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1.0 [ NTRODUCTI ON

The ability to forecast waves accurately provides invaluable
support for those who depend on the sea for their Iivelihood.
Per haps the nobst inportant reason for devel oping such a nodel is
to provide accurate information such that safe operationa
procedures can be adopted at sea. In particular, the operation of
vessels and drill rigs depends |argely on wave clinate.

This report describes the developnent of a practical wave
forecast nodel for the Beaufort Sea. The reliability of any
forecasting procedure depends on the validity of the nobdel and
the suitability of the input to the nodel. The validity of the
nodel depends on whether or not the relevant physics of the
probl em at hand have been properly represented. Validity can be
determined by testing the nodel in hindcast node, where
appropriate input data is wusually available. Once the nodels’
validity in hindcast node is established its suitability for
forecasting relies heavily on the accuracy of the inputs to the
nodel. In fact in any nodelling exercise it is the adequacy of
I nputs that can dictate the degree of success or failure of the
nodel

In this report, the nunmerical wave nodel devel oped by Schwab et
al. (1984). Geat Lakes Environnental Research Laboratory
(GERL), for the Great Lakes is adapted for use in the Beaufort
Sea. The GLERL nodel is a refined version of a |ake wave node

originally fornmulated by Donelan (1977) and Hodson and Donel an
(1978). The nodel is based on a sinple paranetric representation
of nonentum balance and is solved nunerically by a finite
difference schenme. The theory and assunptions from which the
nodel is derived is outlined in the references cited previously.
The present nodel, Beaufort Sea Wave Model, Version 2 defined
(BSWWMR), has been refined and adapted for use in the Beaufort Sea
based on a previous version developed by MacLaren Plansearch
Limted (1986) which is referred to as BSWM BSWM was al so
adapted froma | ake wave nodel and is based on the Donelan (1977)
formul ation. Therefore, the conversion procedure for the GERL
nodel will effectively be identical to that used in devel oping
BSWM as outlined in MacLaren Plansearch Limted (1986). Although
both nodels, BSWM and BSWWR, are based on essentially the sane
physics, there are significant differences between them and
these will be explained briefly later.

The suitability of utilizing Donelan’s fornmulation for the G eat
Lakes has been denonstrated by Schwab et al, (1986). Schwab et
al. (1984) and Donelan (1977). Extensive testing of Donelan’s
nodel has been carried out by dodman (1983, 1983a). Mdel BSWM
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has been shown to perform satisfactorily in the Beaufort Sea
context, MacLaren Plansearch Limted (1986). Mdydel BSWWR. which
i ncl udes several inprovenments over the previous nodel should then
al so performwell in the Beaufort Sea.

This report describes the transformation of the latest G.ERL
nodel into BSWW2, for specific application in the Beaufort Sea,
and provide extensive nodel evaluation. The report conprises the

following sections. Section 201 briefly describes the background
and theoretical basis for the nodel and outlines the algorithns
and nunerical techniques utilized in the nodel. Section 30
describes the Beaufort Sea domain and data availability and
processi ng. Section 400 provides a discussion on nodel
eval uation, sensitivity analysis and defines suitable nodel

paraneters. The results of extensive testing wll follow in
Section 501 I ncl udi ng statistical eval uati on of nodel
performance. The nodel is evaluated in terns of accuracy in
hi ndcasting long periods (1981 open-water season) as well as

short periods of stormevents (in 1981, 1982 and 1986). Finally a
summary of major conclusions and recommendations is outlined in

Section 6.
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2.0 BEAUFORT SEA WAVE MODEL

2.1 BACKGROUND

In 1986, MaclLaren Pl ansearch Limted (MPL) was contracted by the
At nospheric Environnent Service (AES) to set up and test a wave
nodel for application in the Beaufort Sea. The resulting nodel
BSWM (described in MPL (1986)) had its roots in the Donel an
(1977) Paranetric wave nodel. Since then refinenments to the
Donel an nodel have been made by Schwab and his col |l eagues at the
G eat Lakes Environnental Research Laboratory (GLERL) in Ann
Arbor, Mchigan. The refined nodel denoted G.ERL, has been
presented by Schwab et al. (1986) and is currently being tested
by dodnan (personal communi cati on) at AES, Downsvi ew.
| mprovenents nmade to the earlier Donelan nodel I ncl uded
refinements in specifying the wind field and allowance for a
variable integrating tine step. In particular the nodel has the
capability to account for the planetary boundary |ayer physics
including the effects of atnospheric stability when processing
the wind inputs. A linear interpolation in time is performed on
the wind inputs to provide for a relatively snooth transition of
the wind field. Also a procedure to allow for a spatially
variable wind was devel oped. Further details of these features
are presented in this report.

Anot her fundanental difference between GLERL and ol der versions

of the Donelan nodel is that the “fossil” wave fornulation is
renoved from GLERL nodel. The “fossil” wave was an attenpt to
represent the effects of swell. It was suspected that the

deletion of the fossil wave cal culation would | ead to significant
savings in conputer time while not surrendering any accuracy.
Schwab et al. (1986) found this to be the case for nodel tests
for Lake Erie. To determine whether this is true for the nuch
| arger Beaufort Sea domain rests in conparison of BSWM and BSWW,
which is based on the GLERL version, for actual test cases which
wi |l be described |ater.

The procedure that was used to develop BSWM (detailed in MPL
(1986)) was also followed in transformng the GLERL nodel into
BSWWR. Briefly, nodi fications were necessary due to two
considerations: i) environnental adjustnent and ii) i nput/output
conpatibility. Adapting GLERL to Beaufort Sea conditions required
simply providing for appropriate bathynetry and allowng for a
dynamc ice field. Accounting for a dynamc ice field effectively
allows the boundaries of the nodel to change in tinme. The input
requi renents of the nodel are basically specification of control
paraneters and the wind data to provide the forcing. The nodel

as it stands at present, can accomobdate and process several w nd
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‘options’ depending on the type of data supplied. The options
avai lable deal with the planetary boundary |ayer and also the
spatial distribution of the winds. Sone other nodifications were
i npl emented such as including a spatial snoothing function, for
stability reasons, and reformulating the energy spreading
function. These features are described in the follow ng sections.
In general, the logic and integrity of the GLERL nobdel was not
al tered.

2.2 THE WAVE MCODEL

The theoretical framework upon which the nodel is based, as well
as the results of sone nodel testing and eval uation can be found
in the previously cited references. The basic procedure for
converting the nodel has also already been docunented in MPL
(1986). This section describes the programin its final state,
including a description of the nodel algorithnms and nunerical
technique. An outline of the nodifications nmade to the program
during the course of the study is presented along with a
di scussion of their physical relevance. A sunmary of nodel
options and paraneter choices is also presented.

The prediction nethod devel oped by Donel an (1978) is based on the
solution of the equation for the conservation of nmonentum of the
waves given as:

oM + a0 (VM) +d (WM) +1i_ for i=x,y (2.1
ot ox ay Pwd
Wher e [ = X, y are the two space coordi nates;

t = tine;

M = nmonentum of the wave field in the i direction

Vi = average group velocity in the i direction;

Pw = density of water;

g = accel eration of gravity;

Ti = effective wind stress acting in the i direction;

t

hat affects the wave fi el d.

The first termon the left hand side is sinply the tine rate of
change of nomentum The second term represents a divergence of
the wave nonmentum flux. The right hand side represents the input
of nonentum due to the wind field.

The solution of (2.1) requires, first of all, a suitable
representation for the terns in the equation and also an
appropriate nunerical procedure. A brief discussion of both
fol |l ows.
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2.2.1 Nuneri cal Procedure

Finite D fference Mthod

The solution of (2.1) is acconplished nunerically by representing
the space and tinme derivatives by suitable finite differences. In
t he nodel, equation (2.1) is then nunerically represented by:

Mt+At)-M(t) + VM (X) = VWM (x+AX) + VWM (y) = VWM (y+Ay)
A AX Ay

= (t) , for i =X,y (2.2)

The difference equation (2.2) can be easily rearranged to provide
a solution for the nonentumat the new tine t+At.

Several points worth noting in the manner in which this
representation is solved in the program are:

i) the wind stress nust be specified for each integration
period for each grid |ocation;

ii) the time step of integration (At) is limted by nunerical
stability considerations;

iii) the spatial differences are determ ned dependent on the
monment um f | ux.

1) Tenporal Resol ution of Wnd

One of the concerns raised in a previous evaluation of the
Donel an-type nodel was the manner in which the waves responded to
a changing wind direction, Codnman (1983). Inherent in this
consideration are how rapidly the wi nd changes direction and how
frequently wind data is supplied to the nodel. The evol ution of
the wind field 1is conpletely independent of nodel i ng
consi derations, however, the nodeler can have sone control over
the frequency of data input. Unfortunately, the availability of
data may not be suitable. The G.ERL (BSWW) nodel, however,
provides the wuser with the ability to interpolate the wnd
values, linearly, between available observation tines. This
provides for a nore gradual adjustnent of the wind field.
Previously, the wind data was updated at specific intervals
determ ned by data availability, in a step-like manner. In GLERL
(BSWMR) the user controls the increnment at which the wind is to
be updated and adjustnent occurs in a series of smaller step-like
changes. The wuse of this interpolation schene is a definite
i mprovenent over the previous nodel versions. The tine interva

(DT) between interpolated wind values is a paraneter which can be
vari ed.
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ii) Integration Tinme Step

The integration between nodel tinme t and t+DT, when the wi nd data
I s updated, occurs in steps of At. The integration tine step is
based on stability considerations depending on the w nd speed
supplied at tine t. The relationship between the tinmes of data
availability, nodel tinme (t), interpolation tine (DT) and

integration tinme (At) is illustrated in Figure 2.10.

at at

F— i
¥
t t+DT t+2DT t+30T

Figure 2.1 Relationship between the tinme steps used in BSWPR

The smaller DT is, the finer the interpolation. O der versions of
t he nodel could only update the w nds when new i nformati on becane
avai l abl e. This procedure does not require the wnd data to be
available at regularly spaced intervals. In fact, gaps in the
record are effectively filled by this procedure.

iii) Spatial differences

The spatial finite differences in the nodel are calculated in a
backward sense. At each grid point (x,y) the point at which a
difference is to be calculated (i.e. x*zAx, yzAy) is selected to
be that point from which the nonentum flux is arriving. This
flexible finite difference representation, allowng Ax, Ay to be
positive or negative, depends on the wave nonentumfiel d.

