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Abstract. The purpose of this study was to enhance the ac+ial techniques are computationally inexpensive and have re-
curacy of numerical wave forecasts through data assimilasulted in some success in improving wave forecasts (e.qg.
tion during typhoon periods. A sequential data assimilationGunther et al., 1993). This success has led to the implemen-
scheme was modified to enable its use with partitions of di-tation of this type of system into the operational wave analy-
rectional wave spectra. The performance of the system wasis/forecast cycle at the European Centre for Medium-Range
investigated with respect to operational applications, specifi\Weather Forecasts (ECMWF).
cally for typhoon waves. Two typhoons that occurred in 2006 Wave and wind data calculated using sequential tech-
around Taiwan (Kaemi and Shanshan) were used for this caseiques are used to correct the winds and waves at each time
study. The proposed data assimilation method increased thgoint of the model regardless of the previous model states.
forecast accuracy in terms of wave parameters, such as wavgecause the space-time structure of the modelled wave field
height and period. After assimilation, the shapes of direc-is not taken into account, the results are not fully consistent
tional spectra were much closer to those reported from indewith the dynamics of the wave model. In the first attempt
pendent observations. of wave data assimilation, Komen (1985) improved swell
forecasts in the southern North Sea through the use of ob-
served wave heights in the central North Sea. The waves pre-
dicted by the model were replaced in the wave model with
1 Introduction independent observations whenever and wherever available.
However, the utility of these new observations was relatively
The application of data assimilation to operational waveghort-lived because the corrections were quickly lost due to
modelling has rapidly increased over the past 20yr, in parthe uncorrected winds and waves found elsewhere in the
due to the increase in the near real-time availability of waveyayve model domain. Hasselmann et al. (1988) and Janssen
and wind observations. This increase in data availabilitygt g]. (1989) improved the results of the model by distribut-
has drastically increased since the launch of earth-observing]g the corrections over a larger area and by including wind
satellites, such as ERS-1 and ERS-2. It has also inspiredgrrections.
many researchers to investigate the possibilities of includ- | other cases, the impact of this type of system has
ing data assimilation methods in operational wave forecastpro\,en to be too weak to improve the accuracy of the model,
ing systems to improve the accuracy of the estimation of segs the researchers expected (Burgers et al., 1992; Masten-
states. broek et al., 1994; Bidlot et al., 1995). As suggested by
Assimilation techniques for wave forecasting are com-\astenbroek et al. (1994) and Bidlot et al. (1995), this re-

monly divided into sequential techniques (e.g. Lionello etal., syt may be caused in part by the fact that significant wave
1992; Komen et al., 1994) and variation methods. Sequen-
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Table 1. Simulated regions, grid resolutions, and time steps of 2 Descriptions of the simulation region
model nestings.
This study focused on coastal waters in eastern Taiwan. A

Nesting ~ Range Grid resolution Timestep  three-level nesting scheme was applied to obtain detailed
Istlayer ~ 116-14C E/IC-4C°N  Ax=0250° Ay=0250°  60min wave information in this region and to effectively simulate
2ndlayer  118-125 B/20°-27° N Ax=0.067 Ay =0067  30min the wave field (Fig. 1). The simulated regions, grid resolu-

3rdlayer 123128 E2-25N  Ax =0.020° Ay=0.020° 12min ) ) ) . ,
tions, and time steps of the model nestings are listed in Ta-

ble 1. The grid resolution and time step conformed to the

. . . L CFL condition. The purpose of including the larger region
height observations alone do not contain sufficient informa- . i
X o was to provide boundary values for the next finer layer. For
tion for a proper renewal of the wave spectrum, which is the

. . ) this study, we only concentrated on the fine-resolution grid
prognostic variable in a spectral wave model. Recently, se-.

