three cases on 6 and 7 November
1991 and 10 March 1992 all on 12Z. To that end we collocated the G, triplets, as measured by the ERS-1
scatterometer with wave periods of the WAM model and with analysed wind fields from the ECMWF

atmospheric model.

As a first result we compare retrieved wind speed and direction from VIERS with the analysed ECMWF
winds. The comparison for the three dates is shown in Figs 6-11. As a reference the same plots are
produced with CMOD4 using the same inversion technique as VIERS. As already discussed, we have
performed fine tuning of the VIERS algorithm on the 6 November case. The results of the two other dates
show that the tuning procedure was robust. Although the standard deviation of error on these last two
dates has increased somewhat, it should be noted that for CMODA4 a similar remark applies.

Statistical parameters for the three dates are summarised in Table 1. Regarding the wind vector, the
statistics of VIERS and CMOD4 are comparable, with VIERS having slightly better directional properties.
However, as may be inferred from Figs 6, 8 and 10, CMOD4 does not allow wind speeds below 2 m/s and
this may contribute to more favourable statistics. Furthermore, CMOD4 seems to underestimate the wind
speed for high winds. In order to see this point more clearly, we have restricted the determination of the
statistical parameters to those cases where the analysed ECMWF wind was higher than 15 m/s. Results

are given in Table 2.

The statistics in Table 2 show that both retrieval algorithms are biased low, but that CMOD4 clearly
underestimates the wind speed. It is emphasized that an underestimation of wind speed at high winds is
an undesirable property of a retrieval algorithm. As shown by Gaffard and Roquet (1995), when used in
an atmospheric data assimilation scheme, the retrieved winds could result in a considerable slowing down

of the major storm systems. Of course, our conclusion on the weak performance of CMOD4 at high winds
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MODEL  VIERS CMOD4 " VIERS CMOD4 VIERS CMOD4

DATE 911106 911106 911107 911107 920310 920310 (
number 29752 29752 25771 25771 30049 30049

u, (@s)  -0.08 -0.02 +0.02 +0.10 +0.10 +0.07

0, (w/s) 2.04 2.04 2.20 220 235 243

Hg © +1.6 -3.2 -0.5 -4.4 0 -1

0, ® 28 33 29 31 24 26

D(J 52 38 59 39 54 3.7

0, (m/s) 0.75 0.47 0.80 0.47 0.69 0.49

Table 1: Statistical comparison of VIERS and CMOD4 winds against ECMWF analysed winds. (Here, [ refers to
the bias and O is the standard deviation). Also, the distance between modelled and observed backscatter is given,
as well as the anticipated error in wind speed caused by the misfit in 0,,-space.

MODEL VIERS  CMOD4  VIERS CMOD4 VIERS  CMOD4

DATE 911106 911106 911107 911107 920310 920310

number 1324 1324 1124 1124 1237 1237

p, ms) 089 256 -2.18 -3.04 -0.14 -1.26

o, (m/s)  2.02 2.02 2.13 2.51 2.55 2.44

Hy © 32 438 62 -6.8 49 42

0, © 123 11.5 14.8 15.4 155 15.0

D, 5.1 3.6 - 45 3.0 4.7 3.6

O, (m/s) 114 - 0.60 0.84 0.52 0.98 0.71 —

Table 2: Same as Table 1 but now under the restriction that the ECMWF windspeed is bigger than 15 m/s.

depends on the quality of the analysed ECMWF winds. However, Gaffard and Roquet (1995) also
compared CMOD4 wind speeds with quality controlled buoy wind measurements over a 2 year period.
The data set was provided by Météo-France and consisted of buoy reports received through the GTS which
are closer than 100 km in space and 3 hours in time to scatterometer measurements. CMOD4 was found -
to overestimate wind speeds in the low wind speed range by about 1 m/s while in the high wind speed
range CMOD4 underestimated wind speed by as much as 2 m/s or even larger. Based on the comparison
between CMOD4 and the buoy observations, Gaﬁ‘afd and Roquet (1995) applied a wind speed dependent
bias correction to the wind speeds retrieved by CMOD4 and, in comparison with the ECMWF first-guess

winds, hardly any bias was found in the wind speed range up to 20 m/s. When the corrected CMOD4
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winds were used in ECMWF’s analysis system an improved agreement between Radar Altimeter wind

speeds and analysed wind speed was found, while also the forecast showed improvements.

