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Optimal Interpolation of Partitions:
A data assimilation scheme for NEDWAM-4

Description and evaluation of the period

November 1995 - October 1996

A.C. Voorrips

Abstract

A pew data assimilation scheme for NEDwaM4, optimal interpolation of partitions
{OIP}, is presented, ncluding a detailed description of the software. Resulis are evaluaied
of a test over 12 months, in which two parallel wave model versions were run 4 times a
day, one with and one without assimilation. First, some examples are described. Then,
statistics over the whole period are given. OIP turns oub o give better wave analyses in
terins of integral parameters, in a comparison with wave buoy observations which were

not assimilated (Eierland). Tn the forecast, the main improvement is seen in swell cases,

and especially for the low-frequency wave height H.g. The improvement is systematic
in most wave parameters up to at Jeast 12 hours in the forecast. Based on these and
previous results, it has been decided to incorporate the OTF scheme in the operational

wave forecast suite ap KNMIL
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1 Introduction

The goal of this report is twolold. First, & description i3 given of a new data assimilation
scheme for NEDWAMA, which is the new operational wave forecast model at WNMI Second, the
performance of the scheme 1s evaluated by comparing runs with and without the scheme for a
peried of 12 moenths, Although initially meant for those at KNMI who are going to operate
the scheme or evaluate its results, it is hoped that it may be of interest to the wider range of
people who are interested in operational application of wave data assimilation.

The hasic idea of wave data assimilation is simple. The estimate which a wave model
makes of the present sea state {the analysis) is usually determined by vunning the model forced
by analyzed wind fields from a meteorogical model. It can be improved however, if wave ob-
servations can be sent in near-real time to the computer which runs the wave model. The
process of correcting the computed sea state with these observations is called dafe assimila-
fion. Traprovement of the wave analysis by the assimilation will also lead to the {(short-time)
wave forecast. This is especially so in the case of swell, because the information which is ex-
tracted from the observations will propagate further into the model area, mainly undisturbed
by {possibly erroneous) wind fields.

At KNMI, wave measurements from various sources {buovs, ships, satellites) are available
in near-real thme {typically, 1 to 3 howrs after observation). However, until now, no data
assimilation is done in the operational wave forecasting suite. A first operationally feasible
assimilation scheme was devised a few vears ago by Burgers et al {1992). Unfortunately, it
turned ont that the corrections which it applied to the model sea state were lost very quickly
in the forecast (Burgers et al, 1992, Mastenbroek et al, 1994}, and therefore, it was not added

» the operational suite at KNMI Tt was suggested by Mastenbroek et al that this rapid loss of
information had to do with the fact that the scheme could only assimilate significant wave height
and mean wave peviod measurements. They argued that more detail of the wave spectrum had
to be extracted from the observations in order to apply realistic correciions to the wave held
in the analysis.

In this report, we present a new assimilation scheme, called Optimal Interpolation of Par-
titions {OIP), The scheme tries to improve on the scheme of Burgers et al by assimilating more

ctyum, notably the mean parameters (energy, mean period, mean direction)

details of the sp
of all separate wave systems which can be identified in observed and modeled wave spectra.
Nevertheless, it is still a rather stmple scheme, which does not significantly increase the amount

of computer time needed to make a wave analvsis or forecast,



The OIP scheme was originally designed by Hasselmann et al (1994, 1996) to assimilate
inverted synthetic aperture radar (SAR) spectra from the ERS satellites. For the North Sea,
& much more important set of observations is formed by seven directional wave buoys {figure
1o Voorrips et al (1996} adapted the scheme to assimilate this type of observations. They
tested the scheme for the North Sea in a few experiments, in which it appeared to give an
improvement compared to the scheme of Burgers et al (1992}, Later on, it was compared with
the more sophisticated (and more expensive) DASWAM assimilation system of Delft Hydraulics
{Voorrips and de Valk, 1997}, Also this experiment showed satisfactory behaviour of the OTP
scheme, especially given its low computation costs,

The present report gives an evaluation over an extended test period, from November
1995 until October 1996, In this period, a wave model run with OIP assimilation and a run
without assimilation were performed in parallel, four times a dav. On the basis of these and
previous results, it has been decided to add the OIP assimilation scheme to the operational
wave forecasting suite at KNML

Section 2 summarizes the OIP algorithm. Section 3 gives an evaluation of the parallel
runs, first by showing some examples, then by presenting the statistics. Is is followed by

conclusions and recommendations in section 4. Appendix A describes the software in some

detail. In appendix B, finally, the results of the parallel run without assimilation are compared

with those of the {old} operational NEDWAM run in the same period,

2 The OIP data assimilation scheme

2.1 Outline

The OIP scheme is described extensively in Hasselmann et al (1996} and in Voorrips et al
{1996). In appendix A, a detailed description of the software is given. Here, we will give a
short summary of the most essential features of the method,

OIP is a so-called sequential assimilation mthod. This means that it is called during the
wave model forecast at every time at which new observations are available: it combines the
model state at that time {the first guess) with the new observations to caleulate an analyzed
model state; and this analyzed state serves as the initital condition for a new model run, until
a new set of observations is processed, ete. This set-up is different from e.g. multi-time-level
variational schemes, in which all observations over a certain time period (the "assimilation
window” | are assimilated simultanecusly.