Further details of aspects of +the nunerical procedure are
descri bed in Hodson and Donel an (1978).

2.2.2 Model Al gorithns

The solution of the nomentum conservation equation (2.2) is
carried out by suitably representing the divergence of wave
nmonmentum flux ternms and wind stress as described bel ow

Di vergence of Wave Monent um Fl ux

The determ nation of the nomentum flux terns is based on severa
assunptions, one of which deals with the |ateral spread of energy
as the waves propagate. The formulation of the flux terns in the
GLERL nodel is based on the derivation illustrated in Schwab et
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al. (1984). The directional spectrum F(f,®)), is represented as
a product of the frequency spectrum and a tern to represent
directional distribution of energy such that

F(f,©) = E(f) D(O) (2.3)
wher e E(f) is the frequency spectrum

D(®) paraneterizes the directional distribution of

ener gy;

f is the frequency;
® is the direction of propagation.

In that work the spreading D took the form (2/xn) cos2 (©-—-0q)
restricting spreading to a swath of + 90° from the nean angl e of
propagation () and al so i ndependent of frequency. The ternms TxX,
Txy, Tyy of Schwab et al. (1984) (representing VM, WM (VM)
and WM, in equation (2.1)) represent the nomentum flux terns
using this formfor the spreading.

Recently d odman (personal comunication) has expressed sone
concern over the anount of |ateral spreading and has rederived
the nonentum flux terns based on a variable spreading factor. In
the fornul ati on suggested by C odman (personal comrunication) the
cos2 form is retained but in the form DO) = (4/n)
cos2(2(®-0qg)). The terns becone:

VM = Tyx = 1/ 2 go2 [(1-S) cos?2 Og + 1/,9]
WM, = WM = Txy = Tyx = 1/ go? (1-S) sin®g cosOq (2. 4)

WM, = Tyy = /5 go2 [(1-S) cos2 ©g + 1/,9]

wher e o2 = variance of wave energy = E(f)df,
0

and S = 0.0 represents no spreading ;

0.1512 spreading restricted to [@—0q]< W4
0.5 spreading restricted to [@—0Og] < W2 identical
to the GLERL version.

The spreading factor S effectively limts the anount of |ateral
spreading allowed. It is a paraneter in the nodel which can be
altered for testing nodel sensitivity.

Wnd | nput of Monentum

The forcing for the nodel is provided by calculating a surface
wind stress from the wind field data. Donelan’s formnulation



Directory  Table of Contents O List of Tables O FiguresO
EC5

allows for the influence of the wave field on the roughness
elenents as well as accounting for the shearing velocity
encountered. The fornula for stress is quadratic and given as:

T = yDr| U - 0.83C,| (U — 0.83C (2.5)
Pwd

wher e _T_is the wind stress vector;
Pwd
U is the wind velocity at a given reference |evel
(10m; 0.83C, defines the effective wave speed at full
wave devel opnent;
Dr is a drag coefficient accounting for form and skin
drag, a function of sea state;

and yis the enpirical fraction of stress that is retained
by the waves.

Further details on the derivation of this stress law are found in
Donel an (1978), however, it is inportant to note that it was
based on having the wnd velocity at 10m The factor y (gamm) is
present to account for the fraction of the wnd stress that
affects the wave field in ternms of gromh or decay. The renai nder
of the wind stress is used for driving currents, etc. The val ue
for gamma is a paraneter to be tested. Gamma (y) was taken to be
0.028 in Schwab et al. (1984).

In the calculation of the wind stress a suitable wind field nust
be prescribed. Atnosphere stability and the height at which the
wind is neasured (or prescribed) are potentially inportant
considerations. The nodel has the capability to account for
effects in the surface boundary |ayer utilizing the relationships
devel oped by Businger et al. (1971) and Dyer (1968). If a
nmeasured wind speed at a given height Z is input to the nodel
the program can provide an estinmate of the effective w nd speed
at any other height Z For this study, Z is taken to be the
standard hei ght of 10 m above sea | evel. The procedure to do this
is based on mxing length argunments which results in a
| ogarithmc profile of the wnd speed with height. Factors
affecting the profile shape are the stability of the air and an
effective roughness length of the surface. The procedure works
wel | provided the condition:

-1 <272'<1 (2.6)
L

is met, where

Z' is the height of the wi nd observation (m
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L is the Monin — Qoukhov |l ength (n) approxi mated by
L= Ta
g (Ta—=Tw) n(Z)
Z0

and U is nmeasured wind speed at height Z (m's);
Ta, Tw are the air and water tenperatures respectively ( °K);

Zo is a roughness length, given initially as .00459 (.04U)2,
based on Charnock’s (1955) form of Zg = au+2/g (as described in
subroutine UZL).

As an exanple of the transformation of wnds due to this

procedure, Table 2.100 illustrates effective 10 netre w nds
derived fromvarious anenoneter heights and atnospheric stability
conditions (Ta — Tw is positive) the speeds are suppressed the
nost .
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TABLE 2.1

Effective 10m wind sSpeeds, as determined by the BUSINGER-DYER formu-
lation, for various wind Speeds and anemometer heights. Formulation

and parameters are outlined in subroutines UZ and UZL of model
BSWwM2,

Anemcmeter Height Ta-Tw Measured Wind Speed (kts)
(m) (°C) 20 4o 60
80 -8 19.3 35.0 49.6
-4 18.6 34.1 48,6
0 16.6 32.1 46.9
4 9.8 27.2 43.7
8 8.5 22.8 4o.7
60 -8 19.5 35.6 50.6
-4 18.8 34.7 49,7
0 17.0 33.0 48,2
4 10.7 29.1 45.8
8 9.2 26.4 43.3
Lo -8 19.8 36.5 52.3
-4 19.1 35.7 51.5
0 17.6 34.3 50.4
4 12.4 31.6 Lg.6
10.2 29.0 46.9
20 -8 20.5 38.4 55.9
-4 19.9 37.8 55.3
18.7 36.8 54,6
4 15.7 35.3 53.6
131 33.9 52.6
10 -8 21.4 41 60.8
-4 20.9 Lo.6 60.4
0 20.0 40.0 60.0
y 18.4 39.2 59.5
8 16.8 38.4 58.9
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I nvoki ng this procedure requires the added information of air and
sea tenperatures, which in many cases is not available, and the
hei ght at which the wnd data is available. In addition, the
conmputation of the 10 m effective wind is only an approxi mation
in the nodel and can be a source of errors in nodel predictions.
The estimation of an effective 10 m wind speed is an option in
t he nodel which will be tested.

The above al gorithnms basically describe the conputational portion
of the program which was taken from the G.LERL Coding. In the
Beaufort Sea context the nodel (BSWW) has been nodified to
account for other factors identified bel ow

| ce Edge

The domain of the lake is allowed to change based on ice
conditions. At present, the ice information is updated at weekly
intervals by sinply redefining the | ake’s boundaries. In terns of
nmonitoring specific sites this results in variable fetch |engths
based on both changing wnds and ice position. The algorithm
devel oped in the previous version (BSWM was used in the present
version of the nodel, see MPL (1986).

Snoot hi ng

Wen the shape of the ’'lake’ is allowed to change, there are
ci rcunst ances when | arge spatial gradients in the wave field can
occur. The spatial redistribution of energy is accounted for by
the nmonmentum flux terns which can include the effects of
spreading as previously described. However, there is a potential
for introducing artificially high gradients which wll initiate
oscillations in the wave field. If these oscillations are |arge
enough they may contam nate the results. In an attenpt to reduce
the potential of contam nation or oscillation by this nechanism
a 5-point spatial snoothing is utilized. This is acconplished by
suitably averaging the wave field. The technique used is a sinple
spatial 5-—poi nt wei ghted average schene denoted schematically as:

P(1,3) = (1-4a) P(1,Jd) + of[P(1-1,3) + P(1+1),J) + P(l,J-1) +
P(1,J+1)] (2.7)

wher e P(I,J) is the quantity to be snoot hed,
o is the weighting term
I,J denote the |ocation of the point on the grid.

The weighting term a, can be varied according to the inportance
to be placed on each point. For exanple, for a = .2, all values
are of equal inportance. The factor a can itself be a function of
conputational tinme step and for this report is given by:
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o = (SMIH) X At (2.8)

where SMIH is a snobothing factor and At is the integration tine
st ep.

Letting a be a function of the integration time allows the
wei ghts to change with tine. For instance if the integrating step
is large, then nore weight is placed on the nei ghbouring points.
This is a reasonable formulation since for a longer At nore
energy i s exchanged between nei ghbours.

The degree to which snmoothing is perforned is also dependent on
the factor SMIH. Typical weights, o, for various integrating timne
steps, At, and a value of SMIH of 0.00002 is shown in Table

2.20.

TABLE 2.2
Snmoot hi ng Wei ghts (a) For Various Integrating Tinme Steps (At)
At (S) a
120 . 0024
300 . 0060
600 . 0120
1200 . 0240
3600 . 0720

The choice of a value for SMIH depends on the extent to which
snoothing is desired. For our purposes, it is to reduce spurious
oscillations. It is inmportant then, not to oversnooth and alter
the actual spatial structure of the field. After testing, a value
of SMIH 0. 00002 was found to provide a satisfactory result.

The snmoothing was applied to the nonmentum fields imrediately
after the divergence of wave nonentum flux contributions were
cal cul at ed.