) N rQe'e' layer 3). The SWAN wave model (Booij et al., 1999)
quential assimilation systems have been developed and a . o :
was used for all layers. The parametric sensitivity analysis

capable of assimilating observations of the full wave spec- .
trum (Hasselmann et al., 1994, 1996; Voorrips et al., 1997_(Lee et al., 2009) was used to search for optimal parameter

Breivik et al., 1996). Voorrips et al. (1997) demonstrated the’values n .S.W AN wave mo‘?'e" Tr_lese two parameters revea}led
by sensitivity analysis are: nonlinear saturation-based white-

benefit of using spectral information by comparing a methodCapping combined with wind input (default value is 0.0015:

that utilised this information with a method based only on tuned value is 0.00172) and the coefficient of the JONSWAP

5|gn|f|gant wave height assimilation. results for bottom friction dissipation (default value is 0.038;
During the past decade, the most frequently used op—tluned value is 0.0284)

erational assimilation .sche'mes havg been single-time-leve All SWAN model runs were forced by operational 1-hour
schemes, such as optimal interpolation (Ol) (e.g. Janssen ?At/ind fields, with a 0.5 resolution in longitude and latitude
al., 1989; Lionello et al., 1995; Hasselmann et al., 1997; ' ' 9 '

Voorrips et al., 1997). Ol is computationally fast and easily provided by the Central Weather Bureau (CWB). In order to

. . . . .7 match up with the model simulation, the wind fields were
applicable to the online wave analysis/forecasting conditions,. ; . . . )

. linearly interpolated in space and time, with the simulated
but it suffers from some drawbacks. Forecast errors are of-

ten inhomogeneously distributed over the wave spectrum an{f9'ons: gn_d resolution and time step corresponding to the
- : . A model nesting.
limit the improvements obtained by the assimilation of wave :

. Observed spectral data from the Gagua Ridge buoy
heights alone (Mastenbroek et al., 1994). Thus, some group L

. 22.78 E, 22.0% N) were used for model assimilation. The

have challenged the use of SAR (Synthetic Aperture Radar aqua Ridae buov is located approximately 220 km east of
data (Breivik et al., 1996; Hasselmann et al., 1997). Although 9 9 y bp y

. Taiwan, where the water depth is approximately 6000 m.
the.use of SAR data may be found useful fqr wave mOdE|S ""Veasurements from the HuaFI)ien buoilp(Fig. 1) viere used
regional seas, the density of SAR observations is simply to%r verification purposes. The Hualien buoy is moored near
low to have a serious impact on the wave analysis. Addition )

ally, the spectral resolution of SAR, which truncates wavesthe shore (approximately 1km off-shore, where the water

. epth is approximately 21 m). Pitch-and-roll buoys are de-
shorter than 100 m, is a larger problem for partly Sheltered\(jeloped, manufactured, and operated by the Coastal Ocean

seas where the average wavelengths are substantially shortﬁ

. . onitoring Center (COMC) of National Cheng Kung Uni-
than those in the open ocean. However, there is a good alter- ~ . . - .
versity, which was commissioned and is supported by the

native to the SAR qlata _for regional seas. Regipnal S€as aTR\vB, and the buoys report directional wave spectra every
densely _covered_wnh p|tch-and-r_oll buoys, which MEASUIE, ur. A fast Fourier transform (FFT) was used to obtain the
spectral information. Moreover, pitch-and-roll buoys supply 4 . .
o . .~ full two-dimensional wave spectrum (Brigham, 1988).
more data than satellites in the region because they continu-
ously record data at fixed positions.
The aim of this study was to investigate the potential use . ) o
of the spectral observations from pitch-and-roll buoys, which3 An introduction to the data assimilation scheme

were reported in near-real-time, for assimilation in an opera- . . .
tional forecast system. The set-up of an optimal interpolationOI (Hollingsworth, 1986) is a statistical method used to con-

scheme if only one buoy is available in the forecast domain,StrUCt the analysed significant wave height field. It deter-

