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ABSTRACT

Theoretical understanding of the sea state bias (SSB) dependence on wind-wave conditions has been
achieved only for a case of a uni-directional sea at equilibrium with a steady wind [Jackson, 1979;
Glazman and Srokosz, JPO, 21( 11), 1991]. Recent anal ysis of Geosat and Topex altimeter data showed
that additional factors, such as the presence of swell, ocean currents and complex directional properties
of realistic wave fields, may influence the SSB behaviour [Glazman et rd., 1994], Here we investigate
effects of two-dimensional multi-modal wave spectra using a numerical model of radar reflection from a
random, non-Gaussian surface. A recently proposed ocean wave spectrum is employed to describe sea
surface statistics, The following findings appear to be of particular interest: 1) Sea swell has an
appreciable effect in reducing the SSB coefficient compared to the pure wind sea case, but less effect on
the actual SSB due to the corresponding increase in significant wave height, 2) Hidden multi-modal
structure (that is, when the two-dimensional wavenumber spectrum contains separate peaks - for swell
and wind seas, while the frequency spectrum looks uni-modal) results in an appreciable. change of SSB.
3) For uni-mods], purely wind-driven seas, the influence of the angular spectral width is relatively
unimportant, that is, a uni-directional sea provides a good qualitative model for SSB if the swell is
absent. 4) ‘ he pseudo wave age is generally much better for parameterising SSB than the actual wave
age (which isill-defined for a multi-modal sea). 5) SSB can be as high as five percent of the significant
wave height, which is significantly greater than predicted by present empirical model functions.
6) Parameterisation of SSB in terms of wind speed islik ely to lead to errors, due to the dependence on
the (in practice, unknown) fetch.
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1. introduction

The present work pursues two goals: one isto construct a mathematical model of the wave field
relevant to open ocean conditions, and the other - more practical - is to develop an “experimental” tool
for the investigation of altimeter response to various factors of air-seainteraction. This study addresses
rather complex physical processes: spatial evolution of a statistically anisotropic field of sea surface
roughness caused by wind-driven waves and swell, and the nadir backscatter of a short radar pulse from
anon-Gaussian random surface. ‘lie second issue is of considerable practical importance in connection
with satellite atimeter measurements of ocean surface topography.

The seastate bias (SSB) correction remains among major limiting factors of altimeter measuring
accuracy. Currently, SSB is estimated based on wind speed and significant wave height (SWH)
information available from altimeter measurements. Under idealised sea conditions (as discussed in
section 2), wind and SWH are, indeed, sufficient - they permit derivation of SSB employing some
empirical relationships. Since the wind speed and SWH are the only parameters of air-seainteraction
available from altimeter measurements, this simple-minded approach is extremel y attractive. In general,
wind and SW1are Of course insufficient to describe a sea state and estimate SSB [Glazman et al.,
1994]. In order to understand the limitations of the present empirical approach and identify other
important parameters, experimental and theoretical studies are necessary.

In section 4 we evaluate the relative importance of additiona characteristics of sea state - which
cannot be derived from altimeter measurements. These are sea swell arriving from remote ocean areas
and variations in the angular width of wave spectra. The latter can be caused by interaction of surface
waves with ocean currents or by variationsin wind direction, and so on. These factors received little
attention in the previous studies. This effort is partly motivated by the need to understand causes of
recent 1y reported regional anomalies in the SSB regime [Glazman et al., 1994].

We employ the geometrical optics theory [Brown, 1977; Barrick and Lipa, 1985; Jackson, 1979;
Srokosz, 1986, 1987] which relates two main components of SSB to sea surface parameters (that is, to
the surface skewness and mean height of specular wave. facets) and a semi-empirical model for wind sea

spectra[Glazman, 1993, 1994] appropriate for open ocean conditions. This model is complemented




with a spectral model of swell. Diffraction effects due to small-scale ripples, considered earlier by
Rodriguez. et al. [1992], are outside the scope of the present work. These effects may become important
’ for a detailed analysis of dual-frequency atimeters, such as Topex. The main difference between the
present work and the preceding studies by Jackson [1979] and Glazman and Srokosz [ 199 1] is that we
now implement the full two-dimensional version of the theory [Srokosz, 1986] which uses angular
wave spectra and allows investigation of complex wave systems. Additionally, we avoid certain
simplifications made earlier. Particularly, we include both SSB components - the surface, skewness
component, Ag, and the specular height component, A1. The former was neglected by Glazman and
Srokosz [ 199 1] on the grounds that its contribution is appreciable y smaller at large wave age vaues, at
least for unidirectional wave spectra. The theoretical model is described in section 3, the numerical

results are summarised in section 4, and the conclusion of the study presented in section 5.