Wave Vari abl es

The transformati on of wave nomentum into significant wave height
and period forns the basis for the paranetric nature of this
nodel. As outlined in Donelan (1977) and Schwab et al. (1984).
The wave spectrum is assuned to be well represented by the
JONSWAP fornula (Hasselman et al. 1973). The wave variables are
determned from the wave variance (o02) and the peak frequency
(fp) which are related to the nmonentum field by:

0 = Cp
M g (2.9)
02 = 0.300g2( 2m) —4f p—4* (2.10)
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with 0 = 0.0097 (U)2/3, the Phillips equilibriumrange paraneter

Cp = g/ (2mnfp), the wave phase speed;

Uis the 10m w nd speed,;

fp is the frequency of peak energy in the spectrum

and M is the magnitude of the wave nonentum vector (M,

M) -

The assunptions inherent in utilizing these relationships is wel
docunented in the above references.

2.3 MXDEL LOGE C

The di scussion presented has illustrated the basic formul ati on of
the nodel in ternms of theoretical and nunmerical considerations.
The program itself is highly nodular and as such is relatively
easy to docunent. A description of the software is provided in

Appendi x ALl to conplenent the previous discussion. The basic
conponents in the nodel are:

1) toinitialize variables and paraneters,

i) prescribe the nodel domain based on the ice field,

1i1) prescribe the windfield based on data type,

iv) performthe integrations over the tinme steps, and

V) repeat steps ii to iv until the end of the sinulation
peri od.

Al t hough the procedure is fairly sinple in character, there are
nunerous options and decision paths which the nodel can take,
dependent nostly on processing the wind data. The basic Flow

Chart logic of the nodel is outlined in Appendix AL,
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3.0 MODEL SET-UP AND DATA DATA PROCESSI NG

The nodel relies heavily on data in order to provide forcing and
for validation. The types of data available, their quality and
the processing options available are outlined below Further
docunentation of the data utilized in this report is provided in
the conpanion report entitled ‘Supplenentary Data Base Report’
see also MPL (1986).

3.1 MODEL DQOVAI N

The nmodel domain extends from 117°Wto 150°W and from the coast

to 74°N. The nodel grid is illustrated in Figure 3.10. The
origin of the nodel grid (1,1) is at 68°40° North Latitude and
150°00° West Longitude. The x—-axis runs west to east and the
y—axis runs south to north. The grid is conprised of 18.5 km
square blocks giving an (x,y) matrix of grid points of size
(67,33). This discretization is based on the fact that at this
| atitude the ratio of the distance defined by 1° of latitude to
that defined by 1° of longitude is about 3 (i.e. Ax = 30
| atitude, Ay = 10 |ongitude).

3.2 MODEL BATHYMETRY

The bathynmetry corresponding to the nodel grid was obtained from
the AES and is described in the acconmpanying Data Base Report.
Since the nodel neglects shallow water effects the bathynetry
then is used only to delineate the shoreline. A conputer printout
i ndicating those grid points located on land is shown in Figure

3.2[0. As is apparent, the grid boundary points have been
assigned as |land points. This is necessary because the nodel has
no provisions to deal with open boundaries. It should be noted
however, that for nost of the cases studied, open water did not
extend to the domai n boundari es because of sea ice cover. Sea ice
cover is considered incapable of transmtting waves and therefore
plays the sane role as land. The situations when open water
extended out of the domain occurred generally in a narrow band,
and truncation of the fetch at the boundary was not considered to
be a serious concern.
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Figure 3.2 Conputer Printout of Effective Shoreline
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3.3 | CE-EDGE DATA

The |l ocation of the ice edge effectively delineates the boundary
of the ’'lake’ domain. Wekly conposite ice charts were obtained
for the study periods of interest from lce Centre, Environnent
Canada. The charts were digitized manually. The criteria used to
del i neat e i nper neabl e ice was subj ecti ve. I ce of any
concentration was considered incapable of transmtting waves.
Exceptions considered were ice islands and narrow outcroppings
having | ow ( <2/10) concentrations.

3.4 WND DATA

The nost inportant input to the nodel is the prescription of an
appropriate wind field. ldeally, a suitable spatial distribution
and tenporal resolution of data representative of conditions over
the 'l ake’ would be desirable. However, this is rarely achieved.
For this study, 2 sources of wind information are avail able,
measured  wi nds at vari ous | ocati ons and the Canadi an
Met eorol ogi cal Centre (CMC) Wather prediction nodel w nds. The
information from both sources have positive and negative
attributes associated with them Measured w nds provide good
| ocal information and as such provide accurate information about
conditions occurring over the site. An array of nmeasurenents
provides information on spatial variation and perhaps phase
propagation of the wind field. They may, however, be subject to
| ocal topographic or small scale effects which may affect their
validity for larger scale nodelling. The CMC nodel w nds, on the
other hand are a product of a large scale nunerical weather
predi ction schene. The nodel is concerned with large scale
phenomena and thus sone smaller scale effects have been
paraneterized and sone negl ect ed.

An inportant difference between the wind sets is that with the
neasured data the effects of the planetary boundary |ayer can be
estimated. Measurenents can be related to a standard height in
order for stresses to be estimted.

The obtained CMC winds (archived at the Canadi an Meteorol ogi ca
Centre in Dorval, Quebec) are those determned for the 1000 nb
| evel which does not necessarily correspond to a standard hei ght.
On the other hand the CMC nodel winds form part of an existing
forecasting schene. If the wave nodel is to be used in forecast
node a forecast wind is necessary. The OCMC nodel has the
capability to provide this infornmation.

It is not the purpose of this study to eval uate which w nd source
is the nost appropriate. However, given the data availability and
the purposes that this nodel is being devel oped for, both data
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types will be utilized with nore enphasis on testing the nodel
with nmeasured winds as input. Only three case studies will be run

usi ng CMC wi nds as shown in Section 50,

The nodel requires wnd information at each tinme step and for
each active grid point. This information is supplied to the nodel
by processing the data according to data type, spatial and
t enpor al availability of dat a, data quality and nodel
requi renents. The procedure is outlined bel ow

3.4.1 | nput Dat a Preprocessing

Prior to running the nodel the follow ng steps were taken:
A) Vi sual | nspection of Data

Wnd data gathered for the project were visually inspected
in order to nmake prelimnary conparisons, identify gaps in
the records and any obvi ous errors.

B) Data Sel ection

The records perceived to have high quality in terns of
cover age, representing conditions over the area and
conpl eteness were sel ected for use.

@) Dat a Preparation

The selected records were then prepared by elimnating any
obvious errors and filling gaps in the records of variables
t hat the nodel (at present) does not provi de an
interpolation for. This step utilizes information at other
sites and is basically subjective in nature in that the gaps
are filled manually. It should be nentioned that the gaps
were not Jlarge and that information from other sites
provi ded good gui dance. The data sets were then tabulated in
a format required by the nodel.

3.4.2 Model Processing

The nodel processes the input data depending on the data type
supplied. The inportant differences in processing occur in
consi dering boundary | ayer effects and spatial data coverage. The
options outlined bel ow are accessed by supplying the programwth
the necessary information to select the processing option. The
data required by each option is specific in terns of format. Sone
of the processing routines were fornulated for the specific
purposes of this project and the data availability. The types and
format of the data required for each option is outlined in

Appendi x BL.
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Boundary Layer Effects (I nput Wnd Done Cbservati ons)

As outlined previously, for observed wnds given at
di fferent anenonmeter heights, an estinmate of the effects of
the planetary boundary layer is made in order to provide an
effective wind speed at a standard height (10m. This
process is optional and can be bypassed.

Spatial Distribution (Oobserved and CMC W nds)

From the array of selected wnd data sites a decision is
made as to the nmanner in which wind data for the renainder
of the grid is to be assigned. The options in the nodel are:

Honogeneous field. In the event of poor spatial coverage of

data a single 'representative’ site is chosen and its wind is
prescri bed over the entire donain.

i)

iii)

Least Squares Plane Fit

For increased spatial coverage a |east squares plane is fit
to each wind conmponent, and values at each grid determ ned
by the plane equations. This requires a suitable nunber of
data points for confidence purposes. Also good spatial
coverage is necessary to avoid erroneous extrapolation
resulting from a tight cluster of data points. This is
physically nore appealing than i), however it requires
suitable data coverage and presunes a functional form for
the wind field. For a |arge domain this functional form may
be i nadequate.

Wei ght ed average schene

For an array of arbitrarily located data the wi nd conponents
at each grid are formed by a weighted average of the
avai l abl e data, where weights depend on the distance from
the point to the data site. This procedure perforns a form
of spatial averaging. Its suitability depends on reasonabl e
spatial coverage.

Subgrid I nterpolation

This procedure (at present) presunes that data are avail able
in a coarse Cartesian co-ordinate frane with data points
avai l abl e at equidistant steps. A bilinear interpolation is
performed on this coarse data in a sequential fashion to
estimate values for the subgrid points that lie within the
coarse grid box. This procedure is dependent on such
regul arly spaced data being avail abl e.

The data format required to invoke any of these options is
outlined in Appendi x BO.
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O Tenporal Resol ution

The nodel requires wind information for all integration
steps. As discussed previously the nodel w nds are updated
at wuser specified intervals, DI, based on a Ilinear
interpolation in time. This procedure allows for inputs
with different sanpling rates to be used and in the event of
m ssing data the nodel can proceed w thout stopping. Linear
interpolation in time is adequate for cases when data is not
separated by I ong gaps, This procedure is acconplished after
the spatial structure of the wind field has been determ ned
for the present tine and the time of the next available
data. The interpolation is carried out for each grid point
at intervals of DT. Note that the actual integration occurs
over a finer time step (At) depending on stability
consi derations as di scussed previously.

The processing options are data dependent and sone routines were
witten for the specific purposes of this project. Not all of
these processing options were used in the nodel evaluation stage
of the project. The nunber of options reflects the refinenments
and nodifications nmade during the course of the project.

