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CHAPTER I: INTRODUCTION

The wind at the surface of the earth is one of nature’s forces with which we are
most immediately familiar. The winds are driven by unequal heating of the earth's
atmosphere by the sun, the resulting density and pressure gradients and by the rotation of
the earth. Measurement stations are present to varying extent across all continents,
providing characterization of the wind field over land. Over the oceans, however, at
relatively short distances away from land, comparatively little is known about the wind
field. Historically, measurements of the near-surface winds over the oceans have been
available only from buoys or ships, so coverage has been limited to coastlines and along
shipping routes. Knowledge of the winds at the ocean surface impacts such diverse areas
as routing of ships and sailing; weather forecasting; global climate modeling; and modeling
and forecasting of ocean waves, where the wind constitutes both the greatest source of
model uncertainty as well as the most important model input. Recently, with the advent of
satellite-borne remote sensing, great progress has been made towards using microwave
measurements as a basis for inferring the wind speed and direction on the open ocean.

Within the last decade several satellites that serve in this capacity have been
launched, such as, the European Remote Sensing Satellite (ERS-1 and-2) operated by the
European Space Agency (ESA), and NSCAT, a NASA-built radar scatterometer that was
flown for a few months in 1997 on the Japanese ADEOS platform. Using measurements
obtained by these systems it is now possible to obtain daily wind field maps and forecasts
over many parts of the world’s oceans. An example of such data that are readily available
over the Internet is provided in Figure 1.1. The NSCAT instrument acquired the data
presented in this figure over the Pacific Ocean on September 21, 1996. In this figure, the



background color indicates the wind speed and the white arrows show the wind direction.
Major features, such as the Trade Winds and the Inter-Tropical Convergence Zone can be
resolved, as well as the presence of two typhoons in the western Pacific. This image was
taken from the Internet web site: http://winds.jpl.nasa.gov/nscat_data/index_html. These
maps of the wind field at the ocean surface constitute a great improvement over the
previous lack of data on the open ocean, but there are many conditions under which these
wind estimates differ significantly from the true winds. One of the main reasons for these
wind field estimation errors is that radar measurements of the ocean surface provide only an
indirect means for inferring the oceanic wind vector. Ocean surface winds roughen the
surface and radar backscatter is largely governed by this roughness. Thus, ocean surface
roughness is the link between the surface winds and the radar echoes.

A scatterometer is an active microwave measurement device which transmits radar
waves at a given ‘target’, such as the earth, and then measures the energy scattered back
towards the transmitter, or backscatter. The radar backscatter characterizes the surface
roughness at a particular scale in the area of the radar ‘footprint’ on the ocean. Backscatter
is a function of radar system characteristics such as frequency and polarization, of surface
properties, such as roughness and dielectric constant, and also of the measurement
geometry. Figure 1.2 provides an example of a typical scatterometer measurement scenario
and illustrates some of the important geometrical quantities: the measurement altitude is

denoted by h; the angle between the vertical and the radar viewing angle, known as the

incidence angle, is denoted by 6y4; the angle between a reference direction, such as North,

and the direction towards which the antenna is pointing is known as the look angle, and is

denoted ¢y ook- The relative angle between the wind direction and the look direction is

known as the azimuth angle.
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Figure 1.1:  Synoptic View of Ocean Surface Wind Derived from Measurements
obtained by the NASA NSCAT Scatterometer.

The idea that radar measurements could be used to study the ocean surface
originated several decades ago with military studies of so-called ‘sea clutter’. These
preliminary studies spurred several research efforts, notably Moore and Pierson (1967),
who investigated radar scattering from the sea surface as a function of environmental

conditions, particularly forcing from the winds at the ocean surface. Evidence that radar



Figure 1.2: Typical Scatterometer Measurement Scenario [lustrating Primary Geometric
Quantities
measurements could serve as the basis for inferring the wind field at the ocean surface led
to acquisition of the first space-borne radar measurements of the sea from Skylab in the
early 1970s, and the subsequent deployment of the Seasat satellite in 1978. Seasat was
equipped with a suite of sensors, one of which was designed specifically for measuring the
winds at the ocean surface. Although Seasat was functional for less than four months, it
obtained data of significant importance to several areas of meteorological and
oceanographic research. The data obtained during the Seasat mission were the focus of
over a decade of analysis efforts and served as the impetus to subsequent radar remote
measurement programs.

Under most conditions encountered in satellite-based scatterometry, a primary

mechanism responsible for the observed backscatter is the so-called Bragg scattering,



which occurs when there is a resonance between the electromagnetic and the ocean waves.
This resonance condition is generally met by ocean waves of wavelengths on the order of
less than one meter, depending on the radar wavelength and incidence angle. The ocean
waves that act as Bragg scatterers respond nearly instantaneously to the wind; they are the
roughness elements whose alignment relative to the wind direction, and whose density
serve as the linkage between the wind stress imposed on the ocean surface and the
observed backscattering cross-section. Using a single scatterometer measurement, it is
possible to obtain an estimate of the wind stress or the wind speed.

In order to infer the direction of the wind or the wind stress, however, it is
necessary to consider the directional dependence of backscatter. For a given wind speed,
radar backscatter varies as a function of azimuth angle, as illustrated in Figure 1.3. As
shown in this plot, the radar backscatter achieves its maxima when the wind and the radar

look are aligned and its minima when the radar look direction and the wind are orthogonal.

The upwind direction (¢,=0°) has slightly stronger backscatter than the downwind

direction (¢,=180°). In principle, given two backscatter measurements for the same area of

the sea, viewed from orthogonal directions, it is possible to deduce the wind direction.
Scatterometer systems are equipped with multiple beams to exploit this azimuthal
dependence of backscatter.

For instance, the Seasat scatterometer was equipped with two pairs of orthogonally-
looking beams directed at each side of the satellite track. Only one pair of beams was
operational at a given time. The NSCAT scatterometer employed a similar beam
configuration, but both pairs of beams operated simultaneously. The ERS-1 and ERS-2
systems (AMI) employ three beams looking to one side of the satellite; the fore and mid

beams are separated by 45"; the fore and aft beams are separated by 90°. The ERS beam

configuration results in the collection of three near-simultaneous snap-shots of the ocean

surface, two of which are orthogonal. Figure 1.4 provides an illustration of the ERS-1
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Figure 1.3:  Tllustration of the Variability of Radar Backscatter with Wind Speed and
Azimuth Angle. Figure derived from Seasat model function, SASS, Robinson (1985)

system indicating the positions of the three beams as well as the satellite altitude, swath size
and resolution.

The relationship between radar backscatter and ocean surface winds includes
several complicated physical interactions that are quite difficult to model, such as the
response of the ocean surface to forcing by the wind and the interaction between the
electromagnetic and the ocean waves. Models of these physical phenomena tend to have
many sources of uncertainty and are typically associated with great computational
requirements. As a result, operational wind retrieval efforts have been primarily empirical,
depending on a series of experiments that were conducted under a limited range of

environmental circumstances.
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An empirical model function relating the Seasat scatterometer measurements to the
radar collection parameters (antenna polarization and frequency, incidence and azimuth
angle) and the wind speed and direction at the ocean surface was known as the SASS
model function. The SASS model function established a relationship between the model
parameters and the observations, which is often referred to as a forward model. In many
problems in remote sensing, a forward model is developed from data sets collected in
extensive field campaigns. Subsequent, operational applications require inversion of the
forward model to obtain predictions of the underlying physical conditions that gave rise to
the observations. In the case of the SASS model function, data from the Gulf of Alaska
(GOASEX) and the Joint Air-Sea Interaction (JASIN) experiments were used to develop
the model function. |

The model currently used to retrieve the wind field from ERS-1 or ERS-2
scatterometer data is known as CMOD-4. This model was developed at the European
Center for Medium Range Weather Forecasting (ECMWF), based on data acquired during
several pre-launch field campaigns (Stoffelen and Anderson, 1993). CMOD-4 is a power

law model that relates radar cross section to the wind speed and direction at 10 m above the

ocean surface in a neutrally stratified boundary layer. Under a broad range of conditions,
this model provides reasonably accurate wind retrievals (see, for example Graber et al.,
1996). However, CMOD+4 is basically a ‘curve fit’ obtained from a suite of
measurements, and as such, it does not help us to gain a better understanding of the
underlying physical processes that gave rise to the measurements.

Freilich and Dunbar (1993) developed another empirical model that has also been
used for ERS-1 wind retrieval. This retrieval method makes use of surface wind
predictions obtained by operational Numerical Weather Prediction (NWP) forecasts. These
forecasts have been interpolated so that they are co-located with the ERS-1 measurement
cells. As with CMOD-4, this model has enjoyed acceptable performance under many

environmental conditions (Graber et al., 1996), but as it makes use of NWP winds in its



retrieval process, any weaknesses or errors in the NWP winds will be reflected in the
resulting retrievals.

For both CMOD-4 and the SASS model function, the forward model expressed
radar backscatter from the ocean surface, normalized by area, as a power law function of
wind speed modulated by a cosinusoidal dependence on wind direction. The exact form of
the model required many empirically derived coefficients specified in lengthy look-up
tables, which were of limited physical significance. For more details regarding the SASS
model function, the reader is referred to Bracalente et al. (1980). The forward model used
for the Seasat wind retrievals was seriously flawed (Woiceshyn et al. (1986), Pierson
(1990)). For example, this model function did not include a dependence on any parameters
describing the sea surface or the air-sea interface, such as temperature, viscosity, surface
tension, sea state, or the atmospheric boundary layer stratification. It is recognized by
many authors, such as Plant (1986), that many of these environmental factors do modify
the radar return from the ocean surface; it is also believed that a power law model, such as
the SASS model function and CMOD-4, provides an inadequate representation for the
forward model.

The wind retrieval approach taken by the SASS model function and CMOD-4
assumed that the primary relationship of interest was that between the wind vector and
radar backscatter. This approach was taken because wind speed measurements of
reasonable accuracy were readily available for model verification at buoy or ship locations
and direct measurements of wind stress were difficult to obtain. It is widely recognized, by
authors such as Pierson (1990), however, that friction velocity rather than wind speed is
more closely coupled to surface roughness.

Wind stress is generally characterized using the notation

T=pC,lUlU, (1.1)



where p is the air density, C, is the drag coefficient and U is the wind, assumed to be

measured at 10 m above the ocean surface. Often, the wind stress is expressed in terms of

the friction velocity, u*, which is defined as u*=(t/p)'2 Friction velocity is used to

characterize the stress imposed on the ocean surface by a wind of a given magnitude.
Unlike wind speed, friction velocity varies as a function of several environmental
parameters, which govern momentum transfer from the wind into the ocean surface, such
as atmospheric stability and sea state. In the wind retrieval scheme implemented in this
research effort, we seek to estimate friction velocity and direction, not wind speed and
direction at the ocean surface. Given a measurement of u*, the wind velocity at a particular
height above the ocean surface can be estimated using a boundary layer model. Two
popular boundary layer models are due to Paulson (1970) and Dyer (1974).

A suite of backscatter measurements associated with a patch of ocean surface must
be inverted to yield an estimate of the wind (or stress) field presumed to have given rise to
the observations. Typically, this requires minimizing an error metric between the
backscatter observations and the model predictions of radar backscatter, which vary as a
function of wind speed and direction as well as other environmental parameters. Due to the
sinusoidal dependence in the model function and to various noise contributions, such as
described in Chi and Li (1988), this inversion process is not straightforward. Typically,
several possible combinations of wind speed and direction could have given rise to a given
backscatter observation. Multiple observations of a given patch of ocean are usually
obtained to help resolve this ambiguity.

In the mid-to late 1980s several innovative studies were made of the radar response
of the ocean surface. These efforts consisted of two primary components: a model for
predicting the waves at the ocean surface for a given wind speed, and a model for
predicting the electromagnetic energy scattered from that realization of the sea surface, for a

particular radar system configuration. The best known of these were Donelan and Pierson

10



(1987), Durden and Vesecky (1986) and Plant (1986). The primary differences between
these three models were in the choice of ocean spectral model and how the modulation of
the short waves by the underlying long waves was modeled. Within the past few years,
Apel (1994) proposed a similar approach to radar cross section prediction that made use of
the recently developed spectral models of Banner (1990) and Klinke and Jahne (1992).
Within the last year, two additional research efforts along these same lines have been
presented: Romeiser et al. (1997), which describes a modified form for the composite
scattering model, and Janssen et al. (1998), which describes a new ocean spectral model.
We will discuss these recent contributions in later sections.

It should be noted that in addition to using radar scatterometry as the basis for
obtaining estimates of the oceanic wind field, a considerable amount of work has been
devoted to obtaining estimates of the wind field at the ocean surface from microwave
radiometer measurements. This approach is believed to be quite promising. Notably,
Busalacchi et al. (1993), Wentz (1991), Wentz and Mattox (1986) and Wilheit and Fowler
(1977) have demonstrated that microwave radiometry can serve as a viable basis for
obtaining accurate predictions of the wind speed and direction at the ocean surface. A
future extension of some of the work pursued in this thesis could be to apply the ocean
wave model developed here, in conjunction with an appropriate model for microwave
emissions from the ocean surface, to obtain wind retrievals from passive microwave
measurements.

The primary goal of this research was to develop a technique for retrieving the
friction velocity and direction at the ocean surface that combined radar scatterometer
measurements with a physically-based ocean spectral model and a physically-based
electromagnetic scattering model. We hoped that such an approach, in addition to
producing viable wind field predictions, would also yield additional physical insight about
some of the processes taking place at the air-sea interface, that influence the observed radar

signature. In particular, we hoped to gain a better understanding of the ocean surface and

11



its response to the wind at scales in the vicinity ERS-1 Bragg scatterers, namely, for ocean
waves of wavelengths between 3 and 9 cm.

As a step towards this objective we have developed the friction velocity retrieval
scheme depicted in Figure 1.5, which we will briefly summarize here. For a particular
region of the ocean where ERS-1 measurements are available, we will specify a set of
hypothetical wind stresses. Typically, these hypothetical stresses will span a broad range
of allowable values for u* as well as all possible directions. Associated with each of these
candidate forcings will be a realization of the ocean wave number spectrum, describing the
distribution of roughness elements on the ocean surface for the region in question. For a
set of radar viewing parameters, the electromagnetic scattering code will obtain a radar
backscatter prediction for each of these spectra. Therefore, for each resolution cell in a
given region, there will be a set of backscatter predictions obtained from the models, as
well as one backscatter measurement. An error metric or cost function combines these
backscatter predictions with the ERS-1 measurements. A procedure seeking the minimal
discrepancy between the measurements and the predictions serves as the basis for
identifying the presumed forcing for each resolution cell. Finally, we verify the accuracy
of these retrievals of the wind stress using National Data Buoy Center (NDBC)
measurements that are co-located with the ERS-1 resolution cells.

A description of the spectral model used to characterize the ocean surface is
presented in Chapter 2. This model is comprised of two components: in situ measurements
of the directional wave spectrum and the equilibrium spectral model of Phillips (1985).
Particular focus is given to the function used to describe the directional spreading of the
ocean waves relative to the wind direction. The model used to characterize the
electromagnetic scattering at microwave frequencies for a given realization of the ocean
surface is provided in Chapter 3. In addition, we present an example wherein we obtain
radar cross section predictions using this particular choice of ocean spectrum and scattering

model. We also investigate the impact of long waves on radar scattering in this section.
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Figure 1.5:  Overview of the friction velocity retrieval scheme implemented in this effort.
A matrix of model inputs, u* and 0,,,, are indicated at the top of the diagram. An ocean
wave number spectrum, indicated by ¥(k.6,,,), is associated with each model input. For

each set of ERS-1 viewing geometry parameters (incidence and azimuth angles) and each
ocean wave number spectrum there is 2 prediction of the normalized radar cross section,

O’ i FOT each prediction, there is a backscatter measurement obtained by the ERS-1

system, 6°,,.. These two quantities are combined in a cost function, J (u*,0,,.4), which is
minimized. The cost function minimum is compared with spatially and temporally
coincident measurements of the friction velocity and direction obtained by a NDBC buoy.
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The basis for how the model results and the scatterometer measurements are
combined is described in Chapter 4, which provides an overview of cost functions in
general, as well as a discussion of the particular cost functions that we employed in this
effort. In addition, we examine the impact of varying the spectral model parameters on the
resultant friction velocity retrievals. Finally, we compare our friction velocity retrievals
based on this technique with in situ measurements. The conclusions we have drawn from

this work and areas for future research are discussed in Chapter 5.
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CHAPTER 2: AGGREGATE SPECTRAL MODEL

2.1 INTRODUCTION

The retrieval of wind stress estimates from scatterometer data that is implemented in
this research requires three components as depicted in Figure 1.5: a description of the ocean
surface attributable to a given forcing by the wind, a means for predicting the radar
backscatter from that surface and a framework for combining these predictions with
backscatter observations. This chapter's focus will be on the first of these three
components: the two-dimensional ocean wave number spectral model used to characterize
the distribution of roughness elements at the ocean surface that are observed by the radar.
We will start this chapter with a brief discussion of wind stress or friction velocity, as it is
the primary input to our spectral model, as well as the quantity that we seek to retrieve from
scatterometer measurements.

In Chapter 1 we mentioned that friction velocity is the geophysical parameter most
closely related to scatterometer measurements of the sea surface. It is therefore worthwhile
to provide a closer look at this measure of wind stress and its relationship to wind speed.
Geernaert (1988) is an excellent reference on this topic and was very helpful in the
preparation of this section.

The geostrophic balance between the Coriolis force and the pressure gradient can,
to first order, describe the synoptic dynamics of the atmosphere above the planetary
boundary layer. In the atmospheric boundary layer, it is necessary to consider the effects

of friction, which is generally described in terms of momentum fluxes or stresses. When
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the wind blows over water it produces a vertical wind shear as friction slows the wind at
the water surface. This shear generates a downward flux of momentum known as wind

drag or wind stress. At the air-sea interface, momentum transfer results in wave

instabilities, turbulence, and the generation of drift currents. The wind stress vector, T, is

defined as:
T . 7,2\ 2
—=—(u'w)i—-(v'w')j
p (2.1)

where u’,v’ and w’ are velocity fluctuations relative to the mean in the longitudinal, lateral
and vertical directions; p is the density of air, and the averaging time is such that the mean
vertical velocity, w, is zero; i and j are unit vectors in the longitudinal and lateral directions,

respectively. From this relationship it is possible to define the angle, v, of the stress vector

relative to the wind vector:

» g:? _ (2.2)

¥ =tan
It is important to recognize that the wind direction and the stress direction are not
necessarily aligned. Several recent studies, notably those by Reider and Smith (1998),
Reider and Smith (1994) and Geernaert (1993) address the effects of waves and boundary
layer stratification on the orientation of the stress vector.

Initially, let us consider a neutrally stratified, well-mixed boundary layer, and
assume that the scale of turbulent mixing is proportional to the height, z, above the
boundary layer. In this case, it is possible to specify the profile of the mean wind speed

above the ocean surface as

172
Uu-U,= 1{ lln{(z+zo)/zo} . 2.3)
p| «x
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Here, Uy is the projected surface current speed, which in some investigations is neglected.
U, is the wind speed at height z, x is the Von Karman constant of approximately 0.4, and

z, is the roughness length that characterizes the average roughness of the ocean surface. If
we assume that z>> z,, then it is possible to rewrite Equation 2.3 in terms of the friction

velocity, u*:
u*
Uz—Uo =?ID(Z/ZO) (2-43)

Typically, the boundary layer is not neutrally stratified; in which case the above expression

must be modified to include an empirical correction factor, y:
Z

U,~U, = {in(e/2) - v}. (2.4b)

Several forms have been suggested for the stability factor, y. We use an expression

developed by Dyer (1974) and Paulson (1970):

W(@L) =-5(z/L) if (/L)>0, (2.5a)
2
- 2m[¥]+ m[“zx ]—21an"X+§if(z/L)<O (2.5b)
and
X = (1 - 16@L)", (2.5¢)

In the above expression, L is the Monin-Obukhov length scale; it is the ratio of the
momentum flux to the buoyancy flux, scaled by the Von Karman constant, and considered
at referenced height z. When the boundary layer is stable, z/L>0, when it is unstable,

Z/L<0. It is expressed as

Z/L=- gkz<w’T, >/<T ,u**>, (2.6)
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where g, u* and « are as defined above. T, is the virtual temperature, which is defined as

the temperature that dry air would need to have at a given pressure in order to have the
same density as moist air, assuming ideal gas behavior (Gill, 1982).

To obtain an estimate for the friction velocity, Equation 2.4 can be rearranged in the
following manner

u*’= ¢, (U,-Up)%, (2.7)
where the drag coefficient, c,,, depends on the measurement height of U above the surface,
the sea state (or surface roughness), and the stability of the atmospheric boundary layer,
and is defined as

cp=[K/In(z/z,)- 1. (2.8a)

We use a parameterization for Cj, that is due to Smith (1980):
Co=1 if Uy<5ms!
C, =0.879 + 0.075U,, if Ugy>5ms?! (2.8b)

To determine U,, we assume U,=0 and iteratively solve Equation (2.4b), where the
stability correction is ignored for the first iteration. The friction velocity u* is determined in

the course of estimating U,.

2.2 BACKGROUND

There are several mathematical and statistical tools used to describe the behavior of
waves at the ocean surface. Many excellent references address this subject. Phillips
(1977) and Komen et al. (1994) were especially helpful in the preparation of this section.

To mathematically describe wave motion in a Newtonian fluid it is necessary to
consider two fundamental fluid properties: conservation of mass and momentum.

Conservation of mass requires that the rate of mass inflow or outflow through the
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boundary of a fixed volume be equal to the rate at which mass changes within the
boundary:

%—+V-(pu)=0 2.9)

Here p denotes density, t denotes time, and u is the velocity of the fluid. Conservation of

momentum is a restatement of Newton’s law relating acceleration within a fluid to forces
imposed on it. Assuming that the fluid of interest is incompressible, i.e. that density does
not change with pressure, V-u =0, and neglecting the effects of the earth's rotation and

viscosity, this relationship can be expressed as:

Du
= = _Vp+opg. 2.10
p Dt p+Pe ( )

Here D/Dt denotes the total derivative, defined as D/Dt = d/dt + u-V, p is pressure, and the

other variables are as defined above.
If we restrict our consideration to the simple case of motion in the x-z plane, and

assume that the fluid is irrotational, it is possible to express the preceding two equations in
terms of a velocity potential ¢(x,z,t), where u=V¢. Under these conditions, the velocity
potential satisfies the Laplace equation V¢ = 0.