Two major approximations are made in formulating the OIP method. The first is to



define pre-calenlated (and constant) forecast and observation error covariances, which are used
at every assirmilation time step, This distinguishes Optimal Interpolation {O1) schemes from the
far more costly Ralman filter method, in which the error covariances are explicitly propagated
by the model dynamics. The second approximation 5 1o apply a technique called speciral
partitioning, with which the number of free parameters in a wave spectrum is effectively reduced
by more than an order of magnitude (see subsection 2.2). With these two approximations, a
scheme can be constructed which is very cost-effective: an assimilation step takes considerably
less time than the propagation of the wave model between two consecutive assimilation times.

The scheme consists of the following subsequent steps:

1. Partitioning of all observed and model specira, e, division of each spectrum into
a few distinet segments. The physical interpretation of each segment ("partition” ) is that i
represents a wave svstem, corresponding to a certain meteovelogical event (e.g., swell from &
distant storm in the past, or wind sea which is generated by local wind). Dvery partition is
described by three mean parameters: its total energy, mean direction and mean frequency.

2. Cr

{e.g., observed and first-guess at the same location), partitions occur which are sufficiently

sss-assignment of partitions of different spectra. I, in two corresponding spectra

close to each other in mean spectral parameters (frequency, divection), they are supposed to
represent the same wave system, and a cross-assignment s made.

3. Oplimnal miterpolation of the mean parameters from observed and model partitions
which are cross-assigned. Thus, an analyzed field of partition parameters is obtained.

. Update of ecach specirum locally, based on the first-guess spectrum and on the analyzed

partition parameters.

5. Update of the driving wind field as well, if there is a wind sea-component in the
speaciram.

These steps are explained in g little more detail below.

2.2 Spectral partitioning

The concept of spectral partibioning was introduced by Gerling (1992}, It is a method to deseribe
the essential features of a two-dimensional wave variance spectrum FUL 81 () frequency, ¢
divection) with only a few parameters, This is done by separating the spectrum into a small
number of distinet segrments, so-called partitions, which correspond to the various “peaks” in
the spectrum. The partitioning is a purely formal procedure; however, the partitions can be
interpreted physically as representing independent wave svstems. Details of the formalism used

to caleulate the partitions can be found in Hasselmann et al (1994, 19967 and in Voorrips et al



{1996,
As said, the physical interpretation of & partition will be that of a wave svstem, which has
a different meteorclogical origin than other partitions in the spectrum. The data assimilation
scheme makes use of this interpretation. The underlving assumption is that components of
the discretized spectrum which lie within a pariition are fully corvelated with each other,
whereas components Dom different partitions are uncorrelated. One can then Hmit oneself to
alculating only a few integrated parameters of every partition, and perform the assimilation

on these integrated parameters rather than on the Wil spectrim. The assimilation scheme as

designed by Hasselmann et al {1994, 1996) uses three parameters per partition: the fotal energy
of each partition, the mean frequency and the mean direction. Typically, one will not find more
than three or four partitions in a spectrum, so the number of partition parameters {around 10)
is more than an order of magnitude less than the number of parameters to represent a wave
spectrum (300 in the case of wam).

Each partition is defined to be either swell, or wind sea, or mixed wind sea/swell according

to a criterion involving the wind speed and the mean wave vector of the partition (of Voorrips

et al, 1996).

2.3 Partitioning of buoy spectra

The original partitioning scheme as was devised by Hasselmann et al (1994, 1996) can only be
applied to a full two-dimensional wave specirum, such as a model spectrum or an inverted SAR
spectrur. Piteh-and-roll buoy data, however, contain only the one-dimensional wave spectrum
[}, plus limited information about the directional distribution, To assimilate these data as
well, an adapted version of the partitioning scheme was developed (Voorrips et al, 1996) which
needs only F7(f) and the mean wave propagation direction 8(f} as a function of frequency,

Tests with synthetic buoy spectra which were extracted from full spectra showed very good

agreement hetween the two partitioning schemes.

2.4 Cross-assignment of partitions

The next step in the assimilation procedure is to merge the model first-guess and observed
partition parameters into an analyvzed field of parameters. We have assumed that different
partitions within a spectrum are uncorrelated, since they are created by different meteorological
events. So, we want 10 treat these partitions separately from each other in the assimilation. On
the other hand. partitions in different specira {e.g., model and observed spectra, or two model

spectra at different locations) are corvelated if they are created by the same event. Therefore,
i

-



we have to define 4 crosscassignment criterium between the partitions of two different spectra,
in order to decide whether a partition in one spectrum represents the same wave system as a
partition in the other spectrun

The critevium which is used i based on the distance in spectral space between the mean
parameters of two partitions. The ones which are closest to each other are cross-assigned. In
rase the number of partitions in the observed and model spectra do not match, additional

assumnptions are needed. For details, we refer to Voorrips et al {1996}, and to ;a§';g'>i“*i‘zt‘§1>; Al

2.5 Optimal interpolation of partition parameters

When the cross-assignroent is done, the mean parameters of the model and observed partitions

can be combined to obtain an analyzed field of partition parameters.  An important input
for the O procedure are the ervor covariances of the errors in the observed and the model
parameters. The covariances were obtained by caleulating long-term statistics of differences
between observations and NEDwaM model forecasts. The observation errors were assumed 1o
be spatially independent. For the model forecasts, an ervor correlation length of 200 kin was

found.