2. Spectral model of sea surface roughness

Field measurements [Glazman and Pilorz, 1990; Glazman, 1993, 1994] show that under open ocean
conditions, wave spectra tend to be much broader than those measured in lakes or closed or semi-closed
sea basins, such as bays, internal seas and coastal regions, The spectral width increases with an
increasing wind as well as with an increasing degree of wave development characterised by the wave
age and wind fetch. In order to cover a broad range of sea states, we use here, for the wind-driven
component of the wave field, a recentl y developed semi-empirical spectrum model [Glazman and
Srokosz, 1991; Glazman, 1993; 1994]. The angular spread function ¥(®/0g) is chosen in an
analytical form that permits studying effects of the angular width of the spectrum. An adjustable
parameter G)o represents the characteristic angular width of the spectrum. The wind-driven component

of our two-dimensional spectral model is given by the following set of relationships:

F(k, ©) = B(U%/g)2! k -4+ expl-(k/k() 24 /(©/Op)expl-(kh)?] , (2.1)



The wave age & is defined as the ratio of the phase velocity of spectral peak waves to the mean wind
speed, U (at 10 m height). B is a “generalised Phillips constant. ” Its dependence on the wave age
(alternatively, on the non-dimensional wind fetch) is determined (empirically as well as theoretically) for
the range of{ from 1 to 3 [Glazman, 1993,1994]. At the values of & typical to open ocean conditions (§
> 1,5), B varies rather little, and for most practical purposes it can be taken as fi= 1.7 10-3 . Its
empirically-based dependence on the wave age is given by

B~(.5142.15£731%) |03 (2.2)
which represents a fit to the open ocean data reported earlier {Glazman, 1994]. Furthermore, g isthe
acceleration of gravity, kg is the spectral peak wavenumber related to the wave age, &, by

ko = (U2 (2.3)
pisafunction of the wave age. which can be interpreted as a fractal index of the surface. Based on the
field data[Glazman, 1994], this function is “approximated as:

j=0.633 -0.638¢ 113 (2.4)
Finaly, h is the inner scale of the gravity-wave spectrum which serves as a low-pass filter smoothing
out small-scale ripples whose dynamics and statistics are governed by mechanisms different from those
implied in (2.1) [Glazman and Weichman, 1989; Glazman and Srokosz, 1991; Glazman, 1993]. For
sufficientl y small values of &, such that u(€)— O, (2.1) approaches the Pierson-Moskowitz spectrum,
while at moderate degrees of sea development, the “inertial” range of (2.1) takes the form of the
Zakharov-Filonenko spectrum (see also, Donelan and Pierson [ 1987]). ‘I’he wave age & can be
expressed as a function of the nondimensional wind fetch using either theoretical expressions or
empirical relationships (summarised, for example, in Glazman [1994]). For simplicity, we shall present
our numerical results as a function of & and 8y (= kg h).

To investigate the role of the angular width@ of the spectrum, we choose the angular spread

function in a smple form

¥(@/0g) = A,,2(0p)exp —(0/0.)12, (2,5)

where normalisation constant Awnd is given by
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A

Although this form is rather simple, it appears to capture most of the significant effects of angular spread
on SSB. We have experimented with a variety of forms (including wavenumber dependent angular
spread functions) and found that more complicated forins yield practically the same end results as @.5-

(2.6). 1t should be noted that equation (2.6) is an approximate result (strictly the result requires
integration from —eo 10 o), but for the small values of @ used here it is perfectly adequate.

The: second component of the wave spectrum is due to swell and is specified in the form:

Fout (@)= Agyiexp(~1(© = O 1)) AO T exp(~1Ck - kour ) / Akgyr” )

(2.7
where normalisation constant A gy is
Qswi
Agl = W (2.8)
nA@sw[ Akswl

where 3 similar approximation to that used in calculating A, above has been made.