To obtain a solution to the above equations, it is necessary to impose a set of

boundary conditions. For freely propagating gravity waves at the free surface z=C, where
we can neglect the effects of surface tension, we require that the atmospheric pressure
above the wave be constant and also negligible since the density of air is approximately one

thousand times less than that of water. This is known as the 'dynamic boundary

condition':
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gz+%+%(V¢)2 =0. .11

ot

At the free surface z=(, we also require that the ‘kinematic boundary condition’ be

satisfied. This states that water at the upper boundary must remain there, which is

appropriate for non-violent conditions:

X vr.ve=2
=+V¢ V¢'a§' (2.12)

In water of finite depth, h, an additional boundary condition is provided by prohibiting

downward vertical flow at the bottom boundary, z=-h, i.e.

)
===0. 2.13
oz @1

Finally, if we assume that the vertical scale of the surface disturbance is small
relative to the scale of its length, these equations can be linearized to yield the following

expression for the velocity potential:

_agcoshk(z+h) cos(hx — 01+ €)
ocoshkh (2.14)

¢=

and for the vertical displacement of the ocean surface from its mean level:

{(x,t) = asin(kx — ot +€). (2.15)

Here t denotes time, a amplitude, k denotes wave number and is 27 times the inverse of
wavelength, ¢ denotes the radian frequency and it is the inverse of the wave period, T; and

€ denotes phase angle, which is arbitrary. The spatial and temporal properties of a wave

given by (2.15) are coupled via a dispersion relationship
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o’ = gkltanh(kh)], (2.16)
which relates wave number and frequency for a wave in water of finite depth h. For deep

water, kh>>1, and (2.16) simplifies to 0'2=gk. From the dispersion relationship it is

possible to derive an expression for the phase speed c,, where cpm=6/k, and the group

velocity ¢, which is given by ¢, = 3—: = EO.I:'

While the above approximations are useful for describing the dynamics of a given
wave, it is necessary to employ statistical techniques to characterize the dynamics of the
ocean surface. That is, we consider the sea surface to be comprised of the linear
superposition of a large number of dynamically independent sinusoidal waves, each
component having a particular frequency, amplitude, direction and phase (Ewing (1983)).

Within this statistical framework, the probability of a given surface displacement {;, for a
given time, t;, and location, x;, can be given as p(;). Similarly, a joint probability function

p(&,, &z ..., £o) specifies a particular configuration of the ocean surface as the realization

of this set of n random variables.

Strictly speaking, the p({;) are not independent. However, each (; is, in fact, a sum

of many wave components, which can be assumed to be independent because they arose in

different places before propagating to the point in question. Therefore, for a sufficiently

large number of components, the Central Limit Theorem lets us treat the p(;) as Gaussian
random variables. If we assume that the p({;) are invariant to either spatial or temporal

shifts, ie. p(§(x.1))= p({(x+x’,t+t’)), then the wave field is both stationary and

homogeneous. Finally, if we also assume that the sea surface is ergodic, i.e. if ensemble
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averages equal appropriate spatial or temporal averages, we can employ several powerful
results from time series analysis.
For example, using the notation that “< >* denotes a process of averaging, we can

express the covariance function for a pair of surface displacements as

C(x’.t") = < {(x,)C(x+x7,t+t7)>. 2.17)
This is a succinct tool for characterizing the ocean surface owing to the fact that the
covariance function of a mean zero Gaussian process is the Fourier transform of the power

spectral density of the process. That is, if ¢ denotes radian frequency and k denotes wave

number, then
C(x,t) = [[ E(k,0)exp(-i(k-x - or)dkdo, (2.18)
k.o
where
1 .
Ek0) =5 [[cx.ryexp(itk - x - or))dxdr (2.19)

X,z

E(k,0) is referred to as the frequency-wave number spectrum of the ocean surface. For a

detailed description of these derivations and theorems, refer to Papoulis (1987)
Since it is extremely difficult to measure the full frequency-wave number spectrum,

spectral quantities obtained from integrating (2.19) such as the frequency spectrum

S(6)= j J’ E(k,0)dk (2.20)

and the wave number spectrum

‘P(k):” E(k,6)do (2.21)

are used to characterize the power spectral density of waves at the ocean surface.
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Realistically, the ocean surface is evolving both spatially and temporally, and the
assumption of stationarity would require us to exclude many important dynamical
properties of the sea surface. In addition, due to the effects of currents, it is necessary to
abandon the requirement of homogeneity. Therefore it is useful to find a means of
expressing some of the dynamical properties of the wave field under general conditions,
provided that the temporal and spatial scales of changes to the wave spectrum are slow with
respect to wave periods and wavelengths on the ocean. The wave action spectral density
enables us to describe the ocean dynamics under these less restrictive conditions, and it is

defined as

Nk = £ ¥ (), (2.22)
where g denotes gravity, ¢ denotes frequency, and W(k) is the wave number power
spectral density. The form for the above expression assumes that the density of water, Pus

has been divided throughout, so that the density of air is expressed as p,/p,, (Phillips,

1985). Under slowly varying conditions, in the absence of sources, sinks or fluxes of

action, the action spectral density is conserved. In general, however,

%:%ch+u)-VN=S,.,,+Sd,+S,,,=S, (2.23)
t

where ¢, represents the group velocity of a slowly-varying wave packet, u denotes a
surface current if one is present, and the right hand side specifies the means by which the
action is changed: S;, represents the action input from the wind, Sy, represents wave-wave
nonlinear interactions, and S represents action dissipation by wave breaking and
viscosity.

For several decades, gaining an improved understanding of the three components of

S, the so-called source terms, has remained an active area of oceanographic research.
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Although there is a fair amount of agreement regarding certain attributes of S;;, Sy and Sy,
there is still considerable uncertainty regarding which processes should be included and
how the processes should be modeled.

There have been many ocean spectral models presented in the oceanographic and
ocean remote sensing literature. In the following paragraphs, we introduce four ocean
wave spectra that have particular relevance to this research, three of which are models and
one that is derived from remote measurements of the ocean surface. These spectra are
discussed both for their historical relevance and because of their possible utility in an
operational application of the ASM that is discussed later in this chapter.

One of the first realistic and accurate ocean spectral models was an empirical model
developed by Pierson and Moskowitz (1964), based on analysis of in situ measurements of

waves at the ocean surface. This model is given by the expression

2

Z(o) = ‘;ﬁ —exp(~0.74(0., /6)*), (2.24)

where Z (o) denotes the power spectral density associated with a given radian frequency o;
g denotes gravity, Ujg s is the wind speed measured at 19.5 m above the ocean surface in a
neutrally stratified boundary layer, 6.=g/U)gs, and 0=0.008, a parameter used to establish

the level of the spectral tail. This model is only valid, however, for a fully developed sea,
i.e. an infinite fetch and duration. Although it is recognized as being overly simplistic and
applicable under a limited range of conditions, this model is nonetheless very useful as a
cursory standard for comparison with spectral measurements and models, and as such, this
model is still referred to regularly, nearly 35 years after its development.

A few years later, an intensive experimental effort was undertaken in the North Sea,
the primary goal of which was to investigate ‘the structure of the source function governing

the energy balance of the wave spectrum, with particular emphasis on wave growth under
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stationary offshore wind conditions...” (Hasselmann et al.,1973). One of several
important results that arose from this project was a fetch dependent frequency spectrum
known as the JONSWAP (Joint North Sea Wave Project) Spectrum. This model obtains
predictions of the power spectral density, S(f), associated with a given linear frequency f

(given in Hz: f = 6/2n, where G is angular frequency). The JONSWAP Spectrum is given

by (Hasselmann et al.,1973):

S@) = aj82(27z)4f-5 exp{—%[i-) }yf, 2.25)

where
T =exp{—(f - £,)/20.f}}
with

-022
a; = 0.076(%) » ¥; =33, 6,=007,and o, =0.09.

10
This spectral formulation is determined by five variables. Two parameters characterize the

forcing: wind speed U (measured at 10 m above the ocean surface) and fetch X;; three

parameters characterize the spectral shape: the height (y) and the width (o, and o) of the

spectral peak.

Unlike subsequent, more sophisticated models, the JONSWAP spectrum only
requires the specification of a few parameters; unlike the Pierson-Moskowitz spectrum, it is
capable of modeling spectral dependence on fetch. In addition, the findings from the
JONSW AP experiment significantly advanced our ideas on the dynamical balance in a wind
sea and opened the way to more sophisticated wave prediction modeling (Donelan and Hui,
1990). It is still widely used in many applications.

For many years, ocean wave models have been evolving, driven by increased
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understanding in the physics of the source terms and by improved computational
capabilities. In the so-called first generation models, only S, exhibited realistic physical
properties. The dissipation term Sy was modeled in such a way as to prohibit the spectrum
from exceeding a saturation level, and the nonlinear interaction term was parameterized in a
simple manner. Due to this treatment of the nonlinear interaction, each spectral component
evolved essentially independently of all other spectral components. In second generation
models such as JONSWAP, coupling between wave components was introduced by use of
a parameterized version of the wave-wave interaction processes and so wave components
ceased to evolve independently.

A third generation wave model that is enjoying widespread use is known as the
WAM (for WAve Model). This model represents many years of research by several
international groups and has been extensively documented. For detailed descriptions about
this model and its capabilities, the reader is referred to Komen et al. (1994). The WAM
model is capable of modeling the growth and evolution of waves under many different
types of conditions; for example it is capable of modeling wave-current interactions and the
effects of bottom topography. There is a price, however, for all these options and
flexibility: it is somewhat complicated to run the WAM model, and it requires the
initialization and specification of numerous input parameters, many of which are not known
on the open ocean. In addition, the WAM is primarily intended for application to wave
prediction at the regional and global scales, scales that are comparatively large relative the
regime of interest for radar scatterometry.

The final ocean spectrum mentioned here is based on remote measurements rather
than a model. For several years, it has been possible to extract estimates of ocean wave
spectra from Synthetic Aperture Radar (SAR) measurements of the sea surface. One
procedure for doing so is described in Komen et al. (1994). Factors, such as system

calibration and measurement errors, govern the how readily these spectra can be applied
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operationally. Nonetheless, under appropriate conditions, these spectra can represent a

viable alternative to model-based spectra.

2.3 OVERVIEW OF THE AGGREGATE SPECTRAL MODEL

As suggested in the preceding section, there are several spectral models already in
existence that are potentially applicable to this work. Recently, Jensen (1996) provided a
compilation of published ocean wave spectra that includes 29 different models. With so
many models available from which to choose why consider another spectral form?
Essentially, this was because we did not find any existing spectral models that met the

following requirements that we hoped, whenever possible, to satisfy:

1 Use models that are physically-based, so that a model result has a corresponding
physical interpretation.

2 Use models based on data acquired on the open ocean and not from wave tanks.
“Because of the much smaller scales it is not clear whether the characteristics of the wave
number spectra obtained in laboratory experiments can be extrapolated to field conditions as
found on the open ocean *, (Klinke and Jahne, 1992).

To date, however, there have been no in situ measurements of the wave number
spectrum obtained directly on the open ocean at high wave numbers. Banner et al. (1989)
obtained measurements of the wave number spectrum for waves between 0.2 m and 1.6 m
on the open ocean, but this falls short by nearly an order of magnitude of the ERS-1 Bragg
waves on the ocean surface. Jahne and colleagues obtained measurements extending to
much higher wave numbers, but only in wave tanks.

In order to be used in conjunction with a composite surface, or two-scale scattering
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model, it is necessary to have an accurate ocean wave spectral model that applies to waves
of vastly different scales. The Bragg scatterers for this investigation are on the order of a
few centimeters, but these waves are tilted and modulated by the underlying wave field,
which encompasses waves on the order of tens to hundreds of meters.

Typically, the spectral models that we encountered applied to a limited regime of
ocean waves; no one applied over all the scales relevant to predicting ocean backscatter.
Also, models of the highest wave number regime were either based on remote
measurements, data collected in wave tanks, or both. Models of the lowest wave number
regime faced considerable difficulties with modeling the effects of swell. To address the
above-mentioned requirements, we developed a spectral form based on partitioning the
ocean wave number spectrum into different regimes; each treated with a different approach.
For this reason, we call the resulting spectrum the ‘Aggregate Spectral Model’ (ASM). In

the following sections, we present a closer look at each of the components of the ASM.

2.4 NDBC BUOY DATA

One of our earliest decisions in developing the ASM was to employ buoy
measurements to characterize the low wave number portion of the spectrum. At first glance
this seems ill advised: if ultimately the goal is to characterize the wind field on the open
ocean where buoys are absent, why develop an ocean wave model that requires the use of
buoy measurements? At the present time, it is recognized that there are often considerable
errors in the low wave number spectra predicted by the WAM Model (Komen et al. (1994),
JONSWAP (Hasselmann et al. (1973) and SAR-derived spectra (Komen et al. (1994). By
using in situ, buoy-measured spectra during development of the ASM, rather than one of
the above low-wave number spectra, the errors arising from this regime would be minimal.

This would, therefore, enable us to concentrate our modeling efforts on the primary region
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of interest, the high wave number Bragg scatterers, with a minimum contribution of errors
from the other regimes. In addition, as will be discussed in Chapter 3, by taking this
approach we were able to investigate the impact on radar scatterometer measurements of
effects due to the modulation and tilting by the long waves. Future realizations of this
model can easily incorporate one of the low wave number spectra mentioned in Section 2.2
so that buoy data will not be required and application of the ASM on the open ocean will be
practical.

An additional reason for confining model development efforts to be located in the
vicinity of the NDBC buoys was the need to verify the stress retrievals obtained from the
scatterometer measurements. It would be necessary to know the ‘true’ friction velocity and
direction at a given location, to use as a basis for comparison with the model-based
estimates.

The NDBC network of buoys for the southeastern region of the United States is
illustrated in Figure 2.1a; the network for the southwestern region is illustrated in Figure
2.1b. These buoys obtain hourly measurements of the following atmospheric and oceanic
properties: significant wave height, mean wave period, dominant wave period, mean wave
direction, dominant wave direction, air temperature, dew point, barometric pressure, wind
speed (average), wind direction (average), sea surface temperature and salinity. These data
are available to the public via the Internet (www.seaboard.ndbc.noaa.gov) and also on CD-
ROM. Table 2.1 provides a summary of relevant statistics describing the NDBC buoys.
Only a limited number of the NDBC buoys are capable of measuring the directional wave

frequency spectrum. Typically, these measurements are obtained between the frequencies
of 0.03 and 0.35 Hz, which corresponds to wave numbers between k=0.0036 m-! and

k=0.49 m-1. Longuet-Higgins, Cartwright and Smith (1963) were the first to address the
problem of reconstructing the directional spectrum from measurements of the pitch, roll and
vertical displacement of the buoy over time. An overview of their approach is presented

below, based on an excellent review by Benoit (1992).
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O 44014

46050 O

Figure 2.1:  Map indicating the location of the two NDBC buoys used in this research:
Figure (2.1a) indicates the location of buoy 44014, off the coast of Norfolk Virginia.
Figure (2.1b) indicates the location of buoy 46050, in Yaquina Bay, Oregon.
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Parameter Range Frequency Avg. Period | Resolution Accuracy
Wind Dir. 0 - 355 1.28 Hz 8 min 10 degrees | -10 degrees
wind Speed 0 -618 m/s 1.28 Hz 8 min 1 m/s +/- 1 m/s
(or 10%)
Wind Gust 0 - 824 m/s 1.28 Hz 5 sec 1 m/s +/- 1 m/s
(or 10%)
Air Temp. -40 - 50 C 1.28 Hz 8 min 0.1C {+/- 1C)
Pressure 800 - 1100hPa 1.28 Hz 8 min 0.1 hPa +/- 1 hPa
Water Temp. -5-40 C 1.28 Hz 8 min 0.1 C (+/- 1C)
Wave Height 0-35m 2.56 Hz 20 min 0.1 m +/- 02 m
{or 5 %)
Wave Period 0 - 30_sec 2.56 Hz 20 _min 1 sec +/- 1 sec
Wave Spectra | 0 - 999 m~2/Hz 2.56 Hz 20 min 0.01 Hz -
0.01 - 0.4 Hz
Rel. Humidity 0 - 100 % 1 Hz 1 min 0.10% +/- 6%
Solar Rad'n 0 - 2.50 w/mr2 1 Hz 8 min 0.5 w/mA2 +/- 5 %
Precipitation 0 - 999 mm continuous 6 hr 1.0 mm 5.0 mm

Table 2.1: Summary of NDBC Buoy Measurement Accuracies, Sampling Rates and
Relevant Statistics.

First, we assume that the two-dimensional spectrum can be decomposed into a

function of frequency and a function of direction, i.e.
S(f,0)=E(f)D(f,0), (2.26)

where E(f) is the one dimensional power spectral density that can be estimated from a

single record of sea surface elevation. It is related to the directional spectrum via
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2x
E(D = [ S(£.6)d86. (2.27)
0

The directional spreading function, D(f,8), is given by

2x
D(f,0)= ID(f,G)dG =1, where D(f,0) 20 over [0,2x]. (2.28)

0

Given the above relationships, it is possible to reconstruct the directional spectrum

from the quantities measured by the buoys. If we denote the vertical displacement of the

buoy by {(x,y.t)= X,(t), and the pitch and roll of the buoy (i.e. the slope of the sea surface

in two orthogonal directions) by

o 3
gc(:) = X,(t) and 55-(:) = X,(1), (2.29)

then we can define the cross spectrum Gj(f) for each pair of these three quantities as

Gy(D=2. [ R,(v)e™*™dt, (2:30)
where

.
Ryj(D=(limT —> oo)%jx,.(z) X, (t+T)dr . (2.31)
0

The G;;(f) can be written using complex notation as G;j(f)= C;()-iQ;(f), where C;(f) is the
co-spectrum and Q;;(f) is the quad-spectrum. Using this notation, the cross-correlation

coefficients for the buoy motions can be estimated by:
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2x
Cu(D= [S(£.6)d6 = E(f)
0 (2.32a)

2x
Con(D=E()K* j D(f,0)cos* 640
()]

(2.32b)
2z
Cax(=EDK’ | D(f,0)sin’ 646
' 0 (2.32¢)
2x
Ca(D=E(DK> J’ D(f,8)cos@sin6d6 (2.32d)
V]
2x
QuO=E(f)k [ D(f.B)cos6d6 (2.32¢)
(1]
2x
Qu(D=E(D)k [ D(f.B)sinddo
0 (2.32f)
Q11(D=Qx(H)=Q33(H)=Qu(H)=0 (2.32g)
Ci2(H)=C,3(H)=0. (2.32h)

In addition, we have the relationship sz(t)+C33(f)=k2C, 1(f), which enables us to calculate
the wave number, k . Therefore, for a given frequency, there are only four independent

coefficients available for computing the directional spreading function subject to the

requirement of continuity over [0,2x]. Several approaches have been developed for

reconstructing the directional spreading function from these parameters, twelve of which
were evaluated and compared by Benoit (1992). We will only discuss two of these here:
the original work in this subject by Longuet-Higgins et al. (1963), and a more recent effort
due to Oltman-Shay and Guza (1984). Longuet-Higgins et al. expressed the directional

spreading function D(f,0) as a weighted, truncated Fourier series using the cross-

correlation coefficients, above:
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D(f,08)= %ao + %(a‘ cos¢ + b, sing) +%(a2 cos2¢ + b, sin2¢) , (2.33a)

where

1 1 1
ao=;C" al:EQu a2=7—dc7(c22 -G;) (2.33b)

1 1
bl=EQ|3 b2=?c13

This method for spectral reconstruction, in principle, should never assume negative
values. Under some conditions, however, this does occur. In addition, this representation

results in considerable directional broadening of ocean wave energy. Consequently, we

sought an alternative expression for D(f,8). Analyses by Benoit (1992) and Earle (1993)

suggest that the method of Maximum Likelihood developed by Oltman-Shay and Guza
(1984) does not encounter the problem of occasionally predicting negative energy, has
superior directional resolution compared to the approach of Longuet-Higgins et al., is
straight-forward to implement and is also computationally efficient. The method of
Maximum Likelihood estimates the spreading function as a linear combination of the cross

spectra. That is,

3 3
D(£.8)=). Y w.(Ow,(0)-G,(f), (2.34)

i=l j=1

where the weighting coefficients, w,, are calculated with the condition of unity gain of the
estimator in the absence of noise. The big advantage of the maximum likelihood technique
is that it takes advantage of the side condition that the spectrum must be non-negative, and
in this way is able to obtain improved resolution (Lawson and Long, 1583).

The primary waves of interest in scatterometer-based wind retrieval are those that
are locally generated. Therefore, at least initially, we restricted our analyses to cases where
a minimum of swell was present. In order to accomplish this, our preliminary analyses

only employed buoys located along the East Coast of North America and also only
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considered cases where the wind was directed offshore. For the purposes of developing
and validating this approach, imposing these restrictive conditions helped to simplify some
of the analyses. Subsequent efforts demonstrated the viability of this wind retrieval
technique under a broader range of conditions.

Much of the work presented in this thesis is based on measurements made by
NDBC buoys 44014 and 46050. Buoy 44014 has been used extensively in several
measurement campaigns such as the SWADE experiment of 1991 and the ARSL.OE
experiment of 1980 and so its characteristics are well known. It is a 3-meter Pitch-Roll
Discus Buoy, located approximately 83 km off the coast of Norfolk, Virginia (36° 34° 59”
N, 74° 50’ 1” W) in water of about 48 meters depth. The effect of finite depth at this
location has been shown (Wang and Friese, 1997) to be significant only for waves with
frequencies less than 0.08 Hz; in general these waves have been excluded from this study.
Examples of spectra measured by this buoy are depicted in Figures 2.2a and 2.2b. Buoy
46050 is also a 3-meter discus buoy; it is located in Yaquina Bay, Oregon (44° 36’ 44 N,
124° 30’ 46” W), in water of about 130 meters depth.

All of the NDBC buoys are equipped for measuring the one-dimensional frequency
spectra of ocean waves, which for this range of frequencies can be readily converted to
wave number spectra using the dispersion relationship for linear gravity waves. The two
above-mentioned buoys are also equipped for making measurements of the two-

dimensional, directional frequency spectrum of ocean waves.
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Figure 2.2:  Examples of one- and two-dimensional spectra measured by NDBC buoy

44014 from 9/19/93.
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2.5 EQUILIBRIUM SPECTRAL MODELING

The concept of statistical equilibrium has been used for over half a century as a
means of simplifying the study of complicated phenomena, such as turbulence. If one
restricts consideration to particular temporal or spatial scales, a state of equilibrium can be
envisioned among the various components of a dynamical system. For example, such a
condition exists in modeling ocean wave spectra when the three source terms of the balance

of action spectral density, introduced in Equation 2.23, satisfy the following:

S, +S,, +5,=0. (2.35)

Here, S;, represents the action input from the wind, S,; represents wave-wave nonlinear
interactions, and Sy represents action dissipation by wave breaking. Several authors,
notably Phillips (1985), Kitaigorodskii (1983), Komen et al. (1984) and Banner et al.
(1989) have investigated this balance. In this section we will focus on the models of
Phillips (1985) and of Banner et al. (1989). It is interesting to note that both

Phillips (1985) and Kitaigorodskii (1983) arrived at similar expressions for the equilibrium
spectrum, beginning from quite a different set of assumptions.