2.6 Update of wave spectra and wind field

The analyveed partition parameters {rom the optimal interpolation are now combined with the
first-guess spectra to obtain analyzed spectra. very first-guess partition is multiplied by a
scale factor and shifted in the (f,8) plane such that its mean parameters are equal to the
parameters obtained by the optimal interpolation. Small gaps in the spectrum which arise by
the different shifts for different partitions are filled by two-dimensional parabolic interpolation.

When a wind sea partition is presest in the spectrum, the driving wind field is modified
using a simple growth curve relation {Voorrips et al, 19961 The new winds are used until the

next wind field is read in, which is hall » wind time step later {90 minutes).

3 Evaluation of the test period November 1995 - Octo-
ber 1996

3.1 Set-up of the parallel runs

The influence of the assimilation on the wave analvses and forecasts was assessed by running
the wave model with assimilation {(ASS run) for a period of 12 months, from November 1085

until October 1996, Sinee the wave model used was not identical to the operational model



at that time (see subsection A2 of the appendix, and below), a parallel series of runs was
performed with the wave model without assimilation (NOASS runs). Four runs per day wes
done, with a 6-hour analysis and a 12-hour forecast period. Runs were performed with the
operational HIRLAM (High Resolution Limited Area Model; Kallberg, 1990) wind fields from
KNMT's forecast suite, the Automatic Production Line (APL). In case the HIRLAM fields were
missing, no run was done. In cases when only one or two subsequent HIRLAM fields were
missing, the forecast cycle was not intervupted: then, the S-hour or 12-hour forecast vestart
fields of the previous run were used to initialise the model. In case of a longer interruption, a
Teold” restart had to be done, and a two-day warm-up period was necessary. These WAL
periods have been removed from the evaluation,

There are both software and resolution differences between the operational NEDWAM
model and the pre-operational NEpwaM4 model which is used in this study. Another im-
portant difference is that in the operational model, an experimental correction to the HIRLAM
wind speed in near-shore areas is applied (the "Kok-correction”), which has been neglected in
the runs described here. In appendix B, a concise evaluation is done between the operational
NEDWAM and semi-operational NEpwaM4 NOASS rans for a part of the test period. The main
conclusion from that comparison is that the gquality of these runs is comparable, so the effect of
OIP assimilation in the operational model can be expected to be of the same order of m agnitude
as found in the resulis below.

For the assimilation, spectral WAVEC wave observations from the Dutch North Sea Mea-
surement Network (Meetnet Noordzee) were extracted from the LDS and LFD files prepared a
RNMI by Bouws (1997}, Data were used for the locations North Cormorant (NOC), Auk Alpha
(AUK), K13, Eure Platform (EPF), LImuiden (IJM), and Sehiermonnikoog Noord (SON): see
figure 1. Measurements from Eierland (ELD)Y were only used for validation.

LIS files contain high-resolution frequency spectra of wave variance, mean wave direction
and directional spread, with bandwidths varving from 5 mHz at low frequencies to 10 mHyz at
high frequencies, in a frequency range from 30 mHz up to 500 mHz. LFD files contain the
same parameters but on a coarser frequency grid, with bandwidth increasing from 15 miz at
30 milz center frequency, until over 100 mHz at 500 milz. For all stations except NOC and
ELL, high resolution spectra from the LDS files could be used. For NOC and ELD, only the
coarse LED files were available. In cases when LDS files were missing, LFD files were used for

g well

the other stations
For practical reasons (the runs had to be done on two DEC Alpha workstations which

were in use during day time}, all four daily runs were done at night. To prevent use of " future”

4



information, data assimilation was done only at -3 hour and 0 hour analysis time. I & real
operational setting, often the 3 hour-forecast observations are also available, because the wave
model run starts normally some 4 hours alter analysis time due to the HIRLAM run which it
has to wait for.

Below, first some examples of the the parallel runs are shown. In the next subsection, a

statistical analysis over the whole 12-months period is given.

3.2 Examples
3.2.1 December 1995
The situations in which the OIF data assimilation method does and does not hmprove the

wave {orecasts were clearly illustrated shortly after each other in December 19950 Figures

DO, AUK and K13, for

2 and 3 show timeseries of the low-frequency wave height Hyy for
19-25 December. Figure 2 gives analysis results, figure 3 the 12-hour forecast. The period

from December 19 to December 21 is a eolassic example in which data assimilation can be of

value. Approximately from December 19, 1200 GMT until December 20, 0600 GMT, a strong
northerly wind field was passing over the southern Norwegian Sea / novthern North Sea {figure
4}. Tr the central and southern North Sea, the wind speed was relatively low, and it remained
so for at least one more day alterward. So, waves which were generated in the Norwegian
Sea entered the North Sea as swell. Figure 2 shows the severe underprediction by the NOASS
run, and the correction by the assimilation. In figure 3, it is clear that the correction at the
northerly buoys greatly improves the 12-hour forecast more to the South. Only NOC does not
profit from the asshimilation in the forecast, since it is the most "upstream” station.
Around 23 December, low-lrequency wave energy arrives at AUK, and somewhat later,
at K13, Again, the wave energy is underestimated by the first guess, and corrected by the
assimilation {figure 2). In this period, however, the wind and wave divections (not shown) were

mainly westward, so the information is lost very quickly in the forecast {figure 3}, since there

is hardly any Tupstream” assimilated information to profit from.