which is located in the deep ocean approximately 220 kmmines the minimum error variance solution for the model

away from the Taiwan coast, is discussed. In addition, thefftate b)./thcomblnmg.f.a (;n;)del flrft-gudessb field ?nd observa-
impact of assimilation on the wave analysis and forecast jg'onsS with pre-specilied forecast and observation €rror co-

quantified by comparing runs with and without assimilation variances. Prewo_us expenence h"’FS been obtame_d with the
for several typhoons that occurred in 2006, optimal interpolation method applied to wave height and

wave period measurements (Janssen et al, 1989; Lionello
and Janssen, 1990; Burgers et al, 1992; Mastenbroek et
al, 1994). The Optimal Interpolation of Partitions (OI-P)
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Fig. 1. Computational regions of the model and locations of data buoy stations.

method, which used in the present study is also an optimallhe angle brackets indicate an average over a large number
interpolation method, but an extended version which assimof iterations. Assuming that the errors in the model are unre-
ilates observations of full wave spectra from pitch-and-roll lated to the errors in the measurements, the solution is:
buoys (Hasselmann et al., 1996; Voorrips et al., 1997). Spec- N

tral partitioning (Gerling, 1992) is a technique used to de—W_ _ °bsp_ M1 3)
compose a wave spectrum into the main wave systems, which ¥ — 2_:1 i mke

are the wind sea system and swell systems. Instead of spec- "=

ifying the main wave systems, a fairly accurate characteri-where the elements of matrid are of the form:

sation of the spectrum may result from specifying the wave

energy of different frequencies and directional bands. In thisMmk = Pk + Omk., (4)

study, the model-simulated directional spectra were repl"’m(:"gvhereP andO represent the error correlation matrices of the
by the o_bserved data from data buoys and the OI-P SCher.n%odel predictions and observations, respectively (both are
was derived based on the procedure from Ol formulas (L"actually scaled witls):

p):

onello etal., 1992) as follows. The analysed directional wave
spectra at each poirf, denoted as, (f,6), were expressed <(S,’;1(f 0) — St (f 9)) (Sé(f 0) — S%(f 9))>
9 b 9 b (5)

as a linear combination cﬁ’,;(f, 0), indicating the first-guess  Pmk = P
results produced by the model and Sg(f,e)(k =1, .., 9P op
Mops), and the observation:

. . Mo gk (£ 0)— SK(/.0) (S8(£.0) = SF (£.0)) (SE(f.0) = SE(£.0)

i _ i i 2o\ p\J> Ok = , 6
whereo} is the root mean square error in the model predic-Where S5 (f.6), S5 (f,6) and St (f,6) were expressed as
tion. In addition: the directional wave spectra at each pointof the model

172 prediction, observation and the idealized true value, respec-
ok =<<S’F°,(f,9) — sk(y, 9)> > ’ (2) tively. SE(£,0), S§(f.0) and Sk(f,0) represent the direc-
tional wave spectra at each poinbf the model prediction,

observation and the idealized true value, respectively. There-
fore, the prediction error correlation matrix and the ob-
servation error correlation matri® must be clearly speci-
fied. This specification would, in practice, require the deter-
« " " 2\1/2 mination of statistics for both predictions and observations,
Op = <(SA(f’ 0) = S1(f, 9)> > ’ which are presently unavailable. If the idealised true value is

whereS$(f, 0) represents the idealised true value of the di-
rectional wave spectra. The weighW/,;;, were chosen to
minimise the root mean square error in the analysis,fof

www.nat-hazards-earth-syst-sci.net/14/73/2014/ Nat. Hazards Earth Syst. Sci., 14, 832014



76 Y. M. Fan et al.: Assimilation of decomposed in situ directional wave spectra

Table 2. SWH RMSE statistics of the various numerical experi- Table 3. Average errors of significant wave heights and mean wave
ments performed compared with data collected from the Gagugeriods for different virtual stations.