In Phillips’ model for wind-generated gravity waves, such a state of statistical
equilibrium exists among those waves where the time scales of wave growth is much larger
than the time scales of energy input, dissipation or exchange; far from the influence of the
spectral peak. Under these conditions it is possible to obtain expressions for each of the

source terms. These are described in the following paragraphs.
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The source term that characterizes the action input due to the wind, S;,, is believed

to be the best understood of the source terms. Plant (1982) suggested a form for this term

2
Siu(K)=mcos 90'(“—*-] N(k), (2.36)

p

where m is approximately 0.04, ¢, is the phase velocity for the wave component of
frequency o, u* is the friction velocity, N(k) is the action spectral density, and 0 is the

angle between the wind vector and the wave propagation direction. Phillips (1985)

provided a dynamical basis for this expression. S,, can also be expressed in terms of the

degree of saturation B(k), where B(k)=k*"¥(Kk), if one assumes a different form for the

directional spreading of wave energy:
2
Sin=mcos?” ng"[-%-t] B(k). (2.37)
P

Sy is the source term for specifying the transfer of wave action through interactions
between waves and the value for the parameter p is to be deduced from observational data
(Phillips, 1985).

Phillips (1960) first obtained the resonant condition for gravity waves on deep
water. Subsequently, Hasselmann (1962, 1963) developed an expression for this transfer

of energy due to resonant interactions between four wave components

Su(k) = o [[[ dk,dk,dk,0% (k. ;. k;, k) x (K, +k, —k, ~k)8(0, +0, 03 - 5)
X[N,N,(N, + N) = N,N(N, + N,]
(2.38)

In this expression, the Dirac delta, 8, selects those wave number components that obey the

resonance conditions for interaction between gravity waves:
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k+k;=k,+k;, and o+ G|= G+ O3, (2.39)

where the N; specify the action spectral density for each selected component and Qis a
cubic coefficient describing the coupling between these components. In the equilibrium
range of the spectrum, waves from the same neighborhood of wave number space
dominate these interactions, suggesting that here, the flux of action density will scale as

N(k) itself. This then suggests a form for the net spectral flux divergence of the form

Suloc Q2N3(k)k4 /G o g—lIZkI9IZN3(k) (2.40)

which, in terms of the degree of saturation B(k), can be written

S gk B’ (k). (2.41)

The source term with which the greatest uncertainty is associated is Sy. This is
reflected in the many different models that have been suggested for the dissipation source
term, e.g. Hasselmann (1973), Donelan and Pierson (1987), Plant (1986) and Phillips
(1985). While the primary mechanisms responsible for energy dissipation are recognized:
wave breaking, viscous damping and generation of parasitic capillary waves (Donelan and
Hui, 1990), the extent to which each mechanism contributes to dissipation in a given wave
regime and how it should be modeled is still not clear.

It is worth mentioning that Equation (2.35) requires that all three source terms sum
to zero for all wave numbers. However, if two of these terms are specified
mechanistically, then the third term must be the negative of the sum of the other two. If

each term is modeled separately, then, generally, they will not sum to zero.
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An expression for the dissipation source term in this regime was suggested by
Phillips on the basis that statistical equilibrium be achieved by a balance between all three

source terms:

2
gk™B*(k) o gk™ f(B(K)) e< mcos*” ng"(u—*J B(k)
C

P (2.42)
Here, the input and interaction terms are expressed as functions of the degree of saturation
B(K); the dissipation term is expressed as f(B(k)). If we equate the terms representing
nonlinear interaction and the input from the wind, it is possible to rewrite the degree of

saturation as

B(k)= Bcos’® G(u—*], (2.43)
c

P

where B is a constant, which implies that

f(B(k))=yB>(k), (2.44)

where v is a constant.

If we rewrite the original definition for B(k) in terms of Equation (2.13), it is

possible to write

¥ (k)= Bcos”® e(i‘—t)k‘éﬁ(cose)" u"‘g'mk'w2 (2.45)
C

P

which is Phillips’ definition for the wave number spectrum in the equilibrium range. The
corresponding frequency spectrum is given by
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S(o)=au*gc™. (2.46)

This model is in general agreement with several experimental data sets e.g. Forristall
(1981), Kawai et al. (1977) and Kondo et al. (1973). The more recent, high-wave number
measurements obtained in wave tanks by Jahne and Riemer (1990) and Klinke and Jahne
(1992) are also consistent with this model. Experimental wave measurements made on the
open ocean by researchers at the Johns Hopkins University Applied Physics Laboratory,
that are presented in Section 2.6, also support an ocean wave spectrum of this form.
Banner et al. (1989) conducted an experimental measurement program in 1984
and 1986 that obtained stereophotographs of gravity waves between 0.2 and 1.6 m. On the
basis of these spatial observations, they proposed the following one-dimensional wave

number spectrum for the equilibrium range:

2 Y
(k) ~ (“* k ) K 2.47)
4

Here k denotes wave number, g denotes gravity, u* is friction velocity, and

¥ =0.09£0.09. This expression is consistent with a two-dimensional wave number
spectrum of the form y(k)~Ak™, which, although based on an entirely different approach,

is similar to an earlier spectral form suggested by Phillips (1958). The spectral form of
Banner et al. is also in general agreement with several experimental data sets, e.g. Donelan

et al. (1985) and Kahma (1981).

Either the spectral form of Banner et al. or Phillips' model could potentially be
used to characterize the mid-range of wave numbers for the ASM. We decided to use the
equilibrium spectral model of Phillips in the ASM because it is based on physical and
dimensional arguments. Data sets from the late 1970s and early 1980s that were used to
validate this model on the open ocean, encompassed wavelengths on the order of several,

to tens of meters, all of which fell short of the Bragg regime for ERS-1 by at least an order
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of magnitude. It was necessary, therefore, for us to determine whether or not this model
was appropriate for characterizing the centimeter-scale Bragg waves for the ERS-1
system. To address this issue, we looked at data sets that had been acquired at scales
closer to that of the ERS-1 Bragg waves on the open ocean, to determine whether or not
this model was appropriate for ocean waves with wavelengths on the order of a few

centimeters.

2.6 HIGH WAVE NUMBER REGIME

Few measurements of centimeter-scale waves have been collected on the open
ocean, especially in wave number space. There have been several successful
measurements made at this scale in wave tanks, e.g. Klinke and Jahne (1992) and Jahne
and Riemer (1990), but it is unclear how applicable these data are to the conditions on the
open ocean. Late in the spring of 1990, researchers from the Johns Hopkins Applied
Physics Laboratory made a suite of high frequency wave measurements off Andros Island
in the Caribbean Sea (Nelson, 1990). This data collection effort was known as the
‘Standard Leopard’ (SL) experiment and we were fortunately given access to these data.
The environmental conditions that prevailed during the days on which the experiment was
conducted are summarized in Table 2.2. Friction velocity measurements were not obtained
during the SL experiment, but we were able to obtain estimates of u* for each data
collection interval using the technique outlined at the beginning of this chapter. The exact
wind speed during each measurement period was not known, but the maximum and
minimum wind speeds for each interval were provided. Therefore, for each data set we
obtained two estimates for u*: one based on the maximum wind speed and one based on

the minimum.
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Several research vessels participated in the SL experiment and collected a suite of
atmospheric and oceanic measurements. Two buoys were also deployed for measuring
ocean wave power spectral densities. The first was a 13-m long, 400 kg spar buoy
equipped with a high-resolution, high-frequency capacitive wave gauge system capable of
measuring frequencies between 0.06 and 6.0 Hz. This buoy is illustrated in Figure 2.3.
The wave gauge on this buoy employed a tantalum wire (diameter 0.63 mm,
length 3.0 m) mounted at the water line. The details regarding the filtering, averaging and
processing of these data are provided in Nelson (1990). An example of measurements

obtained by the spar buoy from two different days during the experiment is provided in

Figure 2.4 a and b.
5/31/90 6/3/90 6/4/90 6/5/90 6/7/90 6/9/90
WindSpeed | 3.0-40 | 60-80 | 30-50 | 40-50 | 60-90 | 80- 100
(m/s)
Air Temp 27.2 26.5 27.5 27.3 27.5 27.4
deg. C)
Sea Temp. 26.9 26.8 27.7 27.3 27.5 27.5
{deg. C)
Humidity 94 81 81 81 85 75
(%)
Wind Dir. 150 80 - 115 | 105 - 145 | 150 - 160 | 105 - 120 | 110 - 115
| (dog. Wrt N)
Sig. Wv. Ht. 0.12 0.44 0.16 0.1 0.87 0.92
(m)
Wave Slope | 0.061 0.092 0.102 0.098 0.102 0.118
u* 0.08 - 0.11 | 0.20 - 0.29| 0.09 - 0.12 | 0.12 - 0.15| 0.21 - 0.33 | 0.29 - 0.38
(m/s)
Table 2.2: Summary of measurement conditions during the Standard Leopard

Experiment conducted in the late Spring of 1990 in the Caribbean Sea
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In addition to the spar buoy, a 0.8-m diameter, 200-kg wave riding buoy
(manufactured by ENDECO) was deployed in the experiment. This buoy's instrumentation
included an accelerometer on a pendulum in the base of the buoy’s tail section that
measured the buoy’s vertical accelerations. When integrated twice, the accelerometer
measurements provided estimates of wave height. In response to wave orbital forces, the
wave-riding buoy tilted forward at wave crests and back at a trough; these tilt
measurements made it possible to determine the dominant wave direction. Both buoys
were deployed from a boat and allowed to drift freely within a designated area. Each buoy

obtained measurements over a different range of frequencies, but there was a range of

overlap where measurements were obtained by both buoys. In this region of overlap, the
two spectra were compared to verify the spar buoy's performance. An example of one
such comparison is provided in Figure 2.5.

The SL data provided us with measurements of high frequency gravity waves
made on the open ocean. Our primary interest in these data was to obtain estimates of
the wave number spectrum and to determine whether or not they behaved in accordance
with the equilibrium spectral model given by Equation (2.45). We used these spectral
measurements, obtained on the open ocean, to help us determine the appropriate spectral
form to use in modeling the smallest gravity waves, which would in turn serve as the basis
for our radar backscatter predictions. The SL spectra were obtained in frequency space,
however, and composite surface scattering codes require ocean wave number spectra for
input. Before embarking on analysis of the wave number spectra associated with these
frequency measurements, we made some cursory comparisons between these data and

Phillips’ equilibrium spectral model as specified in frequency space (Equation (2.46)).
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Figure 2.4:  Example of two Standard Leopard frequency spectra illustrating regime in
which the measurements were obtained. Note that in the upper panel, u* ~ 0.1; in the

lower panel, u*~ 0.3
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Figure 2.5:  Comparison of measurements obtained by ENDECO buoy and spar buoy
during the Standard Leopard Experiment, 1990. This figure illustrates the different
sensitivities of the two buoys, from Nelson (1990).

For example, Figure 2.6 depicts one such comparison between the SL frequency
spectra and Phillips’ model. This figure is plotted using units suggested in Figure 3 of
Phillips (1985). For the ERS-1 radar data, a typical Bragg resonant wave frequency

corresponds roughly to w=38; which, for a typical u* of 0.2, would lead to a value of

wu*/g=0.77. In this plot, if we use the maximum u* for the data collection interval, we

obtain the curve characterized by the heavy dotted line; if we assume the minimum u*, we

obtain the heavy solid line. In the equilibrium spectral model, the parameter o sets the

overall level of the spectrum. Phillips (1985) provided a summary of o values from
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several different field experiments and they fall within the range (0.06 -0.11). In Figure

2.6, the lower, light gray line illustrates Phillips’ model assuming 0=0.06; the upper,

dark gray line assumes 0=0.11. To first order, the data appear to be somewhat consistent

with the model.

10

B O W

10~

0.001 10.

Figure 2.6:  Comparison of Standard Leopard Frequency Spectra with Phillips’
Equilibrium Theory in non-dimensional units. In the above plot, the heavy solid curve
corresponds to the SL measured frequency spectrum if we assume the minimum friction
velocity (u*=0.29); the heavy dashed curve corresponds to the SL measured frequency
spectrum if we assume the maximum friction velocity (u*=0.38) during the measurement
interval. This plot corresponds to SL measurements obtained on 9 June 1990.
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On closer examination, however, an appreciable portion of each spectrum falls outside of
the region defined by the extreme values of o This prompted us to investigate possible
sources for this disagreement between the model and the data. First, by definition,

Phillips’ equilibrium spectral model assumes that 0. is essentially constant throughout the

equilibrium range. There have been efforts suggesting that there are conditions under

which this relationship does not hold. For example, Toba et al. (1988) found that under
circumstances of rising winds o tends to fluctuate. Also, as the high-frequency SL
measurements were made at the upper limit of the equilibrium range, we were uncertain

whether or not it was appropriate to treat o as a constant at high frequencies. To this end,

we obtained plots of a for all of the SL data sets, where

o= Sme_mrL(o'_), (2.57)

u*go™
using the extreme values of u* for each SL data set.

If the theory held exactly, one would expect the data to adhere, roughly, to a

horizontal line at a given level. Figure 2.7a provides a depiction of o for the SL measured

frequency data obtained from a day of comparatively low friction velocities,

u*~(0.082,0.112). In this particular plot, we have assumed the higher of the two friction

velocities. For the lower range of frequencies included in the plot, o appears to be

somewhat constant; at higher frequencies, a steadily decreases. Figure 2.7b is similar to

Figure 2.7a, except it was obtained from a day of comparatively high friction velocities,

u*~(0.288,0.375). Once again, we have assumed the higher friction velocity for the
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Figure 2.7: o Parameter for Standard Leopard Measurements; the upper panel depicts

a for 31 May 1990. In this instance, we have assumed u*~0.11. The lower panel depicts
o for 9 June 1990. In this instance, we have assumed u*~0.38. Both plots clearly indicate
that the o parameter is not a constant.
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measurement interval. In this case, it appears that o is consistently decreasing; first with a

fairly steep slope and then more gradually at the higher frequencies. All of the SL data
exhibited behavior similar to that depicted in these two figures. From these plots we

concluded that, in fact, o is not constant over the range of frequencies measured in the SL

experiment. We will encounter this conclusion again in the context of the u* retrievals
presented in Chapter 4.

For a freely propagating gravity wave at the ocean surface, if the directionality is
known, it is straight-forward to convert a measurement in frequency space to the
corresponding quantity in the spatial domain, and vice versa, via the dispersion
relationship. This relationship is only valid for gravity waves of low and intermediate
frequencies in the absence of surface currents. Because they are not propagating on an
undisturbed surface, high frequency gravity waves on the ocean surface experience a
smearing out, or Doppler shifting, of their intrinsic frequencies due to the motion of the

underlying waves on which they are riding. It was conceivable that the variability we
observed in o was due to Doppler shifting effects.

For this reason, and also in order to obtain estimated wave number spectra from
the measured SL frequency spectra, we wished to obtain a rough estimate of the magnitude
of the Doppler shifting effects imparted to the high frequency waves from the underlying
wave field. To do so, we used an approach suggested by Kitaigorodskii et al. (1975),
which is summarized below. This served as the basis for a correction factor, which we
applied to the high frequency spectra. Although effects such as wave blocking due to
wave-current interactions could not be compensated for by this technique, it could
nonetheless provide us with the basis for obtaining an estimate of SL frequency spectra
from which the majority of Doppler shifting effects had been hopefully removed. We
could then apply the dispersion relationship to these Doppler shift-corrected frequency

spectra to obtain an estimate of the corresponding wave number spectrum.
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A brief sketch of the approach of Kitaigorodskii et al. is provided here. For linear
gravity waves in deep water where a current is present, it is necessary to modify the

dispersion relation given in Equation 2.16 in the following fashion:

172

o=0ok)=[(g+a)k] " +k-V. (2.48)

-
Here a= %t_z is the vertical acceleration of the large-scale waves of surface displacement

f and V is the horizontal drift velocity of these long waves, all of which are slowly
varying. Although @ and ¥ are random variables, they are not independent because

they are related through expressions for the large scale wave components,
ie.a = a ( f Jand v= V¥ ( f ). If, however, we assume that the large scale waves

have a narrow spectral width, we can express a and V as:

a($) =—(6")*¢ (2.49a)
and
a— d —
v({) = ":—4 : (2.49b)

where ¢ corresponds to the frequency of the slowly varying disturbance and k? is the

corresponding wave number, obtained via the usual dispersion relation. If we apply the
expression for V( f ) into (2.48) we can obtain a new dispersion relationship,
o=0k.v)=[(g+a)k]"* + kW cos(v — 7%) (2.50)

where 7' is the fixed angle between the propagation direction of the long-wave component

of the surface waves and that of the mean wind, and W=0'dZ. Using a dispersion

relationship of the form (2.50) requires a more general expression for the frequency-wave

number transformation, namely,
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x k
Mo -'[[‘P(k' ¥ G(k,v) ]k=k(0'.v) - @30

This provides the frequency spectrum S(o’) = S(0,a, V) corresponding to a fixed spatial

spectrum, at fixed values of the random parameters gand V. This is the appropriate type of

spectral transformation to apply to short waves propagating on the surface of long waves.

If we assume a spectral form for S(G) such as (2.46), it is possible to obtain an expression

for the frequency spectrum that is consistent with (2.51), that will explicitly include the
effects of Doppler shifting by the underlying waves. This expression is given by

S(o) = ocu*go'4B(0‘,Yd ) (2.52)
where B(O’,‘Yd) encompasses the effects of Doppler shifting by the long waves. One

possible expression for B((‘)‘,‘Yd ) is given by

2 dpd~2
) =1 1_3"1 A 0 | [(AKT) , 2.53
sl e -

where AK is the long wave slope, estimated from the power spectral density for the long

waves; G is the nominal frequency and o is the frequency associated with the spectral

peak. The coefficients p and g depend on the directional distribution assumed for the long

waves, which we have assumed is given by

o(v) = (2/m)cos* v for |v] € [0,m/2]. (2.54)

The associated coefficients are
P = 8/3n(cosy) (2.55a)
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and

g = 1/2cos™y*+1/4. (2.55b)

A detailed development of the term B(c,y") from Equation (2.53) is provided in

Kitaigorodskii et al. (1975).

We will assume that Equation (2.52) can be used to characterize the measured

frequency spectrum, Sp,.,.(0), which includes the effects of Doppler shifting by the

underlying wave field. Using this expression, we can obtain an estimate for the frequency

spectrum that compensates for the effects of Doppler shifting, namely

Scon(0)=S meas (0){1/ B(5,Y)}. (2.56)
For each of the spectra measured in the SL experiment, we used Equation (2.56) to

estimate the underlying, inherent frequency spectrum, S__(5). We subsequently

transformed S_, (0) to the appropriate wave number spectrum by the usual dispersion

relationship.

In our analysis of Figures 2.7 a and b, we speculated that Doppler shifting of the

high frequency waves was the source of the observed variability in ¢ and that these effects

had caused the spectrum not to conform to the theoretical behavior. Therefore, in Figure

2.8 a and b we examine plots of « for frequency spectra to which the Doppler shift

correction described above had been applied. In this plot, the measured, uncorrected data

are depicted with solid lines and the shift-compensated data are depicted with gray dashed

lines. This plot suggests that only a slight amount of the observed variability in o appeared

attributable to the Doppler shifting effects predicted by the approach of Kitaigorodskii et al.
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Figure 2.8:  The o parameter is once again depicted for the Standard Leopard
Measurements, as on the preceding page. Here, the dashed gray lines indicate the change
in a resulting from the application of the Doppler shift correction described in
Kitaigorodskii et al. (1975). The impact of the Doppler shift correction is appreciably
greater for the high u* data.
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Although this Doppler shift compensation factor would only compensate for some
of the shifting effects experienced by the high frequency waves, this approach nonetheless
presented the only means by which we hoped to have wave number spectra for the regime
of interest. Therefore, the approach that we pursued was to obtain an estimate for the
‘Doppler shift compensation’ factor associated with each of the SL frequency spectra.
Using this factor, we obtained corrected frequency spectra, which were, in turn, converted
to wave number spectra using the standard dispersion relationship.

We compared the wave number spectra obtained from the ‘shift compensated’
frequency spectra with those obtained directly from the measured frequency spectra. The
results of this comparison are presented in Figure 2.9 for two different SL data sets. These
plots are consistent with a similar analysis presented by Banner et al. (1989) that examined
the impact of Doppler shifting effects on spectral slopes. The solid line corresponds to the
wave number spectrum obtained by applying the dispersion relation directly to a measured
frequency spectrum. The dotted line corresponds to the wave number spectrum obtained
by applying the dispersion relation to a frequency spectrum that had already been corrected
for the effects of Doppler shifting. We observed the greatest difference between the two
when u* was greatest.

We used the approach described above to obtain an estimate of the wave number
spectrum corresponding to each of the SL frequency spectra. There is a linear relationship
between the logarithm of the power spectral density and the logarithm of wave number in
the equilibrium range. This relationship enabled us to obtain linear regressions between the
suitably transformed variables, and to compare these results with Phillips’ model. The

results of these linear regression analyses are summarized in Table 2.3.
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Figure 2.9:  Comparison of wave number spectra that have been ‘Doppler shift
corrected’ (dashed lines) with those that have not (solid lines) for two of the Standard
Leopard data sets.

In this table it can be seen that the slope varied between —3.45 and -3.72. This
suggests that the slope of the SL spectra fell between that consistent with the equilibrium
model (k %) identified by Phillips (1985) and Kitaigorodskii (1983), and the saturation
model (k™) predicted by Phillips’ (1958) model as well as by Banner et al.(1989). We
analyzed the data in Table 2.3 to determine whether or not the spectral slope exhibited any
dependence on the environmental conditions, such as the friction velocity. In particular,

we attempted to determine from these data, whether the spectral slope varied linearly with
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friction velocity by fitting a linear model between the two variables. In fact, these analyses
suggested the SL measured spectra were statistically consistent with the equilibrium
spectral form. That is, the slope was not significantly different from -3.5 for these data,
consistent with Phillips’ equilibrium spectral model. This result, obtained on the open
ocean, is in agreement with the results obtained in wave tanks of Jahne and Riemer (1990)
and Klinke and Jahne (1992), which both observed the wave number spectrum to behave
in accordance with Phillips’ k™** spectral form, for waves between 3 and 24 cm.