3.2.2 June 1996

Ancther period in which swell was present in the southern North Sea, was from approximately

169 - 23 June, 1996

feld remains for several days above the northern Novth Sea, with the wind maximum between

i. Figure 5 shows four subsequent wind fields for this g;m‘iad A portherly wind

NOC and AUK. Figures 6 and 7 show Hip time series for AUR, K13 and Flerland, with analysis

and G-hour forecasts, respectively. Unfortunately, no data from NOC were available for this

14



period, and AUK was missing for part of the time. Still, for the period the observations at
AU were available, a clear improvement of the underestimation by WAM can be seen for the
G-hour forecasts at K13 and Eierland. Also, the analysis of Fierland, of which the observations
vere not assimilated, shows an improvement with respect to the first guess, showing that the

wave field in the vicinity of the observations is also improved.

3.2.3 July 1996

The example of 13-16 July 1996 is one of the few events where NEDWAMA overestimated the

low-frequency wave height, see figure 8. As can be seen from figure 9, at 14 and 15 July an
interesting meteorological situation cccurs: high, mainly westerly wind speeds near Scotland,
and niuch lower wind speeds in the central and southern North Sea. Some swell ean be expected
to enter the southern North Sea, because of the rather broad divectional distribution of the wind
sea which is generated in the northern North Sea, However, in such a situation the so-called
garden sprinkler effect limits the quality of the wam prediction. Clear v, Hig is overpredicted
at AUK and K13, The assimilation corrects the underprediction, and especially at K13 this
correction is still present in the B-hour forecast.

The "slow reaction” of the scherse {at AUK, 12 and 15 h GMT of July 14, the Hyy is not
vet corrected sufficiently, and the same happens at K13 a few hours later} in this particular
ase is a rather subtle effect. First, the low-frequency energy at this time is only a few percent
of the tofal wave energy, and it is very sensitive to the mean wave period. This means that the
uncertainty of this parameter, both in the observation and in the model first-guess, is rather
large, so the correction of this parameter by the assimilation scheme may be not optimal. Note
that Hyy itself is not a parameter which is assimilated: only the total energy and the mean
frequency of every partition is corrected, and if the true spectral form of the partition is different
from the model, this may have a detrimental effect on the 1p correction. Also, the rapid change
in performance of the first-guess NEDWAM4 run can be of importance: WAM is underpredicling
the mean wave period and wave height a few hours earlier, and at 12 GMT WAM starts o
overpredict the mean wave period and wave height. So, at first, the assimilation scheme has
increased the wave energy in the surroundings of AUK. This still causes an extra overprediction
later on at 12 GMT, which has to be reduced by new measurements. In general, cases where
the first-guess ervor varies rapidly in time and space (for instance, in the vicinity of a front), the
assumption of fixed error covariances underlving the optimal interpolation approach is violated,

80 the scheme will not work in an optimal way.



3.2.4 October 1586

As the last example, we take the period of 28-31 October 1996, Wind fields are given in figure
1 From October 20, 0000 GMT, strong northerly winds ocenrred in the northern Norvth Sea;

12 hours later, the northerly flow was all over the North Bea, and at October 30, 0000 GMT, the

wind had already turned o west in the southern North Sea, This is not a typical swell situation,

o 1 high in the southern North Sea as well as in the north: nevertheless,

since the wind gy
wave energy is propagating from sorth to south, so some impact of the assimilation can be
expected, Figure 11 shows that this is indeed the case: the corveciions at analvsis time lead o
improved iy orecasts at AUK and K13, After October 30, however, the second peak at K13

is missed, hecause this extra wave energy comes aleady too much from the west/northwest (o

be captured by AUR,

3.3  Statistics
3.3.1  Avwailibility of observations

On average, the timely availability of the wave observations was very good, see figure 120 only
North Cormorant was missing for a few extended periods. North Cormorant and AUK had, on

the other hand, most of the time no wind velocity data available,

3.3.2 Monthly averages

Figures 13, 14, and 15 show monthly statistics of H, for NOC, AUK, and K13, respectively,
validated against the %){i{)}f observations.

The fivst thing which strikes the eve is, naturally, the large seasonal variabiity of wave
height., Also, the relatively farge negative bias of the NOASS runs is apparent, and it is clearly
corvelated with the absolute wave height. The quality of the NOASS runs is discussed in
sppendix B

The large reduction of both svstematic (bias) and random {standard deviation) errors by

the assimilation at analysis time s to be expected, since the observations have been used i
the assimilation. In the 6-hour and 12-hour forecast, most of the reduction has disappeared.

Stitl, some Improvement remaing, and it s systematic over the whole period. Only at NOC, the
improvement is almost completely Tost after 6 hours, which can be explained by the {act that
i cannot easily prolit from assimilation of measurements from the other i')isa,}yﬁs: nost of the

errors in the wave height will be caused by either loeal wind, or by wave energy propagating

from the Norwegian Sea or the Atlantic



The improvement of the wave forecast by the data assimilation is on average small. This
is quite understandable, since one can only profit from data assimilation if (a) propagation of
wave energy is move important than local wave generation {swell cases), (b} the mean wave
direction is such that some “upstream”™ observations are available, and {¢} the accuracy of the
first guess is comparable to or worse than the accuracy of the observation. This situation
seeurs not very often, but when it happens, it can be of great importance (swell prediction in
the southern North Sea is one of the main purposes of NEpwas). In the next paragraph, we

will therefore not only give overall statistics, but also statistics for the swell conditions only.