The parameters Akg,; and AG;,,; provide measures of spectral width, aswi is the swell amplitude
(squared). The full wave spectrum is obtained as the sum of (2. 1) and (2.7). Illustrations for two
specific sets of parameters, studied later in the paper, are provided in Figure 6.

In altimeter-based studies, where direct information on the actual wave age is not available, a pseudo

wave age has proved useful. This quantity is defined as

where. A and v are empirical parameters (in general, they are not constant) whose approximate values

and dependence on external factors of air-sea interaction can be derived based on wave dynamics theory
[Glazman, 1993; 1994]. Following the previous empirical estimates, we use here A = 3.24 and v=’

0.31. As shown in section 4, this measure of the sea maturity may have a closer relation.to the sea state




bias in a mixed Sea than does the actual wave age. The latter can be unambiguously defined only for a
uni-modal wave system. With the model used here it is, of course, possible to calculate, both the wave
age (of the wind sea component) and the pseudo wave age directly and, if desired, examine their

behaviour.

3. The two-dimensional model of the sea state bias
Based on the work by Longuet-Higgins [1963], Srokosz [ 1986} derived a two-dimensional version

of the geometrical opticstheory for the sea state bias (SS13). The end-point result is

A
ssn:%t%lﬂf}a Hy3 s or SsB=- et 3.1)
where H1/3 is the significant wave height obtained from the full spectrum as

00
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The expression for the surface skewness, Ag, is given in terms of the two-dimensional wavenumber
spectrum by Srokosz [1986], and is not much different from the its one-dimensional counterpart
employed in [Glazman and Srokosz, 1991]. The expression for the mean relative height of the specular
points is provided below (with a few insignificant corrections made to the originaly published

relat ionship):

Ay = &uﬂ%}mﬁimﬁu (33)
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(3.8)

(3.9)
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For aone-dimensional surface considered earlier [Glazman and Srokosz, 1991], many of the

components making up (3.1) have been expressed in a relatively simple analytical form which alows

one to better understand the impact of wind-wave parameters on these components, the present case

requires a numerical solution. Employing the full spectrum described in section 2, the integration was

carried out using some of the routines in the IMSL and NAG Fortran libraries. The double integralsin



(3.2) and (3.4)-(3.6) were calculated with the relative precision of 0.01. The results are presented in the

next section.

4. Results and discussion

Due to the complexity of numerically evaluating four dimensional integrals (see equations 3.3 to
3.10) and because of the number of adjustable parameters that are involved in the model spectra
(equations 2.1to 2.8) it is not feasible to explore the behaviour of the SSB across the full parameter
space. Therefore, we have chosen to examine a number of specific cases to illustrate the differences
from the earlier uni-directional spectral model of Glazman & Srokosz [ 1991], and to try to gain insight
into how SSB behaves as a function of the parameters (specificaly the significant wave height Hjz3 and

the wind speed U) that an altimeter can measure.

4.1 Comparison with the results of Glazman & Srokosz [1991]

We begin our presentation of results by comparing the numerical calculations of this paper with the
analytical results of Glazman & Srokosz [1991; denoted GS hereafter] for the case of auni-directional
spectrum. The two studies are different in three major ways: (i) the final results reported in GS used
only the specular height component, A1, of the total SSB; (i) the model wave spectrum employed by
GS used highly idealised, theoretically-based relationships for the Phillips constant and p as functions
of the wave age; (iii) the present model spectrum is two-dimensional .

Figure 1 illustrates the SSB coefficient, g, as calculated based on the model wave spectrum
presented in section 2. With the angular width © = 0.1 and inner scale 8 = 0.05, accounting for Ag
resultsin an increase of € by about 10 percent (the curve labelled old is based on only the A1 term). This
is consistent with the analytical results of GS (see their Figure 4) and the consequent neglect of the term
Ao, as compared to A1, in their analysis. The use of the two-dimensional model spectrum leads to an
increase of A as compared to that of GS (see their Figure 6) by up to 50 percent.

To further compare the present model to GS, we provide Figure 2 (analogous to Figure 6 of GS)

which illustrates the dependence of € on the actual wave age § for wind driven seawith arelatively



narrow directional spread ( @Oz O. 1). While the qualitative trends for all values of @ remain essentially

the same, the magnitude of the SSB coefficient is now increased by up to 80 percent. This indicates that

the simpler GS uni-directional model can lead to significant underestimation of SSB.