Although the Doppler shift correction discussed above compensates for some of the
effects imparted to the small-scale waves by the underlying wave field, it does not
compensate for all such effects. This is because the Doppler shift compensation technique
requires that we make several simplifying assumnptions. In addition, it does not take into
account several important effects, such as wave-current interactions. Nonetheless, the SL
spectra serve as corroborating evidence that it is, indeed, appropriate to use the Phillips

equilibrium spectral model for the ocean waves that serve as ERS-1 Bragg scatterers.

Date u” constant std dev slope std dev
31-May 0.08 - 0.11 -4.19 0.028 -3.72 0.01

3-Jun 0.20 - 0.29 -3.95 0.03 -3.67 0.01

3-Jun 0.20 - 0.29 -3.81 0.029 -3.68 0.011
4-Jun 0.09 - 0.12 -4.22 0.032 -3.45 0.012
5-Jun 0.12 - 0.15 -4.05 0.03t -3.57 0.011
7-Jun 0.21 - 0.33 -3.17 0.039 -3.5 0.014
9-Jun 0.29 - 0.38 -3.11 0.031 -3.65 0.011

Table 2.3: Summary of SL regression analyses regarding spectral slope at high wave
numbers.
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We have now identified the components that comprise the spectral model used
in our friction velocity retrieval scheme: at low wave numbers we use NDBC buoy
measurements; in the mid- and high- wave number regimes, we use the equilibrium spectral
model of Phillips (1985). We now turn our attention to how these components are
combined into one spectral representation. The spectral model and the buoy measurements
must be joined at some point. It was necessary for us to determine where this join point
should be located and how the two components should be spliced together. This was
equivalent to determining a wave number below which the ASM would be given by buoy
data, and above which it would use the equilibrium model.

In Phillips (1985), the lower limit of the equilibrium range is defined as ‘wave
numbers that are large compared with those of the spectral peak’. Other authors, e.g.
Juszko (1995), have attempted to set specific upper and lower limits to this regime, but
ultimately our decision regarding the lower limit of the equilibrium range was governed by
the desire to use as much of the buoy data as possible. The buoy measurements typically
extend to well above the spectral peak, so we decided to locate the first join point
immediately above the highest buoy measurement (k = 0.49).

Given this location for the join point, we needed to determine how to match the two
spectra at this point. One approach to matching sought continuity in the combined
spectrum but without giving undue influence to the highest buoy measurement. Given that

measurement noise increases with frequency (Shumway, 1986), it would be best to use an

average value for the parameter, , at this join point. We fit the equilibrium model to the

ten highest frequency buoy observations, and averaged the resuit. This approach to
matching assumes that the spectra are relatively linear in this region, which is justified on
the basis of Figure 2.2a for the buoy data and Figure 2.6 for the SL data. That is, this

relationship is given by
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=S (k)/(u*g k) (2.61)
where S(k;) denotes the buoy-derived estimate of the power spectral density for a given

wave number k; therefore, ¢ is given as

_ glIZ k max 35
@==_ Y S(k,Ye(i)*>. (2.62)

k(i)=k max-9

Clearly, the choice of o determined at the join point has significant influence on the

modeled portion of the spectrum. It was desirable, therefore, to characterize the variability

of o, at least in some cursory fashion. To do so, we examined the mean and standard

deviation of the o parameter for the five, highest-frequency buoy measurements at two

different buoy locations and as a function of the environmental conditions. One buoy

included in this investigation was located off Norfolk, VA and the other was located in

Yaquina Bay, OR. These buoys are depicted in Figures (2a) and (2b), respectively. These

particular buoys and time intervals were selected for study as they corresponded to the

times and locations where we intended to apply our preliminary friction velocity retrievals.
The ten instances included in Table 2.4 will be investigated in greater detail in

Chapters 3 and 4; they correspond to near-simultaneous buoy measurements and ERS-1
scatterometer measurements. These results suggest that o varies appreciably with

environmental conditions at a single location. It also varies somewhat between the two

buoy sites. From this limited investigation we made the following observations:



¢)) a has significant influence over how spectral levels are set in general, and in the

Bragg scattering regime in particular. This may cause us some problems in our analyses,
given that the maximum wave number measured by the buoy is around 0.5 (m™) and the
ERS-1 Bragg wave number is around 200 (m™). It seems likely that waves in these two

regimes will exhibit appreciably different behavior.
2) o appears to exhibit considerable variability both as a function of location and as a

function of environmental conditions.

3) In our analysis of the SL data, we observed that at high wave numbers, ¢ appears

to consistently decrease.

YAQUINA OR
u* alpha avg. alpha s.d.
0.11 0.088 0.018
0.28 0.072 0.017
0.27 0.063 0.014
0.45 0.069 0.016
0.24 0.078 0.011
NORFOLK VA
u-* alpha avg. alpha s.d.
0.39 0.047 0.009
0.16 0.051 0.014
0.51 0.068 0.018
0.24 0.045 0.017
0.37 0.032 0.006

Table 2.4: Summary of o parameter mean and variance for NDBC buoy 46050
(Yaquina Bay, OR) and NDBC buoy 44014 (Norfolk, VA).

Given all of these issues, it was clear that it would be difficult to justify using the buoy-

based a for the entire modeled portion of the spectrum. However, we would need some

additional information, preferably derived directly from measurements of the high wave
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number regime, to help us determine the best choice for o at wave numbers well above the

upper limit of the buoy measurements. In Chapter 4 we will use the friction velocity

retrieval scheme developed in this research effort as a tool for determining a preliminary
basis for how to set the o parameter at high wave numbers.

In summary, the ASM is a spectral model that is appropriate for characterizing
ocean wave spectrum for wave numbers ranging over five orders of magnitude. The low
wave number regime is given by spectral estimates obtained from NDBC buoy
measurements; the middle and high wave numbers are characterized by Phillips’
equilibrium spectral model. Our decision to use this form was based on the analyses of the
SL data from the open ocean discussed in this section as well as the findings of Jahne and

colleagues. The o parameter for the mid range model will be determined by matching with

the buoy measurements. For the high wave number regime, our choice for o will be based

on the high wave number spectral information contained in the ERS-1 scatterometer

measurements. For this reason, we defer presenting an exact model form, with respect to

the choice of the o for the high wave numbers, until Chapter 4 where we will investigate

these issues more closely using our friction velocity retrieval scheme.

2.7 2-D SPECTRAL PROPERTIES: SPREADING FUNCTIONS

Thus far, one-dimensional models for power spectral density have been the focus
of this research. Time series measurements of the displacement of the ocean surface made
at a single point, such as those obtained by a spar buoy or a wave staff can be
comparatively straightforward to obtain and to analyze. Measuring the two-dimensional

wave number spectrum on the open ocean, particularly at high wave numbers, has proven
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to be a daunting task and remains an ongoing area of oceanographic research. To obtain
predictions of radar backscatter from the ocean surface, however, requires that we specify
the two-dimensional wave number spectrum.

In Section 2.4, we discussed two techniques for obtaining estimates of the two-
dimensional spectrum from NDBC buoy measurements. Both of these approaches assume
that it is possible to decompose the two-dimensional spectrum into a function of wave

number, and a function of direction, i.e.

S(k,0)=(1/k)E(k)D(k,0), (2.74)

where it is assumed that

2x
D(k,0)= _[ kD(k,0)d6 = 1. (2.75)
0

Typically, D(k,0) is referred to as the directional spreading function, and it provides a

normalized description of the directional distribution of the ocean wave energy.

In this section we will begin with a discussion of two experiments from the mid-to
late- 1980s that resulted in estimates of the directional spreading function: Donelan et al.
(1985) and Banner et al.(1989). At the end of this section we will describe two recent
attempts at modeling the directional spreading function: Elfouhaily et al. (1997) and Caudal
and Hauser (1996).

Donelan et al. deployed an array of 14 capacitance wave staffs from a tower at the
western end of Lake Ontario as part of a field experiment intended to measure the
directional spectrum of wind-generated waves between 2 and 28 m. A new form for the
frequency spectrum was developed from these measurements as well as an expression for
the directional spreading of these waves. The model form for the spreading function is

given as follows:
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F(c,0) = -21-d>(a)/3sech25{9 -6(0)} (2.76)

where 8 is the mean wave direction and

B=261c/c,)"? 0.56<(c/0,)<095 (2.77a)
B=228c/c,)"? 095<(c/0,)<16 (2.77b)
B=124 otherwise. (2.77c)

An extended form of this one-dimensional spectrum and spreading function, expressed in
terms of wave number was applied with some success in the backscatter prediction efforts
of Donelan and Pierson (1987).

Banner et al. made a series of spatial measurements in Bass Strait of waves between
0.2 and 1.6 m. These data were the basis for the one-dimensional spectral form of Banner
et al. (1989) presented in Section 2.5. In addition, Banner (1990) derived a directional
spreading function from these data. This spreading function was found to be consistent
with a wave number form of the model developed by Donelan et al., and served to
extrapolate their model to higher wave numbers. The model form presented in Banner
(1990) is, in fact, an aggregation of these two models. Specifically, he proposes a

spreading function of the form

D(k.8) = sech’b(8-8,,,) (2.78)
where O, is the direction of the dominant wind waves at the spectral peak, and

b=2.28(k/k,)*% for 0.97<(k/k,)<2.56 (2.79a)

b = 100 4+0839 expl-0567 Ik k,) for k/k;>2.56. (2.79b)

This form for the directional spreading function is not normalized to integrate over direction



to yield unity; instead, it is constrained via a total energy requirement. The spreading

function and associated constraint are given by

D(8.k)="F (k,0)"¥ (k.8 max) (2.80)
and
[7 #0800 ) DO, k)R = Z (2.81)

We sought a form of the directional spreading function to use in the ASM that had a
physical basis, and was derived from measurements made on the open ocean. The
directional spreading functions developed by Donelan and Banner are largely consistent
with these goals.

Banner, as well as other researchers, e.g. Fung and Lee (1982), observed that the
directional distribution of waves on the order of 0.1 - 1.0 m is quite broad. At smaller
wavelengths (higher wave numbers) many observations suggest that the directional
distribution narrows once again. This has been supported by measurements of two-
dimensional wave spectra acquired in wave tanks by Jahne and Riemer (1992) and by Hara
(1994), and by measurements of Shemdin et al. (1988) from the open ocean. This
narrowing phenomenon has also been observed consistently in microwave measurements
made on the open ocean.

To augment the Donelan-Banner spreading function, we needed additional data or
models to characterize the directional spreading of waves in the ERS-1 Bragg regime.
Ideally, we hoped to find two-dimensional spectral measurements from the open ocean at
this scale from which we could derive a spreading function. We were able to identify data
sets appropriate for addressing this issue, e.g. Hwang et al. (1995, 1996) and Donelan et
al. (1996). There was insufficient time for us to derive a directional spreading model from
these data but it is hoped that we can investigate these data sets in the context of this

problem in future research.
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Two recent papers by Elfouhaily et al. and by Caudal and Hauser suggest forms for
the directional spreading function that apply to high wave numbers. Elfouhaily et al.

propose an additional term, A, that can be applied to existing models. This term is

essentially a ratio of the upwind and the crosswind mean squared slopes, which are derived
largely from the measurements of Cox and Munk (1954). They apply this term in the form
of a constraint to the spreading functions of Longuet-Higgins et al. (1963), Mitsuyasu et al.
(1975), Donelan et al. (1985), Banner (1990) and Apel (1994). The authors note that their
approach has problems at high wave numbers. In addition, their high wave number
directional spreading function relies heavily on data obtained from wave tanks.

The model form of Caudal and Hauser is also a high wave number extrapolation
that can also be applied to the models of Apel and Banner. As with Elfouhaily et al., this
approach entails the application of a correction term to an existing spreading function. This
correcting term vanishes for low wave numbers; ‘at high wave numbers the correcting term

is constrained by multifrequency microwave observations of the normalized radar cross

section 6° from P band (frequency = 0.43 Ghz) up to Ka band (frequency = 34.43 Ghz)

together with optical observations of the sea surface slope variance’ (Caudal and Hauser,
1996).

Several data sets were combined in the development of this form: The first was a
series of measurements made by the airborne Delft University of Technology Scatterometer
(DUTSCAT) at six frequencies including C-band (5.3 Ghz). These measurements were
made over the Atlantic Ocean near the coast of France in 1987. In addition, Caudal and
Hauser obtained a set of X and Ka band measurements of the ocean surface that were
described in Masuko et al. (1986). Measurements obtained from the RESSAC C-band
radar, described in Hauser et al. (1992) were also included, as were a series of

measurements from several campaigns at various frequencies, which were compiled by
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Jones and Schroeder (Jones and Schroeder, 1978). Finally, the authors made use of the
optical measurements of slope variance of Cox and Munk (1954).

Using all of the above sources, Caudal and Hauser (CH) arrived at a combined data
set consisting of 244 observations. These data served as the input to their model inversion
process, the result of which was a modified form for the directional spreading functions of
Banner (1990) and Apel (1994). We will only describe the application to Banner’s model,
which is what was implemented in the ASM.

The CH correction term consists of an alternative expression for Equation (2.79a)

and (2.79b). Specifically, b=by(k) is replaced by

b=bq(k) + & (2.82)
where § is given by

8 = 10X +PiX e (2.83a)
where

X = log,q(k). (2.83b)

The coefficients were obtained by fitting the above model to the remote measurements, and
are given by

p1=-0.177 p=1.11 p>=-2.00, (2.84)
with an RMS error of 1.40 dB. Although this expression was based on remote rather than
in situ measurements of the ocean surface, it nonetheless provided us with a means for
characterizing the directional spreading function at high wave numbers. Figure 2.18
illustrates the chief differences between the spreading functions of Banner (1990) and of

Caudal and Hauser (1996). In addition to providing a comparison of the two parameters b
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Figure 2.18: A comparison of the spreading functions of Banner and Caudal and Hauser.
The upper panel illustrates the magnitude of the directional spreading function as a function
of wave number (relative to the spectral peak). The lower panels illustrate the difference
between the two for low, mid and high wave numbers. The spreading function of Caudal
and Hauser narrows at high wave numbers, consistent with observations.

and by, it also illustrates the difference in the associated spreading functions for three

different wave number regimes.
It was necessary to implement a modified form of this combined spreading
function, which was normalized to integrate to unity. This was necessary to ensure

consistency with the spreading functions estimated from the NDBC buoy measurements.
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An example of this normalized form of the Donelan-Banner-Caudal/Hauser (DBCH)
directional spreading function is illustrated in Figure 2.19.

In the vicinity of the transition between the NDBC data and the model we defined a
linear weighting function so that the two could be smoothly merged. Specifically, the
spreading function applied to the eight highest buoy measurements was a blend between
buoy observations, Equations (2.78) and (2.79) and Equations (2.82) — (2.84). At knpax-s»
this blend included a 10% contribution from the DBCH form and a 90% contribution from
the NDBC buoy-based estimate. At k.5 the blend is takes an equal contribution from
each. Finally, k. employs a 90 % contribution from the DBCH form, and only a 10%
contribution from the buoy-derived spreading function.

Finally, it is worthwhile mentioning another approach of relevance to wind stress
retrieval efforts such as this one. All of the directional spreading functions discussed above
are concerned with the distribution of waves relative to the wind direction. The ASM,
however, is intended for retrieving friction velocity from scatterometer data. In the
introduction to this chapter, we mentioned that the wind vector and the friction velocity
vector are not necessarily aligned. Several recent experiments have investigated this
relationship, e.g. Reider and Smith (1994) and (1998), Geernaert (1988). A spreading
function applicable to high wave numbers that related the directional distribution of waves

to the stress direction would be an important and interesting extension of this research.
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Figure 2.11: Example of the normalized form of the DBCH spreading function
implemented in this research. This example is for 2/13/93 in Norfolk, VA where the wind
direction is 220° and the friction velocity is 0.24 m/sec.
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2.8 SUMMARY OF SPECTRAL MODEL

In this chapter, we have presented the preliminary components of the spectral form

used in this research. These components consist of the following:

(1)

()

The directional wave number spectrum for the low wave number regime of
the spectrum, 0.004 m™ <k < 0.49 m’, is derived from application of the
maximum likelihood technique for spectral reconstruction due to Oltman-Shay and

Guza (1984) using measurements obtained buoys within the NDBC network.

The one-dimensional wave number spectra for the mid- and high- wave number
regimes of the spectrum, 0.5 m”' <k <39.0 m”, and 40.0 m" < k < 260.0 m",
respectively, are both given by the equilibrium spectrum model due to Phillips
(1985). This model is given by:

S(k) = c*g%k??, (2.45)
Where u* denotes the friction velocity (in m/s), k denotes wave number (in m™), g

is gravity, o is a dimensionless constant determined by spectral levels. At the

transition between the buoy measurements and the spectral model, & is set by

matching Phillips’ model with the buoy measurements in one dimension. Our
choice of this model form for the mid-range of wave numbers was supported by
several data sets discussed earlier. Our analysis of the Standard Leopard spar buoy
measurements, presented in Section 2.6, supported use of Phillips’ model for high
wave numbers as well. This was also supported by analyses of detailed
measurements made in several different wave tank experiments by Jahne and

colleagues. A source of uncertainty, however, was how to determine the best
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choice for the o parameter to apply to the model for the high wave number regime.

This issue is discussed in Chapter 4.

3 The two-dimensional wave number spectrum for the mid- and high- wave number
regimes is obtained via a model of the directional spreading of wave energy relative
to the wind direction. This model is, in fact, a combination of models developed by
three different groups of researchers: Donelan et al. (1985), Banner (1990) and
Caudal and Hauser (1996). The model of Donelan et al. (1985) was developed
from in situ wave staff measurements. The model of Banner (1990) was developed
from analysis of stereophotographs of the ocean surface. Caudal and Hauser
(1996) developed their model form from analyzing numerous remote measurements

of the sea surface spanning a broad range of electromagnetic wavelengths.
The Aggregate Spectral Model is applied in the following chapters to obtain predictions of

radar backscatter, which in turn, are used in our technique for retrieving estimates of the

wind stress vectors at the ocean surface from ERS-1 scatterometer measurements.
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CHAPTER 3: RADAR CROSS SECTION PREDICTION

3.1 INTRODUCTION

The first of the three components that comprise our scheme for retrieving friction
velocity from scatterometer measurements (see Figure 1.5), an ocean spectral model, was
presented in the preceding chapter. This model estimates the spatial distribution of wave
energy at the ocean surface attributable to a specified wind forcing. The second essential
component of our scheme, which we present in this chapter, is an electromagnetic
scattering model. This model is used to predict the normalized radar cross section that a
radar system would measure if it interrogated a rough surface, such as the output of the
ocean spectral model described in Chapter 2.

In this research, we are interested in predicting the radar backscatter that would be
measured by the ERS-1 scatterometer. A scatterometer is a radar that transmits microwave
energy towards a surface. Part of this energy is absorbed and part of it is scattered in
various directions, depending on the properties of the surface. The proportion of energy
scattered back towards the origin of the energy, or backscatter, is measured by the
scatterometer and serves as the basis for characterizing the properties of the surface. This
can be expressed mathematically by the radar equation. A clear, physical development of
the radar equation is provided in Ulaby, Moore and Fung (1986). A brief summary of it is

provided here as well.
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The primary quantity of the radar equation is P,, the backscattered power received

from a given surface. It can be expressed as
_[_EGA,
" \U@nyrR ) 3.1

The first term on the right hand side of Equation (3.1) characterizes the radar system: A.is
the effective area of the receiving antenna, P,G, is the power per unit angle transmitted in
the direction of the scatterer and (1/(41t)2R4) is a two-way spreading loss based on the
range, R, from the target. The second term in the radar equation is referred to as radar

cross section and is denoted by the parameter 6. It characterizes the scattering properties of

the target, i.e. scattering object or surface. Here we are neglecting atmospheric attenuation,
which is usually negligible for microwaves in the absence of heavy rain.

Scattering from natural surfaces like the ocean is characterized using a cross section

that is normalized by area denoted °. This characterizes the proportion of energy scattered

from a unit area on the ocean surface relative to the energy that was incident on it. Using

this normalized form of radar cross section, the variable o, in equation (3.1) can be

expressed as
o= Ay’ (3.2)

where Ay denotes the area illuminated by the radar. Here we assume that the transmitting
and the receiving antennas are the same antenna or view the same ocean area.

Radar backscattering from the ocean is difficult to model because the surface is
complicated and irregular, and is not amenable to simple mathematical description. In
addition, this complicated surface is evolving both in space and in time. To describe, much
less to solve the appropriate boundary value problems requires several simplifying
assumptions and/or the application of numerical methods. The primary aim of this chapter

74



is to briefly present a set of approximate techniques, referred to as composite surface
theory, that are used for predicting radar backscatter from a rough surface, such as the
ocean. In composite surface theory, the ocean surface is partitioned into two scattering
regimes: one where the primary scattering mechanism is attributable to the small-scale
ocean waves of the order of the radar wavelength and the other where the primary
scattering is from the larger scale, gently-undulating waves. The scattered signal predicted
from the short waves must be modified to include the effects of tilting and modulation by
the underlying, long waves. The scattering from both regimes are combined to predict the
overall scattering from the ocean surface. This is also referred to as a two-scale model
(Valenzuela, 1978).

