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Abstract. The primary goal of this study was to incorpo- approach, combining a 2-D assimilative and 3-D forward
rate data-derived harmonic constants into a complex dynamienodel, to obtain dynamically consistent optimal boundary
model using a form of variational data assimilation, with conditions for the two major tidal constituents (M2 and K1).
a view to improve the prediction of 7 dominant tidal con- The authors found that the data assimilation contributed to a
stituents in the Adriatic Sea. Firstly, harmonic-constant datasignificant reduction in the model-to-gauge data discrepancy;
for 6 Adriatic stations were fed into a steady-state, 3-D, for-the mismatch was more pronounced at the shallow north,
ward/inverse model to furnish optimal boundary conditions with M2 amplitudes generally under-predicted, and K1 over-
(OBCs). Calculated OBCs were then used to derive indi-predicted. Cushman-Roisin and Naimie (2002) applied a 3-
vidual constituent responses, as well as to synthesise seveb®- finite-element model to the Adriatic, simulating 4 major
constituent boundary conditions for the time stepping, 3-DAdriatic constituents, separately and in concert, as well as
model. A separate set of 25 stations provided control hartheir residual effect. Comparison to available coastal station
monic constant data. In validating the model output partic-elevations, in particular, demonstrated their model skill. In a
ular attention has been given to the often-ignored tidal cur-study based on basin-wide, vessel-mounted ADCP and com-
rents. To that end 14 current meter data records were proplementary, moored, current-meter measurements, Ursella
cessed into tidal current ellipse parameters and used to exand G&ic (2001) also addressed the Adriatic tidal structure.
amine the comparable model output. Comparison to gaug&he two kinds of measurements were combined to address
data has shown that the present solution is better than ouhe tidal pattern changes in relation to stratification. Nila
own previous one, and shows an improvement over recengt al. (2000) investigated the tides in the Adriatic Sea with
solutions by other authors. The model accurately reproducea very high resolution 2-D model focused on the northern
available data with individual station amplitude differences part, and a 3-D model of the whole basin. They reinforced
rarely exceeding 1cm, and with the phase error commonlythe traditional interpretation of the semidiurnal constituents
staying well below 10. For all tidal constituents individual as an incoming Kelvin wave propagating along the eastern
station differences result in RMSE in the 0.33-0.71-cm rangecoast and then reflected at the basin’s northern end. How-
for amplitude, and the 5°%619.2 range for phase. Semidi- ever, in their interpretation the diurnal constituents are topo-
urnal currents appear to be modelled better than the diurnagraphic waves travelling across the basin, from the eastern
ones (generally over-predicted). High eccentricity of bothto the western shore. Nevertheless, both species are seen as
data and model-derived ellipses often impaired calculatingmembers of the same family of linear waves, existing under
the proper sense of rotation; inclination of the ellipses provedthe combined influence of gravity and topography.
to be the most robust parameter, successfully predicted for The studies mentioned build on a century long tradition,
most constituents at all depths. addressed in more detail in Janekoet al. (2003). From
general (Numerical modelling) equy studies (Defant, 1914; Sterneck, 1919) to later mod-
£lling works (e.g. Hendetshott and Speranza, 1971; Accer-
boni and Manca, 1973) the Adriatic tides have been primar-
ily interpreted as co-oscillations with the Mediterranean Sea.
Mediterranean modelling studies incorporating the Adriatic
(e.g. Canceill et al., 1993; Tsimplis et al., 1995) seem to re-
inforce that view. It is worth mentioning here that the Adri-
Recent years have witnessed a renewed interest in the Adrffi‘tlc.s.ea IS among very few _Medlterrangan S_ea bgsms which
atic tides. Janekotiet al. (2003) used a data assimilation ?Xh'blt moderate t_|d_es (Me_dlterranean tidal signal is predom-
inantly weak). This is particularly true for the shallow, con-
Correspondence td. Janekow fined shelf of the northern Adriatic, where observed M2 and
(ivica@irb.hr) K1 amplitudes approach 30 cm and 20 cm, respectively.

Keywords. Oceanography;
— Oceanography; physical (Sea level variations, Surfac
waves and tides)
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s enough time series, in order to resolve tidal harmonics K1/P1
. 1 and S2/K2; for details, see Pawlowicz et al. (2002) and Fore-
man (1977).
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¢ K 2.1 Sealevel

el 10 4 | The published data were obtained for a number of coastal
N and island locations, marked with numbers in Fig. 1. The set
1618 (listed in Table 1) constitutes constants for 7 major tidal con-
stituent components (01, P1, K1, N2, M2, S2, K2), compiled

relying on several published works (Polli, 1959; Mosetti,
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N 2 . 1959; Trotti, 1969; Janekowiet al., 2003). For the Zadar
N s gauge station (No. 11) we have tidal constituent constants
@ 7 ] recently derived from 9 months of measurements (1. \&libi
% private communication).
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Another type of data is original tide-gauge time series for
6 stations: Bakar, Rovinj, Ancona, Split, Dubrovnik and Tri-

2 este (marked with large, bold numbers on Fig. 1 and bold
\ names with an asterisk in Table 1). For the Bakar gauge
T aw e aw e e 1w g station we analysed 1 year of hourly data (1 January 1985—

31 December 1985), producing a set of 59 tidal constituents;
Fig. 1. Location map with bathymetry of the Adriatic Sea. Gauge for Rovinj station 2 years Of hourly_ data (1 J_anuary 1992—
stations based on literature values are represented with numberd1 December 1993), extracting 68 tidal constituents; for An-
those with our analysis results as large bold numbers. Location§0na station 212 days (10 January 1982-17 August 1982),
of Aanderaa RCM-4 current meter stations are marked with lettergesolving 59 constituents; for Split station 2 years of hourly
A-H and the ADCP station with the letter J. data (1 January 1986—31 December 1987), resolving 68 con-
stituents; for Dubrovnik station 2 years of hourly data (1 Jan-
uary 1986-31 December 1987), resolving 68 constituents
The goal of the present paper has been to incorporate datamd for Trieste 5 years (1 January 1989—31 December 1994),
derived tide constituent constants into a complex dynamicdetermining 68 constituents. For those data sets we also com-
model USing a variant of incremental variational data aSSimi-puted the appropriate error estimates at a 95% confidence in-
lation. To reach it we have consolidated the data assimilateryal. Only seven major tidal constituents were further used
tive procedure (leading to more accurate predictions), im-in the assimilation part of the study, with the exception of the
proved the model's spatial resolution (along islands — tornTrieste station, which was left out for independent compar-
eastern Adriatic coast, in particular), and extended the spegson. The choice was made keeping in mind that tidal sig-
trum of the considered tidal constituents to the seven moshg| is the strongest in the shallow, northernmost part of the
pronounced ones. In validating the model output particularadriatic, and that we have had at our disposal a reliable five-
attention has been given to the often-ignored tidal currentsyear long series. Closer inspection of the literature sources
and the more demanding requirements that their reproductiofevealed notable discrepancies between the different sources
incurs. To that end the data sets and processing are brieflparticularly for weaker tidal constituents). For example, we
presented in Sect. 2. The models and assimilation methodhave found eight different published values for the most en-

ology are the subject of the Sect. 3, whereas results are presrgetic tidal constituent (M2) in Trieste; the differences are
sented and discussed in Sect. 4. The work is summarised iflustrated in Fig. 2.