4.2 Behaviour of the bias as a function of measurable parameters

Using the values of & from Figure 2, we plot SSB (3.1) in nondimensional form in Figure 3, using
anintrinsic scaling based on U and g. The nondimensional form, denoted by B in Figure 3, is related to
the actual SSB by SSB = - B U2/ g. Thisintrinsic scaling may have some advantages over the form
given in equation (3.1) when empirical model functions are being devised, as it has monotonic
behaviour with with wave age (compare Figures 2 and 3).

Practical determination of SSB is based on the pseudo wave age, which can be determined from the
altimeter measurements of Hyzz and U. Hence, it is interesting to compare the results in Figure 2 with a

similar plot based on the pseudo wave age given in Figure 4. This comparison shows that the general

behaviour is preserved, and calculations for a range of values of @q (= 0.05- 0.4) give similar results.
This suggests that pseudo wave age (as given by equation 2.9) might be used to parameter-k SSB.
Since the presently accepted functional form of € for Topex (due to E. Walsh) isgiven as € (U)
[Callahan, 1993], it is interesting to compare the empirical results for €(U) with the theoretical
predictions of the present model. To this end, we estimated wave model parameters,  and y, as
functions of wave age. The latter was related to the non-dimensional fetch X = gX/U?2 by
&=Cx°
where C = 0.08 and ¢ = 0.25, as given in Table 1 of Glazman [1994]. The results are shown in Figure 5
» for several values of the fetch X. Comparing this to the empirical results of Glazman et a. [1994 ;
Figure 3] shows that theory presented here goes some way to explaining the observations, given that the
theoretical curves are calculated for fixed values of the fetch, while the empirical ones are based on

observations which cover a range of wind fetch values.



4.3 Effect of the angular width of the wave spectrum on SSB

Calculating SSB as a function of external factors for the case of a wind-driven seawe found that SSB

doesn’t depend on the angular width, @0. No appreciable changes in the values of € have been found
as©varied between 0.05 and 0.4, areasonable range of values of angular spread for realistic

conditions. As noted above (section 2), using directional spread functions that varied with wavenumber

made little difference to the results. In order to test whether extreme variations in the angular spread

made any difference we used the simpler, but less realistic, spread function: ¥(© / ©o) = 1/(2 @o) for
0] < @0 and ¥(© / ©0) = O otherwise. Varying ©q from 0.1 tom (the isotropic sea case; that is, the
wavefield being statistically identical in all directions), leadsto variationsin € of less than 15%, and for
the range 0.1 to 0.4 there is less than a 2% change in € across the whole range of wave age. Thus we
conclude that, for wavefields characterised by a realistic angular spread, SSB is practicaly independent
of the angular spread.

4.4 Effect of sea swell on SSB

As stated earlier in this section, the range of possible combinations of parameters that describe the
effect of the interaction of wind sea and swell on SSB istoo great to be fully explored. In any case, it is
not our intention in this paper to try to characterise al possible situations that might arise in practice (the
model spectra used are probably too simple for that). Rather, the intention is to indicate the importance
of wind sea and swell interactions for SSB. Therefore, only two cases have been considered: when the
typical wavelength of swell is greater than that of wind-driven seas and the opposite case. The wind-
driven sea is characterised by the following parameters: &=1, = 0.1, and 8¢ = 0.1. The direction of
swell propagation, ©swl » is fixed for both long-wave and short-wave swell at 2r/3 with respect to the
mean wind direction (that is, swell opposing wind waves).

For the “long-wave’ case, the swell amplitude, aswy, is0.8f where B is the Phillips constant for
winddriven seas. The swell characteristic wavenumber, kg, IS taken to be 0.25kg in equation (2.3).
The spectral width of the swell system, AKg,,. is taken as 0.2kg,with the angular width AOswi=0.8.
For “short-wave’ case: agyi = 0.2, AOswi= 0.33, kewr=1.2kg , and Aky,,,;=0.4ko . To a degree
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these choices are somewhat arbitrary, but nevertheless serve to illustrate the effects of wind sea and
swell interactions.