In this chapter we provide a brief overview of the theory of electromagnetic
scattering from a rough surface, particularly at microwave frequencies. We describe the
composite surface scattering model and some of its approximations and limitations. In
addition, we mention some recent innovations relevant to predicting the normalized radar
cross section of the ocean surface. In this chapter we implement our friction velocity
retrieval technique as part of an investigation regarding the impact of long wave effects on
radar cross section prediction. In addition, we provide an example that illustrates an
application of the two primary components of our scheme for retrieval of friction velocity
and direction at the ocean surface from ERS-1 scatterometer measurements. This example
enables us to see how the radar cross section predictions vary as a function of the ocean
spectral model inputs and sets the stage for the cost function analyses presented in

Chapter 4.
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3.2 THEORETICAL BACKGROUND

Maxwell’s equations specify the fundamental relationships between electric and
magnetic fields. If we use rationalized mks units, and take both the electric field, E, and

magnetic field, H, to be time-harmonic, so that the time dependence can be expressed as

&', it is possible to write:

VxE = iouH (3.3)
VxH = —-iwfE 34
V-E=ple 3.5)
V-H=0 (3.6)

In these expressions, the complex dielectric constant is given by € = e +ic /@ , where © is
the conductivity, p is the charge density and © is the radian frequency. The permittivity €
and the permeability p characterize the constitutive properties of the medium. In free space,

£=€¢=8.854x10™"? Farads/meter and u={1=41tx10~’ Henry/meter. In the absence of

charge, V-E=0.
An expression for the homogeneous wave equation can be obtained by combining

(3.3) and (3.4). If the medium of interest is source-free, the E field can be expressed as

VE+@*usE=0. 3.7)

A solution to this equation can be given by
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E(r,t)= Egé,exp(ik; -r), (3.8)
where r is defined as r =(xX+ yy+zZ) and X , ¥and Z are unit displacement vectors.
The wave amplitude is given by E, and €, characterizes the polarization state of the wave,
indicating the direction in which the vector points. We will define the plane of incidence to
be that formed by k; and the normal to the surface. We assume the convention that if E is
perpendicular to the plane of incidence a wave is called ‘horizontally polarized’ and is
denoted by the subscript h; when E is in the plane of incidence it is called ‘vertically
polarized’, and is denoted by the subscript v (Brown, 1990). The ERS-1 scatterometer
transmits and receives only vertically polarized energy so we will generally restrict

consideration to this case. In Equation (3.8), ki=kok, where kj is the wave number of the
medium in which the wave is propagating (ko=a>\/—ug ) and k, gives the direction of
propagation. From Maxwell’s equations, a similar expression can be obtained for H(r,t).
E, H and k; define a mutually orthogonal coordinate system for describing the propagation

of an electromagnetic wave through a medium.
As we are concerned with radar echoes in this research, it is important to consider

wave reflection. Figure 3.1 provides an illustration of an electromagnetic plane wave,
incident with angle 6; at a planar interface between two media. At the interface, the incident
wave will be reflected back into the upper medium as well as transmitted into the medium

below. We can obtain expressions for the total fields both above and below the interface

using the boundary conditions. If we specify the wave number for the lower medium by
ki=-[14€, , the transmitted and reflected waves can be expressed as

E.=Eé_ exp(ik, - r)and E=Egéexp(ik, - r), where the subscripts r and t are used to
denote the reflected and transmitted quantities, respectively.

The tangential components of the E and the H fields must match on both sides of

the boundary, and Snell’s law, requiring matching of phases on both sides of the interface,
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must be satisfied. These relationships enable us to define the Fresnel reflection
coefficients, which relate the reflected and transmitted fields to the incident field, given the

constitutive properties of the two media. Specifically,

R _#oklz cosé, - kK — kg sin” 6, (3.9)

V" lgk? c0s 6, + ko lF — K sin? 6,

and
R _ ik, cosé; _#o\lklz ~ k3 sin* 6, (3.10)
! iy cOSO, + pto[k? — k2 sin’ 6, '

where Ry specifies the relationship between the reflected and the incident electric field, and

Ry specifies the relationship governing the incident and reflected magnetic fields. For
normal incidence, Ry=Ry. The transmission coefficients can be obtained using Ty=14+Ryvy
and Ty=1+Ry.

To get predictions of the reflected and transmitted fields when the interface between
the upper and lower media is no longer planar, such as the air-sea interface, it is necessary

to pursue a more general approach.
The Stratton-Chu Equation

J.A. Stratton (Stratton, 1941) and L.J. Chu developed a technique for predicting
the scattered fields from an irregular surface which can be used when the simple laws of
reflection no longer apply. The Stratton-Chu formulation enables one to represent the E
and the H fields at a given point within a volume in terms of the electromagnetic fields
present on a closed surface surrounding the point. We assume that all sources are outside
of the volume of interest, although Stratton (1941) presents a development of these

expressions that allows for inclusion of sources within the volume.
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Figure 3.1:  Illustration of an electromagnetic wave incident upon a planar interface. The
upper medium has permittivity &, and permeability L1,; the lower medium has €, and L,.
The wave in the illustration is vertically polarized. From Brown (1990) and Balanis

(1987).

Figure 3.2 illustrates the relationship between the relevant variables in this analysis.

We let S be an arbitrary closed surface and let 7 be a point of observation inside S; S, is a

sphere of small radius y centered on 7 , and V is the volume bounded internally by Syand

externally by S. In addition, we take 7 to be a unit vector normal to S and to S, that is
directed out of V. We apply Green's second identity, the divergence theorem as well as

several additional vector identities to obtain the relationship (Plant, 1990)

79



E,(7) = 5 = [li00(8 < ) ~ (X E) x V4, — (E- BV g, 1dS (3.11)
S

k[t—
P Lt

ﬁ is a Green'’s function; the subscript s denotes the
r-r

In Equation (3.11), ¢, =

scattered field, 7’ is the variable of integration over the surface of interest and all other
quantities are as defined in the preceding section. This expression enables us to predict the
scattered fields that would be observed at a particular point, in terms of the fields or
currents present on the surface of the scatterer. The analogous quantity for H(F) can

readily be obtained by the duality of the electric and the magnetic fields.

=

Figure 3.2:  Dlustration of primary variables in derivation of the Stratton-Chu equation.
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If we wish to use the Stratton-Chu equations to predict the scattered fields at an
observation point, we must know an expression for the total fields or currents on the
scattering surface. For complicated, randomly rough surfaces such as the air-sea interface,
it is not possible to obtain simple, analytic expressions for the fields or the currents on the

surface. Therefore, additional assumptions are needed.
Approximations to the Stratton-Chu Equations

The two-scale, or composite surface model is a commonly encountered
approximation for the Stratton-Chu equations. This model assumes that it is possible to
partition the scattering elements of the ocean surface into two distinct regions of wave
number space. Backscattering from the large-scale, low-wave number surface waves is
modeled using the Physical Optics approximation, which will be described, in Section 3.3.
Models of the scattering from small-scale, high-wave number waves exploit a resonant
condition that occurs between the electromagnetic and the ocean waves known as Bragg
scattering, which will be described in Section 3.4. Composite surface theory assumes that
the two scales are disparate, and therefore independent. Under this assumption, the total

scattering from the ocean surface can be represented as the sum of the contributions from
th . . o _ 0 0
ese two regimes, i.€. O 10w =0 physical optics + O Bragg.

These approximations make it possible to predict the scattering from complicated
surfaces, but there are serious limitations to this approach. The most important and also the
most controversial assumption is that is possible to treat the scattering at the two different
scales as independent. This assumption clearly holds at the outer limits of the two regimes.
However, this approach assumes that there exists a so-called ‘separation wave number’ that
serves as the dividing point between the two scales. While broad guidelines exist regarding

where this transition should be located, its precise location is somewhat subjective. Later
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in this chapter, we will discuss the impact of various choices for separation wave number
on the resulting radar cross section predictions. Also, realistically, there is significant wave
energy at intermediate scales, which is not appropriately modeled by either the physical
optics approximation or by the small perturbation theory. Nonetheless, composite surface
theory has enabled researchers to make successful, albeit rough predictions of the radar
scattering from the ocean surface for several decades. In the following two sections we

will discuss the two model components that comprise this approach.

3.3 PHYSICAL OPTICS

The physical optics approximation applies to gently undulating large-scale ocean
waves, i.e. those waves that have a radius of curvature that is large compared to the radar
wavelength. For these waves, the surface fields can be estimated by using the so-called
tangent plane approximation. Using this approach, the fields at a given point on the surface
of the wave can be approximated by the fields that would be present on an infinite plane,
tangent to the surface of the wave at that same point. This approach is illustrated in Figure
3.3. The field contribution due to the overall surface of the wave consists of an
aggregation of such points.

Inherent to the tangent plane approximation are the following two assumptions
(Brown, 1990): (1) The only field striking the point in question, p, is the incident field.
Multiple scattering to p is excluded from consideration; (2) At p, the surface has sufficiently
gentle curvature that it is possible to replace the surface itself by a plane tangent to the
surface at p. These assumptions make it possible to estimate the fields on the surface in
question.

If we can assume that k in the exponent of Equation (3.8) is quite large, then we

can use the Method of Stationary Phase (Bender and Orszag, (1978), Nayfeh (1993)) to
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simplify our analysis of this expression. This method enables us to describe the leading
asymptotic behavior of generalized Fourier integrals of the form

b
(@) = [ f5)e™dt, (3.12)

for b>a, when stationary points are present. A stationary point is defined to be a point
where h’(t)=0 for some t in the interval [a,b]. In Equation (3.11), stationary points occur
for those values of the long wave slopes that cause an incident ray to be specularly

reflected.

CNANAERRNT

tangent plane

Figure 3.3:  Illustration of the tarigent plane approximation used in the physical
optics approximation to the Stratton Chu equations, from Brown (1990).
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Recall that the slopes of the surface waves are implicit to our definition of &, the unit
normal to the surface at the point ¥. In using the Method of Stationary Phase, we evaluate
Equation (3.11) at the points where the slopes assume specular values, and aggregate all
such points to form a sum. In this computation, the random quantities are the surface
displacements at the specular points, the number of specular points in the illuminated area
and the surface curvatures at the specular points. To get the average scattered field, we
must square the above-mentioned sum of the fields from the specular points, and then
average it over the different realizations of the associated surface displacement. After
considerable analysis efforts (Barrick, 1968), it is possible to define the scattering cross
section per unit area in terms of this average. After taking the limit for large k and using the
assumption of stationary phase, this result is also referred to as Geometric Optics.

Using these assumptions, the contribution to total cross section that arises from

specular reflection of the radar energy from the long ocean waves can be given by

n
cos* @,

O oecutar B0+ @) = |R(0)}* P(tan8,,0). (3.13)

Here, 6 denotes the radar incidence angle, @ denotes the azimuth angle and P(S,,S,)
denotes the probability distribution of the wave slopes in the plane of incidence, denoted by
Sx, and orthogonal to it, given by S,. In the case of Equation (3.13), S,=tan6 and S,=0
specifies those wave facets that are perpendicular to the radar look direction (Jansen,

1993), and R(0) denotes the polarization-independent Fresnel reflection coefficient for

normal incidence,

1-Ve (3.14)

R(O)= 1+/e
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where € is the relative dielectric constant for the sea surface which is given by € = &
&

Here, &, is the dielectric constant for seawater and &, is the dielectric constant for free

space. The dielectric constant for seawater can be modeled as a function of salinity and
temperature, as described in Ulaby, Moore and Fung (1986). After the physical optics
criterion has been satisfied, in addition to being independent of polarization, Equation
(3.13) is also independent of wavelength (Valenzuela, 1978).

The distribution of slopes is important to reflection and refraction of energy from
the sea surface and is therefore of primary importance to radar remote sensing applications.
Cox and Munk made a set of optical measurements of the slope of the sea surface in 1954,
which, to this date, are still considered the standard against which other measurements are
compared. Cox and Munk made airborne measurements of sea surface roughness in the
vicinity of Hawaii using photographs of sun glitter from the sea surface. Measurements
were made of both a ‘clean’ ocean surface, and one in which slicks (of varying amounts
and types of oils) had been applied. In addition, the wind speed and direction were
measured in the vicinity of where the photographs were obtained, so that the sea surface
roughness measurements could be correlated with the local wind speed.

The mean squared slope (MSS) of the ocean surface is defined as

S%= j k2S(K)dk . (3.15)

Typically, this is decomposed into components aligned with the wind direction and

components that are perpendicular to the wind direction, i.e.

S 2= j k? cos?(8)S(k)dkdo (3.16)

S,*= I sin* (9)S(k)dkd®, (.17
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where x denotes the wind direction, and y denotes the orthogonal direction. Also of

interest is S,y, which is defined as

Say= [ K* sin(8)cos(8)S(k)dka .

(3.18)

Cox and Munk suggested a model for each of the above quantities, under both ‘clean’ and

‘slick’ conditions, based on regression analyses of a large set of these data. Their results

are summarized here.

Sx(C-M, clean). =0.003+1.92x107° W +0.002
SyC-M, cleany. =0.000+3.16 10> W £ 0.004
S(C-M. clean)” =0.003+5.12x107° W £ 0.004
Sxc-M. sticky” =0.003+0.84 x10™° W £ 0.002
Sy(c-M, sticky. =0.005+0.78 x10™ W +0.002

Sce.m, sticky” =0.008+1.56 X107 W £0.004

(3.1923)
(3.19b)
(3-19¢)
(3.19d)
(3.1%)

(3.191)

In the above expressions, W corresponds to the wind speed in m/sec measured at 41 feet

above sea level.

In Equation (3.13), we are assuming that the long wave slopes have a Gaussian

distribution. To first order it is appropriate to treat the probability distribution of the sea

surface slopes as Gaussian. However, Cox and Munk (1954 a, b) showed, as depicted in

Figure 3.4, that the probability distribution of the slope of the sea surface deviates

somewhat from Gaussian behavior. This issue is discussed in Phillips (1977). Itis,

nonetheless, a reasonable approximation to express both Sy and Sy as Gaussian random

variables, so that their joint distribution function P(S;,S,) is also Gaussian. That is,
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P(S,.S,)=

exp—((S2)s? ~2(s,5,)s.5, - (52)82)  (3:20)

1
27 (S2)(82) - (5.5,)"

where (Sf ), (Sf) and (S,S,) are the mean squared slopes of the ocean surface waves

defined in (3.16) -(3.17). In Section 3.4, we consider this probability distribution function
for the long wave slopes once again.

The proportion of the total radar return from the sea surface attributable to ocean
waves in the physical optics regime depends on incidence angle. For incidence angles that

are close to normal, much of the scattering is specular and physical optics is the dominant

p(<C)

172

Figure 3.4:  Ilustration of the slope measurements obtained by Cox and Munk (1954),
compared to the assumed Gaussian distribution for the slope of the sea surface, from
Phillips (1977).

87

172



mechanism. For intermediate incidence angles, such as those of the ERS-1 system, where

By, is typically between 20 and 60 degrees, a comparatively small component of the total

backscatter arises from physical optics-like scattering. For the ERS-1 system, the
predominant return from the sea surface is due to Bragg scattering, which is discussed in

the following section.

3.4 SMALL PERTURBATION APPROXIMATION

The primary mechanism governing radar backscattering from the sea surface at
intermediate incidence angles is referred to as Bragg scattering, so named for W.L. Bragg,
who in 1913 observed a similar type of scattering behavior when crystals are illuminated by
X-rays (Plant, 1990). In radar remote sensing of the oceans, this mechanism arises when a
resonance condition between the incident electromagnetic waves and the small-scale waves
on the ocean surface is met, as illustrated in Figure 3.5. The Bragg theory predicts a linear
relationship between the amplitude of the small-scale water waves and the square root of
the associated backscattering cross section. This relationship was verified by Wright
(Wright, 1966).

An expression for the Bragg component of radar backscattering from the air-sea
interface can be derived from the Stratton-Chu equations using perturbation techniques.
This has been accomplished successfully using two different approaches. One, due to
Mitzner (1964), assumes an arbitrarily shaped mean surface, and expresses the fields on
that surface using perturbation expansion techniques. Another approach due Rice (1951),
replaces the unknown fields arising from a wavy surface of slight roughness by the

equivalent currents on the flat, mean surface, whose values can be calculated from
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Figure 3.5:  Tlustration of the resonance condition arising between the electromagnetic

waves and the waves at the ocean surface known as the Bragg condition, from Verma
(1989).

expansions of the boundary conditions. Plant (1990) presents an overview of this
physically intuitive approach, which we summarize below.

We initially take the air-sea interface to be flat, and assume that a transmitting
microwave antenna illuminates this surface. An expression for the fields scattered from
this hypothetical surface can be developed using the Stratton-Chu formulation. The
average power incident on a receiving antenna can be estimated by taking the Fourier
transform of an expression for the scattered power and convolving it with an expression for

the antenna illumination pattern. The resulting expression consists only of Fourier
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components with k,=0 and k,=-kosin6y. From this we can infer that only plane waves

propagating from the surface directly towards the antenna will contribute to the received
power. If we only consider scattering from a flat surface, however, all scattering will be
directed away from the receiver. Therefore, it is necessary for us to take into account the

actual roughness of the air-sea interface. To do this, we evaluate the boundary conditions

at a sea surface displacement z={(x,y,t), and express the resulting fields in terms of an
expansion around z=0. This approach is valid only for small surface displacements, {, and
small surface slopes, S and S,. This condition is implemented by requiring that [S,| <1,
IS,I < 1. In addition, we require that the projection of the surface displacement on the

incident ray is small, which is specified as |ko{ cos6,| <1 (Plant, 1990).
The following expression (the derivation of which is furnished in Plant (1990)) can
be used to estimate the backscattered power incident on a receiving antenna from a slightly

rough air-sea interface. Here, we consider the expression for the case of vertical

polarization.
_ 21
Ak EZ- kng&COSGO +7:,2(1_’£—°')5in2 6, 2
p =| A&oLo | Ew : <Ua2(x y), exp(i2k,ysin 6, )dXdY|->
r 80)/10 J zmbz ] 1}
I ]

(3.21)

We will consider each of the three components of this expression separately, following the
approach of Plant (1990).

In the first term on the right hand side, A, denotes the effective area of the aperture,

which is not necessarily the same as its physical area. The wave number corresponding to

the transmitted radar wavelength, propagating in air is denoted by ko; @ is the



corresponding radian frequency, [ denotes the permeability for air and E, denotes the

amplitude for the transmitted field. The first term on the right hand side of Equation (3.21)
is, in fact, an expression for the transmitted power.
In the middle term, the variable G denotes the antenna gain, which is taken to be the

same for the transmitter and the receiver, ko is the radar wave vector appropriate for
scattering into the air and 6, denotes the nominal incidence angle. Variables included in the

middle term can be used to determine the scattering coefficient for vertically polarized

electromagnetic energy, which is given by
8v(6,) = R,cos’ 6, + %1}2 (1- fl)sinz(eo). (3.22)

More commonly, this is written as

(e —1)[&(1 +sin’@,) - sin? §,]cos* 6,
[ecos6, + Je —sin? @, I

8v(6,) = (3.23)

where € is the relative dielectric constant described earlier in this section. The scattering

coefficient for horizontal polarization can be given by

(e ~-1)cos* 6,
[cos@, + Je ~sin?g, ]2

gu(6,) = (3.24)

The variation of gv and gy with incidence angle, 6y, is illustrated in Figure 3.6.

An intuitive way of presenting the third term on the right hand side of Equation (3.21)
entails considering a slightly different form for the radar equation than was presented at the

beginning of this chapter, namely

P = —P'Gzlz o
r= @rnyR ) (3.25)
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Figure 3.6:  Variation of the polarization scattering coefficient g, and g, as a function of
the angle of incidence 6,,, from Plant (1990).

We can now use Equation (3.25) and Equation (3.21) to derive an expression for the radar

cross section of the illuminated area, ¢, by making use of the fact that the first term on the

right hand side of Equation (3.21) expresses the transmitted power:

— 4kl:gvl2 < 2 ., . 2>
0’-( . Ua {cxp(szoysmGO)dxdyl : (3.26)

where the angled brackets denote averaging. If we expand the second term of Equation

(3.26), we obtain

4 2
c= [4k:t|g"l )ja *2(x,y)at(x+x',y+ y’)(§ *(xy)(x+x',y+ y’,t))exp(i2ko ysin68,)dx’dy’dxdy

3.27)
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4klg |’
c= (_kﬂﬂg_, )ja * (x)a (x+x,y + YN * (. y. )5 (x+ X,y + ¥, ) exp(i2k,y sin 6, )dx'dy’ dxdy
(3.27)
From this expression we can see that the electric field backscattered from a slightly rough

air/sea interface is proportional to the two-dimensional Fourier transform of the surface

displacement {(x,y,t) evaluated at k,=0, k =2k,sin6, (Plant, 1990). It is more appropriate,
however, to use the normalized radar cross section, 6°, for applications involving

scatterometer measurements of the sea surface. To obtain an expression for c°, we need to

normalize Equation (3.27) by area. This requires that we make some simplifying

assumptions regarding the illumination pattern, a(x,y), and the sea surface displacement, {.

If we assume that a(x,y) varies only slowly in distances over which the surface
displacement decorrelates, then we may set x’ and y’ equal to zero in a*(x,y). We can then

express the illuminated area as

Ay = [[|a* (x| dxdy. (3.28)
If, in addition, we assume that {(x,y.t) is a homogeneous, mean-zero, Gaussian

process, then it is independent of x and y, and we can use the fact that the covariance of the

sea surface displacement is the Fourier transform of the power spectral density of the sea
surface. If we convert the wave number spectrum from (k,6) to (k,.k,) using the

relationship k,=kcos6, and k =ksin8,, we can write

(0,2, sinf,) = #H (£ * (x, 3.0 (x + u,y + v,1))expik,ysin 68, )dudv  (3.29)
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There is a distinction between the directional wave spectrum ¥(k,0) introduced in

Chapter 2 and the two-dimensional spectrum Wg(k,0) that is described in Banner (1990)

and in Caudal and Hauser (1996). The directional wave number spectrum is defined as

W(k)=2 j E(k,0)do, (3.30)
0

where E(k,0) was defined in Equation (2.19) and ¥(k)=¥(k.9); it represents the actual

wave number directional distribution of wave energy propagation (Banner, 1990). On the

other hand, the wave number or folded wave number spectrum

¥,k) = [E®k 0)do, (3.31)

is the Fourier transform of the covariance function of a frozen spatial image of the sea
surface, and as such it has a reflectional symmetry in wave number (Caudal and Hauser,
1996). The folded wave number spectrum does not contain actual wave propagation
information; it has partitioned the wave energy equally into components 180° apart
(Banner, 1990). Although this form contains no information about the direction of

propagation of the Fourier components, we can use the fact that

¥.(k,0)=0.5[¥(k.0)+¥ (k,0+m)] (3.32)

to infer azimuthal behavior, accepting the fact that our solutions will contain an ambiguity
of 180°.

We may now obtain an expression for the normalized radar cross section due to
Bragg scattering from the ocean surface (for the case of vertical transmit and receive

polarization):
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8,6, \P(0,2k, sin6, ) (3.33)

O hrags = 167Ky
where ¥(0,2k, sin8,) is the folded spreading function described above, transformed from
¥ (k.0) to ¥ (k, k) and evaluated at k,=0 and k =2k,sin6,.