Ridge buoy.
Average 3virtual 5virtual 7 virtual
Direction error stations  stations  stations
Frequency 8 16 32 Hs(cm) 18.7 1238 10.1
10 085 0.73 0.71 Tm(s) 1.1 0.7 0.4
20 0.77 0.47 0.43
41 0.58 0.39 0.34

spectra were then calculated. The computer processing time

known, the RMSE between the observations and first-gues¥as influenced by the number of wave directions and wave
results can be obtained. However, errors are inherent in anfféduencies inputted into the model. Therefore, with 2-day
observation technique during data collection; therefore, weVarm up assimilations set as initial values, the assimilation

are unable to obtain the idealised true observation and the a&iata taken from the 3rd day onward were used to acquire the
sumptions from Lionello et al. (1992) were adopted in this OPtimal choices in terms of RMSE (root mean square error)
for the comparison of the significant wave heights between

study. observational and simulated data (Table 2). The most accu-
P _ B |Xm — Xkl 7 rate results of the model assimilations were obtained when 32
mk = €XP " Lmax (7) wave directions and 41 wave frequencies. Due to limitations
of transmission technology for real-time data, higher resolu-
tions were not investigated and this resolution was applied
Omk = Sk (08 /0p') = Smk R (8) for the assimilation of typhoon events later on.

where|x,, — x| is the distance between grid pointsand 42  Optimising the number of virtual stations
k. Lmax=5°, which is the correlation length. The effect of

variations ofLmax and of the ratio betweeng andog' on Generally, at least two observed stations are required to carry
the results of the as§|m|lat|on is discussed and verified (Fang ¢ Ol; however, only the Gagua Ridge buoy station was used
2008). The observation errors are random and unreldfgd. iy this study. Therefore, we needed to select additional sta-
is the Krone.cker delta. In addition, 'the S|mqlat|on a”a|¥3'5tions for optimal interpolation purposes. The wave heights,
yielded a ratlc_) b_etween the observation and first guess with hich were corrected with altimeter wave height data, were
standard deviatio®,, of 1. distributed over a finite region of influence with radius of the
order of 1000 km (Bauer et al., 1992). However, in order to
enable the fictitious buoy data representative virtual stations,
and consider the average of storm radius is around 200 and
4.1 Optimal frequency and directional bands for 300 km, so a radius has been extensively defined for 250 km
partitioning from the Gagua Ridge buoy station. Figure 2 shows the vir-
tual stations on the grid points. In order to obtain the his-
The assimilation procedure was used to integrate the model'torical wave data of virtual stations, the covariance between
first guess and the observed partition parameters (e.g. frehe observations and the hind-casts of the SWAN model de-
quency and direction) into an analysed field of parametersscribed in Sect. 4.1 were used to figure out wave data of vir-
An important input value for the OI-P procedure is the co- tual stations. Three, five, and seven stations were selected to
variance of the errors of the observed and model parametergsomplete the numerical tests, respectively; these three sets
The covariance is obtained by calculating long-term statisticeof combinations were then used to identify the appropriate
of the differences between the observations and the hindtest method. The average errors of the SWHs and mean wave
casts of the SWAN model. The observational errors are asperiods (MWPs) at the Gagua Ridge buoy for different se-
sumed to be spatially independent. lected stations in the 2-day model simulations are shown in
Although there is only one data buoy in the deep ocean, th&able 3. An increased number of virtual stations in the nu-
first-guess spectra of neighbouring grid points of the Gaguanerical tests resulted in more accurate model results. How-
Ridge buoy must be used as fictitious buoy data. The weighever the average error of significant wave height within 0.1 m
between the virtual stations and the field station was acquireds acceptable during typhoon periods. Therefore, seven vir-
by comparing the wave spectra of virtual stations with thetual stations were established for evaluation.
wave spectra of the field station. Wave spectral data col- This set-up of virtual stations will cover most of the ty-
lected for 3 months from the Gagua Ridge buoy were usedghoons approaching the east coast of Taiwan. In principle
to carry out statistical analysis, and the OI-P of these wavehe concept can be applied to other areas, too, but the special