the final section.
2.2 Currents

2 Data The first set of current data was obtained from 8 Aanderaa
RCM-4 current meter stations (marked A to H on Fig. 1)
In this study we rely on published tidal constituent constantswith deployment details presented in Table 2. The data were
data, as well as on our own analysis of the time series ofecorded on digital tape and were made available for re-
sea level data from 6 gauge stations and current meter dat@nalysis, making a database of 13-time series, mostly mea-
records from 9 mooring stations. Time series of availablesured in wintertime or early spring when barotropic condi-
data, both at sea level and for currents, were analysed wittions were present. Unfortunately, the data appear to be of
the same set of Matlab routines (Pawlowicz et al., 2002),uneven quality, affecting the results of tidal analysis (espe-
minimising the differences which may arise due to using dif- cially for phases, because some data in the files appear to be
ferent types of tidal analysis software. For shorter time se-missing). Beside those data sets we used recently recorded
ries we have used inference from stations which have longADCP current meter data (marked with letter J in Fig. 1 and
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Table 1. Tide-gauge stations with harmonic constant values used in the study; bold nhames with the asterisk mark the stations for which we
calculated the constants. Amplitudes are in cm and phases are degrees relative to 15E.

o1 P1 K1 N2 M2 S2 K2
No | Name amp | pha | amp | pha | amp pha | amp | pha amp pha amp pha amp | pha
1 Trieste* 527 | 568.9 | 582 | 659 | 17.91 | 71.6 | 455 | 275.0 | 26.39 | 276.6 | 15.81 | 283.7 | 4.62 | 281.8

2 Falconera 550 | 72.0 | 6.10 | 79.0 | 18.30 | 79.0 | 4.70 | 287.0 | 24.00 | 289.0 | 14.10 | 297.0 | 3.80 | 297.0

3 Koper 5.00 | 61.0 | 5.90 | 64.9 | 18.16 | 69.9 | 464 | 2759 | 2512 | 277.4 | 15.79 | 283.9 | 4.35 | 2723

4 Venezia-Lido | 5.20 | 70.0 | 4.30 | 56.0 | 16.00 | 79.0 | 3.80 | 299.0 | 23.40 | 288.0 | 13.80 | 293.0 | 5.30 | 281.0

5 Bakar* 441 | 531 | 5.00 | 654 | 1406 | 67.4 | 1.96 | 252.0 | 10.32 | 250.1 575 | 2504 | 1.71 | 235.4
6 Rovinj* 485 | 568 | 510 | 61.9 | 16.71 | 68.4 | 3.29 | 271.4 | 18.51 | 270.4 | 10.94 | 276.7 | 2.97 | 272.0
7 Pula 496 | 63.3 | 494 | 70.1 | 1563 | 69.1 | 2.34 | 274.0 | 15.07 | 266.7 8.68 | 273.1 | 245 | 271.3
8 M. Losinj 448 | 491 | 436 | 615 | 13.20 | 64.5 | 1.30 | 243.9 7.86 | 239.9 452 | 2448 | 141 | 231.7

9 Pto Corsini 5.00 | 67.0 | 5.30 | 81.0 | 15.90 | 81.0 | 3.10 | 295.0 | 15.60 | 303.0 | 9.20 | 310.0 | 2.50 | 310.0

10 | Velirat 3.76 | 67.9 | 3.37 | 51.0 | 12.12 | 60.0 | 0.80 | 195.0 4.56 | 195.6 3.43 | 2044 | 1.06 | 197.3
11 | Zadar 420 | 511 | 491 | 62.1 | 13.37 | 61.8 | 1.07 | 233.9 6.37 | 231.3 3.27 | 228.7 | 0.89 | 217.4
12 | Gazenica 415 | 55.7 | 4.44 | 525 | 13.44 | 62.7 | 0.98 | 241.7 6.11 | 229.7 3.23 | 226.4 | 0.83 | 2195
13 | Pesaro 4.20 | 56.0 | 5.10 | 84.0 | 15.40 | 84.0 | 3.20 | 279.0 | 12.80 | 311.0 6.80 | 313.0 | 1.80 | 313.0
14 | Sestrice 3.80 | 51.0 | 3.60 | 55.0 | 11.50 | 60.0 | 0.80 | 154.0 4.88 | 153.9 3.74 | 1431 | 1.20 | 138.0
15 | Sibenik 3.00 | 48.0 | 2.90 | 52.0 9.25 | 57.2 | 1.10 | 136.0 6.29 | 136.6 443 | 132.0 | 1.39 | 1274

16 | Rogoznica 290 | 58.0 | 2.80 | 62.0 8.98 | 66.9 | 1.10 | 141.0 6.59 | 140.9 465 | 136.6 | 1.40 | 124.8

17 | Ancona* 4.09 | 726 | 470 | 92.0 | 1266 | 86.2 | 1.29 | 323.8 6.51 | 330.4 3.53 | 346.8 | 0.93 | 3244
18 | Split* 279 | 405 | 3.02 | 511 8.70 | 54.7 | 1.08 | 126.0 8.27 | 124.8 560 | 126.6 | 1.69 | 124.6
19 | Vis 238 | 423 | 2.73 | 49.2 7.89 | 56.4 | 1.30 | 103.6 7.35 | 107.0 5.16 | 1109 | 1.23 | 112.9
20 | Komiza 251 | 41.0| 240 | 514 7.83 | 57.2 | 1.30 | 110.9 7.40 | 108.4 516 | 119.3 | 1.44 | 1156
21 | Svetac 250 | 50.0 | 2.30 | 70.0 7.20 | 69.0 | 0.90 61.0 6.80 | 122.0 4.40 | 125.0 | 1.20 | 125.0

22 | Dubrovnik* 182 | 414 | 185 | 554 | 503 | 57.0 | 1.38 | 101.6 943 | 102.8 | 5.81 | 107.4 | 1.86 | 104.6