‘he composite spectra are illustrated in Figures 6a and 6b - for the long- and short-wave swell,
respectively. ‘I’he bi-modal structure of the spectra can be seen clearly. While the frequency (or the
wavenumber modulus) spectrum corresponding to Figure 6a also reveals the hi-modal structure of this
mixed sea, thisis not the case for short-wave swell of Figure 6b. As shown in Figure 7, the one-
dimensional spectrum (Q variation integrated out) of this mixed sea appears asif it were uni-modal.

It is perhaps worth noting at this point that defining the wave age when the wave spectrum is multi-
modal is problematical. In contrast, the pseudo wave age remains awell defined quantity (even if its
physical interpretation is less obvious) and is therefore a more stable parameter to use in parametrizing

the SSB empirically (as has been done previoudly, for example, by Fu and Glazman [1991 ]).

in Figures 8a and 8b, we illustrate the SSB coefficient € as a function of the pseudo wave age. The
SSB coefficient, €, calculated for purely wind-driven seas is noticeably greater (by some 20 to 25
percent) at lower values of the pseudo wave age than that which includes swell effect, and thisisthe
case for both the long- and short-wave swell. However, this does not trandlate into the SSB itself being
appreciably reduced due to the swell. SSB is aproduct of € and H 173, and the latter, given by equation
(3.2), increases in the presence of swell. Thus, the effect of swell on the values of the SSB coefficient is
to reduce the latter by up to 25 percent, but the net result, illustrated in Figure 9 for the case of short-
wave swell, is that swell changes SSB by 1 to 2 cm . For the long-wave swell the difference is even
smaller.

In Figure 10, calculated for the case of rather young wind seas, we show the dependence of SSB
on the angle of the swell propagation: the swell effect is greatest when the swell is perpendicular to the
wind-sea propagation. As might be expected on physical grounds, the dependence on the SSB on the

swell propagation decreases as the wave age of wind-driven waves increases.
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S. Conclusions

The results presented in this paper clearly indicate that SSB is dependent on the wave spectrum in a
complex way. The main conclusions of the paper are:
1. The use of simple uni-directional spectral models (such as that of Glazman & Srokosz, [ 1991]) can
lead to the underestimation of the SSB coefficient &, and therefore of the actual SSB. Nevertheless, the
simpler model of Glazman & Srokosz [1991] did show the correct qualitative behaviour of SSB as a
function of wave age (and pseudo wave age) and so allowed improved empirical corrections to be
developed [Fu & Glazman, 1991; Glazman et al., 1994].
2. For arange of realistic values of the angular spread, for a pure wind sea spectrum, the SSB is largely
unaffected by the angular spread. Using asimpler (and therefore less realistic) angular spread function
we have shown that the differences in cover the whole range of angular spread, up to and including the
isotropic case, are less than 15%, for al values of wave age studied.
3. The SSB, based on our directional spectrum calculations, can be as high as 5% of Hi73, which is
considerably greater that predicted by current empirical model functions [Glazman et al., 1994] based on
globa data sets. However, comparison of the present prediction with the empirical model functions
based on (sufficient y large) regional data sets [Glazman et al., 1994] shows excellent agreement,
4. Asin earlier studies [Glazman and Srokosz, 1991; Fu and Glazman, 1991], the pseudo wave age is
found to be a useful parameter in characterizing SSB. The same has not been found to be true of the
wind speed (another commonly used parameter). Our results (Figure 5) show that SSB, as a function of
wind speed, may differ by several centimetres (up to 10 cm) depending on the value of the actual wind
fetch. This suggests that parametensations of SSB in terms of wind speed may not be an effective way
to correct altimeter height data; thisis confined by the. empirical results of Glazman et al. [1994;
specifically their Figure 3].
5. ‘he presence of swell has a strong effect on the SSB coefficient €, but the SSB itself is only weakly
affected by the swell. The effect is greatest when the direction of swell propagation is at right angles to

that of the wind sea.
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Our ahility to obtainthese: conclusions rests on the numerical implementation of a two dimensional
model of the wave spectrum that incorporates directional spread, This provides us with a powerful tool
to study the various physical factors that influence SSB. While this study is by no means an exhaustive
application of the model, it has shown that better modelling can give results and insights that should
improve the empirical methods currently used to correct for SSB. The results could also be used to

guide laboratory and field investigations of the problem.
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