4 Adjustments of the optimum parameter of OI-P
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18 120 121 122 123 124 125 for the directional distribution, intensity, and main direction
S - of the spectra in the rose diagram. For the directional spectral
i distribution, the results of the reference run showed a direc-
] 2 tion shift of 20-30 toward the west compared with the ob-
2 / i servation and assimilation results. Additional high-frequency
§ { components appeared in the reference runs, which were re-
® / \ ® moved by the assimilation.
2 1o le® 2 Figure 4 shows the one-dimensional frequency of wave
" " spectra at the Hualien buoy on 24 July at 05:00 UTC for Ty-
: phoon Kaemi (Fig. 4a) and on 15 September at 15:00UTC
20 20

Mo 120 121 122 123 124 125 for Typhoon Shanshan (Fig. 4b). The results also reveal that
Lonude the same tendency of the wave spectra for both typhoon
events exists. The intensity of the wave spectra in the ref-
Fig. 2. Locations of virtual stations on the grid points. erence runs was lower than that in the assimilation runs and
observations, which were similar to one another. Other fea-
tures, such as the second peak at approximately 0.18 Hz in
geometry (e.g. the presence of islands) and the climatologyrig. 4a and 0.15 Hz in Fig. 4b, were not simulated in the ref-
of the storm systems must be taken into account. erence run.
The SWH time series (Fig. 5) and MWP time series
(Fig. 6) show the improvements of the model results by as-
5 Verifications of the results from the assimilation runs ~ similating data into the models for both typhoon events. The
against buoy observations hindcast results of the SWH in Fig. 5 revealed that neither the
peak values nor the timing of the peak values were calculated
The influence of the assimilation on the wave analysescorrectly without data assimilation. The oscillations around
and wave forecasts was assessed by running the SWARhe peak times were modelled well by the assimilation runs.
wave model for two typhoon events in the summer of The comparison of the MWPs for both typhoon events
2006: Typhoon Kaemi and Typhoon Shanshan. In casegFig. 6) showed that the tendency of the time series for both
where the CWB wind fields were missing and no simula- assimilation runs was similar to the observed tendency. In
tions were performed, these warm-up periods were removedontrast, the results of the reference runs show a signifi-
from the evaluation. cant difference from the observed tendency. The assimilation
The effects of OI-P assimilation in the SWAN model are run was able to simulate the arrival of the long waves cor-
shown in Figs. 3—6. In general, the results of the assimilarectly, while the reference run lagged by approximately 24 h
tion runs were much closer to the buoy measurements comfor Typhoon Kaemi and by approximately 3 h for Typhoon
pared to the reference runs, one-dimensional spectra, sigshanshan. Thus, the data assimilation performed well in the
nificant wave heights, and mean periods. Figure 3 showsSWAN wave model simulation of the MWP.
for example, the directional wave spectra obtained at the The statistical comparisons for the two typhoon events
Hualien Buoy station at 05:00 UTC on 26 July 2006 from of the modelled waves with the Hualien buoy observations
buoy observations, an assimilation run, and a reference ruim terms of bias, RMSE, and scatter index (Sl) are sum-
(Fig. 3a—c, respectively). Assimilation runs means: model-marised in Table 4. Although the tendency of the time series
runs with data assimilation; reference runs means: modelfor both assimilation runs was similar to the observed ten-
runs without data assimilation. The assimilation results weredency, there were significant differences found between Ty-
similar to the results obtained using the buoy observationgphoon Kaemi and Typhoon Shanshan when comparing the

@ Gagua Ridge buoy O Virtual station
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Table 4. Statistical results of the comparison between the model results and independent observations at the Hualien buoy station: bias, root

mean square error (RMSE), and SI.

