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We tested two established strategies for assimilating sea-surface wave heights into a
spectral wave model. The first strategy modifies the energy of the spectrum, but
allows the wave steepness to change. The second strategy modifies the energy and
the mean frequency so as to maintain the wave steepness. We then used the second
strategy to assimilate satellite altimetry data from GEOSAT into a hindcast run of
the Bureau of Meteorology’s operational wave model. Even though we did not mod-
ify the winds simultaneously with the waves, the wave height bias at a buoy site just
off the western coast of Tasmania was reduced from —1.41 to —0.34 m and the rms
from 1.64 to 0.93 m. We believe that some of these dramatic improvements can
probably be attributed to the higher order numerics now incorporated into the oper-
ational wave model; changes made solely for the purpose of reducing numerical
diffusion. As a result the energy initially assimilated into the wave model may now
be retained much longer than would have been the case with lower order propagation

numerics.

Introduction

The recent advent of oceanographic satellites
equipped with radar altimeters now provides
wave modellers with an unprecedented compre-
hensive global database on the state of the sea
surface. Prior to this, data on significant wave
heights were sparse and limited to scattered
locations involving fixed platforms, wave-rider
buoys, oceanographic ships, and ships of oppor-
tunity. Now that satellites such as the European
Space Agency Earth Resource Satellite System
(ERS—1) are providing significant wave heights
on an operational basis and to a reasonable accu-
racy, the wave modelling community has been
actively investigating how this information can be
assimilated into operational wave models. The
work of Lionello et al. (1992) (hereafter referred to
as LGJ92), de Las Heras and Burgers (1990),
Janssen et al. (1989), and Thomas (1988) have
helped to define how wave assimilation should be
accomplished.
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As a result of their work, we identified two
specific issues that had to be addressed before sat-
ellite altimetry data could be considered for
assimilation into the Bureau of Meteorology’s
operational wave model, the Australian Wave
Model (AUSWAM, Bender and Leslie (1994)).
The first issue concerns the interpolation of satel-
lite altimetry data from a narrow footprint to
larger adjacent areas in order to provide more
information about the state of the ocean surface.
To achieve this goal we used a statistical interp-
olation (SI) technique which is also used exten-
sively by meteorologists to assimilate data into
numerical weather prediction models. The theor-
etical basis of SI and its practical implementation
have been well covered in the literature (e.g. Gan-
din 1963; Lorenc 1981). A univariate two-dimen-
sional version of SI based on a modification of an
algorithm described in Glowacki and Seaman
(1987) is applied here. The second issue concérns
the choice of a strategy designed to infer what a
two-dimensional - wave spectrum looks like.
Reconstructing the spectrum from the infor-
mation contained in the wave height is a funda-
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mental step and for that step we examined two
established assimilation strategies investigated by
LGJ92. The first strategy only changes the ampli-
tude of the waves, leaving the mean frequency
unchanged, while the second strategy changes the
amplitude, but modifies the mean frequency to
leave the steepness unchanged.

The focus of this work is on evaluating how well
an assimilation strategy could improve wave
model predictions. We emphasise that there is
little new in the methodologies we use, but the
applications are unique. In particular the AUS-

WAM model uses third-order upwinding

numerics to significantly reduce numerical dif-
fusion and better resolve the propagation of swell.
In using a third-order propagation scheme we
address a concern of LGJ92 that the first order
propagation numerics of WAM may produce an
excessive diffusion of the wave energy and
decrease the effectiveness of the assimilation. We
briefly review the AUSWAM model and show
how the physics of wind waves constrains what
the inferred, or assimilated, spectrum should look
like. Two assimilation strategies investigated by
LGJ92 are discussed. Then several experiments
are made to test the applicability of the two
assimilation strategies. Next, the rudimentary
details of the statistical interpolation technique
are outlined. Then a hindcast assimilation run of
the Australian region is made using the second
assimilation strategy and GEOSAT data for Sep-
tember 1988. Finally we present our conclusions
and directions for future work.