3.3.3  Averages over the whole period

In this section, we present results of the performuance averaged over the whole 12-month period.
Averages are caleulated over all data, but also over those situations which are considered to he

swell-dominated. The criterion for a swell situation is

't
1.3 cos(AB) < 1 (1
Cyyy

where Uy is wind speed, ¢, is the mean phase velocity, and A is the angle between the wind
direction and the mean wave direction. AEthé,)z.ig}z this does not restrict the selection only fo
the cases (a), (b} and (¢} of the last paragraph, it is still a selection of cases which are more
favourable for data assimilation.

Figures 16 - 23 show results for significant wave height H,, low-frequency wave height H g,
mean wave period T, and mean wave direction 8, for the locations NOC, AUK, K13, EPF,
and ELD. Data from the latter location have not been assimilated, and are therefore useful for
the validation of the analysis; results for the other buoys are mainly for validating the forecasts.
For T, and #,, only those cases were selected where the observed significant wave height was
more than 1 m. This was done because for very low wave energies, the observed mean wave
period and divection become very unreliable.

For all four parameters, bias, standard deviation of error and root mean square (RMS)
error ave given. For H, Hyg, and T, also the "normalized RMS ervor” (NRMS) is given, defined
as the RMS ervor divided by the RMS of the observation (in %). NRMS is a more significant
parameter than the scatter index (RMS ervor divided by the mean of the observations) for
parameters of which the standard deviation is very large compared to the mean, which is
especially the case for My in the southern North Sea; this parameter is almost zero most of
the time.

For H, and Hyg, we see that some impact of the assimilation remains until the 12-hour



forecast. With the exception of NOC, selecting only swell cases generally enlarges the influence
of the assimilation. g for K13, the NRMS of the 12-hour Hoy forecast reduces from (045 to
0,46, an improvement of 20 4.

The tmprovement i mean wave divection is lost much faster in the forecast than the nther

onal resolution of the waMm spectrum (30°)

1

parameters. One explapation can be that the divec
is much coarser than the average correction by the assimilation {around 57); the rather subtle
directional correction is usually lost quickly in the propagation due to numerical diffusion and
the "garden sprinkler”-effoct,

Finally, also the quality of the wind speed corrections made by the assimilation scheme
has been assessed. Table 1 shows the RMS error of the HIRLAM analysis (NOASS) and of
the corrected winds (ASS analysis) with respect to platform wind speed measurements (note
that the wind speed ohservations are not used in the assimilation). It turns out that the
wind speed corrections applied by the assimilation scheme inerease the RMS error, instead of
improving the winds! There arve a few possible explanation for this behaviour. First, the wind

sea correction is caleulated using a simple

speed correction which is estimated from the wind
growth curve relation (Voorrips et al, 1996}, which is really only valid in case of stationary
and homogeneous wind fields. Second, the wind sea correction is always influenced by previous
wind sea corrections at the same measurement site {the "memory” of the wave correction is
longer than the 3 hours between consecutive assimilation times). The wind speed correction
algorithm does not take this memory into account. The algorithm is expected to work much
better in the open acean, and with measurement locations which vary with time, like satellite

measurements.  Indeed, in such cases better results have been obtained (P.AEM. Janssen,

personal communication) with a comparable algorithm (Janssen et al, 1984}

ions can have only a limited influence on the quality

The erroneous wind speed correc
of the forecast, since they are only used until a new wind field is read in, which is already 90

it

minutes after assimilation. Nevertheless, it may be advisable to remove or improve the wind

speed correction in the scheme.



AUK | K13 EPF L IOM ) ELD | SON
213 12392 12525 1 2504 | 2194 | 2294

i i

A3 16T | 207 ) 176 ) 181 207
L7016 205 ) 2.02 0 201 ) 231

Table errors of the HIRLAM [(NOABS analysis) and corrected (ASS analysis) wind

speed im m/s}, over the period f‘ki{;'vz:zr;ha:z 1995 - October 1896,

4 Conclusions and recommendations

We have presented and evaluated a new assimilation scheme for Ngpwanm4, Evaluation of in-
dividual swell situations, as well as a statistical analvsis over a one-vear period, shows clear
improvement of the analyvsis and the 6-hour and 12-hour forecasts by the assimilation of pitch-
and-roll buoy observaiions. The impact on the forecast is largest in swell cases, and for signifi-
cant wave height, low-frequency wave height and mean wave period. The correction of the mean
wave direction is quickly lost in the forecast. The update of the wind field by the assimilation,
o the other hand, decreases the quality of the wind.