If the Bragg scatterers were distributed on a flat surface, then Equation (3.33)

would enable us to predict the ¢®for a given area of the ocean surface. However, the

situation on the ocean surface more closely resembles a carpet of Bragg scatterers riding on
the surface of the large-scale ocean waves. Therefore, we must consider the effects on the
Bragg-scale roughness elements of tilting and modulation by the longer waves. The effects
of tilting by the long waves are typically included in a composite surface model by
averaging the cross section for a tilted, slightly rough surface over all possible large-scale

tilts. In one dimension, this can be written as

0°(6) = [ 0%ess (65,1, )p(h, ), (3.34)

where p(h,) is the slope probability density function. This approach assumes that we may
add the return from the various portions of the sea surface incoherently. This is valid in the
context of small perturbation theory, which assumes that the fields at different angles of
incidence are proportional to the different Fourier components of the surface. Since these
components are independent, the fields are independent as well and can be added together
incoherently (Durden, 1986).

In order to evaluate Equation (3.34), we need to estimate p(h,)dh,. This is typically
done by assuming that the long wave slopes have a Gaussian probability distribution
function, as given in Equation (3.20), which requires that we specify the mean squared
slopes of the sea surface, that was given in Equations (3.16) and Equation (3.17). In

Equation (3.34), we only consider the one-dimensional case.
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To determine the desired estimates of the mean squared slopes of the sea surface,
the integrals must make use of the separation wave number, k., . The separation wave
number is a critical aspect of the two-scale model. The definition of the separation wave
number assumes that there exists a particular wave number, k, that divides the wave
number spectrum of the sea surface into two, essentially independent components. The
separation wave number is applied in Equations (3.36a) and (3.36 b) as the upper limit of
integration. Lyzenga and Bennett (1988), have suggested that a good choice for k. is

ke ~ O(Kpragg/3)- (3.35)
While different researchers have used a range of choices for ko, it was shown by Plant
(1986) that the mean squared slopes are not particularly sensitive the exact value assumed
by this variable. For simplicity, we have taken ko, = (Kpragy/3) in the research presented
here. In Equations (3.36), k_,, corresponds to the smallest wave number included in our
analyses. This will be given by the smallest wave number measured by the NDBC buoys
which is k~0.004. Therefore, we have

2

k::
S 2= j k* cos* @ (k,@)kdkdp (3.36a)
k-l

O‘——n“

km 2x

Sy°= | [#*sin’@¥ (k. @)kdkdo . (3.36b)
ke O
In Equations (3.36), the x-axis denotes the plane of incidence of radar energy, and the y-
axis is the orthogonal direction. ‘¥'(k,@) is the two-dimensional power spectral density of

the ocean surface, where @ denotes the angle relative to the radar look direction and k

denotes wave number.

It is necessary to consider two reference frames to characterize the effects of the

long waves on the Bragg scatterers: a local reference frame that includes the effects of
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tilting by the underlying waves and a more generalized, ‘earth’ reference frame. Figure 3.7

depicts the two coordinate systems.
An expression for the normalized radar cross section that would arise from an ocean

surface consisting of small-scale scatterers that are tilted by the long waves is

2.< . =
O itarags = 87K [[|2(65.5..5, )| (@.2k; sin, ) P(S,.5,)dS,dS, . (3.37)
Here, ky is the radar wave number, éo is the local radar incidence angle depicted in Figure

3.7 and £(6,,S,.S,) is a polarization-dependent geometrical factor. In the case of vertical

polarization, it is given by

£(6,.5..5,) = (5-7")g, +(¥-h")g,, (3.38)

where (3,4) and (G',ﬁ') are the unit vertical and horizontal polarization vectors in the earth

frame and local frame, respectively. These are given by

n a sinf, —S_cos@
(V, vl) - 0 x 0

= (3.39a)
J(Sx cos@, —sin6,)’ + 57

and

- =S,
W,h) = . (3.39b)

- \/(S, cosf, —sin6,)’ + S?

The relationship between the local incidence angle and the earth frame incidence angle is

given by

= _ cosf, +S,sinf,
0036, = J1+82+82
x y

(3.40)
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- JS,Z +(sinB, - S, cosf,)’

sin@, = \/1 o5 , (3.41)
+5. + »

where S, and S, are the sea surface slopes in the plane of incidence and the orthogonal
direction, respectively. The relationships between variables in the two coordinate frames
are summarized in Jansen (1993).

We use equation (3.37) in this research to predict the tilted Bragg component of the
total radar backscattering from the sea surface, where the two dimensional integration over
long wave slopes is accomplished using Gaussian quadrature.

Figure 3.7:  The two primary reference frames for calculating the radar cross section
arising from the tilted Bragg or composite surface model for predicting the scattering from
the small-scale waves propagating at the tilted air-sea interface, from Jansen (1993).
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Now that we have introduced the Small Perturbation Theory and its relationship to
the Two-Scale model for predicting radar backscattering from the ocean surface, we will
investigate the impact of integrating over long wave slopes on the prediction of normalized
radar backscatter. To do so, we will compare the backscatter predictions obtained using the
so-called ‘Nominal’ Bragg model given by Equation (3.33) with the ‘Tilted Bragg’ model
given by Equation (3.37).

3.5 INVESTIGATION OF LONG WAVE EFFECTS
In the preceding section, we presented a derivation of the expressions used to

characterize the component of radar backscatter arising from the small-scale waves on the

ocean surface. This expression is repeated here for convenience:

£,(68,) P(0,2k,sin6,) . (3.33)

O irags = 167K,
Here, ‘F(0, 2k, sin6,) is the folded wave number spectrum defined in equation (3.31). We
will refer to expression (3.33) as the ‘Nominal Bragg Model’. Implicit in this expression is
the assumption that the Bragg scatterers are distributed on a flat surface, rather than the
undulating surface of the large scale waves on which these small waves actually ride. It is
recognized that a more realistic characterization of the backscattering from these small
waves takes into account some of the effects imparted to the Bragg scatterers by tilting and
modulation by the underlying waves. One approach often used to incorporate these long
wave effects was presented in Equation (3.37). We refer to this expression as the “Tilted

Bragg Model’, which is repeated here for convenience as well:

- 2 - L=
O teatress = 87K [[|2(85.5..5,)| P92k sin6,)P(S,.S,)dS,dS, . (3.37)

In this expression, the slope of the sea surface is assumed to obey a Gaussian distribution,
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which is described, in part, using the variance of the long wave slopes in the plane of
incidence and the orthogonal direction. This assumed slope distribution suggests that we
consider the Bragg scatterers to be distributed on a series of tilted ‘facets’ rather than a flat
surface. Consequently, the primary angular quantities must be modified to include the
effects of the tilting by the long waves, as illustrated in Figure 3.7.

For many years there has been considerable interest directed at studying the
interaction between short surface waves and the underlying swell or long wind waves.
Many theoretical and experimental efforts (e.g. Plant and Wright (1980),Valenzuela and
Laing (1972)) have investigated various aspects of this complicated problem. Starting in
the mid-1970s, radar remote sensing measurements have enhanced these efforts

considerably. There have been several successful studies investigating this problem, but

none have directly compared predictions of ¢° using a nominal Bragg model with

predictions of ¢° using a tilted Bragg model that included a realistic characterization of the

swell. Durden (1986) performed a limited investigation of long wave effects, but it used
the Pierson-Moskowitz spectrum (Equation 2.24) to characterize the spectrum for the long
wave number waves. Becaues the ASM uses in situ buoy measurements to characterize the
low-wave number components, it is ideally suited for such an investigation.

It is valuable to characterize the magnitude of the long wave effects for a number of
reasons. First, it is important to identify the contribution of non-local effects on radar
backscatter. It is recognized that the short wave portion of the spectrum dominates radar
backscattering from the ocean surface at moderate incidence angles. The high-wave
number regime of the spectrum changes most rapidly, and primarily reflects the effects of
the local winds. However, depending on the magnitude of the tilting effects, there could
potentially be an appreciable penalty on radar cross section predictions that do not properly

take long wave effects into account. Empirical schemes for predicting 6°, such as CMOD-

4, are parameterized only in terms of the local wind speed, which excludes these effects.
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Norfolk VA

4/8/93 u*=0.39 (m/s) wd=337 swh=2.7 m
beam look (wrt N) ia mss x mssy sigo tilt sig0 nom dift (dB)
fore 213.6 43.9 3.00E-02 2.95E-02 -18.633 -19.101 0.468
mid 259.2 33.4
aft 304.8 43.8 2.95E-02 3.00E-02 -17.570 -17.878 0.309
3/30/94 u*=0.16 (m/s) wd=305 swh=0.4 m
beam look (wrt N) ia mss x mssy sigo tilt sig0 nom diff (dB)
fore 53.4 56.8 1.69E-02 1.76E-02 -17.122 -16.364 -0.758
mid 99.4 45.4 1.76E-02 1.69E-02 -12.434 -12.403 -0.030
aft 145.3 56.8 1.76E-02 1.69E-02 -15.086 -14.318 -0.768
3/1/93 u*=0.51 (m/s) wd=324 swh=29 m
beam look (wrt N) ia mss x mss y sig0 tilt sig0 nom diff (dB)
fore 213 36.3 6.41E-02 6.54E-02 -13.686 -15.834 2.148
mid 258.6 26.9
aft 304 36.2 6.55E-02 6.41E-02 -12.388 -14.134 1.746
2/23/93 u*=0.24 (m/s) wd=270 swh=0.7 m
beam look (wrt N) ia mss x mssy sig0 tilt sig0 nom diff (dB)
fore 54.99 38.3 1.78E-02 8494 E -3 -18.996 -20.177 1.181
mid 99.98 28.6 1.74E-02 1.72E-Q2 -16.576 -16.596 0.020
aft 146.96 38.3 1.75E-02 1.77E-02 -19.626 -20.969 1.343
2/13/93 u*=0.37 (m/s) wd=220 swh=1.7 m
beam look (wrt N) ia mss X mss y sigo tilt sig0 nom diff (dB)
fore 55.3 42 2.31E-02 2.19E-02 -12.877 -13.143 0.266
mid 101.1 31.8 2.25E-02 2.24E-02 -11.596 -11.772 0.176
aft 146.5 42 2.19E-02 2.31E-02 -14.584 -15.200 0.616

Table 3.1: Summary of analysis of long wave effects for Norfolk, VA.
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Yaquina Bay

3/20/93

beam
fore
mid
aft

u°=0.42(m/s) wdir=246.0 swh=29 m

look (wrt N)

mssy
5.22E-02
5.42E-02
§.57E-02

3/4/93

beam
fore
mid
aft

u"=0.45 (m/s) wdir=305.0

look (wrt N)

mss y
5.85E-02
6.14E-02
6.18E-02

2/16/93

beam
fore
mid
aft

u*=0.27 (m/s)

look (wrt N)

mss y
3.06E-02
3.19E-02
3.26E-02

2/10/93

beam
fore
mid
aft

u*=0.24 (m/s)

look (wrt N)

mssy
2.81E-02
2.79E-02
2.84E-02

2/7/93

beam
fore
mid
aft

look (wrt N)

mss y
1.81E-02
1.80E-02
1.80E-02

Table 3.2: Summary of analysis of long wave effects for Yaquina Bay OR,
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While it is possible that these models include some degree of averaged long wave
effects, depending on the magnitude of this phenomenon, wind retrieval performance could

probably be improved by inclusion of these effects.

In Tables 3.1 and 3.2 we compare predictions of 6° ..., with 6°,.,. Half of the

cases we considered were obtained in the vicinity of Norfolk, VA, which is located off the
East Coast of North America. When there is an offshore breeze at this location, the buoy

measurements will include minimal contributions from swell. In the vicinity of this buoy,

we compared predictions of 6°,_ .., and 6°,,, for light, intermediate and strong winds. In

addition, we analyzed measurements obtained in the vicinity of Yaquina Bay, OR, which is

located off the west coast of North America, and is much more likely to have swell present.

We compared predictions of 6°, .., and 6°;,, at both locations under a broad range of

wind conditions.

Consistent with the findings of Durden (1986), our results suggest that long wave
effects on Bragg scatterers are comparatively small: typically on the order of 1 dB, with the
greatest differences occurring at shallow angles of incidence, as one would expect. It must

be borne in mind, however, that these results are strongly dependent on the choice of

spectral model and also on the choice of the model parameter o. Although the results we

present span a broad range of wind and wave conditions, they are based on the analysis of
a limited number of cases, and as such, it is difficult to draw any strong conclusions at this
time on the basis of these results.

This investigation, while still preliminary, shows that this technique is a valuable
tool for investigating the effects of long waves on radar backscatter. This tool offers
promise for future improvements to modeling efforts both in cross section prediction and
wind retrieval. A future extension of this work could be to obtain a more comprehensive

and statistically valid set of observations, representing a broad range of wind and wave
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conditions, and to use these data to more systematically characterize the impact of long

wave effects.

3.6 APPLICATION

We will now consider an application of our friction velocity retrieval scheme that
illustrates the relationship between its two primary components, namely, the ocean wave
model and the composite surface scattering model. In this example, we consider the
vicinity of Yaquina Bay, Oregon, on 4 March, 1993, at 6:47 GMT. As mentioned in
Chapter 2, at this location there is a NDBC buoy that obtains measurements of the
directional spectrum of ocean waves. We have selected this particular date and time for

analysis because, as we will present in Chapter 4, it corresponded to an ERS-1 overpass

that obtained 6° measurements of the area.

To identify the appropriate ERS-1 resolution cells to include in such a comparison,
we consulted Monaldo (1988) and Dobson et al. (1987). These papers analyzed the impact
of various temporal and spatial separations on comparisons between buoy and satellite
measurements. They noted that the maximum temporal separation between a pair of
measurements will be 30 minutes since buoys obtain measurements once per hour.
Regarding spatial separation, to ensure that the meteorological conditions within a
resolution cell and those at the buoy were reasonably similar, we took the maximum
allowable separation to be 50 km, which was considerably more conservative than the
findings of Monaldo and Dobson.

The environmental conditions recorded at the buoy location at this date and time are:
U,=8.4 m/sec, T,, = 10.5° C, T, = 10.2° C, wind direction = 95 ° and barometric
pressure = 1012.8, which were used to estimate for u* using the approach described in
Section 2.1. This estimate of u* served as one of the two inputs to our ocean wave spectral

model. The additional input to our spectral model was the wind direction. In this example,
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we considered, for this fixed friction velocity, all possible choices for the wind direction.

That is, we obtained 72 different realizations of our two-dimensional ocean wave number

spectrum: one for each choice of 6,,,,=[0°5°10°,...355°], each of which was regarded as

a hypothetical wind direction. The cost function defined in Chapter 4 provides a means by
which we hope to identify the ‘true’ wind direction from among these hypothetical ones.
In conjunction with this set of ocean wave number spectra, specified several additional
parameters: radar frequency and polarization, which we took to be those for the ERS-1

system (frequency = 5.3 GHz; polarization = vv). For the complex dielectric constant of
the sea surface we have assumed £=(81.0,0.0), as suggested by Plant (1986). Additional
inputs were the mean squared slopes in the plane of incidence and in the perpendicular
plane computed from the ASM spectrum. Finally, in order to generate a suite of ¢°

predictions for each of the three beams of the ERS-1 Active Microwave Instrument (AMI),
we used the incidence and azimuth angles provided by ESA, describing the position of each
antenna beam at the time of the buoy overpass by the satellite. Using these inputs, we

obtained the radar cross section predictions discussed below.

The results of these o predictions are illustrated in Figures 3.8 a — 3.8 c. These
plots serve two purposes: first, they illustrate the general ¢° prediction capability of our

technique. Also, they illustrate the expected azimuthal variability of 6°analogous to that
depicted in Figure 1.3. That is, when the hypothetical wind direction corresponds to the
antenna look direction, ¢ is a maximum; in the orthogonal direction, ¢° is a minimum.
Figures 3.9 a —c illustrate the analogous ¢” predictions, but in these figures, in addition to

considering all hypothetical wind directions, we also consider 23 different possible choices
for u*: (u*={0.08,0.10,0.12,...,0.52], each of which corresponded to a hypothetical wind

friction velocity, if we were to assume that the true friction velocity was unknown.
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Figure 3.8:  Illustration of the azimuthal variability observed for each beam, holding u*
constant at 0.44 and varying direction from 0 to 355 degrees. 3/4/93. The incidence and
azimuth angles for the fore, mid and aft beams are: (56.9,215.1),(45.4,261.1),
(56.8,307.2), respectively.
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These plots illustrate both the azimuthal variability in 6°as well as the anticipated increase

in the o° predictions as u* increases.

3.7 RECENT SCATTERING MODELS

Within the last year, an enhanced form of the composite surface model for
predicting radar backscattering from the ocean surface has been proposed by Romeiser et
al. (1997). The method they present is based on Bragg scattering theory, but includes
additional terms derived from obtaining a Taylor expansion in the two-dimensional surface
slope. The results of this expansion are terms that are used to characterize the effect of
geometric and hydrodynamic modulation of the Bragg scatterers by the long, underlying
wave field. The modified composite surface model presented by Romeiser et al. includes
higher order terms that may make it possible to resolve directional ambiguity. We hope that
in the future it will be possible to use this advanced electromagnetic scattering model in our
scheme for retrieving friction velocity at the ocean surface.

Another technique that is well suited for modeling the electromagnetic scattering
from the ocean surface is known as the Integral Equation Model (IEM) (Fung, 1994). This
approach uses both the surface roughness spectrum as well as the surface bispectrum.
Two-dimensional models of the roughness spectrum are centro-symmetric, and therefore

can not be used to resolve directional ambiguity to within 180°. As we mentioned in the

preceding section, two solutions are possible for each potential direction, @: @ and @+T.

Skewness is a third order statistic that can be used to characterize the asymmetry of a
distribution. The bispectrum used in the IEM includes third-order statistics, which could
make resolution of the wind direction and the upwind/downwind asymmetry possible. We
hope to implement the IEM in a future realization of the friction velocity retrieval scheme

developed in this research.
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3.8 CONCLUSIONS

In this chapter we have described the scattering model by which we obtain
predictions of the electromagnetic scattering from the air-sea interface. Our primary focus

is on the composite surface, or two-scale scattering model. We have used the scheme

developed in this research to investigate the impact of long wave effects on 6° prediction.

This was accomplished by comparing the difference in 6° predictions obtained from a

nominal Bragg and a tilted Bragg scattering model. In addition, we have presented an
example illustrating the application of the two-scale model to spectra generated by the ASM
described in Chapter 2. This example demonstrates that our scheme reproduces both the
anticipated azimuthal variability as well as the increase in radar backscatter with friction

velocity. In Chapter 4, we will present our technique for retrieving the friction velocity and
direction at the ocean surface. This technique derives predictions of ¢° using the spectral

model presented in Chapter 2 and the scattering model described in Chapter 3. These

predictions are combined with 6° measurements obtained by the ERS-1 scatterometer in a

cost function. The minimization of this cost function yields estimates of the friction

velocity and direction at the ocean surface.
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CHAPTER 4. COST FUNCTION ANALYSES

4.1 INTRODUCTION

The goal of this research is to estimate the friction velocity and direction at the
ocean’s surface using physically-based models and space-borne scatterometer

measurements. The approach we pursue to achieve this end combines the following two

components: measurements of normalized radar cross section, 6°, obtained by the ERS-1

Active Microwave Instrument (AMI) and model-based predictions of ¢. These predictions

are derived from the application of the Aggregate Spectral Model (ASM), and a composite

surface scattering model. These models are described in Chapters 2 and 3, respectively.
The ¢ measurements and predictions are selected so that they are nearly temporally

coincident and spatially co-located, for use in this analysis. The analysis sites are chosen
because they contain ocean surface measurement buoys that assist us in evaluating the
results.

A cursory overview of our scheme for retrieving the friction velocity and direction
was provided in the introductory chapter and illustrated in Figure 1.5. We now revisit this

diagram in Figure 4.1 and consider the relationship between its components more closely.

At the top of the figure, we note that the friction velocity u*, and the wind direction 0,,,,

are the two inputs required for the ASM, the ocean wave spectral model used in this
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Figure 4.1:  An overview of the friction velocity retrieval scheme implemented in this
research. A detailed description of this scheme is provided in Figure 1.5.
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research. As discussed in Chapter 2, we choose to retrieve the friction velocity and not the
wind speed.

At the air-sea interface, the stress field is determined by the wind speed, the stability
of the air column and the sea state. It is recognized by many, such as Janssen et al. (1998),

that wind waves, which dominate the Bragg component of radar backscatter, are more

closely related to the surface stress field than to the wind field. The surface stress, 7, is

directly related to the friction velocity u* by the relationship T=p,u*?, where p, is the air

density. Using a straight-forward set of calculations, such as the ones described in Graber
et al. (1996), and presented in Section 2.1, it is possible to obtain estimates of U,, the wind
speed at a particular reference height, z, from u*.

Although the friction velocity, u*, is a vector quantity, in the literature, this term is
frequently used to refer only to the scalar magnitude of the friction velocity vector. Also,
as discussed in Chapter 2, the direction of the wind vector and the friction velocity vector

are not necessarily coincident. Ideally, we would like to use the direction of the friction

velocity vector 6,. in this research. However, at this time, there does not exist a

satisfactory model for 6,.. We therefore use u* and 6,,, as the two primary input

variables to the ASM. This is equivalent to assuming that the dominant wave direction is

aligned with the wind direction.

For each pair of input parameters, the ASM generates an estimate of the directional

ocean wave spectrum, ‘¥'(k,0); k denotes the magnitude of the wave number vector and
0 denotes its clockwise direction with respect to North (as with a compass). Note that
several wave spectrum models are defined such that 8=0° in the down wind direction. This

output from the ASM, ¥(k,0), is the primary input to the composite surface scattering
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model. Other inputs are the radar parameters and the observational geometry. The

scattering model estimates the radar backscattering cross section, 6° , that would arise from
the ocean surface specified by ¥ (k,8). From this two step process, for a particular choice

of the input parameters, we obtain a prediction of ¢®. For each region of the ocean surface

corresponding to an ERS-1 resolution cell (which is approximately 50 km on a side), we

obtain a trio of ¢° predictions: one corresponding to the viewing geometry of the fore

beam, one for the mid beam and one for the aft beam. The final components needed for
this scheme are the radar scatterometer measurements obtained by the three beams of the
ERS-1 AMI.

The environmental variables we seek to determine by means of this scheme are u*

and 6., both of which are generally unknown on the open ocean. However, in order to

generate a prediction of ‘¥'(k,0) using the ASM we need an estimate of these parameters.
This suggests that we may need to apply an iterative technique in order to solve for u* and
8,ie- The technique we have chosen to pursue is briefly summarized here and is described

in detail in subsequent sections.