It is therefore concluded that for high wind speeds the VIERS algorithm performs better than CMODA4.
A similar remark applies to the low wind speed cases. A summary of the difference in wind retrieval of
VIERS and CMOD4 is given in Fig 12. The differences at low and high wind speed confirm the picture
we have sketched above. Finally, Roquet (private communication, 1995) compared retrieved VIERS

winds with the buoy data and found a good agreement, in particular at high wind speeds.

It is emphasized that high wind cases usually correspond to young wind sea because the time scale to
reach equilibrium condition is proportional to wind speed. One of the reasons to develop the VIERS
algorithm was that it was expected that the radar backscatter depends on the sea state. Young wind waves
are usually steeper than old wind waves and therefore for the same wind speed a larger backscatter would
result (cf Fig 3). However, if one would not take the sea state dependence of the radar backscatter into
account (by taking for example a fixed wave age cp/ u, = 35), then the short waves would be less steep,
giving for the same wind a smaller backscatter. As a consequence, with the same observed backscatter
one would expect larger winds in a sea-state independent algorithm. This turns out to be the case. We
reran the VIERS algorithm in sea-state independent mode by fixing the wave agec p/u* to a constant value,
cp/u* = 35. We took the period of 6 November 1991 and we restricted the wind retrieval to those cases
where the ECMWF wind speed is larger than 15 m/s. When comparing the thus obtained retrieved winds
with analysed winds we found, as expected, a positive bias of 1.64 m/s while the standard deviation of
error was 2.74 m/s which is considerably larger than obtained from the sea state dependent version of
VIERS (cf Table 2). It is concluded from this gomparison that the sea state dependence of radar
backsqatter has a considerable impact on wind retrieval. It gives rise in a change of bias of 2.5 m/s.
Moreover, in view of the smaller standard deviation of error, we conclude that a sea state dependent

backscatter algorithm is to be preferred.
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In order to finish our discussion on the performance of the VIERS algorithm, we finally concentrate on
its properties in the so-called o-space. The O-space is the space spanned by the radar backscatter of fore,

mid and aft beam. Let us introduce the distance D_ in 0-space as

D, = /Qpgs_1 (44)

where Qppc ; is given by (40) then, ideally, a perfect model should have a distance which is as small as
possible, i.e. D =0. There are two reasons why in practice D attains a finite value. The first reason is
finite measurement errors. Assuming that there is no bias between model and observation,

<0, "> = 0, and assuming that the backscatter model is perfect one obtains, using (41),

<Q>=1

and therefore the minimal distance in O-space becomes

D, =43

Assuming, in addition, that the variable 6 = (O obs—omod)/kpo_ ps 1S @ Gaussian variable then for a perfect
model the distribution of the distance D can be calculated. Thus, the statistics of D are determined
by 3 independent Gaussian variables 5f, 8 and 8 with <6> = 0 and <6*> = 1. vIn that event the
distribution of DU2 is chi-square with 3 degrees of freedom. This result is valid if the assumption of

independent Gaussian variables is justified and if the model at hand is perfect.

In practice, the actual distribution may deviate from the theoretical one, however. The discrepancy is
caused by random model errors (assuming that all systematic errors have been eliminated) that broaden
the distribution of 8. As a result, in practice the mean distance <D _> may be larger than\/g and the

distribution of DU2 may be different from the chi-square distribution. In Tables 1 and 2 we show the mean
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values of D for VIERS and CMOD4 and evidently CMOD4 fits the observed backscatter more closely.
This conclusion is supported by Fig 13 where we have plotted the distribution of D for CMOD4 and the
VIERS model. The period was 6 November 1991. The distribution for a perfect model is shown as well.
We note from Fig 13 that CMOD4 has a more narrow distribution than VIERS but both model

distributions deviate considerably from the one of a perfect model.