Assimilation theory

AUSWAM (Bender and Leslie 1994) is an adap-
tation of the third-generation Ocean Wave Model
(WAM), the first wave model to explicitly inte-
grate the spectral transport equation without
assuming a form of the evolving spectrum (WAM
Development and Implementation (WAMDI)
group 1988). The transport of spectral energy in
AUSWAM is governed by the spectral transport
equation:

%+V(CF) = Snl + Sin + Sd.v e
where F is the spectral energy density (i.e., the
wave spectrum) as a function of location, direc-
tion, frequency and time, ¢ is the group speed,
which for deep water waves is only a function of
frequency, S, represents the energy transfer
between frequencies and directions due to third-
order nonlinear wave-wave interactions (Hassel-
mann et al. 1985), S, is the parametrisation of the
energy input due to wind stress forcing (Snyder et
al. 1981), and S, is the parametrisation of the

energy loss due to whitecapping processes (Has-
selmann 1974; Komen ¢t al. 1984). In essence Eqn
1 describes the change and propagation of spectral
energy as momentum is gained, lost, and trans-
ferred through the physical processes of nonlinear
interactions, wind input and dissipation. As we
noted in the introduction, the propagation
numerics were upgraded from first-order upwind-
ing to third-order upwinding.

The total energy E in a wave spectrum at a point

.is defined as the integral of the spectral energy

density over all frequencies and directions. The
significant wave height is proportional to the
square root of that total energy, but it contains no
information about the frequency, direction or
shape of the spectrum from which it is derived. To
infer those spectral properties from a wave height
requires an assimilation strategy and we exam-
ined two assimilation strategies derived in
LGJ92. The wind-sea assimilation strategy cor-
rects the amplitude of the model spectrum for the
difference in energy between model and satellite.
If E, represents the energy of the wave model
spectrum and E, is the energy derived from the
satellite altimetry data, then the assimilation
strategy is simply

Fy(£.0) = a F\(£,0) 22
where

- E_ H,, .3
=5 -G

F, is the model spectrum, F, is the assimilated
spectrum, and H, and H, are the respective sig-
nificant wave heights. The slope of the assimilated
spectrum changes by

Sy = as, .4
where the integral wave steepness is defined as
5 = E(ngf)“ .5
P
and the mean frequency is
]=%ffF(ﬁ 8) / df b .6

In the case when F, is greater than E|, then a will
be positive and the dissipation term, which is pro-
portional to 52, will increase by a2. This can cause
a rapid reduction in the information assimilated
into the wave model, particularly if we use this
strategy on swell.

Forthe case of wind sea, which is directly forced
by the wind, it is also possibie to use the assimi-
lated spectrum to obtain an analysed wind speed
(magnitude, but not direction), and then use that
to drive the wave model until a new wind field is
provided by the atmospheric model. This is the
strategy followed by LGJ92, but one that we do
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not employ. We were primarily interested in
investigating the feasibility of assimilating alti-
metry data into AUSWAM .and how well the
improved propagation numerics would retain the
assimilated information. Hence we chose not to
assimilate analysed wind speeds.

The swell assimilation strategy constrains the
integral wave steepness to remain constant, i.e., 5,
= 5, in an attempt to reduce the energy loss and is
clearly supported from physical grounds. The
strategy is as follows:

7, = % : w7
a=T-7 =7 (1-k) -8
Fy(f, 8) = a F, (f+Af, §) .9

The assimilation strategy shifts the frequency in
order to maintain the wave steepness and essen-
tially leave the dissipation and nonlinear transfer
terms unchanged.

AUSWAM discretises the wave spectrum into
frequency bins (i.e., fiy, = 1.1*f;, where i repre-
sents the /' frequency bin) that range from 0.041
to 0.41 Hz. A swell assimilation strategy that
shifts the frequency must account for these dis-
crete frequencies and we do so by first using a
cubic spline routine to interpolate the discrete
model spectrum to a continuous spectrum and
then shift the spectrum as defined by Eqn 8. Since
it is possible to shift spectral energy to frequencies
beyond the range followed by AUSWAM, we
further limit the frequency shift to the model
range, even though the wave steepness will
change. We note that these techniques are not dis-
cussed in LGJ92.

We illustrate the two assimilation strategies in
Fig. 1. A discrete JONSWAP spectrum (based on
a 15ms~! wind) is used to represent the model
spectrum, while the assimilated spectrum is
"derived for the case in which H, = 1.25*H . In the
wind-sea assimilation strategy (top panel) the
steepness increases, but the mean frequency is
unchanged. In the swell assimilation case (bottom
panel) the mean frequency is down shifted and the
steepness is unchanged. The frequency limit is not
used for either of these examples.