3.5 WAVE DATA

Two sources of wave data are available to conpare w th nodel

out put, neasured wave information acquired from Done Petrol eum
and waverider buoy data. Mdel output will be conpared with both
sets when avail abl e.

The Done data consists of manual estinmates of significant wave
hei ght and peri od. The waverider buoy information (i.e.
significant wave height and peak period) were derived from wave
spectra obtained from the recorded heave information. The only
preprocessi ng of the wave data was to visually inspect it and, if
necessary, elimnate any obvious errors.

3.6 DATA AVAI LABI LI TY

The data available for nodel evaluation consists of both I|ong
time series and shorter storm specific events. The evaluation
consists of two aspects, i) to evaluate long term node

statistics and ii) to evaluate the nodel’s ability to hindcast
short period storm events. The data utilized in this study is
conprised of information fromthe years 1981, 1982 and 1986. The
1981 data (July 25 - Cct, 5) was used for the long term
statistical evaluation and sensitivity testing while data from
| ar ge—wave generating events that occurred in 1981, 1982 and 1986

were selected for event hindcasting. Tables 3.10 illustrate the
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availability of measured data for these periods. Figures 3.30L
shows the site locations at which the information is avail able.

Further docunentation of these data are provided in the
suppl enmentary data report.
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4.0 MODEL TESTING AND SENSI Tl VITY ANALYSI S
4.1 | NTRODUCTI ON

The evaluation of a nodel is generally based on conparisons with
reliable observations. The primary difficulty wth such a
procedure is that errors in the neasured variables are usually
not known, unless perhaps they are systematic in nature. As well
errors in the input to a nodel will lead to a degradation of
nodel results. Therefore it is inportant to be able to have
reliable and accurate input and validation data. Donelan and
Pi erson (1983) have denonstrated that sanpling variability alone
can contribute errors up to 15% (at the 90% confidence level) in
the wave height record determned from waverider buoy data.
Larger errors can be expected in nmanual observations (e.g. ship
reports and visual observations). Also there are assorted

instrument, calibration and human errors that wll undoubtedly
arise. Qoviously at this stage the nodeler has very little
control over the data quality. In this light with inherent

uncertainties about data quality sonme subjective decisions are
requi red. However in order to provide an objective framework on
which to base the nodel’s performance, the follow ng conparison
procedures are utilized.

4.2 EVALUATI ON TECHNI QUES

4.2.1 Tine Series Plots of Hi ndcast vs. Cbserved Vari abl es

Time series of predicted significant wave height and period
together with the forcing wind speed and direction wll be
presented at each evaluation site. Wen avail able, the observed
variables will be plotted on the sane figure for conparison.

4.2.2 Statistical Analysis

A quantitative statistical analysis is carried out to provide an
overal | evaluation basis for the nodel. The statistical
paraneters considered in this study are defined as foll ows.

At each station (j)

Let Y; represent the nodelled variable at tine
Xi represent the observed variable at tine i,

then we can define for each station the follow ng quantities.
A) Cross Correlation Coefficient ryy

Qoviously a high correlation between nodel result and reliable
observations is desirable. For the purposes of this study the
zero lag <cross correlation coefficient between X and Y is
cal cul ated as foll ows:
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Oxy 2
r _ (4.1)
Xy (0X2 Oy2 )1/2
wher e 0x2 is the variance of variable X

oy2 is the variance of variable Y,
oxy? i s the covariance of variables X and Y,
the above quantities are defined in the standard manner.

The cross—correlation can be generalized to allow for tine |ags
and can be applied between any set of variables and between
stations. However for this work the calculation was restricted to
zero lag and |ike variables at the same station.

B) Li near Regression and Scatter D agrans

Scatter diagrans between nodell ed and observed variables wll be
presented. Superinposed on these plots will be the |east squares
fitted line determ ned fromthe regression nodel of the form

Y=aX+b (4.2)

wher e X
Y

observed vari abl e;
nmodel vari abl e.

The | east squares procedure mnimzes the error in Y assumng the
i ndependent variable (X) to be accurate. This assunption, of
course, is not strictly true as the observed wave field is
subject to random neasurenent error. In particular, the manually
observed wave data are only resolved to a half netre.

No error bars are determned for the paraneters a and b al t hough
a neasure of the goodness of fit can be determned from the
correlation coefficient. The paraneter a, the slope of the
regression |ine, can be wused for tuning the nodel. The
y—intercept, b, is a measure of bias in the nodel. The adequacy
of a linear nodel should be apparent from the scatter plots. A
note of <caution is Enphasized in the interpretation of the
regression results. The coefficients are dependent on the manner
in which the regression was perforned. Had the nodel, X = cY + d
been enployed; there is no guarantee that the values of ¢ and d
woul d be equivalent to 1/a and —b/a as a sinple rearrangenent of
(4.2) woul d suggest.

Therefore, interpreting regression coefficients is critically
dependent on the manner in which the regression was perforned,
and on the source, types and magnitude of errors associated with
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the variables Y and, X. The regression line is determned only as
a reference.

(@) Error Statistics

O her quantities produced for evaluation purposes are the nean
error (Bias), Root Mean Square Error (RMSE) and Scatter |ndex
(Sl) defined as:

N
Bias = Z (Y;=X)/N
i =1
N
RVBE = [X (Yi-X)2/ N1/
i =1
S| = (RVBE/ x) x 100%
N
with x = % X/N
i =1

and N = nunber of data points.

These terns can be interpreted as follows. Positive (negative)
bi as i ndi cates whet her the nodel over (under)-estimtes the val ue
on average. The root nean square error is a neasure of the
deviation of the variable Y about variable X The scatter index
i ndicates the relative strength of the deviation of the Y
vari abl e about X

The statistics thenselves do not provide a definitive neasure of
the nodel’s performance, however they can provide insight into
nodel behavi our and perhaps point to areas in which inprovenent
IS necessary, such as paraneter selection. As well, data
suitability nay be determ ned through this evaluation process.

It is again enphasized that care should be taken when utilizing
the statistics. As nentioned previously the statistics cal cul ated
are restricted in scope since no allowance for possible tinme | ags
I's made. Therefore interpretation of the results requires both a
physi cal and statistical evaluation.

4.3 MODEL PERFORVANCE, SENSI TIVITY AND PRELI M NARY TESTI NG

The eval uation procedures outlined previously will formthe basis
for nodel validation. However, prior to inplenenting statistical
evaluations it is instructive to first study the nodel’s
performance under controlled <conditions, and to test its
sensitivity to different paraneters. In this way the behavi our of
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t he nodel can be nonitored and the influence of paraneters nay be
j udged.

4.3.1 Controll ed Tests

The nodel was set up to run with a rectangular domain (Figure

4.100) of grid size (29, 23) where the distance between grid
points (Ax) was 18.5 km A nunmber of tests were carried out
under ideal conditions using different nopdel paranmeters. The
conditions for each test case will be listed. The conditions not
chancing in these ideal tests are:

PERI OD OF | NTERPOLATI ON: DT = 30 m nutes
W ND STRESS FACTOR : y=0.1
SPREADI NG FACTOR : SPRD = 0. 1512

I NI TI AL CONDI TI ONS : Qui escent

The effect of varying the wind stress factor (y) is obvious.
Spreading was tested during the developnment of the nodel, the
value of 0.1512 was selected for physical reasons (C odman,
personal comunication) and corresponds to spreading restricted
to + 45° from the nean wave direction. The period of
i nterpolation determ nes how fine the wind information wll be
resolved. This period should be sufficient based on previous
testing. The locations nonitored in the tests are Site 1 (12,12)
and Site 2 (23,12). The designhations a) and b) will denote nobde
runs with conditions indicated as shown bel ow.

TEST 1 — MODEL SPI N-UP AND SMB COVPARI SON

Pur pose: Determ ne spin-up characteristics and steady state
predictions versus the SMB enpirical fornulae (Bretschneider
(1958)).

| ce: None
Snoot hi ng: SMIH = 0. 00002

W nd: Honbgeneous i n space, and constant in tinme wth:
a) 20 knots, westerly (along nodels X axis)
b) 40 knots, westerly (al ong nodels X axis)
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Figure 4.1 Model Domain for Controlled Tests

For both wi nd speeds the nodel spun-up in a stable, exponentia
fashion to its final steady state. The steady state conditions at
the two locations are conpared with the SMB formulae in Table

4. 10.
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TABLE 4.1
Conpari son of BSWWM2 with SMB fornmul ae

W ndspeed (knots) 20 40
Fetch Length (km 203.5 407 203.5 407
Si gni ficant Height (nm) BSW 2.3 2.6 7.8 9.2

SMVB 2.0 2.4 5.0 6.7
Significant Period (s) BSW&R 6.5 7.0 11.9 13.2

SMVB 5.7 6.3 8.9 10. 2
*Duration (hrs) BSWW2 14 19 8 13

SMB 15 27 11 18
* Duration indicates elapsed tine until fully developed sea is

est abl i shed.

The nodel vyields higher values for both wave height and period
than predicted by the SMB curves. Spin-up occurs quicker in the
nodel .

TEST 2 — | NTRODUCTI ON OF | CE BOUNDARI ES

Pur pose: To test the nodels behaviour when an ice edge is
i ntroduced suddenly into the domain.

| ce: Ice introduced at T = 24 hrs into the run and covers
the section | <11, J<12 (as shown in Figure 4.10).

Snmoot hi ng: a) SMIH = 0. 00002
b) SMIH = 00.0

W nd: Honbgeneous and const ant
20 knots westerly.

The introduction of ice can cause large spatial gradients in the
wave field to be set up. These can lead to oscillations being
generated and propagated throughout the domain. To test this
effect on nodel predictions, an ice edge is introduced suddenly.
The snoothing function is tested to illustrate how it can danpen
t hese oscill ations.