23 | Meljine 1.60 | 47.0 | 1.50 | 51.0 497 | 559 | 1.60 | 107.0 9.12 | 106.9 5.90 | 109.7 | 2.14 | 114.0

24 | Palagruza 216 | 58.8 | 2.33 | 47.7 | 6.14 | 70.7 | 1.61 | 105.7 8.58 | 104.5 | 560 | 1157 | 1.69 | 1023

25 | Ortona 3.40 | 66.9 | 3.00 | 84.0 | 9.70 | 87.8 | 0.90 90.5 6.40 97.1 4.50 | 105.7 | 2.10 | 102.7
26 | Bar 140 | 330 | 190 | 63.0 | 4.80 | 57.0 | 1.30 | 114.0 9.20 | 105.0 | 5.60 | 110.0 | 1.70 | 108.0
27 | Vieste 1.60 | 84.0 | 1.50 | 66.0 | 4.20 | 80.0 | 1.90 76.0 7.90 | 89.0 510 | 113.0 | 1.90 | 104.0

28 | Manfredonia | 1.70 | 49.3 | 1.70 | 66.0 470 | 78.0 | 1.60 | 119.8 | 10.00 | 112.6 6.10 | 118.9 | 2.70 | 119.3

29 | Durres 1.60 | 48.0 | 1.40 | 27.0 | 5.00 | 48.0 | 0.60 | 123.0 9.30 | 102.0 | 5.50 | 104.0 | 1.50 | 104.0
30 | Brindisi 1.50 | 57.0 | 1.50 | 69.0 | 4.60 | 69.0 | 1.40 99.0 8.70 | 102.0 | 5.20 | 111.0 | 1.40 | 111.0
31 | Otranto 099 | 577 | 0.78 | 73.3 | 230 | 79.3 | 1.22 98.3 7.03 | 1025 | 3.99 | 1116 | 1.23 | 108.0

Table 2), programmed to sample the water column with acell3 Models and assimilation technique

size of 2m and a time interval of 10 min, with 50 pings per

ensemble. That data were analyzed in the same manner @gthough the Adriatic Sea has only one short open boundary

the RCM-4 data, but providing a much higher vertical reso- across the Straits of Otranto, it is not a trivial one, as there

lution (19 useful vertical layers). It is important to point out has been no published pressure gauge data covering it. At-

that the obtained results for currents were used only to vertempts to estimate the amplitude and the phase are limited to

ify the flow field obtained from model simulations, notin the the available coastal stations, and some assumed spatial dis-

data assimilation procedure. tribution in between. That method can result in reasonable
estimates of tidal variability within the basin but it does not
always provide a dynamically balanced solution for the open
boundary. Recent work by Janekowt al. (2003) showed
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Table 2. Current meter stations from which data were used in this
A= Kasumovic (1958) study with deployment details.
B =Purga etal., 1979
! C,= Godin et al., 1975
oo D = Moseti (1959) Current
i E = Mosetti et al., 1987 Meter LON [E] | LAT [N] | Instrument type | Depth[m] | Time of meas. Setup
F = Trotti (1969) Station
'E “ \ | G = Crisciani et al., 1995 02/12/1986 10min
S g Bl THIOurresult A 1332|4505 AanderaaRCM4 | 8&36 | 04/91/1987 | interval
-+ S N Sy 4
° [ | 16/03/1982 10min
S ; ! |
2 \ B 14.00 | 44.27 | Aanderaa RCM4 | 8854 17051982 | interval
£ i ; | | [ -
] | E i [ ey 24/02/1982 10min
! := * ! c 1312|4468 | Aanderaa RCM4 | 4 &35 12/04/1982 | interval
{26571 | G C i
| | i D \ 06/02/1981 10min
: } ‘ \ . D 1425 | 4513 | Aanderaa RCM4 8 23/03/1981 intarval
| [ | 02/12/1986 10min
______ 27 4 & \ E 13.27 45.28 | Aanderaa RCM4 8824 02/01/1987 interval
| 02/12/1986 10min
,. 79 F 1350 | 44.79 | Aanderaa RCM4 | 88 40 020111987 | interval
: : 277 06/02/1981 10min
275 phases [] G 14.44 45.30 | Aanderaa RCM4 55 23/03/1981 interval
06/02/1981 10min
. . . H 1437 | 4520 | Aanderaa RCM4 57 23/03/1981 interval
Fig. 2. Literature values for the amplitude and phase of the M2 2011212002 | 1omin
. . . . 13.62 | 44.67 | RDI60OKH 4,
tidal constituent (A—G) at the Trieste gauge station, and from our | ° 36 6 G00kHzadep | 43 07/03/2003 | 2m cel

analysis (H); grey square around H marks the error bars.

that by using incremental data assimilation (DA) and a com-£(x, y, z, 1) = R[Z(x, y) - €'*"],

bi_nation of 2-D and 3-D models, one can successfully ob- VXY, 2t = RIV(x, v, 2) - €]. 1)

tain the OBCs for the 3-D model. In that approach the 2-

D model with its adjoint was used in the assimilation part, For the Dirichlet boundary value problem described here, the
and the 3-D model was used as the forward counterpart. Ilomain respons¥ andZ is linear in the complex elevations
this study we decided to use another type of DA based orfs» atthe open boundary nodes=1... N, for a given fre-

the use of a frequency-domain, 3-D, finite element, linearduency»

mpdel and its inverse, to obtain QBC; for each tidal con- (Z} = [Aly * {Zon} o, @)
stituent separately. The method is similar to the one de-

scribed in Janekogi et al. (2003); its central point is the Where[A] is matrix of the domain system response (rep-
use of the two models iteratively. An assimilative part (3- resentation of model equationg¥pn} is the vector of the

D linear model with its inverse) provides OBCs a for 3-D, OBCs and{Z} is the modelled complex sea level amplitude
prognostic, nonlinear model which generate error estimate$lue to the response of the system to boundary forcing.

at assimilated stations. These error estimates are then used toThe goalis to best fit the model to observations in the least-
improve the assimilative part and provide updated OBSs forsquares sense, so we define the error vector as a mismatch
the forward model. This methodology was successfully ap-between modelled and observed complex amplitude values,
plied to Georges Bank by assimilating ADCP observationsas:

('Lynch et al.,, 1998). Both (inverse anq forward) assimila- ¢ = {Z}mode—{ Z}observed= [A] * {Zon} — {Zobserved - (3)

tive models use the same mesh resolution and bathymetry as

the main 3-D, nonlinear, time stepping, finite element model. There are many strategies to deal with solving this type of
Boundary conditions obtained that way are taken to be opti-equation, in order to obtain the vector of boundary conditions

mal and were combined together, to synthesize the sea levéEon} for which error{e} has a minimum value. Depending
used in forcing the 3-D, nonlinear model. on the condition of the system matriA] (singular or not),

one can use single value decomposition (SVD) or weighted
least-squares (WLS). The latter method uses an additional
weighting function on the solution vector; restrictions on the
size o term) and the slopeu(; term) of the obtained open

The model used in the DA part of this study is the finite ele- houndary elevation, as well on the error vector (Lynch et al.,
ment model of Lynch et al. (1993) (“Truxton/Fundy”). This 1998):

model solves the 3-D, linearised, hydrodynamic equations

for harmonic-in-time motions. The model is formulated in min ({S}T{E} + {an}T[W]{an}) (4)
terms of the complex amplitude&(x, y) and V(x, y, z)
of the sea level elevatio§ and velocityv, at the given

frequencyw for each of the seven tidal constituents. The T 2 0Z
time-domain response is then: {Zpn} (WK Zbn} = woyg |Z|%ds + wlyg 55

3.1 Three-dimensional data assimilative model

with:

2
ds. (5)
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Integration is made at the open boundary ordg i§ seg- a5
ment), where solution vectdZyn} is defined. We have used

the WLS method for observations of sea level (tidal con-
stants) at 5 tide gauge stations (Bakar, Rovinj, Ancona, Split |
and Dubrovnik) where we were able to analyse and obtain
harmonic constants for seven major tidal constituents. In or-
der to obtain satisfactory results, we had to add to the pre- .|
vious five one more gauge station (Otranto — No. 31 in Ta-
ble 1), due to otherwise poor control of the system. In the DA
model we used the value of k=0.001 m/s for the coefficient
of the linearized bottom stress and constant vertical viscosity
N=0.04 nt/s, based on our experience, which gives the best
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model-to-data fit. A similar type of inversion (SVD) and the ol ,:Av §i'AVI’: AORR

Truxton/Fundy model has been used and in detail explored 'Auy‘vj%ﬂm

by Xu et al. (2001). “’VHNAV@E
A finite element grid used in the study consists of | f“iﬂﬁm

23055 nodes and 37200 elements (Fig. 3). The size of Av;v‘vvi

the triangle areas varies from 0.02%rto 757 knf, with

the length of the nodal distances varies from about 500 m o ) ) ) ) ) )
in coastal areas, up to 44km in the deep parts of the do- ¥ " 1 e ) =

main. With this mesh we have been able to include in the

simulations 77 major islands and recognise realistic topogFig. 3. Finite element mesh of the Adriatic Sea; inset in the upper
raphy and lateral geometry better than any previous Adriatigight corner is a zoom on the larger Kvarner region.

tidal model. Representing local features (narrow channels,

many islands) correctly is an important requirement in real-

istic tidal modelling. To illustrate the capability of the new 4 Results and discussion

grid and the richness of Croatian coastal features, we show a

magnification of the mesh for Kvarner Bay in the upper right It has been shown in a previous study (Janeketil., 2003)
part of Fig. 3. that the direct astronomical forcing is not very important for

the Adriatic tides. The direct astronomical influence can ac-
count, at most, for about 1% of the observed M2 and about
6.2% of the K1 amplitude, leaving co-oscillations of the
Adriatic and lonian Sea through their common boundary as
The model is of a finite element variety (“Quoddy”), based the main driving force. The above-described DA procedure
on the 3-D, nonlinear, shallow water equations (Lynch et al.,was used to derive the sea level at the open boundary.
1996). The 2.5-level turbulence-closure scheme of Mellor

and Yamada (1982) is used in the model with the improve-4.1 Optimal boundary conditions

ments of Galperin et al. (1988). The horizontal diffusion pa-

rameterisation scheme is that of Smagorinsky (1963). ThdJsing the DA and 6 tide-gauge data sets (five for which we
free-slip condition is imposed along the coast. The details ofhad longer hourly time series, and one with only the pub-
the model solution on a finite element grid are described inlished constants, but close to the open boundary), we have
Lynch and Werner (1991). Bottom stress is estimated fromobtained the sea level OBCs for each of the seven tidal
the classical quadratic law as a function of bottom velocity. constituents (Fig. 4). Assimilating values from the shal-
We use a value of 0.003 for the drag coefficient, based on dower northern part of the Adriatic Sea (tidal amplitudes have
set of numerical experiments targeted to produce the most agtigher values there, for both semidiurnal and diurnal tidal
propriate value. The well-known “sigma” coordinate system constituents), we have been able to infer the values at the
is used in the vertical, with 21 non-uniformly placed nodes open boundary for all tidal constituents, including relatively
whose sinusoidal vertical spacing provides an increased resweak ones. Obtained open boundary amplitude structure ex-
olution in the surface and bottom layers. This high resolu-hibits relatively small values, with only 3 tidal constituents
tion grid is necessary for adequate simulations of the turbu{M2, S2 and K1) surpassing the 2-cm mark (Fig. 4, top). The
lent dissipation and details of the currents, especially alongohase structure suggests two groups: diurnal with angle val-
the complex Croatian coast. The model is forced only byues between 50and 65, and semidiurnal with phases rang-
time varying, sea level boundary conditions along M@ar- ing between 9% and 115, for particular tidal constituents
allel, synthesised from the output of all seven individual con- (Fig. 4, bottom). The OBCs obtained for the two most ener-
stituents generated by the DA model. The same high resolugetic tidal constituents (M2 and K1) are in good agreement
tion, finite element mesh is used in the forward model as inwith the values obtained in our previous study (Janeketi

the DA model. al., 2003). Small differences may originate from the different

3.2 Three-dimensional forward model
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Fig. 4. Optimal boundary conditions for amplitudes (top) and

hases (bottom) at the open boundary (Otranto strait).
P ( ) P y( ) Fig. 5. Co-amplitude and co-phase chart for M2 tidal constituent.

Amplitudes are in cm (thin dashed line with 2-cm increment) and
) ) ] phases (line with 30increment) in degrees relative to°15.
methods employed in the previous DA process (incremental,

with a combination of 2-D finite differences and 3-D finite el- ..
ement modelling). Presently derived OBCs were used to run
single constituent cases, as well as for a combined, transien
seven-constituent case.