Testing

We tested the two assimilation strategies on an
idealised case; that of a point on a homogeneous,
infinite ocean, i.e., AUSWAM with the propa-

Fig. 1 The'two assimilation strategies, where the solid
line represents the model spectrum and the
dashed line the assimilated spectrum. The top
panel shows the wind-sea strategy and the bottom
panel the swell strategy.
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gation numerics turned off. We first investigated
the case of a swell-dominated equilibrium sea
state, one in which the wave steepness is small. We
forced the wave model with two uniform wind
speeds of 15 and 17.5 m s~ !, which represents a
fifteen per cent error in model wind speeds. After
the wave field forced by the 15 ms™' wind had
reached equilibrium (96 hours of integration) we
assumed that the wind speed has actually been
17.5 m s~ and assimilated to the corresponding
wave height of 7.73 m using the two strategies (see
Fig. 2). For the wind-sea assimilation strategy
there is a rapid loss of information, due to the
increase in wave steepness and associated dissi-
pation. When we assimilated with the swell strat-
egy the loss in information is greatly reduced, as
expected.

We next investigated a sea state dominated by
wind-sea. After an initial 15 hours of spinup with
a 15ms~! wind, we assimilated for the wave
height based on the 17.5 m s~' wind (see Fig. 3).
The wind-sea assimilation strategy produces an
increase in the significant wave height above the
assimilated value of 5. 09 m, before a return to the
15ms™! growth curve. The swell assimilation
strategy significantly reduces the overshoot, but
does not retain the information nearly as long.
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Fig. 2 The spinup of wave heights in an infinite, homo-
geneous ocean. The solid line represents the
growth curve for a 15 m s~! wind and the dotted
line the growth curve for a 17.5 m s ! wind. The
swell assimilation strategy is tested on a swell
dominated sea-state (---) and compared against
the wind-sea assimilation strategy (---).
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Fig.3 The wind-sea assimilation strategy tested on a
wind-sea dominated sea-state (---) compared
against the swell assimilation strategy (---). The
solid and dotted lines are as in Fig. 2.
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Allowing the wave steepness to increase, as it does
with the wind-sea assimilation strategy, more
closely approximates the steepness of the spec-
trum generated by a 17.5 ms~! wind than con-
straining it to be that of the 15 m s~! case. Given
that the integral wave steepness is larger for wind-
sea forced by higher winds, it makes sense to only
assimilate the energy and allow the steepness to
increase.

Statistical interpolation

We used univariate two-dimensional statistical
interpolation to construct analysed significant
wave height fields. This is done in order to spread
the narrow, linear track of satellite altimetry data
over the entire wave model grid. Janssen et al.
(1989) used the satellite data only at the nearest
grid point, but abandoned this approach because
of unsatisfactory results. The essence of the stat-
istical interpolation technique is that at each
point / of the model grid, the analysed height, H/, -
is expressed as a linear combination of the ﬁrst-
guess predictions produced by the model, H,
and the observations, H, obtained from the
satellite.

HI —HIP+0-I f:h‘W Jl; _.E .10

o/p

Here H', is the predlcted wave height at point i of
the model grid, /', is the satellite-derived wave
height at the observation point j (which we expect
to lie at a different geographical location than that
represented by the model point i), where there are
N, such points, and H’,, is the wave height pre-
diction obtained by bilinear interpolation from
the nearest four model grid-points to the obser-
vation point j. The root mean square (rms) error
in the model prediction is given by

G"7P= V((Hlnp_ Hm_’_)2> W1

where m can be evaluated at point i or j. This error
is loosely based upon 12-hour forecasts. Here H
represents the ‘true’ value of the significant wave
height and the angle brackets indicate an average
over a large number of realisations. The weights
W,; are chosen to minimise the rms error in the

analysns
= \/<(H’:«| — H)>> .12

Since it is reasonable to assume that the errors in
the model are not correlated with the errors in the
satellite measurement of the wave heights, the
weights are determined by (see Glowacki and
Seaman 1987)

NII"F\ —
=AZIPIA-M ! .13
=
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where the elements of matrix M are
M/\,=P/\,+ 0/\1 ..14

The matrix P is the error correlation matrix of the
model predictions and O is the normalised obser-
vational error covariance matrix. Both corre-
lation matrices must be specified, which requires
the determination of statistics for both the predic-
tion and observations. For the prediction error
correlation matrix, we assume the errors to decor-
relate over a length scale L,,,,,

Lx, — x|
max

where L, was chosen to be 350 km. For a one-
degree grid model this corresponds to six grid
units at 60°S. This is significantly smaller than the
15 degrees (830 km at 60°S) chosen by LGJ92.