Figures 4.2 all, b0 show the evolution of the wave field in tine
at locations 1 and 2. For both |ocations snoothing has no effect
on the results prior to the ice Dbeing introduced. The
readj ustnment to steady state for the new fetch conditions inposed
by the ice is rapid at site 1, closest to the ice edge while at
site 2 the ice effects are |ess pronounced. Note that snoothing
has altered the results. At site 1, the effect of snoothing is
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felt rapidly. The disturbance or oscillation induced by the ice
edge took sane tine to develop at site 2 and therefore the effect
of snoothing the field is felt at a later tine. The apparent
discontinuities seen in the plots is due to roundoff error in the
output. (i.e. resolution is in decinetres).

The purpose of the snoothing was to danp out oscillations and is

best illustrated in Figure 4.30L. This shows a cross—section of
t he wave heights across the |lake along the Iine I = 12, one grid
bl ock downwi nd of the ice, 12 hrs, after the introduction of the
i ce edge. In the no snoothing case a small oscillation persists.
When snoothing is inplenented the bunp is elimnated. As shown in
the tine series of site 2 the oscillations appear to propagate
t hrough the donmain. The nodel, however was stable for this test
case. Further testing on the effects of these oscillations should
be carried out since, in the Beaufort Sea context, the boundaries
of the lake are dynamc and the domain is large. The effect of
snoot hi ng has an appreciable effect on the results in areas of
spatial gradients of the wave field.
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BEAUFORT WAVE MODEL COMPARISON 4-9
Site 1, Ice Edge Test
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Figure 4.2a : Evolution of Wave Field With Ice Cover, Site 1.
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BEAUFORT WAVE MODEL COMPARISON 4-10
Site 2, Ice Edge Test
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Figure 4.2b: Evolution of Wave Field with Ice Cover, Site 2.
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Figure 4,3: Cross-Section of Waveheights.
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Agai n, the apparent discontinuities seen in the plots are sinply
due to roundoff errors.

TEST 3 — SHI FTI NG W ND

Pur pose: How does the nodel respond to a sudden shift of 90° in
w nd direction.

| ce: None
Snoot hi ng: SMIH = 0. 00002

W nd: Honogeneous
Constant speed at 20 kts, westerly for first 24 hours
then southerly from25, hrs until the end of the run.

Figure 4.400 illustrates the devel opnent of the wave field for
both sites when a rapid wind shift is applied. The nodel
readjusts to a steady state slightly longer than the spin-up
time. This is due to the fact that an existing wave field was
present. The final values for both sites is identical, as
expected since they both have the sane fetch length after the
shift. The adjustnent of the wave direction wth tine is

illustrated in Figure 4.500 for both locations. The wave field
requires about a day in order to becone aligned with the wnd
field.

The above runs do not conprise a conplete set however they do
Illustrate the nodels behaviour. Further testing is outside the
scope of this report due to the l|large nunber of paraneters and
options that can be tested and the innunerable tests that can be
perfornmed. The previous tests illustrate that the nodel perforns
stably under ideal conditions.

4.3.2 Beauf ort Sea Test

The final test perforned utilizes actual Beaufort Sea data.
Information fromthe first 3 weeks of the 1981 study period (July
25 August 14, 1981) is used. Site locations for this period are

shown in Figure 3.30. A comparison is nmade between the nodel in
its final nodified state with recommended paraneter values and a
“primtive” version using paraneter values of the original G.ERL
nodel . Statistical analysis is perfornmed as descri bed bel ow.

TEST 4 — BEAUFORT SEA DOVAI N

Pur pose: Test BSWMR2 in its refined state with actual data.
Confi guration: Beaufort Sea Domain (67,33), Ax = 18.5 km
Ti me Step: DT = 30 m nutes
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| ce: | ce—edge updated on (nonth/day), 7/30, 8/ 6 and 8/13
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Figure 4.4: Evolution of Wave Field After Rapid Wind Shift.
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Friction: a) y=0.28

b) y =0.10
Spr ead: a) SPRD = 0.5

b) SPRD = 0. 1512
Snoot h: a) SMIH = 0. 00000

b) SMIH = 0. 00002
W nd: Honobgeneous

Done observed wind fromsite 2 (z = 65n)
a) as observed (i.e. without nodification to 10 nm
b) neutral (at 10 m above MSL).

The paranmeter values used in run a) define the nodel in its
primtive state, those used for run b) represent the nodel inits
refined state. The results of both runs are illustrated in Figure

4.600 along with observations, for site 2. whose wi nd was used as
input to the nodel. It is difficult to assess superior
performance visually however sone general comments can be made.

i) significant difference in wind speeds due to accounting for
boundary layer effects, both nodels are domnated by wnd
forcing;

ii) interpolation of wind effectively fills in gaps of wnd
record;

iii) both refined and primtive versions of the nodel
overestimte wave period consistently (this may be because the
observed wave period represents the zero-crossing, or average,
period whereas the nodel period represents the peak period, which
is usually higher than observed.

iv) both nodels underestinate apparent high wave hei ght events
al though this nmay be due to observational error;

A nore quantitative evaluation of nodel performance is given by
the correlations between nodel estimtes and the observations.

Tabl e 4. 201 presents these values for the different variables.
TABLE 4.2
Correl ation coefficient between observati ons and nodel versions.
PRI M TI VE REFI NED

VWAVE HEI GHT 0. 83 .91
VWAVE PERI CD 0. 62 . 69
W ND SPEED 1.0 . 94*
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*The correlation of .94 between observed and the neutrally stable
wi nds indicates that there is a significant influence exerted by
t he boundary [ ayer.

It is evident that the refined nodel perforns better, on the
basis of correlations with the Done observed wave data. As was
obvious fromthe tinme series plots, wave height is nodelled well
while wave period is only nmarginally accounted for. It appears
that the refined nodel perfornms satisfactorily. Using recommended
parameter values results in a substantial inprovenent in results.
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BEAUFORT WAVE MODEL COMPARISON 4-17
Model Sensitivity Test
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Model Sensitivity Test
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4.4 \WAVE DATA EVALUATI ON

Anot her consideration is the quality of the Done observations. O
prime concerns are the accuracy, consistency and resolvability.
For exanple, the observed significant wave heights are generally
recorded to the nearest half nmetre. This coarseness can lead to
errors at |low wave heights of up to 100% and for wave heights
about 3m for exanple, errors on the order of 20% As well,
consi stency between observers is not guaranteed while resolving
the information visually is also a potential source of error.
Al so the observed wave periods are usually estimated as a zero
crossing period and tend to be I ower than the peak period defined
by the spectrum

Anot her source of data available for conparisons is waverider
buoy records which were obtained from The Marine Environnent Data
Service (MEDS) . Unfortunately the spatial and tenporal coverage
of the buoys is sparse. For the test period, waverider data
(MEDS) were available at site 3 which is located about 2 grid
bl ocks away from site 2. A conparison of the nodel output
(refined version of BSWWMR) at Site 3 with the two data sources is

shown in Figure 4.70. The forcing wind, 10 m neutral wind from
Site 2, is generally lower than the observed Site 3 w nds,
directions are virtually identical. Visual conparison indicates
mar gi nal agreenment between wave period estimtes and satisfactory
agreenent for wave heights. Correlation between estimtes of the

wave variables is shown in Table 4.30 for this period.
TABLE 4. 3

Correl ations Between Data Sets from Waveri der Buoy and From Done
(Site 3)

VWAVE HEI GHT WAVE PERI OD

MODEL — DOME 0.82 0. 58
MODEL — WAVERI DER 0. 89 0. 58
DOVE — WAVERI DER 0.91 0. 69
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Figure 4.7: Wave Data Comparison, Site 3
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The nodel appears to be slightly better correlated with the
waveri der data. Note, however, that the correlation between DOVE
and the waverider at this site is good for wave height but
marginal for wave period. There is a significant difference
bet ween spectrally and manual |y derived wave data. Therefore, the
choice of data to conmpare the nodel wth and for use in
eval uati on purposes should be given increased priority, to ensure
that an appropriate conparison is nmade. |Indeed the conparability
of data types rests largely on the manner wth which they are
derived. The nodel wave variables are based on the JONSWAP form
for the spectrum as di scussed previously. The waveri der vari abl es
are derived fromthe neasured spectrum which may differ fromthe
JONSWAP spectrum The manual observations are based on visual
estimates and accuracy depends heavily on the experience of the
observer and the conditions under which the observations are
made. There w |l wundoubtedly be sone margin of error anongst
t hese realizations.

The above discussion focused on differences between data sets at
the sane location. O course one nust then expect that
differences in observables w Il occur between sites. This is
briefly discussed using sites 2 and 3, as an exanple. Based on
their proximty to one another, one woul d expect simlar wnd and
wave conditions at these two locations assumng that |ocal

effects are small. This wll be investigated briefly here. The
correl ati on between nodel output wave height at Sites 2 and 3 was
.99 indicating that, in addition to identical wind forcing, the

nodel considers that both sites are subject to identica
conditions (e.g. fetch, energy flux). The correlation between
DOVE observations at these sites was round to be .83 for wave
hei ght. This might indicate a genuine and significant change in
wave climate between the sites arid/or the effects of neasurenent
error. |If the wave climte has changed over this short distance
then it nust be due to local changes in forcing and perhaps
t opographic effects or due to existence of transient ice patches
not resolved in the ice charts. Indeed, although wi nd directions
at both sites are alnost identical, the correlation of the
observed (i.e. non-neutral) w nd speeds between sites was only
0.80. An explanation for the apparent change in w nd speeds
bet ween sites is not obvious at this tinme. Both wi nd observations
were made at the sanme anenoneter height. If the change is real
then this again enphasizes the inportance of inproving spatia
resolution of the wind field.

Wth this amunt of variability between observables, it is
difficult to assess the accuracy of the data. Especially since
the differences can be physically based, inherent error or a

conbi nation of both. Therefore, in the evaluation of the nodel
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which itself is subject to some error, one nust expect sane
margi n of error.