N

4.2 Sea level response

44°f

The Adriatic basin response to individual constituent forc-
ing has been studied before (including by the present authors
— Janekow et al., 2003). In this study we have focused
on the physically, more realistic, combined response of the
seven major constituents. To maintain correspondence with
previous works we also performed some single-constituent
runs. Co-tidal charts for the S2, N2 and K2 (not shown) tidal
constituents generally repeat the pattern of the dominant M2
tidal constituent shown in Fig. 5. All semidiurnal tidal con-
stituents picture a cyclonically rotating amphidromic system, .-
appearing in earlier studies, like that of Polli (1959), or Ac-
cerboni and Manca (1973), but with a somewhat different po- . ] )
sitioned amphidromic point. The Polli’s solution is centred Fig- 6. Co-amplitude and co-phase chart for K1 tidal constituent.
on the Sibenik-Ancona line (our stations 15 and 17), whereag\MPlitudes are in cm (thin dashed line with 2-cm increment) and
. . . phases (line with 10increment) in degrees relative to°15.

Accerboni and Manca have it closer to the Italian coast. Hen-
dershott and Speranza (1971) were apparently the first to in-
terpret the System in terms of incoming and reflected KelVinconstituentS can be Compacﬂy expressed through the Form
waves. Number defined as:

The O1 and P1 follow the pattern of the K1 tidal con- __
stituent shown in Fig. 6. These constituents do not displayF_(HKl +Hov/(Hwz + Hs2), ©)
an amphidromic point in the Adriatic. Instead, the waves ap-where H is the respective amplitude value. Although not
pear to travel in the northeast to southwest direction, withstrictly valid in every particular moment, the number pro-
the amplitude rising northward along the central axis — be-vides a measure of diurnal-semidiurnal interplay; the palette
haviour interpreted by Matac et al. (2000) in a topographic in Fig. 7 is designed to reflect traditional F categories. One
wave framework. In both groups the amplitudes reflect thecan observe that there is neither a diurnal nor a semidiurnal
weights that a particular tidal constituent carries. The rela-part of the Adriatic. The response is mixed, mainly semidiur-
tive importance of individual diurnal and semidiurnal tidal nal, with a circular area of primarily diurnal response centred

vel Amplitude [cm]

Le

42°f

o
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at the amphidromic point. The model solution confirms, with 4s°
dynamic consistence and spatial detail, predominantly qual-
itative results obtained previously and reported (e.g. Defant,
1960). o
In order to obtain more a realistic seven tidal constituents
response, the time-dependent model was forced in time for ,,.|
three months with free surface OBCs (synthesised from the
single constituent results). After a one-month spin-up time,
two more months of hourly values were calculated and stored 43°f
at selected locations, and later harmonically analysed. Due tc
the relatively short modelled time series of the sea level, we
used the previously described inference technique to resolve * |
close (in frequency domain) tidal constituents (for details,
see Data Section). The success of this labour is summariser ;.|
in Table 3, where model-to-data differences are tabulated for
7 constituents at 31 locations. Comparison of modelled am-
plitudes with those data-derived at gauge-station locations 40— 55 e 17 1o 190 s0°
generated small basin-wide differences. The model accu-

rately reproduces available data with amplitude dlﬁerenC?SFig. 7. Form number for the Adriatic Sea calculated from modelled

rarely exceeding 1 cm (e.g. at Venezia—Lido: Station 4, or INgiurnal (K1+01) and semidiurnal (M2+S2) amplitudes.
the Zadar Canal: Stations 11 and 12), but the phase errors di-

verge from observations considerably; the difference for N2,

for example, approaches @t Svetac (Station 21). The in-  semidiurnal amplitudes along the equality line (Fig. 9A), and
dividual station differences result in RMS constituent errors pronounced scatter of diurnal phases (Fig. 9D). Diurnal am-

in the 0.33-0.71 cm range for the amplitude, and-618.2  pjitudes (Fig. 9B) are also relatively lined up, with the com-
for the phase. One should note, however, that the errors argaraple model overshoots and undershoots of K1.
smaller than those we reported previously for M2 and K1, or  The phases of less pronounced semidiurnal tidal con-
those that Cushman-Roisin and Naimie (2002) reported fokitents (K2 and N2) have proved to be more difficult to
M2, $2, K1, and O1. . predict than the more energetic ones (M2, S2, Fig. 9C). As
The Zadar Canal is worth a further comment. Itis a long, g further test of the model skill we addressed the question
narrow, and shallow structure, horizontally resolved in the 5t how well does a numerical seven tidal constituent solu-
model. However, although finer model resolution helped totjgp, reproduce observed sea level data at a particular gauge
improve the semidiurnal phase delays (along-channel travelsiation. To that end we selected the Trieste station (No. 1),
ling waves), the prediction still falls short of closely repro- not used in the assimilation procedure, yet providing long
ducing the observed phase values (Fig. 8). Although still lesgjme series of high quality. The 5-year series of hourly data
than perfect, the solution clearly illustrates an improvement5 analysed, and from the 68-harmonic output the major
possible with the use of high resolution, unstructured mesh. seven constituents were extracted. The same program (see
One should also bear in mind that the uncertainty in thepata Section) was used to analyse the two-month long series
data alone could be rather high. For example, analysing timg¢ hourly values derived from the model at the Trieste loca-
series of five-year, hourly, sea level data from Trieste (St. 1) jon, and to calculate tidal constants for the same dominant
we obtained the phase error of 4.6, 5.1, 1.4, 1.9, 0.3, 0.5 andonstituents. Again, due to a relatively short model time se-
1.4deg for the O1, P1, K1, N2, M2, S2, K2 constituents, re-ries and the Rayleigh criteria used the inference method was
spectively. For the 200-day long series collected at Ancong,sed to resolve S2/K2 and K1/P1 tidal constituents. The con-
(St. 17) the result is considerably worse: 14.4, 12.8, 4.9, 7 8gtitent's sets were then used to synthesise signals for the first
1.5,2.9and 11.8deg for the O1, P1, K1, N2, M2, S2, K2 tidal tyyo weeks of 1981. The outcome is presented in Fig. 10. One
constituents, respectively. Nevertheless, our solutions, qualizgp, readily observe not only the correctly reproduced mixed,
tatively similar to older and more recent ones — quoted ear”erpredominantly semidiurnal, nature of the response at Trieste,

in this section - are quantitatively closer to, and better sup+,t also an excellent agreement in numerical details.
ported by, the empirical data. Observed discrepancies may be

attributed to various procedural inadequacies, ignoring prob4.3  Current response

lems like meteorological influence on empirical derivation

of harmonic constants. Crisciani et al. (1995), for example, The sea level alone is not sufficient to judge a model’s skill

suggest that part of the harmonic constant’s variability theyin reproducing tidal dynamics in a particular basin. Tidal

calculated can be attributed to a meteorological regime at theurrents provide important additional information, particu-

time of the observations (atmospheric pressure and wind). larly when a fully three-dimensional structure is provided.
A different view of the same differences is offered by in- But current vectors have a higher level of irreducible vari-

specting Fig. 9. One can readily observe a lineup of theability than the scalar field of the sea level (Godin, 1983),

25

11.5

Form number
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Table 3. Amplitude and phase differences between observation and model results for sea level at 31 gauge stations. Differences in amplitudes
are in cm and phases are in degrees. The last three lines represent the basic statistical parameters: standard deviation (STD), root mean squ
error (RMS) and absolute mean differencgd|j.