Typhoon Variable Assimilation run Reference run
Bias RMSE SI Bias RMSE SI
Typhoon Kaemi SWH(cm) 1.18 13.50 15 —-4.96 55.77 61
MWP(s) 0.33 0.49 8 -0.92 1.80 30
Typhoon Shanshan  SWH(cm) 20.36 22.33 12-35.91 62.95 33
MWP(s) 0.43 0.46 6 —-0.62 155 20
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Fig. 5. SWH time series at the Hualien budg) during Typhoon
Kaemi and(b) during Typhoon Shanshan.
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Fig. 6. MWP time series at the Hualien bugg) during Typhoon
Kaemi and(b) during Typhoon Shanshan.
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statistical results between the model results and independent model MU-WAVE by the use of ERS-1 satellite data, Report
observations at the Hualien buoy. MUMM/T3/AR04, Management Unit of the North Sea Mathe-
The results from the assimilation run were closer to the matical Model (MUMM), Brussels, Belgium, 53 pp., 1995.

observations than the results from the reference run. In othel0l. N., Ris, R. C., and Holthuijsen, L. H.: A third-generation
words, the OP-P concept proposed in this paper can enhance waye r_nodel for coastal regions, Part 1: Model description and
the forecast capability even if only one reference buoy within __vaidation, J. Geophys. Res., 104, 7649-7666, 1999.
the forecast domain is used for assimilation. Therefore data'ID’re'V'k’ L. A, Reistad, M., and Schyberg, H.: Assimilation of ERS
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ass!m|lat|on performed well in the SWAN wave model sim- Research Report 31, Norwegian Meteorological Institute, Oslo,
ulation for the SWH and MWP. Norway, 36 pp., 1996.

Brigham, E. O.: The Fast Fourier Transform and its Applications.

. Prentice Hall International, New Jersey, United States of Amer-
6 Conclusions and outlooks ica, 448 pp., 1988.

o ) . Burgers, G., Makin, V. K., Quanduo, G., and De Lash Heras, M. M.:
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sulted in a large improvement in the sea state analysis specifan, Y. M.: Spectral Wave Data Assimilation in SWAN Wave
ically for typhoon waves. Model, Ph.D. thesis, Department of Hydraulic & Ocean Engi-
To obtain the optimal number of parameters, the numerical N€ering, National Cheng Kung University, Tainan, Taiwan, Re-
results showed that the use of 32 directions and 41 frequen- Public of China, 101 pp., 2008. o
cies was optimal for data assimilation. Gerling, T. W.: Partitioning sequences and arrays of directional

In order to carry out Ol, the wave data of virtual stations ¥::ﬁ Sg eﬁf_gg i%rggonem wave systems, J. Atmos. Ocean.
were e_stablished §uc_cessfu|ly via a statistical tgchnique: Th%[]nthe.r: H LioneIIo: P, and Hanssen, B.: The impact of the ERS-
numerical results indicate that the number of virtual stations 3 jtimeter on the wave analysis and forecast, Report GKSS
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intensity, and mean spectral direction. The results reveal the Hamburg, Germany, 157 pp., 1988. _
same tendency for the wave frequency spectra. The undetl—_lgsselmann, S." Bruning, C., and Lionello, P. .TO_Wa.rds a general-
- ized optimal interpolation method for the assimilation of ERS-1
pre(_jlc.t '°'f‘ of the refe_rence run was clearly Correc_ted by Fhe SAR retrieved wave spectra in a wave model, in: Proceeding of
§s§|m|lat|on. Comparisons of the SWH and MWP time series  gecond ERS-1 Symposium, Hamburg, Germany, 1114 October
indicated that the performance of the model output was im- 1994 ESA SP-361, 21-25, 1994.

proved by incorporating data assimilation for both typhoon Hasselmann, S., Bruiining, C., Hasselmann, K., and Heimbach, P.:
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