At this point in time the nodel has been found to perform
adequately in the refined state, although perhaps further
I nprovenents can be i nplenented. The nmaj or sources of discrepancy
should not be solely attributed to the nodel alone. |ndeed,
observational error and al so poor spatial resolution of the w nd
field have contributed to the discrepancies found in this testing
procedure.

O course one mght argue that in order to optimze the nodel an
extensive sensitivity analysis should be perforned by varying
only one paraneter value at a tinme. However, wth three
paranmeters, several options as to the wind input to be used and
uncertainty in the wave data upon which conparisons are based
this task can be overwhelm ng in scope. The choice of paraneter
values and nodel options for the remainder of the evaluation
process is based on providing the best possible information to
the nodel from a physical standpoint. The paraneters selected
are:

FRI CTI ON FACTOR: y=0.1
SPREAD: SPRD = 0. 1512
SMOOTH:; SMIH = 0. 00002
W ND: Best Avail abl e

The wind selected will be described in nore detail for each run.
4.5 BSWM vs. BSWwp

Finally, to determ ne whether or not any significant inprovenents

i n hindcasting skill has been achieved by BSW2, a conparison is
made between it and the previous Beaufort Wave Mdel, BSVYW
Figure 4.80 illustrates the results for Site 3 of a sinulation

covering the period July 25 to August 14, 1981. Ildentical w nd
I nputs were supplied to each nodel. Visually, both nodels appear
to performequally as well. However, the statistics, based on the
waverider data over this period, favour BSWWR. The correl ations
between the wave nodels and the waverider data for this period
are:

Significant Height Period

BSWw2 0. 89 0. 58
BSWM 0.76 0. 50

One obvious inprovenent is the inclusion of the boundary |Iayer
effects. Indeed, Donelans stress derivation was based on having
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wi nd speeds at the 10 m height, BSWW not only provides a better
estimation of the magnitudes of the wave variables, it also
accounts for superior timng as evidenced by the inproved
correlations. In testing the GLERL nodel, Schwab et all (1986)
found that, for the Geat Lakes, the swell conponent was small
For the nuch |arger Beaufort Sea donmin, the inclusion of swell

may be inmportant. The time series plot of figure 4.80 indicates
swell is a mnor effect in conparison to the effect of wnd
reduction since the results in both nodels are wi nd dom nat ed.
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5.0 MODEL EVALUATI ON

The previous section outlined the sensitivity of the nodel to
vari ous paraneter choices and provided a prelimnary evaluation
on nodel performance. O course, those evaluations indicated the
nost inportant consideration is the adequacy of the wind input.
In fact, the choice of parameters to use may be dependent on the
type of wind information supplied to the nodel

In this section a conprehensive evaluation of the Mbdel BSWW is
performed. Two sets of nodel runs were carried out: 1) the nodel
was run for over a 2 nonth period to conpile a statistical bases
on which to assess overall nodel performance; 2) the nodel was
run for several 5 to 7 day periods to evaluate how well storm
events are nodel |l ed.

The eval uation was perfornmed for the three years 1981, 1982 and
1986. The 1981 open water season provided sufficient in-formation
to performlong termstatistical evaluations, as well as 4 storm
events. In 1982, another 4 storm events were analyzed while in
1986, 3 stormevents were studied.

The type of wind available will dictate whether the boundary
| ayer routines are used as well as the type of spatial processing
of the wind information. The evaluation is thus perfornmed for the
above sets separately since the available information is
different for these data sets. The actual data files used in
t hese evaluations are further described in the Supplenentary Data
Base Report.

5.1 1981 FIELD YEAR

The data available for the 1981 season is illustrated in Table
3.1ald with site locations shown in Figure 3.3ald. A line chart
of data coverage is illustrated in figure 5.10. A honbgeneous

wind field was used as input to the nodel This choice of forcing
field was necessary due to the limted spatial coverage of the
observati ons.

The wind data from Site 2 (Donme observation) was sel ected. Sone
gaps in the tenperature record of Site 2 were filled. The
anenonet er hei ght of nmeasurenment was 65m Boundary |ayer effects
were taken into account and the neutral 10 m wi nd speeds were
determ ned. New ice boundaries were introduced on the foll ow ng
dates, (nonth/day), 7/30, 8/6, 813, 8/20, 8/ 27, 9/3, 9/10, 9/17,
9/ 24 and 10/1. Figures illustrating the actual |ocation of these

i ce—edges are given in Appendi x EL.
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Figure 5.1:

Data Coverage 1981 Open Water Season.
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A timng discrepancy was discovered in the Donme data. It was
necessary to shift the waverider data (GMIN by six hours to
coincide with the Done observation data which was found to be
given in local tinme. Al information for 1981 is therefore
referenced to | ocal tine.

51.1 Open WAt er Season

The nodel was run from July 25 to Cctober 5, 1981 enconpassing a
maj or proportion of the open water season. The nodel results are

plotted in Figures 5.200 a-g. for the seven sites, alone wth
avai |l abl e observed data. Before entering into a discussion on the
statistical evaluation of the nodel, several points should be
not ed:

It is evident fromsonme of the tine series plots that an apparent
time |lag occurs between sets of variables. For instance at Site 1
t he observed variables | ag the nodel estimates by about 12 hours.
This is easily seen in the wind direction tinme series. The nodel
was forced by Site 2 winds, where Site 2 is |ocated about 200 km

west of Site 1. Figure 3.3all. The inplication of the lag then

is that the wind field propagated to the east with an apparent
phase speed of about 17 kmih and remained relatively unchanged in
Its passage. The observed wave field shows a simlar |ag behind
nodel estimtes suggesting that the waves are dom nated by the
local wind. Assumng spatial honbgeneity in the wnd field
appears to be a poor approximation as significant horizontal
variation in the wind field can be present within the nodel
domai n. | f honogenei ty IS assuned, t he propagati on
characteristics and spatial structure of the wind field should be
nonitored. The lags are not as large at sites close to Site 2
al though they do exist. The presence of such lags can influence
the statistical analysis and interpretation of the results should
be mde wth caution. |In fact, the evaluation of |agged
correlations mght prove to be a better indicator of nodel
performance in this case.

A summary of the evaluation statistics for wave heights and

periods is presented in Table 5.10. Both observed and waveri der
data are utilized.
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TABLE 5.1
Evaluation Statistics; 1981 Open Water Season
a) Significant Wave Heights
Dome Observations vs. Model Estimates
Error Statistics Regression Parameters
Bias RMSE S.I. Intercept # of Ox Oy
Site _(m) _(m) _(%) Slope (m) r Data Points (m) (m)
1 0.24 0.79 80 0.66 0.58 0.63 274 0.85 0.90
2 0.09 0.76 68 0.58 0.57 0.68 533 0.99 0.85
3  0.34 0.65 T 0.77 0.55 0.83 4oy 0.97 0.90
4 -0.13 0.68 50 0.63 0.37 0.82 529 1.15 0.88
5 0.30 0.76 78 0.75 0.54 0.71 96 0.89 0.94
6 -0.27 0.45 35 0.29 0.63 0.43 L8 0.38 0.26
7 -0.59 0.98 43 1.08 ~0.77 0.79 63 0.94 1.28
Waverider vs. Model Estimates
0.33 0.58 115 1.07 0.30 0.56 57 0.30 0.57
3  0.27 0.53 58 1.06 0.22 0.82 267 0.61 0.79
4y 0,20 0.60 57 1.05 0.14 0.79 433 0.68 0.9
b)  Wave Period
Dome Observations vs Model Estimates
Error Statistics Regression Parameters
Bias RMSE S.I. Intercept # of Ox Oy
Site (s) (s) (%) Slope (s) r Data Points (s) (s)
1 1.59 2.4 84 0.51 3.00 0.55 273 1.95 1.82
2 0.80 1.93 53 0.45 2.80 0.59 534 2.13 1.62
3 1,23 2.26 69 0.43 3.09 0.63 494 2.44 1.68
Y 0.4 1.55 39 0.58 2.14 0.76 530 2.30 1.73
5 1.65 2.21 80 0.70 2.49 0.72 96 1.97 1.92
6 0.69 0.96 27 0.39 2.88 0.44 U8 0.67 0.60
7 -0.75 1.56 26 1.43 -3.34 0.80 63 1.18 2.11
Waverider vs. Model Estimates
1 -0.38 2.05 50 -0.06 3.97 -0.06 57 1.44 1.32
3 -0.39 1.34 28 0.68 1.15 0.64 267 1.46 1.55
y -0.74 1.79 34 0.64 1.13 0.48 433 1.32  1.77

¥The above error statistics and regression parameters are defined in Section
4,2.2.
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In general, the error statistics indicate that the nodel is
reasonably correlated with the available data. It is interesting
to note that the sites closest to Site 2 have the highest
correlations, a consequence of using Site 2 winds to force the
nodel . The reduced correlations at site 1 are partially a result
of the time |ag nmentioned previously. Another interesting feature
is that at Site 2, for the Done observations, the correl ations
are lower than the neighboring sites. However, when using the
waveri der buoy data, site 2 exhibits the highest correlations. O
course, the discrepancies should not be attributed conpletely to
the nodel since there is inherent error in the observables.
Scatter plots of observed wave height and waverider wave hei ght

versus nodel predictions are shown in Figures 5.30 a-e. The
scatter plots allow easier identification of outliers and perhaps
erroneous points. For instance, for Site 29 there is a group of
points clearly displaced fromthe main cluster. These points can
be traced back to the time series on Cctober 3, where the results
diverge. The rise in the Dome observed wave heights are not
coincident with the wind forcing. For Sites 3 and 4 at this tine
the rise in the observed wave field occurs about a day later,
coincident with the nodel estinmates based on the wind field. It
is unlikely that this apparent tinme |ag between observations is
physically based if, representing propagation of swell, the
apparent group speed is too low for waves of this size. If this
portion of the record is renoved, the correlation between
observed wave height and nodel estimates for Site 2 increased
from 0.68 to 0.78, a significant anmount. The reason for this
di screpancy cannot be explained since the nodel predictions of
| arge events are usually very good.