01 P1 K1 N2 M2 S2 K2
No Adiff | Fdiff | Adiff | Fdiff | Adiff | Fdiff | Adiff | Fdiff | Adiff | Fdiff | Adiff | Fdiff | Adiff | Fdiff
1 0.1 1.9 -0.1 -3.0 0.1 1.0 -0.1 -8.9 0.2 -1.6 -0.4 -0.7 0.1 7.3
2 04| 122 0.3 7.0 0.9 5.4 0.5 -2.9 -0.1 5.2 -0.7 6.4 -04 | 155
3 -0.2 4.1 0.0 -3.9 0.4 -0.5 0.0 -7.7 -0.9 -0.5 -0.3 -0.2 -0.2 -2.0
4 0.2 8.2 -1.5 | -18.1 -1.3 3.3 -0.3 4.7 0.1 -0.1 -0.5 -2.1 1.3 -5.4
5 0.2 1.4 0.3 24 0.0 3.1 03| 109 0.8 7.4 0.6 27 04 | 121
6 0.1 21 -0.3 -4.5 0.7 0.5 0.2 -3.8 0.7 0.0 0.2 -0.6 0.0 1.8
7 0.4 9.8 -0.2 5.1 0.3 2.6 -0.2 5.6 0.5 2.0 0.1 1.4 0.1 5.3
8 0.4 -2.5 -0.1 -1.3 -0.2 0.5 0.0 1.3 0.1 -3.1 0.3 -3.6 04 | -16.9
9 0.3 0.3 -0.1 1.7 -0.1 0.1 02| -11.0 -1.5 3.1 -1.1 1.2 -0.4 7.2

10 00| 179 -0.7 | -10.1 0.0 -2.2 0.0 -8.5 01| -11.3 1.2 2.9 0.7 1.8

11 0.5 1.9 0.8 25 1.2 1.0 0.1 35.3 1.1 30.2 05| 322 04| 293

12 0.5 6.5 0.4 -7.6 1.5 1.3 0.0 | 478 1.1 | 329 05| 356 0.3 | 403

13 -0.2 | -14.3 0.2 0.7 0.7 -0.8 1.2 | -38.8 1.1 -1.1 -0.1 ] -107 | -0.2 -7.6

14 0.5 1.0 0.1 -5.8 0.9 -1.8 -0.1 0.3 0.3 3.7 0.8 -0.2 05| 148

15 -0.1 -1.6 -0.3 -8.2 -0.3 -3.8 -0.1 0.7 0.0 6.8 0.2 3.7 03| 149

16 -0.1 8.6 -0.3 2.0 -0.3 6.1 -0.1 9.7 -0.1 15.1 02| 114 02| 145

17 0.1 -0.2 0.3 5.8 -0.5 -1.4 02| -15.2 -0.4 -2.5 -0.6 -3.4 -0.4 | -24.9

18 -0.1 -6.8 0.0 -6.3 -0.2 -3.4 -0.4 -1.8 0.2 2.3 0.3 3.3 02| 14.4

19 -0.4 | -10.5 -0.1 | -14.5 -0.4 -8.0 -0.1 | -17.0 -0.3 -8.0 0.0 -6.2 -0.2 8.0

20 -0.3 | -10.4 -0.5 | -10.9 -0.7 -5.9 0.0 | -10.4 0.0 -7.3 0.2 1.9 0.1 10.7

21 03| 65| -06 21 -1.3 02| -03| -583 0.0 9.1 -03 | 103 | -0.1| 237

22 -0.3 | -13.1 -0.1 -9.8 -0.6 -84 | -03 -6.2 -0.5 -2.1 -0.5 -3.8 0.1 -1.6

23 -0.5 -7.3 -04 | -14.1 -0.7 -9.4 0.0 -0.5 -0.8 22 -0.3 -1.4 0.4 7.8

24 -0.3 -2.4 -0.1 | -26.1 -0.9 -3.8 0.1 -4.6 0.0 -0.6 -0.1 5.3 0.0 0.6

25 0.4 -3.3 -0.1 0.3 0.4 3.0 -0.2 | -10.9 0.1 4.9 -0.2 8.1 0.7 | 18.7

26 -0.7 | -20.3 0.0 -0.7 -0.8 -6.9 -0.3 7.4 -0.7 1.0 -0.7 -0.4 -0.1 2.2

27 -0.3 | 10.2 -0.3 | -23.4 -1.0 | -10.3 0.3 | -29.6 -1.7 | -12.0 -1.2 4.5 0.1 1.5

28 -0.2 | -13.2 0.0 | -11.0 -0.3 0.2 -0.2 | 124 -0.6 9.2 -0.7 8.3 07 | 141

29 -05| -0.8 -0.5 | -31.4 -04 | -104 | -1.0| 20.0 -0.4 09| -06 35| -02 0.2

30 -05| 92 -0.3 | -11.1 -06 | -115| -01|-105| -06 50| -07 40| -03 -0.5

31 -0.1 | -11.8 -0.1 | -16.5 -0.3 | 127 0.1 -3.0 0.0 0.1 -0.2 -2.5 0.0 -7.0

STD 0.34 89| 040 9.6 | 0.71 52| 035| 193 | 067 9.7 | 0.53 96| 0.38 | 133
RMS 0.33 89| 042 | 116 | 0.71 56| 034 | 19.2 | 0.66 9.9 | 0.54 99| 039 | 142