Assuming that the model function describes reality in a reasonable manner, it is even possible to infer the
rms error of the retrieved wind speed from the misfit in G-space. Of course, a misfit in G-space will
induce an error in both wind speed and direction. It is known, however, that the mean of the backscatter

from fore and aft beam,

x = Y(o a+of)

is to a good approximation independent of the azimuth angle. This readily follows, assuming Bragg
scattering, from the directional wave spectrum, given by Eq (27), which involves a cos(20) where 0 is
the difference between azimuth angle and wind angle. Since the azimuth angle for the fore and aft beam
is 90° apart, it follows that the sum of fore and aft beam backscgtter is independent of azimuth angle. The

error in wind speed then immediately follows from

5x = % sU

10
ou,,

where Ox is the difference between modelled and observed mean backscatter and the derivative of x with
respect to U, can be obtained at the minimum distance D by finite differencing. By averaging the
square of the error 5U10 over all retrievals the overall rms error in wind speed 0, may be determined

according to
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O, = \/<6U120>

Results of this calculation are shown in Tables 1 and 2. According to this estimate VIERS has an rms
error in wind speed of about 0.75 m/s and CMOD4 has an rms error of 0.5 m/s, while for the high wind

speed cases of Table 2 we get 1 m/s and 0.6 m/s respectively.

All in all, it is difficult to decide which algorithm is better. On the one hand, CMOD4 has a smaller rms
error in wind speed because the misfit in 0-space is smaller than for VIERS. On the other hand, when
compared to buoy observations and ECMWF analyses, CMOD4 underestimates wind speed considerably
while VIERS has less problems in that respect. We therefore conclude that the VIERS model is an

acceptable model to retrieve the wind vector from radar backscatter measurements.

Although the VIERS model seems to perform in a reasonable manner, it is still of interest to discuss
possfble reasons for the larger misfit in O-space. An important factor could be the choice of the
directional distribution of waves. In VIERS (cf Eq (26)) we use a rather simple direction spectrum with
a friction velocity dependent width. From observations it is known that the width also depends on the
ratio of wave number to peak wave number of the spectrum (Donelan et al, 1985). In addition, Jdhne and
Riemer (1990) have observational evidence for a bimodal distribution. . In order to see to what extent the
directional distribution of the waves plays a role in the wind retrieval, it was decided to do a retrieval
experiment using only the fore and aft beam, since the mean of fore and aft beam backscatter is
approximately independent of the directional distribution. A much better fit of the VIERS model to the
observed backscatter was obtained in this manner. The resulting wind spee& error obtained from the
misfit in 0-space now becomes only 0.5 m/s. After the VIERS project was finished, Wallbrink and

Janssen (private communication, 1996) improved the directional distribution and were able to obtain a
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Assuming that the model function describes reality in a reasonable manner, it is even possible to infer the
rms error of the retrieved wind speed from the misfit in 0-space. Of course, a misfit in 0-space will
induce an error in both wind speed and direction. It is known, however, that the mean of the backscatter

from fore and aft beam,

X = l/z(aamf)

is to a good approximation independent of the azimuth angle. This readily follows, assuming Bragg
scattering, from the directional wave spectrum, given by Eq (27), which involves a cos(20) where 0O is
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U, *
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op = \/<6U120>

Results of this calculation are shown in Tables 1 and 2. According to this estimate VIERS has an rms
error in wind speed of about 0.75 m/s and CMOD4 has an rms error of 0.5 m/s, while for the high wind

speed cases of Table 2 we get 1 m/s and 0.6 m/s respectively.

All in all, it is difficult to decide which algorithm is better. On the one hand, CMOD4 has a smaller rms
error in wind speed because the misfit in G-space is smaller than for VIERS. On the other hand, when
compared to buoy observations and ECMWF analyses, CMOD4 underestimates wind speed considerably
while VIERS has less problems in that respect. We therefore conclude that the VIERS model is an

acceptable model to retrieve the wind vector from radar backscatter measurements.

Although the VIERS model seems to perform in a reasonable manner, it is still of interest to discuss
possible reasons for the larger misfit in O-space. An important factor could be the choice of the
directional distribution of waves. In VIERS (cf Eq (26)) we use a rather simple direction spectrum with
a friction velocity dependent width. From observations it is known that the width also depends on the
ratio of wave number to peak wave number of the spectrum (Donelan et al, 1985). In addition, Jdhne and
Riemer (1990) have observational evidence for a bimodal distribution. .In order to see to what extent the
directional distribution of the waves plays a role in the wind retrieval, it was decided to do a retrieval
experiment using only the fore and aft beam, since the mean of fore and aft beam backscatter is
approximately independent of the directional distribution. A much better fit of the VIERS model to the
observed backscatter was obtained in this manner; The resulting wind speed error obtained from the
misfit in 0 -space now becomes only 0.5 m/s. After the VIERS project was finished, Wallbrink and

Janssen (private communication, 1996) improved the directional distribution and were able to obtain a
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misfit in O-space that was similar to the one of the CMOD4 algorithm, but the quality of the wind

retrieval product remained the same.