The correlation between waverider and Done observed significant
heights for Stations 1, 3 and 4 are 0.86, 0.89, and O0.87,
respectively. This suggests that between observables there is a
significant anmount of variability as previously discussed.

The long term error statistics, based on the conditions wth
which the nodel was run and the limted evaluation techniques
enpl oyed, suggest that for the 1981 field year the follow ng
results may be noted.

1) A honobgeneous wind field is inadequate for such a large
domain, small scale variability exists, since the nodel results
are domnated by the wind it is necessary to adequately represent
the spatial structure of the wind field.

2) A better spatial observing network is required to resolve
the wind field properly.



Directory  Table of Contents O List of Tables O FiguresO
EC5

3) The validation data are subject to error which will degrade
t he eval uati on process.

4) The nodel appears to perform adequately. The time series
plots indicate that the variability in the wave field is well
nodel | ed, especially for storm events.

5) A nore conplete evaluation procedure, allowing for |agged
correlations is required in order to properly assess nodel
performance and perhaps identify rel evant physical phenonena such
as stormtracking.

The nodel, however, has shown definite inprovenents over the BSWMV
results outlined in MPL (1986) for this period. In fact the
correlations inproved for each site, except site 6. The choi ce of
paraneters and nodel options wutilized in BSWWR resulted in
reduced error statistics as well. Therefore, not only is BSWR
better correlated, it appears to be nore accurate than BSVW
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Figure 5.2a: Site 1
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Figure 5.2a (continued)
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Figure 5.2b (continued)
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Figure 5.2c (continued)
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Figure 5.2d: Site 4
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Figure 5.2e: Site 5
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5.1.2 1981 Storm Events

Four storm events for selected from the 1981 data sets as
foll ows:

Storm1; July 31 to August 5, 1981
Storm 2; August 14 to August 19, 1981
Storm 3; August 28 to Septenber 3, 1981
Storm 4; Septenber 25 to Cctober 1, 1981

The Figures 5.200 a—g illustrate that in general the storm events
are predicted quite well in ternms of both nmagnitude and tine of
occurrence of the peak values. The exception of course is at Site
1 where a tinme lag is apparent as previously discussed. The storm
events will be briefly discussed below with error statistics for
the storm periods presented for Sites 2, 3 and 4. Mdel results
are conpared wth waverider buoy data unless otherw se indicated.

Storm1, July 31 to August 5, 1981

Storm 1 rapidly developed from a situation of relatively calm
easterly winds into a strong but variable westerly flow The
rapid increase in wind speed is correspondingly seen in the rapid
increase in wave variables. The statistics calculated for this

period are given in Table 5.20 which shows that wave field was
nodel | ed extrenely well.

Tabl e 5.2 Evaluation Statistics; Storm 1
a) Signi fi cant Wave Hei ght

Error Statistics Regression Paraneters

Site Bias RMSE Sl I ntercept # of Ox Oy
(m (m % Sl ope (M r Poi nt's (m (m
2* -0.10 0.58 40 0.65 0.40 0.90 39 1.24 0.90
3 0.33 0.54 48 1.24 0.05 0.92 39 0.74 1.00
4~ -0.25 0.67 41 0.61 0.38 0.93 38 1.34 0.88

b) Wave Peri od

Error Statistics Regression Paraneters

Site Bias RMSE S I ntercept # of Ox Oy
(s) (s) % Sl ope (s) r Poi nt s (s) (s)

v

2* 1.45 1.82 59 0.78 2.13 0.82 39 1.85 1.77

3 0. 07 1.14 24 1.15 -0.65 0.82 39 1.36 1.93

4* 1.39 1.70 53 0.75 2.18 0. 88 38 2.05 1.75
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*| ndi cat es Done observed wave data used.

Storm 2; August 14 to Auqgust 19, 1981

Storm 2 is very simlar in its development as Storm 1 was.
However, Storm 2 was shorter in duration lasting only about one
day. Again the nodel is able to reproduce the storm event

accurately, statistics are presented in Table 5.30L.
Table 5.3 Evaluation Statistics; Storm 2
a) Si gni fi cant Wave Hei ght

Error Statistics Regression Paraneters

Site Bias RMSE Sl I ntercept # of Ox Oy

(m (m % Sl ope (M r Poi nt s (m (m
2* 0.21 0.56 67 0.67 0.48 0.90 39 1.13 0.84
3 0.08 0.33 36 0.93 0.14 0.93 41 0.84 0.84
4 0.04 0.37 36 0.93 0.11 0.92 41 0.89 0.91
b) Wave Peri od

(s) (s) (s) (s) (s)
2 1.59 2.24 90 0.53 2.77 0.72 39 2.27 1.65
3 -0-63 1.50 33 0.68 0.85 0.64 41 1.57 1.65
4 -0.82 1.64 33 0.71 0.60 0.65 41 1.61 1.75

*| ndi cat es Done observed wave data used.

The reduced correlations in wave period are attributable to the
| ast part of the storm where nodel periods dropped off rapidly.

Storm 3; Augqust 28 to Septenber 3, 1981

Storm 3 was also characterized by westerly w nds. The direction
was relatively constant during the entire storm period. Wnd
speed was noderate prior to the stormthen rose rapidly with peak
nmeasured speeds about 25 knots. The wave nodel has again
reproduced the wave field well as shown in the statistics in

Tabl e 5. 401.
Table 5.4 Evaluation Statistics; Storm 3
a) Si gni fi cant Wave Hei ght

Error Statistics Regression Paraneters
Site Bias RVSE Sl I nt er cept # of (%

Oy
(m (m % Sl ope (M r poi nts (m (m
2% 0. 23 0.43 35 0.83 0.44 0. 89 48 0.80 0.74
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3* 0.41 0.55 48 1.02 0.39 0.89 47 0.67 0.77
4 0.25 0.34 26 1.28 -0.13 0.98 48 0.63 0.82
b) Wave Peri od

(s) (s) (s) (s) (s)

2* 0. 58 1.00 23 0.68 1.96 0.89 49 1.74 1. 32
3* 0. 86 1.58 37 0.49 3.03 0.80 47 2.11 1.29
4 -0-17 0.74 14 1.16 -1.02 0.87 48 1.09 1.45

*| ndi cat es Done observed wave data used

Storm 4; Septenber 25 to October 1, 1981

Storm 4 differs fromthe previous 3 events in that the wind is
generally northerly. Error statistics, all based on Done

observations, for this event, given in Table 5.50, again
indicate good agreenent between nodel and observed wave
vari abl es.

Table 5.5 Eval uation Statistics; Storm4
a) Signi ficant Wave Hei ght

Error Statistics Regression Paraneters

Site Bias RMSE Sl I ntercept # of Ox Oy
(m (m %  Slope (m r points  (m (m
2 0.09 0.64 36 0.8 0.36 0.86 49 1.20 1.18
3* 0.25 0.51 31 0.79 0.60 0.97 49 1.47 1.21
4~ -0.23 0.69 32 0.74 0.33 0.88 48 1.39 1.17

b) Wave Peri od
(s) (s) (s) (s) (s)

2% 0.71 1.62 32 0.62 2.59 0.77 49 2.28 1.84
3* 1.15 2.02 44 0.53 3.28 0. 90 49 3.10 1.84
4* -0-36 1.18 19 0.94 -0.01 0.78 48 1.48 1.79

*| ndi cat es Done observed wave data used

A partial waverider record is available for Site 4 and it shows a
definite lag in developnent behind the nopdel and observed
vari abl es. An explanation for this discrepancy is not obvious as
yet. Another concern on the data quality for this period is seen
in conparing the Done observed data for Sites 2, 3 and 4. The
wave hei ght observations at Sites 2 and 4 are consistently higher
than at Site 3 for the storm events. This may suggests a bias
exi sts between different observers.

The storm specific error statistics have indicated that the nodel
perforns accurately during high wind events. The enhanced ability
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to reproduce the wave field during the storns may in part be due
to the fact that wnds are better resolved for higher wnd
events.

5.2 1982 Storm Events

The data availability for the 1982 drilling season is illustrated

in Table 3.1b0J with site locations defined in Figure 3.3b0O.
(Note: there are 2 observation stations |located near Site 2,
Tarsiut Island and Kiggavik H-32). Although the spatial coverage
is small, the tenporal coverage is quite good. The forcing for
the nodel is provided by assumng a honbgeneous wind field, a
consequence of the proximty of the data sites. Site 4 winds were
sel ected based on several factors including quality of data,
| ength of the record, few gaps and also its central |ocation. The
wind was neasured at an anenoneter height of 65 netres.
Unfortunately, the tenperature record was inconplete so
neutralizing the wind was not perfornmed for Storm5. The boundary
| ayer effects were considered for Stornms 6, 7 and 8 with the
Wi nds transfornmed to their effective 10 m value. The nodel was
spun—-up from rest. Care was taken to provide sufficient tine
prior to the storm event so that initial spin-up is
achi eved. The stormevents are defined as foll ows:

Storm5; July 27 — August 1, 1982
Storm 6; August 12 — 17, 1982
Storm 7; August 18 — 23, 1982
Storm 8; Septenber 18 — 23, 1982

and will be di scussed bel ow.

Storm5; July 27 to August 1, 1982

Stormb5 is characterized by a rapid rise in wind speed from10 to
40 knots in about 6 hrs, followed by a gradual decline in speeds
for the next 2 days. The winds were westerly for the storm event
then shifting to easterly.