The observational errors are assumed to be ran-
dom and uncorrelated:

0’{/ = 8’(/ Rk .16

where the Kronecker delta only exists for the diag-
onal terms and R is defined as the ratio of the rms
errors of observations to predictions at point k of
the model grid. We further assume the obser-
vational rms error to be 0.5 m, based on the stated
accuracy of the satellite altimeter, and the model
error to be 1.0 m, based on operational experience
with AUSWAM. We did not attempt to explore
variations in the length scale or the ratio R, but
refer the reader to LGJ92.

Hindcast assimilation run

We tested the swell assimilation strategy of
LGJ92, Eqns 7 to 9, on AUSWAM with its third-
order numerics. We did not differentiate between
wind-sea or swell, but applied the strategy uni-
formly. Hence we would expect the assimilated
wind-sea to suffer as a result. We made a hindcast
run for September 1988, when GEOSAT altime-
try data were available and ECMWF winds could
readily be obtained. We solved Eqn 1 on a two-
level nested domain. The outer level (the global
domain) encircled the globe from 78°N to78°S on
a grid resolution of three degrees. The nested level
(the local domain) covered the Australian region
and ran from 9°S to 57°S and from 87°E to 177°E
on a one degree grid. Assimilation was only per-
formed on the local domain.

The winds for both the global and local domain
were obtained from archived runs of the ECMWF
atmospheric model and are available on a 2.5
degree grid for twelve-hour hindcasts. There were
no forecast winds used, neither was any attempt
made to correct the wind speeds. The AUSWAM

-model interpolated the ECMWF winds to the

appropriate model grid and then used 12 angle
bins and 25 frequency bins from 0.0418 Hz to
0.4114 Hz to follow the spectral wave energy. The
source terms were integrated every ten minutes
and the propagation terms every twenty min-
utes.

* During the September 1988 period there were
259 satellite overpasses of GEOSAT over the Aus-
tralian region and each overpass took less than ten
minutes. If, during a twenty minute propagation
time-step, an overpass began, then we assimilated
the wave heights before proceeding with the
propagation and source-term integration. In this
manner we kept updating the initial conditions
for the integration. Model wave heights were
stored every six hours, after the steps for assimi-
lation (if any) and propagation and source-term
integration were completed.

The results with and without assimilation are
compared in Fig. 4 to a time series of significant
wave heights for a wave-rider buoy located just off
the coast of Western Tasmania at 42°S and 145°E
in 97 m of water. This buoy is ideally situated to
record the predominantly westerly swells gener-
ated in the Southern Ocean. The assimilation pro-
duced a dramatic improvement in wave heights
with the bias reduced from —1.41 to —0.34m
and the rms from 1.64 to 0.93 m. However, for a
finer resolution wind field on a greater frequency
than every twelve hours, the improvement in
wave heights may not have been so dramatic.

Because GEOSAT was designed as an exact
repeat mission with a cycle of seventeen days, the
satellite overflew the same ground track every 17
days. Hence within the month there are at most
two satellite passes fairly close to the Western Tas-
mania buoy site. But if we expand the area of
interest to include a box with dimensions of 120
nautical miles on a side and locate the buoy site on
the middle of the right side of the box, then there
are seven occasions when the buoy can confirm
the altimeter reading from the satellite. These are
also shown in Fig. 4. For three of the seven passes
the satellite-derived wave heights were greater

~than two standard deviations from the buoy

height, where we determine the standard devi-
ation based on the altimeter data obtained within
the box. This discrepancy may be the result of the
three-hour averaging process carried out intern-
ally by the wave-rider buoy, during which the
wave field can undergo significant change. The
remaining four passes show quite good agree-
ment.