4.2 Synoptic validation using CAL/VAL data

In this section we shall discuss in some' detail results of another method of validating the retrieved wind

fields obtained with the VIERS model, namelyv we compare windfields from VIERS with those of a

meteorological model and CMODA4. Although this synoptic validation is only qualitative, it has a certain

number of advantages 6ver a statistical validation:

1. One can easily verify by eye the internal consistency of the wind speed and directions of adjacent
scatterometer cells; in addition it is fairly straightforward to identify ambiguity errors and
incidence angle dependent problems in the algorithm.

2. - One can directly comi)are the structure of the wind fields of ERS-1 derived wind fields and model

derived wind fields.

4.2.1 The calibration and validation campaign

When ESA distributed an Announcement of Opportunity for the calibration and validation of the sensors
and products of ERS-1, the VIERS group submitted a proposal for the validation df the wind scatterometer
product. This proposal was granted by ESA and access was given to the Calibration and Validation data
acquired during the CalVal campaign in the Norwegian part of the North Sea and the Atlantic Ocean
between 5°W and 10°E and 60° and 70°N in 1991. ESA was the initiator of this large campaign in which
information on the ocean and weather conditions was acquired during overpasses of the ERS-1 satellite.
At that tirhe the satellite was in a three day repeat period orbit which had a scatterometer cross-over point

west of Norway.

The data acquired from the in situ sensors and other sensors were used together with those of the

Norwegian meteorological model (called METEO from now on) to provide the best possible estimate of
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the wind field over the scatterometer swath during the passage of the satellite. Besides the ERS-1
measured triplets of the radar scattering at the ocean surface, the VIERS model needs to have the peak
frequency of the wind sea part of the dominant waves as input. This parameter was obtained from output

of the operational WAM model at KNMI, which was kindly provided by J Onvlee.

Retrieved VIERS winds were then generated by running the inverse VIERS model using the collocated
Meteo winds as side condition. In a similar fashion CMODA4 retrieved winds were obtained. The
resulting winds were imaged on a plane tangential to the earth at 65 degrees north and 5 degrees east. An
example is given in Fig 14. Here wind speed is coded by a colour scale, where the scale ranges from 0

to 24 m/s while the arrows in the plot indicate the flow direction.

Table 3 presents an overview of the data used. It lists mean wind speeds, the differences between model
and ERS-1 derived winds as well as the differences between VIERS and CMOD4. Assuming neutral
conditions, the average difference between VIERS and METEO is 0.8 m/s and between CMOD4 and
METEO +0.3 m/s. The standard deviation of the difference between VIERS and METEQ is 2.3 m/s and
2.0 m/s for CMOD4 and METEO. If unstable conditions are assumed, which is the usual condition for
this part of the ocean in the autumn, then the mean difference between VIERS and METEO reduces to
0.1 m/s. The differences between VIERS and CMOD4 are much smaller than between each of them with

the METEO winds.
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Date METEO | VIERS | CMOD4 VIERS-METEOQ CMOD4-METEO VIERS-CMOD4