M| 0.29 71 0.30 8.6 | 0.59 42| 022 | 131 0.48 6.2 | 045 59| 030 | 107

and generally exhibit lower horizontal and vertical coher- assess the skill of their model to predict the vertically aver-
ence. Consequently, the current records are used less ofged currents, and generally found good agreement in both
ten than the sea level in tidal model validation studies. Inamplitude and direction. In the present study we have found
our previous study (Janekavet al., 2003) we used 6 cur- that although the four semidiurnal and three diurnal tidal con-
rent meter records from 2 mooring locations along the Weststituents we simulated have different current magnitudes and
Istria coast to verify our M2 and K1 predictions. An excel- phases, they exhibit similar intra-group behaviour, patterned
lent agreement in orientation was reported, with maximumafter the M2 and K1 responses, respectively. Vertically aver-
error in the semi-major and semi-minor axes of 1.8cm andaged M2 currents (not shown) are most pronounced in the
1.5cm, respectively. Cushman-Roisin and Naimie (2002)Northern Adriatic, less articulated in the Middle Adriatic,
used previously reported Italian data for the Gulf of Trieste and barely traceable in most of the Southern Adriatic. The
(M2, S2, K1, O1) and Emilia-Romagna coastal area (M2), tovertically averaged ellipses in the coastal stretch along the
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o We?;hasf:[o] 300 350 " 20 ° bservedeghases [O;w 100 To further aggravate the problem the density of current data
stations and continuity in data collection are still inferior to
the respective gauge data achievements. In an effort to ad-
dress our model skill in predicting the three-dimensional cur-
rent response, we looked at 14 current observation records
collected at 9 stations in different field programs. Eight
Aanderaa stations provide 13 records, and one ADCP gives
West Istria coast, in particular almost collapse to a straightl9 depth cell records.
segment, exhibiting the largest major axes. A similar broad Observations were made in winter and early spring when
description is valid for the K1, with the additional effect of its the water column was well mixed, in keeping with the
cross-basin amplification roughly tracing the 200-m isobath.barotropic conditions assumed in the model. The mooring
Generally, the vertically averaged current response reinforcedeployments of these records span different time periods, as
the one reported by Cushman-Roisin and Naimie (2002). summarised in the Data Section. As opposed to tide-gauge

Fig. 9. Comparison of the observed and model-predicted (A) semid-
iurnal, (B) diurnal constituent amplitudes and (C) semidiurnal, (D)
diurnal constituent phases at 31 gauge stations.
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Table 4. Tidal-ellipse parameters for the seven major tidal constituents from observed (obs) and modelled (mod) data at the station J and two
depths. Inclination angles are in degrees and semi-axes in cm/s.

Surface (8.5m)

01 P1 K1 N2 M2 S2 K2
Major semi-axis obs. 1.4+0.8 1.4 +0.9 4.3+0.9 1.3+0.5 9.4+0.5 5.5+0.4 1.5¢0.4
Major semi-axis mod. 1.5+0.2 2 0.2 5.9+0.2 1.5+0.3 9.4+0.3 5.8+0.3 1.6+0.3
Minor semi-axis obs. 0.5+0.8 -0.2 0.9 -0.5+0.9 0.1+x0.4 0.5+0.5 0.0+0.5 0.0+0.5
Minor semi-axis mod. -0.240.2 -0.2+0.2 -0.6+0.3 -0.1+0.3 -0.240.3 -0.1£0.2 0.0+0.3
Inclination obs. 152.7442.5 | 127.9+37.0 | 127.9+11.8 | 141.8+20.5 | 134+2.5 132.544.7 | 132.5+15.3
Inclination mod. 1254464 | 126.3t4.4 | 126.3+1.6 | 131.249.3 | 131.2#1.6 | 131.3+2.3 | 131.3+11.8
Signal/noise obs. 3.5 2.6 29 8.1 440 170 11
Signal/noise mod. 59 110 990 26 1200 450 25

Bottom (40.5m)

o1 P1 K1 N2 M2 S2 K2
Major semi-axis obs. 1.2+0.6 1.0+0.6 3.0£0.7 1.0+£0.4 7.5+0.4 5.240.5 1.4+0.4
Major semi-axis mod. 0.7+0.1 1.2+0.1 3.6+0.1 0.9+0.2 6.1+0.2 3.740.2 1+0.2
Minor semi-axis obs. 0.410.5 0.1+0.6 0.2+0.5 0.2+0.4 0.8+0.5 0.8+0.4 0.2+0.4
Minor semi-axis mod. 0.1+0.1 0.1+0.1 0.3+0.1 0.2+0.2 0.1+0.2 0.6+0.2 0.2+0.2
Inclination obs. 160.1428 | 141.2+34.5 | 141.2+10.2 | 139.4+29.4 | 129.8+3.5 | 129.4+4.7 | 129.4+17.4
Inclination mod. 134.848.8 | 139.3+5.0 | 139.3+1.5 | 130.5+12.6 | 130.1+1.7 | 131.0+2.9 | 131.0+11.1
Signal/noise obs. 4.5 2.6 28 4.9 310 130 14
Signal/noise mod. 38 100 1100 22 1500 430 26

records the processed current observations were typicallyninor axes are rather small with large observational errors
limited to a month or two, not allowing for a separation of which make the results suspect. All tidal constituents have a
major tidal constituents (e.g. K1 and P1) without using thecalculated inclination of the major axis within, or very close
inference method. The currents were not assimilated in anyo, the observational error of the measured mean. However,
of the simulations. for the three dominant constituents the discrepancy is within
2°, although the observational error for the K1 goes as high
Figure 11 shows a plane view of the M2 and K1 tidal cur- 55 13.5. For the smaller diurnal ones (O1 and P1) it reaches
rent ellipses estimated (solid line) from the upper (Figs. 11A,an excessive 41 while the actual P1 discrepancy appears
11B) and lower (Figs. 11C, D) current meter locations, andg pe less than2 The relative ranking of the constituents
calculated (dashed line) in the model at the nearest depth. Ajpserved in the near-surface holds for the near-bottom, too,
station J the ADCP depth cells centred at 8.5 and 40.5m Wergut Sma”er magnitudes of a" Semi_major axes are accompa_
used, in keeping with the typical choices at the Aanderaa stanjed with observational error magnitudes, as observed near
tions. Examination of tidal ellipses for both tidal constituents the surface. The orientation of the major axes continues to be
reveals a decrease in the current magnitude with depth, with petter-predicted parameter near the bottom, with the three
M2 ellipses more polarised at the surface. Both constituentgjominant tidal constituents exhibiting discrepancies within
exhibit excellent model-to-data agreement in ellipse Orien'the o ||m|t The mode"s success in predicting the current

tation at all stations and at both depths. The magnitude og|lipses of the other less pronounced constituents at this sta-
the major axes, the M2 in particular, is also well predicted. tion (J) can be gleaned from Fig. 12.