Finally, we show in Fig. 5 the hindcast wave-
fields for 0000 UTC on 18 September. The differ-
ence caused by assimilation is obvious. We note in
particular the increase in wave heights south of
Tasmania and the change in the pattern of wave
heights well to the southwest of the continent.
Inconsistencies near the boundaries of the assimi-
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Fig.4 Hindcast significant wave heights for September
1988 at the Western Tasmania buoy site. The
solid line represents the buoy observations, the
long dashed line the AUSWAM run without
assimilation, and the short dashed line the AUS-
WAM run with assimilation. Also shown as
crossbars are the seven altimeter wave heights:
plus or minus two standard deviations.
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lation wave-field are an outcome of our decision
to only assimilate the local domain. Since the
boundary points are determined by the global
model, which does not incorporate assimilation,
there is a discrepancy between the boundary point
and the nearby internal points.

Conclusions

We investigated the feasibility of assimilating
wave heights into the operational wave model
AUSWAM. We initially tested two assimilation
strategies, a wind-sea strategy and a swell strategy
previously used by LGJ92, on an infinite homo-
geneous ocean and did not modify the wind
speeds simultaneously. We then implemented the
swell strategy in a hindcast assimilation run of
AUSWAM and found that there were consider-
able benefits to be gained in operationally
employing this strategy, even if we did not correct
wind speeds.

The fact that the AUSWAM model did so well
when initialised with altimetry data alone and not
with wind speed, strongly suggests to us that the
third-order propagation numerics play a signifi-

cant role in retaining the assimilated spectral
energy. We were unable to rerun the model with
first-order numerics, so we offer the following
support. The wind fields we used to drive AUS-
WAM could be in serious error, particularly since
there is so little synoptic data available in the
Southern Ocean to help correct atmospheric
models. Since this will only result in greater errors
in predicted wave heights, it makes sense to cor-
rect the winds as well. An assimilation strategy
that corrects the wind field, however that may be,
should result in considerable improvement in
model predictions. But in our case we continued
to force the wave model with ‘uncorrected’ winds
and in spite of this still showed a significant
reduction in the bias and rms errors. While that
reduction may be due entirely to the assimilation
itself (consider the results when there was no
propagation) we attribute a large part of that
reduction to the improved numerics. LGJ92 pos-
tulated that any disappointing results obtained
when using the wave model WAM may be due to
the first~order propagation scheme that excess-
ively dissipates the energy initially assimilated
correctly into the wave model. Obviously the
assimilation scheme cannot compensate for poor
propagation numerics, just as a good propagation
scheme cannot compensate for a poor assimi-
lation strategy. In the swell-dominated regions
south of Australia, a numerical scheme that better
propagates swell, once it has been assimilated, will
result in better predicted wave heights.

Additional improvements in results are cer-
tainly possible if the wind speed is simultaneously
corrected with the waves and then used to drive
AUSWAM until either another satellite overpass
is assimilated and the winds reanalysed or a new
wind field is provided by the atmospheric model.
Until the assimilation of scatterometer winds into
the Bureau’s atmospheric model becomes an
operational reality, this method has the potential
to further improve wave forecasts. We note that
assimilation-driven improvements in wave fore-
casts may be expected to be greater for the
southern hemisphere, where the wind fields are
not known as well as in the northern hemi-
sphere.

There are several areas in which future work
should be directed. The first is an evaluation of a
two-fold assimilation strategy; one that initially
determines whether the spectrum can be classified
as swell or wind-sea and then applies the appro-
priate assimilation strategy. The second is that of
using analysed winds to drive the wave model in
the manner discussed above. The third area is that
of global assimilation, since this work only assim-
ilated for the Australian region. There are a num-
ber of neglected details such as the appropriate
decorrelation length scale, establishing the correct
timing for assimilating the essentially continuous
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Fig. 5 Hindcast wave-field of the Australian region for 18 September at 0000 UTC. The wave heights are contoured in
half-metre intervals and the arrows show the main direction of the wave. The top panel shows the run with no

assimilation and the bottom the run with assimilation.
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overpasses into the time frame of AUSWAM, and
the proper subdivision of the global domain
in order to facilitate statistical interpolation
routines.
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