The approach we use takes advantage of a priori knowledge of the two variables

that we seek to determine. For example, we know that 6, , will always be within [0,2x]

and that u* will almost certainly be within [0.01,1.0], say. We consider all possible

combinations of these two variables within the above limits and generate a model prediction
of o° for each hypothetical condition. For each ¢° prediction, we evaluate a measure

(called the cost function) of the degree to which the model prediction deviates from the

measurements. Ideally, the model predictions of ¢° will most closely resemble the ERS-1

o° measurements when the model inputs correspond to the prevailing conditions in the
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region. To verify that the minimal discrepancy between model predictions and
measurements occurs when the prevailing conditions are used as model inputs, we restrict

the initial implementation of this technique to the vicinity of NDBC buoys, where u* and

0., Mmeasurements are available for model validation.

This measure of the deviation between the model predictions and the measurements
is often referred to as a ‘cost function’, ‘objective function’ or ‘penalty function’. An
objective function is a single measure of ‘goodness’ of a solution, which depends in some
way on the variables used in the problem (Gill et al., 1981). In the context of an
optimization problem, the cost function represents an undesirable property that one wishes
to minimize, such as the discrepancy between the model predictions and the data. Cost
functions often arise within the context of ‘Data Assimilation’ schemes. Data Assimilation
refers to a set of techniques often used in the atmospheric and oceanic sciences that
combine physical models with data. It encompasses estimation theory, sequential
estimation (Kalman filters), as well as variational and statistical methods (Ghil and
Malanotte-Rizzoli, 1991). Using these tools, data assimilation techniques seek to identify
the ‘optimal blend’ between model predictions and observations.

In Section 4.2 we will briefly summarize some relevant data assimilation
techniques. Section 4.3 presents an analysis in which we investigate the relationship

between retrieval performance and the model parameters of the ASM. In particular, we

focus on the impact of different choices for the parameter o used in the model for the high

wave number regime. In section 4.4, we present several examples illustrating the

application of this technique. We also include a brief discussion of the performance of this
friction velocity retrieval scheme in Section 4.4. Section 4.5 suggests some applications to
which this scheme could be applied in the future, and finally our conclusions are presented

in Section 4.6.
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4.2 DATA ASSIMILATION OVERVIEW

There are many data assimilation techniques that blend observational data with
mathematical or physical models of atmospheric and oceanic phenomena. Which of these
techniques is appropriate depends on the nature of the problem to be solved as well as the
available data. Two excellent and comprehensive references on this subject are Daley
(1991) and Ghil and Malanotte-Rizzoli (1991).

In the field of meteorology, data assimilation research has been evolving for
decades, beginning with the pioneering work of Panofsky (1949), Charney et al. (1950)
and Eliassen (1954). One of the results of these efforts was the quantitative numerical
estimation technique known as objective analysis. This technique made it possible to use
automated mathematical methods in weather analysis, complementing or replacing the
graphical interpolation of observations (Ghil and Malanotte-Rizzoli, 1991). By the late
1960s, sophisticated data assimilation tools known as four-dimensional space-time
continuous data assimilation were developed and implemented. These techniques took
advantage of the data acquired by space-borne observing systems and increasingly
powerful computing capabilities. In this type of data assimilation scheme, model forecasts
for a set of atmospheric fields are continuously updated, incorporating new observations as
they become available (Ghil and Malanotte-Rizzoli, 1991, Charney et al. 1969).
Oceanographic applications of data assimilation techniques are considerably more recent
(Wunsch, 1996), largely because observations have traditionally been much more sparse.

The starting point for our discussion of data assimilation methods will be
optimization techniques, as this is frequently the means by which data assimilation schemes
obtain the desired ‘optimal blending’ of observations and theoretical models. The simplest

optimization problem is referred to as unconstrained minimization. If we wish to obtain the
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minimum of an univariate function f, without imposing any constraints, we require the
following conditions. First, f must be everywhere twice continuously differentiable. In
addition, in order for a local minimum of f to exist at a finite point x*, the following two
conditions must hold:

f/(x*)=0 (4.1a)
and

f7(x*)20. (4.1b)

Let us define f for the problem at hand. It can be given by

f=(0° peasured — O predicses) - (4.2)

In this case, since 6°__., is constant for a given resolution cell, f=f(0'°MM). The
variable 6°, ;.4 is a function of both u*, and 8,,,,, however, so the objective function to

be minimized is multivariate, i.e. F=f(u*,0,,,,). An unconstrained minimization problem

in n dimensions can be specified as

minimize F(x) where x is in RN. (4.3)
As in the univariate case, there is a set of necessary conditions for x* to be a local
minimum; they are the vector analogues of (4.1a) and (4.1b). First, x* must be a
stationary point (i.e. the gradient vector of F evaluated at the point x* must be equal to
zero). In addition, the Hessian matrix of F, evaluated at the point x* must be positive
semi-definite (i.c. all the eigenvalues of the symmetric matrix H(x*) must be non-negative,
where H is the Hessian of F, which is the matrix of the second derivative of F). The
definitions and derivations for these conditions are discussed in detail in Gill et al. (1981).

Let us now rewrite our objective function, F, in terms of the variables of interest to

this particular problem and using vector notation. We will denote a vector of ERS-1 ¢°

measurements by O, and let the o’ predictions be given by M. In addition, we will define
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a set of weights, W. These weights can be assigned based on any of several

considerations, such as the degree of uncertainty associated with the o° measurements

(Wunsch, 1996). Both the observations, O, and the model results ,M, trace out some
trajectory in space. If we assume that the observations are representative of the real
phenomenon of interest then it is meaningful to consider a measure of the distance between
the two trajectories given by the model predictions and the observations. This distance
metric, which can be taken to be an inner product, is our cost function, and is denoted by

J. That is,

J=((0-M)"W(©O-M)). 4.4)
The trajectories of O and M will depend on the initial conditions and boundary conditions
of the two systems, and in the case of M, upon the free ‘tunable’ parameters of the system.
In general, we can assume that the ‘best’ estimates of the initial conditions, boundary
conditions and free parameters of the numerical model M will be those which best agree
with the observations and will be those that minimize J.

If one wishes to minimize J subject to a physical constraint, then this suggests the
application of ‘variational analysis’ or ‘adjoint methods’, so-called because they require the
solution of the adjoint equations of the linearized model equations (Moore, 1991).
Variational analysis is a technique derived from the calculus of variations and optimal
control theory that is attributed to Sasaki (1958, 1970). In variational analysis, while
changes are being made to the vector of model predictions, minimizing its distance in a least
squared sense from the measurement vector, the result is simultaneously being required to
satisfy additional physical constraints, either locally or else integrated over the domain
(Sashegyi and Madala, (1994)).

Two examples of dynamic constraints that could be applied to this problem are

geostrophy (Daley, 1991) and smoothness (Thacker, 1988). For example, if in addition to
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the system of models implied by our least squares cost function, (Equation (4.4)), we
required our model equations to satisfy the constraint

DM=0, 4.5)
where D denotes the finite difference operator, which numerically estimates the first
derivative of the elements of the matrix M, this would change the problem at hand from one
of optimization to constrained optimization (Moore, 1991).

In order to approach this problem using the techniques of variational analysis, we
would use undetermined Lagrange multipliers as a means of enforcing the model
constraints. This is tantamount to defining a new version of the cost function, J, which is

known as the augmented Lagrange function, L:
L=J+A'DM, (4.6)
where A is a vector of unknown Lagrange multipliers and DM=0 represents the set of

hypothetical, dynamical constraints that have been imposed on our system in this example.
Clearly, it is important that the model constraints be somewhat simple, analytical models.

By using the Lagrange multipliers, we are able to define a set of new equations
known as the adjoint equations. The adjoint equations effectively transform the problem
from one of minimizing the model-data misfit into the problem of obtaining the gradient of
the cost function with respect to the control parameters. This then amounts to replacing the
constrained optimization problem by a series of unconstrained problems, defined with
respect to each of the model variables. That is, the problem of minimizing the cost function
subject to the model equations can be re-defined as the problem of finding the stationary
points of the augmented Lagrange function (Yu and O’Brien, 1991).

The gradient can then be used within an appropriate iterative descent method to
search out the optimal estimates of the control parameters (Yu and O’Brien, 1991). Since
the minimum of J will coincide with a stationary point of L, we seek solutions for M at

such a stationary point. That is, at an extremum of L,
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L _dJ  JA'DM _
5M-¢9M+ EY, =0, 4.7)

where differentiation is carried out with respect to all elements of M and L. As noted by

Moore (1991), although this technique is very promising and powerful, construction of the
adjoint model is not trivial and usually requires a great deal of effort.

Variational data assimilation methods, such as those described above, are generally
used in time-varying applications. The ERS-1 system, however, only interrogates a given
patch of ocean approximately every three days. Therefore, it would be necessary to
identify a non-dynamic adaptation of this technique if we wished to apply it to the problem
of scatterometer-based friction velocity retrieval. However, we encountered several
complicating issues that discouraged us from applying this particular technique. One
problem was that it was difficult to find an appropriate set of models to use for constraints.
Although we mentioned that ‘smoothness’ could be used as a model constraint, by itself, it
did not provide sufficient benefit to warrant its use. We also cited geostrophy as a
candidate constraint, but it is recognized that geostrophy is not a very accurate
characterization of the wind field in the atmospheric boundary layer. Alternatively, we
hoped to find a model of the wind field at the ocean surface, which was both accurate and
simple that we could use as a constraint. We were not successful in identifying a good
candidate wind model, however. For example, although the wind field model of Cardone
(1970) seemed a good choice for this application, it required knowledge of several
environmental variables not readily available within our scheme. In addition, it required
more computations than could readily be undertaken within the context of a constrained
minimization problem.

An additional source of difficulty was that, in order for us to identify the point

corresponding to the minimum of our objective function, we would need to take the

derivatives of J or L with respect to u* and with respect to 0,...- However, the

relationship between and the variables u*, 8, , and 0'°Mmd is indirect; numerous, non-
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linear computations must be performed in order to obtain c"m from a given set of input

o 0
values. That is, it would not be practical to directly computeai and do analytically.
ou* ab,..,

Although we could approximate the gradient using finite-difference methods, we decided,
instead, to pursue an approach that is discussed below. This decision was strongly
influenced by extensive discussions with Professor J.-S. Pang of the Johns Hopkins
University, an expert in the field of optimization theory.

An additional consideration was the potential impact of modeling and measurement
errors on the performance of our chosen optimization technique. For example, modeling
errors arise due to the fact that many of the physical processes relevant to scattering from
the surface of the ocean at centimeter scales are not incorporated in either the ASM or the
composite surface model. It was also important to consider the sensitivity of the

optimization techniques under consideration to our choice for the initial values of u* and
0,.,- Often, the choice of initial values will exert considerable influence over whether a
given optimization scheme will converge to a solution at all, or to a realistic solution. Also,
even though they are quite small (in the vicinity of 0.2 dB; P. Lecomte, personal
communication, (1998)) we must not disregard the potential impact of ERS-1 measurement
errors on our friction velocity retrievals. It is worth noting that our cost function is defined
in terms of linear units, not in terms of dB.

In the light of all of the uncertainties associated with the various components of
our scheme, especially the geophysical model functions, we could only justify using a
comparatively coarse technique for minimizing our cost function. The minimization
approach which we chose to pursue is often referred to as a pattern search (Pang, (1998),
personal communication). Essentially, a pattern search simplifies the minimization by

reducing the dimensionality of the problem. A pattern search in two dimensions requires
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that one variable be held fixed at some value while the other is varied in the search for a
minimum. Once a minimum has been found for the first variable, it is held constant at its
minimal value, and the other variable, in turn, is searched for a minimum. This approach,
of holding one variable fixed while the other is minimized is undertaken successively until
a suitable accuracy criterion is met. It is prudent, once an overall minimum has been

found, to plot the error surface generated in the course of minimization. The following

sections provide a closer look at our choice of cost function, J(u*,8y;,4), its application in

our scatterometer-based friction velocity retrieval scheme, and some factors impacting

retrieval performance.

43 MODEL PARAMETER ANALYSIS

The preceding sections have provided an introduction to each of the components of
our friction velocity retrieval technique: an ocean wave spectral model, a composite surface
scattering model, satellite-based measurements of radar backscatter and a cost function.
The overall performance of this scheme will depend on the accuracy of each of its
components. In this section we return to the subject of Section 2.6, namely, the model
form used to characterize the ocean wave spectrum in this research, particularly at high

wave numbers. We will examine the impact on our friction velocity retrieval scheme of

different choices of the model parameter, 0. We present this analysis at this point in our

discussion because its results impact the analyses presented in Section 4.4.
The ASM was presented in Chapter 2. It aggregates in situ measurements of the
ocean wave number spectrum made by an NDBC buoy, at low wave numbers, with

Phillips’ equilibrium spectral model. The wave number form of this model is provided in

Equation 4.8 below. The model parameter, o, serves as a level-matching parameter in this
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context. Itis determined at the join-point where the buoy measurements and the model are
spliced together. At this point, as discussed in Chapter 2, we use an average « that is

determined from the ten highest frequency buoy measurements. Although this buoy-based,

average o is clearly appropriate to use in the vicinity of the buoy measurements, it is

unclear whether or not this value of o is appropriate to apply to the high-wave number

regime as well.

One way to investigate this issue is to determine whether the o derived from

minimizing the difference between the ocean spectral model and the NDBC buoy
measurements, and the o derived from minimizing the difference between model-based
radar cross section predictions and ERS-1 measurements, are consistent. In an effort to

resolve this question, we implemented a two-segment form of the ASM: one that used buoy

measurements for k<k . ... (m™), and a single realization of the equilibrium spectral
model for all k >k ., . (m™). The value of c for the entire modeled portion of the
spectrum would be determined at the buoy-model join-point.

Here, our primary concemn was the one-dimensional model for the power spectral

density, i.e.

Sk) = au*g k>’ (4.8)
Therefore, we did not consider the directional variability of either the ASM or of the
associated o’ predictions, which simplified the analyses considerably. In particular, we

implemented a one-dimensional version of our cost function that solved for friction velocity
only. For this one-dimensional cost function we restricted consideration to those cases
where the antenna look was within 30° of either the up- or the down-wind direction. In
addition, since we were not solving for direction in this particular investigation, it was only

necessary to consider one antenna at a time.
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Using this one-dimensional form of the cost function, we compared ‘retrieved’
estimates of u*, i.e. the u* solutions obtained by our scheme corresponding to the cost
function minimum, with buoy-based measurements of u*. The results of this analysis are

summarized in Table 4.1, below. In this table, ‘alpha buoy’ indicates the buoy-based

values for o.. The buoy-measured value of u* is indicated in the column denoted by

‘u*meas’. The right-most column of this table indicates the estimate of u* derived from

our cost function-based scheme.

_alpha buoy u* meas. u* pred. -buoy
16-Feb 0.062 0.27 0.15
13-Feb 0.032 0.37 0.2
1-Mar 0.68 0.51 0.1
30-Mar 0.081 0.05 0.16
20-Mar 0.078 0.42 0.1
Table 4.1: Comparison of retrieved and measured values of u* for five cases in which

we implemented the one-dimensional cost function that used a two-segment form of the
ASM.

From this analysis we observe that if we use the two component form of the ASM

described above, and determine the value of & from buoy measurements, the resulting

model is almost certainly not accurately characterizing the behavior of the spectrum at high
wave numbers. We infer this because under all conditions except for very light winds, the

cost function minimum occurs at a significantly lower u* than the measured u*. This

suggests that for a given value of u*, our model-based predictions of ¢° will be much

higher than the 6° values measured by the ERS-1 system, and that this particular two-

segment form of the ASM will consistently over-predict spectral levels at high wave
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numbers. Therefore, we can not justify using the same value of a. for both components,
with the possible exception of conditions of light winds.

In Section 2.6, we noted that there was considerable variability in o, both at a given
buoy and between buoys at different locations. In addition, in our analysis of the Standard
Leopard measurements we observed o to decrease steadily at high wave numbers.

Although this apparent trend may be due at least in part to residual Doppler shifting effects
that have not been removed from the data, it is likely that the observed trend of decreasing

o at high wave numbers would persist even if the all of the Doppler shifting were removed.
This observation supports our findings in Table 4.1, above, suggesting that « at high wave
numbers is probably lower than o at low wave numbers. All of these results suggest that it

is appropriate to use different values for & when modeling the low and the high wave

number regimes.

Whereas ideally we would like to develop an expression for o at high wave

numbers from in situ measurements obtained on the open ocean, there are no open ocean-
based measurements of the wave number spectrum over a sufficiently broad range of scales

for this purpose. Therefore, it was necessary for us to identify another source of

measurements of the air-sea interface, to assist us in determining the best choice of o to use

for the high wave number spectral model. ERS-1 scatterometer measurements that are co-
located with NDBC buoys provide one readily available source of ocean surface
measurements that can be used for this purpose. It should be possible for us to gain at least

some limited information regarding the high wave number portion of the spectrum from the

scatterometer measurements, which can in turn help us to select the best choice of o to use

in the high wave number spectral model.
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In order to use scatterometer measurements as a basis for selecting this high-wave
number o, we pursued the following approach. First, we assumed a three-component

form of the ASM, treating the low, mid and high wave number regimes of the ocean
spectrum separately. As with the analyses presented earlier, the lowest wave number
portion of the spectrum would be determined by the measurements obtained by an NDBC
buoy. The mid- and high-wave number regimes would still be given by a form of Phillips’
equilibrium spectral model, but the relationship between these two components would now
need to be specified more explicitly.

First of all, it would be necessary to identify a specific range of wave numbers that
would be characterized using the ‘mid-range’ form of the equilibrium spectrum, and to
identify a range of wave numbers that would be given by the ‘high-wave number’ form of
this model. Since waves from the mid-range portion of the spectrum are primarily used in
the calculation of the mean squared slopes, we selected k_,, = ky_,./3 to be the highest wave
number to be characterized by the mid range model form. Here kg, is the Bragg resonant
wave number described in Section 3.4, and the wave number k =k, /3 is the highest
wave number used in computing the mean squared slope of the sea surface in the two scale
model. All wave numbers above k_, would be modeled using the high wave number form

of the equilibrium spectrum model. For the mid-range of wave numbers, we used the

value of o determined from the buoy measurements, using the approach described earlier.

For the high wave number regime, however, we faced appreciable problems. This is the
regime which exerts the greatest influence over the entire friction velocity retrieval scheme,
due to the dominance of Bragg scattering at high wave numbers. However, this is also the

regime about which there are the fewest measurements and the greatest uncertainty.

The approach that we took for determining o for the high wave number regime

used the one-dimensional form of our cost function that was introduced earlier in this

section. We implemented this scheme on nine data sets obtained from two different

125



locations over a range of wind and wave conditions. We then obtained numerous

realizations of our cost function, each of which assumed a different value for a for the high

wave number regime (0.005 < <0.1). For each data set we identified the value of o

that resulted in u* predictions closest to the measured values of u* obtained by the buoy.
The results of these analyses are summarized in Table 4.2, below.

Occasionally, in order to obtain the optimal agreement with the scatterometer

measurements, it was necessary to consider values of o for the mid-range model that

differed slightly from the average value determined by the buoy. In these instances, we

used a value for a that was within one standard deviation of the average o measured by the

buoys, rather than the average value itself. This was within the observed buoy
measurement variability discussed in Chapter 2. The cases where this was necessary are

indicated in Table 4.2. Rather than ‘set by buoy’, we indicate the specific value that was

used. Using this approach, we determined the best choice of o to use for the high wave

number model for each data set.

It is important to note that in this situation we must be willing to accept the
possibility of a discontinuity at the transition between the mid- and the high-wave number
models. Although intuitively this is undesirable, given that it is preferable not to have a
discontinuous model of a physical phenomenon, there are nonetheless several grounds on

which we can justify allowing such a discontinuity in our model.
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NORFOLK, VA
Date u* measured alpha low alpha hi u* predicted
8-Apr 0.39 0.04 0.007 0.35
13-Feb 0.37 set by buoy 0.018 0.5
1-Mar 0.51 set by buoy 0.0085 0.5
30-Mar 0.16 0.06 0.06 0.15
YAQUINA, OR
Date u® measured alpha low alpha hi u* predicted
10-Feb 0.24 0.053 0.01 0.3
4-Mar 0.45 set by buoy 0.035 0.45
16-Feb 0.27 set by buoy 0.03 0.3
20-Mar 0.42 0.066 0.0175 0.35
7-Feb 0.11 set by buoy 0.06 0.1

Table 4.2: Summary of cost function-based analyses directed at determining the best
choice of a for use at high wave numbers.

First, the comparison of our model-based ¢° predictions with 6° measurements are

the primary means by which we can characterize the sea surface at high wave numbers.
These predictions are subject to the ‘filter’ of the composite surface model, which provides
an incomplete characterization of the complicated processes that govern radar backscattering
from the air-sea interface. The ocean spectral model itself is a generalization and hence may
provide an incomplete description of the power spectral density of ocean surface waves
under certain conditions. This is particularly true at the highest wave numbers under
consideration, where we are at the upper limit of the equilibrium range. In addition,

processes or variables, which are not explicitly included in the equilibrium spectral model,

may be ‘lumped’ into the parameter @, such as waves that are not at equilibrium due to

rising or falling winds. Finally, even at the low wave number cut-point, which is well

within the bounds of the equilibrium range, we have observed considerable variability in o

For all of these reasons, we were willing to consider an aggregate spectral model that

would include a discontinuity at the beginning of the high wave number regime.
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An additional source of difficulty that we faced regarding our choice of o for the

high wave number regime was that although we had hoped to be able to identify a

systematic relationship between o and some of the other variables, such as the friction

velocity, this was not possible. Reasons for this included the limited number of cases
included in this study, all of the above-mentioned sources of uncertainty and also the

complexity of the phenomena under consideration.

Cubic Fit to alpha (u*) Data Set
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Figure 4.2a: This plot depicts the cubic fit between friction velocity and « for high wave
numbers suggested by the data in Table 4.2.
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Quadratic Fit to alpha (u*) Data Set
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Figure 4.2b:  This plot depicts the quadratic fit between friction velocity and o for high
wave numbers suggested by the data in Table 4.2.

We were, nonetheless, able to obtain a ‘feasibility’ analysis, wherein we identified a cubic

(4.2 a) and a quadratic relationship (4.2 b) between the friction velocity and the high wave

number o, both of which are provided here:
o = 0.152 — 1.045u* + 2.7 u*? - 2.31 u*? (4.9 a)

o = 0.104 — 0.435u* + 0.531u*? (49 b)
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The R? statistic is a measure for characterizing the performance of a given model.
This statistic expresses the proportion of the variability in the data that can be explained by

a particular choice of model. For expression (4.9 a), R? = 0.70; for expression (4.9 b),

R?=0.66. Equations (4.9 a and b) suggest that it is possible that & may be related to u*

via either a quadratic or a cubic relationship. However, both of these expressions are only

a preliminary step towards modeling or characterizing the parameter a. We have suggested

these relationships because they provide a systematic, albeit limited basis for specifying

a at high wave numbers when this friction velocity retrieval scheme is used on the

open ocean.