neutral avg std avg std avg std
910919a 11.6 10.1 10.1 -1.5 14 -1.4 12 -0.1 0.6
910922a 14.1 9.3 8.6 -4.8 2.4 -5.5 2.5 0.8 0.7
910928a 59 6.0 6.2 0.1 2.0 0.3 1.9 -0.2 0.6
911007a 109 11.1 10.8 0.2 3.3 -0.0 3.1 0.3 0.6
911010a 74 7.3 7.5 -0.2 1.6 0.0 1.5 -0.2 0.5
911019a 9.9 13.6 129 3.7 1.5 31 09 0.6 0.8
911022a 9.9 11.5 11.8 1.5 1.6 1.9 1.2 -0.4 0.7
911028a 54 49 5.0 -0.5 14 -0.4 1.2 -0.1 0.5
911103a 6.4 7.8 7.8 14 3.0 14 2.3 0.0 11
911106a 3.1 34 4.1 03 1.8 0.9 1.7 -0.6 0.7
911112a 6.5 7.8 8.1 1.3 1.9 1.6 1.8 -0.3 0.6
911115a 2.0 43 47 2.3 2.1 2.7 1.7 -0.4 0.8
911121a 13.2 17.1 15.6 3.8 3.1 2.4 3.0 14 1.1
911124a 114 | 146 14.1 3.2 43 2.7 43 0.5 1.0
911130a 144 144 13.6 0.0 2.8 -0.8 2.2 0.8 0.8
911203a 11.2 13.5 13.2 2.3 1.1 2.0 1.1 0.3 0.6
911209a 8.9 9.9 10.2 1.0 2.4 1.3 2.1 -0.3 0.7
910918b 13.2 10.7 10.0 -2.5 3.5 -3.2 - 34 0.7 1.1
910924b 10.2 10.2 9.1 -0.1 4.0 -1.1 38 1.1 1.0
910927b 5.8 5.9 6.1 0.1 2.8 0.3 2.4 -0.2 1.0
911003b 11.6 10.5 9.8 -1.1 2.2 -1.8 2.1 0.7 14
911006b 7.7 82 - | 79 0.5 1.6 0.2 1.1 0.3 1.2
911012b 4.1 5.5 5.5 1.5 3.0 14 2.4 0.0 1.2
911015b 2.8 2.8 3.7 0.0 1.7 0.9 1.2 -0.9 1.1
911021b 6.9 9.7 9.5 2.8 1.9 2.6 1.6 0.2 0.9
911024b 7.3 7.2 7.4 -0.0 1.9 0.1 1.6 -0.2 0.9
911030b 12.0 6.7 6.6 -5.3 3.3 -5.4 2.7 0.1 1.1
911102b 8.9 9.1 8.2 0.2 2.0 -0.7 1.5 0.8 1.0
911108b 8.4 9.3 9.4 1.0 2.2 1.0 1.6 -0.0 1.3
911111b 11.2 13.4 121 2.2 1.9 0.8 1.6 1.4 1.1
911117b 4.7 7.3 7.1 2.6 29 2.5 2.3 0.2 1.2
911126b 12.0 13.9 124 1.8 2.5 04 2.0 1.5 14
911202b 123 149 13.2 2.6 2.0 09 1.6 1.7 1.2
911205b 7.2 7.9 7.9 0.7 1.6 0.7 " 13 0.1 1.0
910919¢ 125 16.5 14.0 4.0 1.1 1.5 1.3 2.5 1.2
910922¢ 52 5.7 6.2 0.5 3.9 1.0 35 -0.5 1.2
910928¢ 5.2 6.1 6.0 0.9 2.2 0.8 14 0.1 1.2
911001c 10.9 124 114 1.5 19 0.5 1.6 1.0 1.2
911007¢ 11.2 11.3 10.1 0.1 24 -1.1 1.7 1.1 1.3
911010c 10.1 10.0 9.2 -0.0 1.5 -0.9 1.1 0.9 N |
911016¢ 12.6 13.6 13.3 1.0 2.3 0.7 1.9 0.3 1.1
911019¢ 6.8 1.7 7.4 09 2.2 0.6 2.0 0.4 1.2
911025c 8.0 8.3 7.8 03 1.5 -0.2 1.0 0.5 1.2
911028c 8.8 8.3 7.4 -0.4 2.0 -14 1.1 0.9 1.3
911103¢ 13.0 15.1 139 2.1 2.5 0.9 2.1 1.2 1.3
911106¢ 10.0 12.5 12.0 2.5 3.6 2.0 3.8 0.4 1.1
911112¢ 9.5 10.1 9.3 05 2.1 02 1.6 0.8 14
911115¢ 9.5 11.5 10.2 2.0 2.9 0.7 2.9 1.2 1.3
911121c 8.5 8.8 8.2 03 19 -0.3 1.7 0.6 1.1
911124¢ 10.4 11.2 10.0 0.8 2.8 -0.4 2.2 1.2 1.2
911130c 9.0 11.5 10.3 2.5 2.1 12 1.9 1.3 1.3
911203c 84 8.2 7.6 -0.2 22 -0.8 1.8 0.6 1.1
Statistics 0.8 2.3 0.3 2.0 0.5 1.0
neutral 0.1 2.4 0.3 2.0 -0.2 1.1
unstable

Table 3: Comparison of VIERS and CMOD4 retrieved winds with analysed Meteo winds during CALVAL campaign.
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422 Qualitative analysis

A qualitative analysis was performed on all data which were made available by ESA. This analysis led
to a number of conclusions which were illustrated by four case studies in Janssen et al (1995). Here, we
only discuss one case study, namely the detection and localisation of fronts, while also the main

conclusions are summarised.