The minor axis is more of a problem, often because of the

smallness of its magnitude, which can be appreciated better A still finer zoom on vertical variability is given in Fig. 13,

by examining numerical values. Table 4 lists the major andwhere the ADCP vertical resolution of the M2 and K1 data-
minor axes magnitudes, together with directional orientationderived and modelled parameters (major semi-axis, minor
of the major axis and the S/N ratio. The error bounds aresemi-axis, inclination) is provided. Clearly, the model is ex-
also provided for the first three parameters. The same ineellent in predicting the M2 major semi-axis and its variabil-
formation is reported for model- and data-derived quantities.ity with depth. A model-derived slight increase in maximum
To keep the table down to a manageable size, the above isagnitude, followed by a sharp decrease, closely matches
reported for the seven constituents, but at only one statiorthe observed behaviour. The modelled minor semi-axis stays
(J). The table reveals several notable points. One readily obelose to, but only in the middle of the water column, when
serves narrower model error margins, which can be attributedaking into account the error bounds. Depth veering of the
to a much higher model S/N ratio. The prominence of theM2 inclination (Fig. 13C) is correctly modelled in terms of
three tidal constituents (M2, S2 and K1) in terms of the ob-direction and the rate of change, but the model inclination
served (and modelled) semi-major axis is clearly visible. Oneis somewhat outside the error bounds, except in the bot-
also notes a larger observational error for the K1 constituentom layer. The K1 constituent pictures a somewhat oppo-
(0.9cm/s), as well as its over-prediction (5.9/4.3cm). Forsite situation. The minor semi-axis (Fig. 13B) is reproduced
the semidiurnal one the error is smaller (0.5 cm/s). All semi-remarkably well, although the observational error bounds are
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larger than the axis value. The predicted major semi-axis ap-
pears offset by about 2 cm/s throughout the water column,
but the near-bottom decrease is correctly predicted. The data
derived inclination of the K1 ellipse (Fig. 13D) has a large 4. - o T T T T T T T
uncertainty (about 10throughout the water column), but the inclination [°] inclination [°]

clockwise turning of the major axis (by about®}2s cor-

rectly reproduced. Where do the differences come from? Werig. 13. Tidal ellipse’s vertical structures at the J station for M2:
believe that the high similarity of the model-and data-derived(A) — major and minor semi-axi¢C) — inclination angle, and K1:
responses near the bottom testifies to the proper modelling dff) — major and minor semi-axi¢D) — inclination angle tidal con-

the bottom friction. Very high spatial resolution of the model stltuents. Stars represent ob_served values, error bars ma_lrk the ob-
grid allows for adequate representation of lateral geometr);ervatlon error, and the bold line represents model predictions.

and bottom topography, although sporadic, local bathymet-

ric features may hqve rem_amed unresolved, gﬁectlng th%urrent meter data records were processed into tidal cur-
modelled topographic steering. We suspect that imperfectlyyo ¢ ojlinse parameters and used to examine the comparable

represented vertical m|xmg'of momentum bY the level 2',5model output. No current data were used in the assimilation

turbulence closure scheme is largely responsible for the m'sbrocedure.

match. Comparison of modelled amplitudes with those data-
derived at gauge-station locations generated small basin-

wide differences. It suggests that the present solution is

better than our own previous one (Janekoet al., 2003

We have used a variant of incremental variational DA to~ M2 and K1 only), as well as that of a recent contender
incorporate data-derived tidal constituent constants into 4CUshman-Roisin and Naimie, 2002 — M2, S2, K1, O1). In
complex dynamic model, with a view to provide an im- the latter case the RMS error in S2 amplitude is the only ex-
proved prediction of seven dominant tidal constituents inCEPtion: we obtained 0.5cm, compared to their 0.4cm — a
the Adriatic Sea. More specifically, tidal constant data for diScrepancy for which we do not see an obvious explana-

6 Adriatic stations were fed into a steady-state, 3-D, for_tion.. For the remaining 3 tidal constituents, not modellgd
ward/inverse model, in order to furnish optimal boundary Previously (P1, N2, K2), the model-to-data comparison sin-

conditions for the dominant-constituent simulations. Calcy-9/€d out the phase as the source of the occasional significant
lated OBCs were used to derive individual tidal constituentRMS error. However, a lack of conclusive processing details

responses, as well as to synthesise the seven-constituefiPout published tidal constituent constants often leaves one
boundary condition for the time-stepping, 3-D model. A Sep_suspecting uncertainty in the data, as much as the model in-

arate set of 25 stations provided control constituent constarfd€duacy-
data. As a further test of the time-stepping model skill, 14

-35 =35+
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Comparison of the current response has offered more encodin, G.: On the predictability of currents, International Hydro-
couraging results, although observational/processing uncer- graphic Review, Monaco, LX(1), 191-126, 1983.
tainty plagues those results, too. The signal-to-noise ratidgiendershott, M. C. and Speranza, A.: Co-oscillating tides in long,
of the observed and modelled current series offers a useful Narrow bays; the Taylor problem revisited, Deep Sea Res., 18,
guidance. Semidiurnal currents appear to be modelled betteLr 953‘88% 1921\'/\/ EE- Threedi onal hvdrod _
than the diurnal ones (generally over-predicted). High eccen=Y"c": 2+ - and Werner, & L.. three-dimensional hydrodynamics

. . . . . onfinite elements. Part Il: non-linear time-stepping model, Int. J.
tricity of both data- and model-derived ellipses often impair

lculati h f . but the inclinati f Numer. Methods Fluids, 12, 507-533, 1991.
calculating the proper sense of rotation, but the inclination o Lynch, D. R. and Naimie, C. E.: The M2 Tide and Its Residual on

the ellipses proved to be the most robust parameter, SUCCESS-he Outer Banks of the Gulf of Maine, J. Phys. Oceanogr., 23,
fully predicted for most constituents at all depths. 2222-2253. 1993,

A major roadblock to further improvements in the Lynch, D. R., Justin, T. C. I. P., Naimie, C. E., and Werner, F. E.:
barotropic framework appears to be the quality and quan- Comprehensive coastal circulation model with application to the
tity of current data records. Major international field pro-  Gulf of Maine, Cont. Shelf Res., 16, 875-906, 1996.
grammes recently completed in the Adriatic hold a signifi- Lynch, D. R., Naimie, C. E., and Hannah, C. G.: Hindcasting the
cant promise in that respect. We hope that our immediate Georges Bank circulation, Part I: Detiding, Cont. Shelf Res., 18,
future work will be a contribution to that end, a necessary 607-639, 1998.

. . S Janekowt, ., Kuzmic, M., and Bobanow, J.: The Adriatic Sea
step befpre the more demanding baroclinic Adriatic tidal re M2 and K1 tides by 3D model and data assimilation, Est. Coast.
sponse is tackled.

Shelf Sci., 57, 873-885, 2003.
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