Any meaningful approach directed at characterizing o at high wave numbers,

however, would require some underlying physical basis. In addition, such modeling
efforts would require access to a significantly more comprehensive data set than the handful
of cases discussed above. Ideally, in addition to including combined buoy and ERS-1
scatterometer measurements spanning a broad range of wind and wave conditions, these
data would also include in situ ocean wave measurements at high wave numbers. Such an
analysis is well beyond the scope of this thesis. Nonetheless, the above preliminary
analyses suggest that the friction velocity retrieval scheme developed in this research could
serve as an investigative tool in future research efforts that may lead to a better
understanding of some of the physical processes impacting centimeter-scale ocean waves.
For example, we may be able to use this approach to investigate the impact of the wind and

wave history on the current ocean spectrum.
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4.4 COST FUNCTION ANALYSES

The technique developed in this work for retrieving the friction velocity and
direction at the ocean surface has been introduced both in the earlier sections of this chapter
and also in Section 3.6. One of the central components of this scheme is the cost function.
We now provide a closer look at this costs function and examine some of its salient
properties as well as some examples. The cost function provides the framework in which
the model predictions are compared with the ERS-1 scatterometer measurements; it is by
the process of minimizing this cost function that we obtain estimates of the friction velocity
and direction at the ocean surface.

The cost function requires that we specify an array of hypothetical environmental

conditions that encompasses all possible directions for 6, ., as well as a broad range of

values for u*. In the analyses presented in this section, we vary u* from 0.08 m/s to 0.52

m/s in increments of 0.02; we vary 6,,,, from 0 to 355 degrees in 5 degree increments.

Each (u*, 8,,,,) pair is used as an input to the Aggregate Spectral Model (ASM) which, in

turn, generates a two-dimensional ocean wave spectrum. For each spectrum, the

directional distribution of wave energy and the level of the power spectral density are
explicitly determined by the parameters u* and 8,,. Using the viewing geometry
parameters for the ERS-1 resolution cells included in a given analysis, we generate a trio of
o predictions for each of these spectra using the composite surface scattering model.
These 6° predictions consist of what each of the three beams of the ERS-1 AMI would
measure, if each one of these hypothetical conditions were, in fact, the true conditions

prevailing at the ocean surface at the time of the ERS-1 over pass.
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In Figures 3.9 a—c, presented in Section 3.6, we provided an example of the ¢°
prediction surfaces are obtained by the combined application of the ASM and the composite
surface scattering model. For each beam, a surface of ¢° predictions is generated by
considering all possible combinations of u* and 8,,,, as well as a description of the beam's

viewing geometry. In Section 3.6, we noted that as expected, ¢° increases as u* increases.

In addition, we observed that the maximal values of o occur when the antenna look

direction and the wind direction are coincident. Because the composite surface model uses

the folded spectrum (defined in Chapter III), all of these plots are, in fact, two copies of a

single surface that is defined over [0,x].
We will now consider the cost functions obtained by comparing each cell of the o°

prediction surfaces with the corresponding ERS-1 6° measurements. The cost function for

each individual beam is given by:

J(U*,8,0) = (O regicres — O measured) /O measurea- (4.10)
In the cost function, ¢ is taken in linear units, not in dB. The first cost function example
that we will present will continues the analysis of the example presented in Section 3.6.
For convenience, in this section we have repeated the plots of ¢° surfaces that were
depicted in Figure 3.9 a — c. These are provided in Figure 4.3 a - c. The cost functions
that correspond to these 6° surfaces are illustrated in Figure 4.4 a —.

Although they are all somewhat similar, the cost function for each beam assumes a

different shape for the following reasons. The strongest influence on the shape of a given

cost function is the absolute difference between the o° predictions and the 6° observations.
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The angle of incidence of a given beam also influences the cost function shape, primarily
because the magnitude of both the observations and the predictions increases at shallower
incidence angles. For this reason, the mid beam, which is always pointed at a shallower

incidence angle than the fore or the aft beams, often assumes a different shape than the

other two. Of course, when an anomalous 6° measurement is encountered for any beam, it

significantly impacts the shape of the resulting cost function.
The total cost function is obtained when the individual cost functions for each beam

are combined. It is given by:
J(U*,8,00) = ZWLO eticras = O rmeasured.t) O measureas +

W (O eegicran = O measured.n) 7O measured.n + “4.11)

W (6 retictean = O measured.n) 7O messured,
and is illustrated in Figure 4.5. In Equation (4.11), the subscripts f, m, and a denote the
fore, mid and aft beams, respectively. The total cost function is illustrated in Figure 4.5.
In this case, we have assumed that the cost function for each beam will contribute equally
to the total, i.e. wg= wy=w,= 0.333 in Equation (4.11).

We note the following important points regarding the example presented in

Figures 4.4 a— c and Figure 4.5. These data were acquired on 4 March 1993, in Yaquina

Bay Oregon. The location of this buoy is indicated in Figure 2.1, and a general

description of this buoy and its location are provided in Section 2.4.
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Figure 4.4: Cost functions for the fore, mid and aft beams for 3/4/93. The incidence angles are:
56.9°, 45.4° and 56.8°, respectively. The azimuth angles are 215.1°, 216.1° and 307.2°, respectively.
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The wind direction measured by the buoy was 305°; the direction corresponding
to the cost function minimum was 340°. In this case, the friction velocity estimate
determined by the buoy was 0.45 m/s; the friction velocity corresponding to the cost
function minimum was 0.44 m/s. To identify the location of the estimated solution for
the friction velocity and the wind direction it is necessary to consider the combined cost
function depicted in Figure 4.5. In this case, the friction velocity and direction
corresponding to the cost function minimum are quite close to those determined by the

buoy.
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Figure4.5: Ilustration of the cost function combining all three beams, 3/4/93. The
graph has been rotated relative to the depiction of the three individual cost functions in
order to make it easier to see the behavior of the cost function in the vicinity of the
minima. The lines on the plane J=0 indicate the location of the ‘true’ friction velocity and
direction.
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Table 4.3 presents a summary of the results of the retrievals considered in this

section, and the corresponding environmental conditions. Four of the analyses presented

in this table are from Yaquina Bay, OR. At this location, the friction velocity varied

between u*~0.11 and u*~0.44; this corresponded to wind speeds between 3.3 m/s and

10.1 m/s. The other analyses were for a location off the coast of Norfolk, VA. At this

location, the friction velocity varied between u*~0.16 to u*~0.51; this corresponded to

wind speeds between 6.3 m/s and 11.3 m/s. In cases where the incidence angle was too

shallow, it was not possible to obtain a complete retrieval because there was not an

acceptable prediction of 6 for each of the three beams.

Yaquina OR ‘[
u* measured | u* retrieved| wind dir meas. wind dir. ret. ?
(m/sec) (m/sec) (degrees wrt N) | (degrees wrt N) Remarks
20-Mar 0.42 0.52 246 185 falling winds: 12 - 9 m/s
4-Mar 0.45 0.44 305 340 '
16-Feb 0.27 0.22 55 55
10-Feb - - -- - - - - mid beam non-Bragg
7-Feb 0.11 0.14 135 145 ?
Norfolk VA
u* measured |u* retrieved| wind dir meas. wind dir. ret.
(m/sec) (m/sec) (degrees wrt N) | (deqrees wrt N) Remarks
8-Apr - - - - - - - - mid beam non-Bragg
30-Mar 0.16 0.1 305 335 -
1-Mar 0.51 0.52 324 295
23-Feb - - - - - - - - rising winds: 3 - 6 m/s __
13-Feb 0.37 0.28 220 230
Table 4.3: Summary of friction velocity retrieval performance results.

137



Ku®, Dir.)

Fore Beam Cost Function 2/7/93

1.2+

J(u* Dir.)

20

Mid Beam Cost Function 2/7/93

Aft Beam Cost Function 2/7/93

J(u* Dir)

mid and aft beams for 2/7/93. The incidence angles are:

40.3°, 30.2° and 40.1°, respectively. The azimuth angles are 55.3°, 101.1° and 146.5°, respectively.

Cost functions for the fore,

Figure 4.6:

138



The conditions of atmospheric stability and the wind directions at the analysis times
are included in the table. This table is a companion to Figures 4.4 - 4.14, which illustrate
the behavior of the cost function by beam as well as the total cost function, for each of the
data sets included in this study. These figures, in particular those that illustrate the three-
beam aggregate of the cost function, enabled us to visually assess the performance of this
friction velocity retrieval scheme, whereas Table 4.3 presents a more quantitative means of
assessing the retrieval scheme performance. In this table, in addition to a summary of the

above-mentioned environmental conditions, we compare the buoy-estimated values of u*

and 6, with those obtained from our retrieval scheme.

J(u*Dir.) Cost Function for all three beams: 2/7/93

038
B action Velocity u* (/)

Figure 4.7 a: Dlustration of the cost function combining all three beams for 2/7/93.
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Figure 4.6 depicts the cost function for the three beams corresponding to the ERS-1
over pass of Yaquina Bay, Oregon on 2/7/93. Figures 4.7 a and 4.7 b depict the cost
function that aggregates all three beams for this date. In these figures, particularly Figure
4.7 b, we can see that the cost function minimum occurs at u* = 0.14 m/sec, whereas the
buoy -based estimate is u* = 0.11 m/sec. The direction corresponding to the cost function
minimum is 145°, whereas the wind direction measured by the buoy is 135°. In this
instance, the retrieved friction velocity is within 27 percent of the measured friction velocity

and the retrieved direction is within 10° of the measured wind direction.

Cost function combining all 3 beams: 2/7/93
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Figure 4.7 b: Total cost function for 2/7/93, close-up view indicating location of cost
function minimum. Plot has been rotated to make it easier to see the behavior of the cost
function in the vicinity of the solution.
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Fore Beam Cost Function: 2/16/93

Mid Beam Cost Function: 2/16/93

J(u®.Dir.)
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AR Beam Cost Function 2/16/93

Ku*.Dir)
0.25:

Cost function for the fore, mid and aft beams for 2/16/93. The incidence

and azimuth angles for each beam are, (56.9,215.1), (45.4,261.2) and (56.8,307.2),

respectively.

Figure 4.8:
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Figure 4.8 depicts the cost function for the three beams corresponding to the over
pass of Yaquina Bay, Oregon that took place on 2/16/93. Figure 4.9 depicts the cost
function for this date that aggregates all three beams. From these figures, we can see that
the cost function minimum occurs at u* = 0.22 m/sec. The buoy —based estimate is
u* = 0.27 m/sec. The direction corresponding to the cost function minimum is 55°, and
the wind direction measured by the buoy is 55°. In this instance, the retrieved friction
velocity is within 19 percent of the measured friction velocity and the retrieved direction is

identical to the measured wind direction.

. Cost function: three beams combined
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Figure 4.9:  Cost function combining all three beams for 2/16/93.
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Figure 4.10: Cost function by beam from 3/1/93: Incidence and azimuth angles for each
beam are: (50.3,214.3),(39.1 260 1) and (50.2,305.9), respectively.
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Figure 4.10 depicts the cost function for the three beams corresponding to the over
pass of Norfolk, Virginia that took place on 3/1/93. Figure 4.11 depicts the cost function
that aggregates all three beams for this date. From these figures, particularly Figures 4.11,
we can see that the cost function minimum occurs at u* =0.52 m/sec. The buoy —based
estimate occurs at u* = 0.51 m/sec. The direction corresponding to the cost function

minimum is 295°, whereas the wind direction measured by the buoy is 324°. In this

instance, the retrieved friction velocity is within 19 percent of the measured friction velocity

and the retrieved direction is within 30° of the measured wind direction.
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Cost function combining all three beams for 3/1/93.
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Fore Beam Cost Function: 3/30/93
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Figure4.12:  Cost function by beam for 3/30/93: Incidence and azimuth angles for each
beam are, (56.8,53.4), (45.4,99.4) and (56.8,145.2), respectively.
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Figure 4.13a: Total cost function combining all three beams for 3/30/93.

Figure 4.12 depicts the cost function for the three beams corresponding to the over

pass of Norfolk, Virginia from 3/30/93. Figures 4.13 a and 4.13 b depict the

cost function that aggregates all three beams for this date. From these figures, particularly

Figure 4.13 b, we can see that the cost function minimum occurs at u* = 0.16 m/sec. The

buoy —based estimate occurs at u* = 0.1 m/sec. The direction corresponding to the cost

function minimum is 335°, whereas the wind direction measured by the buoy is 305°. In

this instance, the retrieved friction velocity is within 38 percent of the measured friction

velocity and the retrieved direction is within 30° of the measured wind direction.
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Cost Function: Combining all three beams 3/30/93

J(u*.Dir)
0.06¢

0.05
0.04;
0.03

0.02

0.01¢

0.00

Figure 4.13b: Close-up view of the total cost function depicted in Figure 4.13a
for 3/30/93.

Figure 4.14 depicts the cost function for the three beams for the over pass that
occurred off the coast of Norfolk, VA on 2/13/93. Figures 4.15 depicts the cost function
that aggregates all three beams for this date. In these figures, particularly Figure 4.15, we
can see that the cost function minimum occurs at u* = 0.28 m/sec. The buoy —based
estimate occurs at u* = 0.37 m/sec. The direction corresponding to the cost function
minimum is 230°, whereas the wind direction measured by the buoy is 220°. In this
instance, the retrieved friction velocity is within 24 percent of the measured friction velocity

and the retrieved direction is within 10° of the measured wind direction.

147



Cost Function: Fore Beam 2/13/93

Cost Function: Mid Beam 2/1393

0.01F

Cost Function: Aft Beam 2/13/93

J%-l')
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Figure 4.14:
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Figure 4.15: Total cost function for 2/13/93, combining over all beams.

The preceding results illustrated the implementation of our friction velocity retrieval
scheme when applied to an individual resolution cell within a given region. To evaluate
whether the friction velocity retrieval performance varied appreciably from cell-to-cell at a
particular location, we performed the following analyses. We compared the friction

velocity and direction estimates obtained by our scheme for four different resolution cells

that were selected at random (subject to the requirement that 8;, > 25°, to ensure that we

were well within the Bragg scattering regime) in the vicinity of Yaquina Bay, OR, 2/13/93.
We observed negligible variability in these results, which is consistent with the ERS-1 AMI
specification of accuracy within +/- 0.2 dB (P. Lecomte, personal communication, (1998)).

Ideally, in order to characterize the viability of our friction velocity retrieval
scheme, we would obtain several friction velocity retrievals over a range of environmental

conditions, at several locations, and making use of many different resolution cells.
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Because conditions at the ocean surface can vary greatly, a comprehensive or statistically
meaningful set of analyses such as that suggested above would require an extensive effort,
well beyond the scope of this effort. Hence, we have presented the results of seven
friction velocity retrievals that were obtained at two different locations, that encompassed

a broad range of wind and wave conditions.

As a final note, it is important to recognize that retrieval performance depends both
on factors that we can control and on those that we can not. Those we can control include
cost function weighting schemes, ocean spectral model parameter choices, and on the
scattering model parameter choices. Those that we can not control include errors in the

ocean wave spectrum, errors in the composite surface scattering model and measurement

variability. This final category includes errors in the 6° measurements, in the NDBC buoy

measurements and also in the original, in situ wave measurements. Throughout this
analysis we have acknowledged the numerous sources of uncertainty that could potentially
impact our results, but only some of these can readily be quantified. For example, it is
unclear how to model or characterize the uncertainty associated with the Doppler shift
compensation technique discussed in Chapter 2. The best way to address the sources of
uncertainty over which we have minimal control is through statistical analyses. For
example, with access to additional in situ wave measurements, particularly those obtained
under a broad range of environmental conditions we could refine and validate the ASM.
Certainly, data acquired directly in wave number space would be an extremely valuable
component of any model validation efforts. In addition, the retrieval performance should
be characterized using a much larger data base. Optimally, such a data base would
encompass several locations and have multiple observations, with several observations
acquired for a given set of conditions, as well as a range of environmental conditions.
Such efforts would be a valuable enhancement to the research presented here, and would

strengthen our findings considerably.
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4.6 CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE RESEARCH

In this chapter we have discussed the considerations that impacted our choice of
data assimilation technique, and examined the particular cost function that we chose to use
in this implementation in some detail. We presented friction velocity retrieval results
obtained by this scheme under a variety of wind and wave conditions. The cost function
scheme that we developed in this research enabled us to investigate some related topics

such as the impact of long wave effects on radar cross section prediction and also the
choice for the spectral model parameter, ct.

An interesting outcome from this research was that this cost function framework,
developed as component of our friction velocity retrieval scheme, could also be applied as a
general analytical tool to several investigations regarding scattering from the ocean surface.
Some potential applications appropriate for future efforts will be discussed here.

The framework of our cost function is modular and flexible. It would be
straightforward to expand this scheme to include alternative ocean wave spectral models or
electromagnetic scattering models. This modularity would make it possible, for example,
to investigate the impact of different ocean surface characterizations or spectral models on
friction velocity retrieval performance, similar to the investigations pursued in our model
parameter analysis. Similarly, the potential benefits arising from alternative scattering
models such as the Integral Equation Model could be readily evaluated using this scheme.
In the same spirit of the analyses presented in Chapter 3, this scheme could be applied to
investigate more closely the effects on radar cross section due to modulation by the long
waves. It could also be used to evaluate alternative cost function forms (i.e. besides
weighted mean squared difference) and different choices of beam weightings. These are all

important, relevant issues that could be easily explored further using this scheme as a tool.
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CHAPTER 5: SYNOPSIS AND CONCLUSIONS

The primary goal of this research is to develop a technique for retrieving the wind
friction velocity and direction at the ocean surface by combining radar scatterometer
measurements with a physical model of the ocean spectrum and a physical model for
predicting electromagnetic scattering from a rough surface. We anticipated that such an
approach, in addition to producing viable predictions of the friction velocity and direction at
the sea surface, would yield additional physical insight about some of the processes taking
place at the air-sea interface, that influence the observed radar signature. In particular, we
sought to gain a better understanding of the ocean surface and its response to the wind at
scales in the vicinity ERS-1 Bragg scatterers, namely, for ocean waves of wavelengths
between 3 and 9 cm. To a large extent, these anticipated results were achieved.

We provide a brief overview of our technique here. The friction velocity retrieval
scheme developed in this effort is applied in a particular region of the ocean where ERS-1
measurements are available. In this region, we specify a set of hypothetical friction
velocities and directions that span a broad range of allowable values. Associated with each
candidate forcing (i.e. friction velocity and wind direction) is a realization of the ocean
wave number spectrum which describes the distribution of roughness elements on the
ocean surface for the region in question. For a set of radar viewing parameters, the
composite surface model generates a trio of radar backscatter predictions for each of these
spectra, one corresponding to each antenna beam of the ERS-1 system. Therefore, there is
a set of backscatter predictions obtained from these models associated with each resolution
cell in a given region. For this same region, we will have a trio of radar backscatter

measurements. An error metric or cost function combines these backscatter predictions
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with the ERS-1 measurements. A procedure seeking the minimal discrepancy between the
measurements and the predictions serves as the basis for identifying the presumed forcing
for each resolution cell. The accuracy of these retrievals of the wind stress is verified using
National Data Buoy Center (NDBC) measurements that are co-located with the ERS-1
resolution cells.

We now review the important attributes of each of the components of our scheme.
First, in its current implementation, this friction velocity retrieval scheme is applied in the
vicinity of an NDBC buoy. This is both to assist in validating our results and also to
provide an accurate characterization of the wave spectrum at low wave numbers. In the
future, this technique will be generalized to use a model for the low wave number
spectrum. To characterize the spectra for both the intermediate and the high wave number
waves we use the equilibrium spectral model developed by Phillips in 1985. Our decision
to use this model was supported by analysis of a new set of high frequency, in situ
measurements obtained in the Caribbean Sea by researchers at the Johns Hopkins
University Applied Physics Laboratory. The wave tank measurements of Jahne and
Riemer (1990) and Klinke and Jahne (1992) also support this model choice. We obtained a
two-dimensional wave number spectrum using this one-dimensional spectral model in
conjunction with spreading functions derived from both remote sensing and in situ wave
measurements. In summary, the ocean wave spectrum used in this research combines
NDBC measured spectra for low wave numbers with Phillips’ model at intermediate and
high wave numbers. Since it is an aggregation of spectral measurements and models, we
refer to this model as the Aggregate Spectral Model.

The second major component of this scheme is a composite surface scattering
model. This model is used to obtain predictions of the radar backscatter associated with a
given configuration of the air-sea interface suggested by the wave number spectrum
estimated by the ASM. We present an example that illustrates the combined application of

these two models. In addition, the framework developed as part of this scheme was used
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to investigate the difference between the tilted Bragg and the nominal (un-tilted) Bragg
scattering models. In this investigation we analyzed a handful of cases spanning a range of
wind and wave conditions, and found that long wave effects on radar cross section
prediction are on the order of 1 dB.

Finally, we present the basis for how we combine the model results and the
scatterometer measurements. We discuss some of the primary considerations underlying
our choice of cost function, and briefly mention a few alternative data assimilation
techniques that may be appropriate for use in future applications of this scheme. This cost
function scheme is successfully used to obtain accurate predictions of the friction velocity
and direction at the ocean surface under a variety of conditions, for seven different cases.

We present detailed depictions of the cost functions used in this scheme as well as a
summary of the retrieval performance. Overall, we obtained friction velocity retrievals
within 22 % of the friction velocity estimates determined by the NDBC buoys. We
obtained estimates of the wind direction that were within 25° of the measured wind
direction. The friction velocity retrieval scheme developed in this research enabled us to
investigate two related topics. First, as mentioned earlier, we were able to obtain a
preliminary evaluation of the impact of long wave effects on radar cross section prediction.
In addition, we were able to use the technique developed in this research to investigate the
impact of varying one of the spectral model parameters on the resultant friction velocity
retrievals.

In summary, the technique developed in this research was successful at achieving
the following results: (1) We developed a technique for estimating the friction velocity and
direction at the ocean surface using radar scatterometer measurements and physical models.
(2) We used this technique to estimate the friction velocity and direction at the ocean surface
to within 22 % and 25°, respectively. (3) This scheme provided us with a tool for
investigating ocean wave model parameters as well as a tool for estimating the impact of

long wave effects on a model for predicting Bragg scattering from the ocean surface.
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