Because of the negligible computation cost of the scheme and the positive impact on
analysis and short-term forecast {(shown in this and other studies), it has been decided to
implement the sysiem in the operational forecasting suite at KNMI

In the present implementation, only measurements from the Meetnet Noordzee WAVFE(
buoys are assimilated routinely.  Addition of other measurement tyvpes should be relativily
easy. Experiments with inverted SAR spectra from the ERS satellites (Voorrips and de Valk,
1997} have shown that adding these measurements can have a {small) positive impact in the
northern part of the model region. To make this operational, a SAR inversion scheme should
be implemented {.');{f?%‘??’zivé‘§(m1€k§§}«_’ as well Another possible extension would be the assimilation
of non-spectral observations, like the ERS altimeter wave height measurements, This requives
some development of the present scheme, but should be rather straightforward. Experience

ith assimilation of these observations in the past (Burgers et al, 1992 Mastenbroek et al,
19941 was not too promising, however,

Due to the simplicity of the scheme, several ad-hoc decisions have been made which may
be improved on. Additional experiments with different wind corvection algorithms should point
out whether it is useful o retain the wind correction in the scheme. The current treatment of

spectra with different numbers of partitions is robust but might be optimized, in order to reduce
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the number of observations which s rejected in case of non-matching partitions. The quality

control system s very simple and should be refined, especially i less reliable observations will

be used in the future. A good candidate to build on is the quality control system of Etala and

Burgers (1994}, Finally, it is reconumended to continue research on more advanced assimilation

schernes. They may become feasible for operational purposes within some vears, because of the

continuous increase of avatlable computer power.
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A Software description

A1 Introduction

The assimilation software is organized as a subroutine called ISARAS {Interface to SAR ASsi
Hation, named after the original purpose of the method developed by Hasselmann et al (1004))
ISARAS is called at observation times {every three hours) by the wam wave model. First, we

deseribe the implementation of the wave model before we go on to ISARAS.

A.2  The wave model

The ISARAS data assimilation package is implemented in PORTRAN as a subroutine of the
NEDWAM4E program. NEDWAM4A is an implementation for the North Sea of the wanm wave
model, Cyele 4 (WAMDI, 1988; Giinther et al, 1992; Komen et al, 1994). At the start of the
test period {(November 1995), the operational wave model at KNMT was still Nepwanm (Burgers,
1990}, which is based on an older version of waM. Since the operalization of wanm Cyele 4 was
already planned (it was introduced in KNMI's Automatic Production Line in October 1996),
we have only worked with Cyele 4.

The model is implemented on a 1/3° latitude x 1/2° longitude grid (approximately 32
km grid spacing), ranging from 50.7° to 70° Narth, and from 7.5° West to 16.5° East (figure 1).
This includes the North Sea and part of the Norwegian Sea. The Norwegian Sea is included
mainly in order to capiure wave systems which are generated in this area, and which propagate
as swell into the North Sea afterwards. At each grid point, the wave variance density spectrum
is discretized in 25 {requencies ranging from .04 to 0.4 Hz, and in 12 directions.

Inn the version of the model used in this study, the open boundary of the model is not forced

by externally generated wave fields. Wind helds are provided by the operational HIRLAM APL

THE.

A.3 Description of ISARAS

i

The nEpwaM-4 model calls the assimilation routine ISARAS at every assimilation time. IS-
ARAS itself is only an interface routine between waM and the main assimilation routine,
SARAS.

5}3?2%‘,4%‘&1'33 1 shows a tree of the subroutines of SARAS. SARAS starts with a dimension
check (CRW2A) Next, subroutine READSPEC is called; in this routine, the observed spectra
are read. Presently, these are anly the spectra from the Wavee buoys of the Meetnet Noordzee,

from the LDS and LFD files prepared by Bouws (1997). The high resolution spectra from LDS

e



files are read by READLDS and the coarser LED spectra by READLFD (see section 3.1}, LFD
spectra are interpolated (o the LDS frequency grid by INTERPOL_CONSERV. READSPEC
proceeds by reading the corresponding model Hrst-guess spectra from a waM common hlock.
QCT does a first rough quality check (imits on wave height, et} Tt calls MANUAL CHECK;

in this routine, the user can reject data which he does not want Lo assimilate, or of which he
knows in advance that the data will not be correct. NEW_INDEX recaloulates the indices of

the observations alter rejection of data by QU1

Subsequently, SWELLSEP is called to partition the wauM specira al the observaiion

focations, and BSEP partitions the buoy spectra. The structure of these routines is discussed

below. CRUSSAS cross-assigns the partitions of the wam spectra with the buoy specir
the subroutine CHECKCORRELPAR to check consistency between some parameters.

{1996), observed spectra with unassigned partitions are

N

As discussed in Voorrips et al
difficult {and dangerous) to assimilate. Therefore, the following intermezzo is added at this
stage of SARAS. First, RM_LOOSE_OBS tries to remove the unassigned partitions by relaxing
the conditions for the combination of partitions as defined in SWELLSEP and BSEP. Next,
CROS5AS is called again. If there are still unassigned partitions, the observation is rejected by
rautine QU2 QU2 furthermore vemoves observed spectra, if more than one observed spectrum
at the same position has been read in: typically, the coarse spectrum from a LFD file is rejecied,
if the corvesponding LDS spectrum exists,

After this last quality control, DEV caleulates the innovations, Le., the differences between
the observations and the wam frst-guess specira.