We study here briefly a case in which a large front is visible in the ERS-1 data. On the south western part
of the front, the wind direction is south westerly, on the other side of the front the wind direction is north-
easterly. Fig 14 shows the VIERS retrieved wind field on 6 November 1991 in large and the
corresponding METEO and CMOD4 wind field in the subimages. When comparing the images a striking
correspondence between on the one side the VIERS and CMOD4 result is seen while there is a clear
discrepancy between the METEO winds and the ERS-1 derived winds. In the METEO wind field the
front is not as pronounced as in the ERS-1 derived wind fields and the position is approximately 200 km

north of the front observed by ERS-1.

This example illustrates the conclusion that the ERS-1 derived wind fields §how more structure than the
meteorological model fields. Furthermore, the difference between VIERS wind fields and CMOD4 wind
fields is generally smaller than between ERS-1 derived winds and winds from the meteorological model.
It should also be pointed out that the inversion method we employ is rather successful since the ERS-1
winds are quite different from the METEO winds which are used in the minimisation of the éost function
D. An exception has to be made in case the METEO wind direction is orthogonal to the expected wind

direction. In that event the inversion procedure is not always finding the right direction,

Additional observations we have inferred from studying the wind field maps are: 1) Because at small
incidence angles the dependence on wind direction is weak the retrieved wind direction in cells with these

small incidence angles is less reliable; fortunately, this only occurred in the cell with the smallest
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incidence angle. 2) VIERS wind directions have a better internal consistency than CMOD4 directions,

and 3) the VIERS model is capable of dealing with very low wind speeds.

Summarising, we conclude that the structure of the VIERS wind fields and CMOD4 wind fields is very
similar indeed, while the difference between METEO and ERS-1 derived wind fields is bigger. This is
probably related to the fact the METEO wind fields show much less structure than both the ones from
VIERS and CMOD4. Once more, it may be concluded that the VIERS model is an acceptable algorithm

to retrieve the wind vector from radar backscatter measurements.

5. CONCLUSION
We have developed a scatterometer algorithm based on the present understanding of the radar backscatter
process and of the relevant pfocesses governing the short wave spectrum. The final aim was to be able

to obtain wind fields from the backscatter as observed by the scatterometer on board of satellites such as

ERS-1.

Using observed wave spectra and observed backscatter in the laboratory it was readily realised that a
simple two-scale model for the scattering process performed relatively well compareci to other, more
complicated models. In addition, it turned out that the short wave model was compatible with the wave
measurements, in the sense that spectra sufficiently close to the measured ones could be generated by
tuning parameters which were not fixed a priori. As a final result the two-scale model was cofnbined with
the wave model into the VIERS scatterometer algorithm. After a fine tuning exercise the algorithm

evolved into the form described in this paper.

The present VIERS model has been shown to retrieve wind fields in a satisfactory manner; this followed
both from the statistical comparison with ECMWF and CMOD4 wind fields and from the synoptic

discussions. Furthermore, we have developed a method which enables us to retrieve in a cost-effective
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way wind fields using a rather complicated and expensive algorithm such as VIERS is. In fact, it has been
shown that in an operational environment retrieval of VIERS winds may be done as efficiently as with the

present operational CMOD4 algorithm.

Although the retrieved winds from VIERS and CMOD4 are of comparable quality in a statistical sense,
we found that compared to the ECMWF wind fields the CMOD4 winds are biased low in the high wind
speed range. A similar conclusion follows from a comparison with buoy observations. The VIERS bias
was much less in this range. It should be once more emphasized that a reliable retrieval of winds in the
high wind speed range is important. A negative bias in the wind retrieval would result in a considerably
less deep analysed depression since over the oceans the wind vector is related to a good approximation

to the pressure gradient (geostrophic balance).

A weak point of the VIERS algorithm is the too simple directional distribution of the short waves. This
is probably the major cause of the larger misfit in o-space (when compared to CMOD4). The strong point
of the VIERS algorithm, on the other hand, is that we have followed an approach based on physics. The
framework of physical modelling as given by VIERS offers great potential for the future. Although
CMODM4 at the moment shows a closer fit between modelled and observed backscatter, new insights into
the directional distribution of the short waves will improve the performance of VIERS in this respect.
Because of our framework this is a relatively easy step to take. In addition, in this way we were able to

incorporate in a natural manner effects of sea state, slicks and atmospheric stability.
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