Now, an array of WAM spectra to be analyzed is read in by GETWSPEC (its subroutine
b

WAMIN copies the spectra from s wamM common block). Not all wasm spectra are added to
this array: only those spectra which are within a certain maximum distance to at least one

observation location (GCPATHZ is used to caleulate great-cirele distances between grid points)
In the current setting, this maximum distance is 1000 km {variable XMAX in GETWSPEC).
This feature does not make a lot of difference in a North Sea setting, but for a global application
of the scheme, it greatly reduces the cost of the scheme by i;‘;;w;}z‘izzg all wanm spectra which are
very {ar from all observations. MEANST caleulates integrated parameters {significant wave
height, ete.) for the selected spectra. MNINTW finds the wind sea partition in the spectra, if
there 1s one,

SWELLSEP calculates the partitions of the spectra in the analysis array. CROSSW cross-
assigns the partitions of the WAM spectra in the analysis array with the wAM spectra at the

observation locations, analogously to the cross-assignment in CROSSAS.



Subsequently, OPTINT is called, which performs the optimal interpolation of the mean
parameters of the partitions, First, it defines P and K, which are the forecast error vovariance
matrix, and the ohservation evvor covariance matrix, respectively, For the current definition
of P and R, see Voorrips et al {1996). OPTINT needs routine MATINY to invert the matrix
HPH" + R, with H the projection s:)f the model state on the ohservations. MATINY calls the
two Numerical Recipes routines CHOLDC and CHOLSL (Fress et al, 1992 for the inversion.
After caleulating the corrections, analvzed values of the partition parameters are calculated.

TUSTRE calculates the analyvzed wasm spectra, based on the fivst-guess spectra and the
analvzed mean parameters of the partitions. Its structure s described below.

Based on the correction of the wind sea partition in the analvsis, WINDCOR caleulates
g ocorrection to the first-puess wind, It nesds routine ULDCOR. This routine caleulates a wind
speed from the energy and mean period of a partition, using a scaling formula {see Voorrips et
al, 1996),

Finally, routine WAMOUT is called to write the analveed wave spectra and the analyzed

wind speeds to the corresponding WAM arrays.

A.4 Description of some subroutines

A4l SWELLSEP

SWELLSEP is the routine which performs the partitioning of a two-dimensional frequency /
direction spectrum, [ts free structure is shown in disgram 2.

After initinlisation by rontines CHECKSWELLSEPPARA and INITSWELLSEP, the par-

s

o

titioning is done by routine PARTITIONING. As explained in Voorrips et al (1996}, some
recombination of small and not clearly separated partitions is needed, and this happens in
COMBINEPEAKS, Hs subroutines ONESTEPAPART, WINDSEA, LASTTWORING, HALF-
SPREAD, THRESHHOLD, and LOWENERGY check the following reasons for combination

of partitions, respectively: peak frequency/direction of two partitions are only one grid point

apart in the 2D spectrum: there are multiple windsea peaks; a partition 15 only present at the
two highest frequency bins; the mean frequencies/divections of two partitions ave separated iy

spectral space less then hall thelr mean spectral width; the minimum between two peaks
more than a certain threshhold value; and the energy of one partition iz less than a certain
minimum, or less than a certain fraction of the total energyv. The actual combination is carried
out by DOCOMBINE {except in ONESTEPAPART). SUMENERGY ealenlates the energy of
the combined partitions, and MEANS caleulates other mean parameters of the partitions, like

the mean divection and the mean frequency,
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Diagram 1: "Tree of the subroutines of SARAS. The bold-face routines correspond with the
WAM maln program via common blocks; WAMOUT is the onlv routine that writes to WAM.
The trees of the routines with dashed boxes (SWELLSEP, BSEP and TUSTRE) are given in

diagrams 2, 3 and 4, respectively.

A42Z BREP

In BSEP, the partitioning is done of the buoy spectra, which consist only of the I-dimensional
wave variance and mean-divection spectra. The partitioning procedure is necessarily different
from that in SWELLSEP, but results are comparable, as has been described in Voorrips et al
{1996}, The tree structure is shown in diagram 3.

First, partitions are calculated based on the 1-D variance spectrum alone (SEP_1D).
COMB.LOW PEAK, COMB.CLOSE.PEARS and COMB.BAD.CONTRAST recombine par-
titions for the following reasons, respectively: the energy of a partition is less than a certain

minimunt, or less than a certain fraction of the total energy; the mean fregquencies and diree-
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Diagram 2: Tree of the subroutines of SWELLSEP.

tions of two partitions are too close to each other; or the minimum energy density between two
peaks is higher than a certain fraction of either of the peak densities. After everv partition-
ing or recornbination step, MEAN_PARAMETERS recalculates the mean paranmeters of every
partition.

New partitions ave created by SEP.DIR, f the mean direction within a partition changes
too fast with frequency. SWELLWIND caleulates which partitions have to be considered as
swell and which as wind sea systems, and finally COMB.WINDSEA recormbines all partitions

which are found 1o be wind sea

A4.3 TUSTRE

TUSTRE is the routine to eveate new (Tapalyzed” j spectra from fivst-guess specira and analyzed
mean partition parameters, by rotating and shifting each partition in the spectrum to change
its mean parameters from the first-guess to the analyzed values. Diagram 4 shows its Lree
abryciure,

Some initiahisation is done by CHECKTUSTREPARA and INTTTUSTRE. TRANSFORM
rotates and shifts the partitions in the spectrum (o Ht the new menn parameters, Butl because

every partition is shifted and rotated with o different amount, some overlap and some gaps will

occur in the spectrum. Overlap s sccounted for by just swinming up the contributions of every
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Diagram 3: Tree of the subroutines of BSEP.

partition at every spectral bin. Gaps are smoothly filled by interpolation in routine FILLGAPS.
Its subroutines MAKEFRAMES and AVOIDPEAKS identify the gaps, and GAPINTERPOL
makes a quadratic interpolation over the gap. In the interpolation, a least-squares solution of
a set of equations is caleulated by routine LSQ, which calls the Numerical Recipes routines
SYDOMP and SVDKSB (Fress et al, 1992). TRANSMEANS, finally, recalculates the mean

parameters of the analyzed specira which are obtained by TUSTRE.

TUSTRE P CHECKTUSTREPARA }

INITTUSTRE |

1 TRANSFORM

FILLGAPS = MAKEFRAMES

| AVOIDPEAKS

UL

“' GAPINTERPOL

LS A;

SVDCMP |

L

TRANSMEANS | SVDKSB |

Diagram 4: Tree of the subroutines of TUSTRE.

A.5  Include files

The ISARAS package uses the following include files,
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e dim_ass.h This include file contains the dimensions for arvavs in the ISARAS routines,
It ineludes ttsell the wan inelude file, parcers.h, and a bile in which the wan dimension
variables are declared, decl parcrs.h. The latter is necessary, since all ISARAS routines

we IMPLICTT NONE.

Pl

s common.ass.h This file contains those wasm common blocks which are used by ISARAS.
The only routines of ISARAS which include this file are the interface routine {ISARAS
the reading routines READSFEC and WAMIN, and the writing routine WAMOUT, This

minimizes the risk of interfering with wasm by acadent.

s waveclds.h This file contains arravs which contain information on the wave spectra from

the LIS ohservation fles.

s waveclfd.h This hile contains arrays which contain information on the wave spectra from

the LFD observation hiles,

A.6 Output

The main output from ISARAS are the analvzed wave spectra and wind vectors, which are
copied to the wam specira. Apart from this, for every assimilation step a short observation
loghile OBSdig.ont is written, where dig = yymnddhl is the date-time group of the assimilation
date. Also, ISARAS writes to the main waym loghile; the detail of the comments depends on

the parameter ITTEST which is defined in SARASL.

B Comparison of operational
and semi-operational runs without assimilation

The performance of the operational NEDWAM runs and the semicoperational NOASS NEDwAMA
(wam Cyele 4) runs has been compared for the period November 1995 until May 1096, by
validation against the buoy ohservations at NOC, AUR, K13, and EPF. Only the results at
analvsis time have been compared. The results are summavized in tables 2, 3, 4 and 5.

The first obvionus difference between the results is the bias in wind speed at K13 and BEPE.

These two platforms lie in the southern North Sea, where in the operational NEDWAM run the

EEra i

wind speed is systemnatically inoreased by 10 % (o 12

(the so-called "Kok™ corvection). This
correction is applied in order to compensate ronghly the nnderestimation of wind speed at sea
close to the coast due to the rather coarse wind model resolution. In the Sé"fi?i'iiwi?é‘}{%‘%&?i{}Eiéi;i

NEDWAMA runs, this correction is not applied. For EPF, the Kok-correction is clearly justified

!



by the observations: it should even be augmented. For K18, it seems that the Kok correction
is too large: the positive bias of the NEDWAM winds is almost as large as the negative bias of
the NEDWAMA winds, In conirast fo the bias, the standard deviation of the NEDWAME winds is
smaller (probably caused by the higher resolution of the NEDWAMA4 grid), and the RMS errors of
NEDWAMA and NEDWAM balance each other more or less. Note that wind speed measurements
for North Cormorant were not available for most of the period, so the rather large bias in wind

speed here is based on a much smaller number of observations than all the other statistical
results which are presented.

The second clear difference is the negative bias in significant wave height of the NEDWAMA
runs, which is higher than the bias of NEpwaM for all four buoys. For K13 and EPF, and to
some extent for AUK, this negative bias can be explained by the missing Kok-corvection. This
correction seems to compensate partly for the apparent underprediction of waves in the shallow
southern North Sea,

But clearly, at least one extra effect determines the differences between NEDWAMY and
NEDWAM. First, at NOC NEDWAM4 has again a larger negative bias in wave height than
NEDWAM, although the Kok correction plays no role here. Second, NEDWAM has a larger
negative bias in mean wave period at all four buoys. This is the contrary of what one would
expect for waves generated by higher wind speeds. {ifiem’}}@ WAVES OF On average steeper in
the NEDWAM runs. These differences are probably due to the replacement and retuning of the
source funciions in the wam model which took place when Cvcle 4 was constructed {Glinther
et al, 1992}

In the southern North Sea, the standard deviation of the significant wave height errors
is smaller for NEpwaM4. This is probably due to the higher spatial resolution of NEDWAMA,
Overall, the mean wave period results are better for NEDWAMA,

In summary, the quality of the NEDWAM and the NEDWAM4 analyses runs trade off:
NEDWAM is generally better in wave heights, NEDWAMA better in wave periods (and wave
steepness). For the performance of the wave model, a run with NEDwAM4 and Kok corrections
would be preferable, however. The negative biases, both in wave height and in mean wave
period, in the southern North Sea would be reduced hy the corrections.

The main conclusion of this comparison is that the quality of the semi-operational and
the operational runs are comparable, and thus the expected impact of assimilation in the
operational suite can be expected to be comparable to the results described in section 3 of this

report.
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