The time series plots for the sites at which wave data was

available are illustrated in Figures 5.50 a-c. Unfortunately,
the observations over this period are quite sparse. Site 6
waverider data provides the best information for conparison. As
is obvious, the nodel overpredicts the peak wave heights, a
consequence of not reducing the winds to the 1 0 m level. The
wave period is also overestimted, however, not as nuch as wave
hei ght. The statistics, calculated only for Site 6. of waverider

versus nodel results are listed in Table 5.6 and the scatter
pl ot of wave heights is shown in Figure 5.60.
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Table 5.6 Evaluation Statistics; Stormb5
a) Signi fi cant Wave Hei ght

Error Statistics Regression Paraneters
Site Bias RMSE S I ntercept # of Ox Oy

(m (m % Sl ope (M r Poi nt s (m (m
6 0.84 1.25 90 2.05 -0.62 0.95 39 0.73 1.59
b) Wave Peri od

(s) (s) (s) (s) (s)
6 0. 80 1.39 24 1.41 -1.50 0.89 36 1.39 2.19
The correlations are remarkably high, however, the nodel is

over predi cting consistently.

A reduction in predicted wave paraneters woul d undoubtedly occur
had the wnds been converted to 10 m neutral val ues.
Neverthel ess, the high correlation suggests that the boundary
| ayer effects would not alter the time series of wnd speed
radically. The simlarity of the w nds at each neasurenent site
inplies that for this storm event the assunption of spatial
honogeneity of the wind field is acceptable.

Storm 6; August 12 to Auqust 17, 1982

A constant easterly wind (neasured at about 20 knots) prevailed
at the onset of Storm 2. The wi nds then increased in magnitude to
about 30 knots while the wind direction rotated in a clockw se
fashi on.

The results of the Storm 6 sinmulations is illustrated in Figures

5.70 a-e. Tenperature data was available for this period and the
effective neutral 10 mw nd was determ ned. The reduction in w nd
speeds is dramatic, which is the case for stable atnospheric
conditions, peak speeds are reduced by about 40% The data
coverage is much better for this period and error statistics for
Sites 2, 3 and 6, having conplete waverider records is shown in

Tabl e 5. 700,
Table 5.7 Evaluation Statistics; Storm 6
a) Signi fi cant Wave Hei ght

Error Statistics Regression Paraneters
Site Bias RVSE Sl I nt er cept # of Ox

Oy
(m (m % Sl ope (M r Poi nts (m (m
2 0.01 0.53 68 1.61 -0.47 0.78 40 0.37 0.77
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3 -0.08 0.59 73 1.40 -0.14 0.56 39 0.28 0.70
6 -0.01 0.48 57 1.63 -0.55 0.86 38 0.41 0.78
b) Wave Peri od

(s) (s)

2 -1.34 2.48 52 0.08 3.06 0.04 40 1.08 1.83
3 -1.27 2.22 49 0.31 1.86 0.18 39 0.96 1.72
6 -1.13 2.05 44 0.82 -0.28 0. 37 38 0.84 1.84
The scatter plots illustrating wave height conparisons for these

sites is shown in Figures 5.80 a-c. The wave heights are
marginally correlated while the wave periods are apparently
uncorrelated. The lack of correlation may result from several
factors. The reduction of the wind appears to be too severe, at
| east at the beginning of the storm The underestimtion of both
wave height and period during this time significantly affects the

statistics. It is interesting to note that there is little
structure in the waverider period estimates for the first 3 days.
As well, the waverider heights show little variation for the

entire storm period. The answer nmay lie in the fact that during
the storm when the wi nd speeds are largest, the wind direction
was changi ng continuously. Therefore, the wave field could not
develop fully. Another potential explanation for the initially
constant neasured wave periods is that this represents swell
persisting froma previous storm In fact, on August 11, 1982, a
small storm did occur with wind speeds neasured at 20 knots. The
nodel, at present, does not include swell as a distinct
conponent. The conparisons perfornmed in the evaluation of the
nodel suggested that swell was a negligible factor and in no way
affected the wave field for nore than several hours.

As nentioned previously the nodel was spun-up from rest.
Therefore, depending on the wind conditions, the initial period
of the sinulation represents spin-up. For this case, the w nds
are so low that spin-up is achieved rapidly and no errors induced
by the spin-up process are negligible. In fact, this case was run
again, but starting about 12 hours earlier and no significant
changes in the wave vari abl es occurred.

An expl anation for the poor performance of the nodel during this
stormevent is not apparent.

The neasured winds are quite simlar at all sites. However, a
conparison of Site 2 and Site 4 neasured w nds suggests that Site
4 winds lag those at Site 2 by about 6 hours. This phase shift is
perceptible in the wave height record of Site 2 where the
Model | ed val ues show such a lag behind the observations. Again,
this phase shifting can degrade the statistics. The assunption of
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spatial honogeneity for this storm event is poor based on these
observati ons.

Storm 7; August 18 to Auqust 23, 1982

Storm 7 is domnated by westerly winds with peak neasured speeds
on the order of 40 knots. The tinme series for this storm are

illustrated in Figures 5.900 a-e. Visually the nodel provides
very good results. Statistics for sites 3, 4, 5 and 6 are given

in Table 5.80]. The statistics for Sites 5 and 6 are based on the
Donme observed wave data. The scatterplots of wave heights for

these sites is shown in Figures 5.100 a-d.
Table 5.8 Evaluation Statistics; Storm?7
a) Signi ficant Wave Hei ght

Error Statistics Regression Paraneters

Site Bias RVSE Sl I ntercept # of Ox Oy
(m (m % Sl ope (M r Poi nt s (m (m
3 0.35 0.47 37 1.10 0.22 0.92 35 0.65 0.78
4 0.45 0.80 68 1.24 0.17 0.54 30 0.34 0.77
5* 0.21 0.54 42 0.77 0.50 0.78 39 0.75 0.75
6* 0.21 0.48 34 0.86 0.40 0.87 40 0.87 0.86

b) Wave Peri od

(s) (s) (s) (s) (s)

3 0.35 0.66 13 0.94 0.65 0.90 35 1.23 1.28
4 0.49 1.16 24 0.99 0.53 0.57 30 0.74 1.29
5* 0.20 1.27 26 0.68 1.79 0.40 39 0.80 1.34
6* 0.91 1.41 32 1.17 0.13 0.69 40 0.87 1.47

*Done observed wave i nformati on used.

The correlations indicate that this storm was generally well
reproduced. The reduced correlations at Site 4 is largely a
result of the deviations on August 21. The drop in the waveri der
variables at this tine is not evident at any of the other sites.
The devel opnent of the wave field as a function of fetch is
easily seen in the nodel results (i.e. wave heights increasing
from Sites 2 to 6 corresponding to the fetch defined by the
westerly wnds). The neasured wave field correspondingly shows
this tendency resulting from the relatively constant forcing.
There is no significant evidence to indicate that the assunption
of a honpbgeneous wind field is poor given the simlarity of
measured wi nds at each site.
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Storm 8; Septenber 18 to Septenber 23, 1982

Storm 8 is characterized by a tw day period of generally
easterly winds with speeds of about 30 knots. The constancy of
the forcing effectively fixes the fetch length for each station.
The results of this simulation is illustrated in Figures 5.110
a—e. The devel opnent of the nodel wave field is al nbst identical
for Sites 1 to 5. The

observations, although highly correlated with the nodel results,
vary in magnitude from site to site. The error statistics for
Storm 8 are given in Table 5.90 which quantifies the accuracy of
the predicted wave field.

Table 5.9 Evaluation Statistics; Storm 8
a) Si gni fi cant Wave Hei ght

Error Statistics Regression Paraneters

Site Bias RMSE Sl I ntercept # of Ox Oy

(m (m % Sl ope (M r Poi nts (m (m
1 0.35 0.83 50 1.73 -0.87 0.93 38 0.76 1.41
2 0.50 0.98 64 1.97 -0.97 0.92 40 0.65 1.39
3 0.69 1.12 87 2.45 -1.18 0.94 40 0.52 1.35
4 0.50 0.90 58 1.82 -0.77 0.95 40 0.73 1.41
5* 0.49 0.68 41 1.20 0.16 0.96 38 1.12 1.40
b) Wave Peri od

(s) (s) (s) (s) (s)
1 -0.42 1.68 27 1.27 -2.11 0.70 38 1.23 2.25
2 -0.20 1.61 26 1.22 -1.55 0.70 40 1.25 2.19
3 0.04 1.65 29 1.11 -0.59 0.63 40 1.21 2.12
4 -0.07 1.92 32 1.02 -0.21 0.50 40 1.07 2.21
S5* 1.04 1.85 37 1.41 -1.04 0.74 38 1.14 2.17

*| ndi cat ed Done observed data used

In this case the nodel consistently overpredicted the event’'s
peak wave height as well as the peak period at all sites wth the
| argest overprediction at sites 1, 2 and 3. This is also
reflected in observed variance values and the regression slopes
as expected. The scatterplots for these sites are illustrated in
Figures 5.1200 a-e, The changes in the neasured wave field do not
appear to be a result of wind variations since the neasured w nd
speeds are virtually identical. However, there is an apparent
count er—cl ockwi se deviation in nmeasured wind directions at sites

1, 2 and 5 (as shown in Figures 5. 1100 a, b and c), i.e. the
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nodel wind directions are nore easterly, therefore, larger fetch,
t han actual observed and hence overprediction of wave paraneters.
O course, variation in boundary |layer effects may result in
substantial changes to the wnds from site to site. Oher
potential causes nmay be topographic influences or neasurenent
variability or effect of ice boundaries and the existence of
| ocal ice patches.
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BEAUFORT WAVE MODEL COMPARISON

— Site 6 Nerlerk M—98 (Explorer 1I1I)
18, 1982 to August 23, 1982
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5.3 1986 Storm Events

This test was carried out to provide a prelimnary eval uation of
nodel results when driven by a gridded wind fields obtained from
the CMC NWP nodel for three storm events in the 1986 open water
season.

The data available for the 1986 storm events is illustrated in

Table 3.1cld with site locations defined in Figure 3.3cl. The
spatial coverage of the observation sites and avail able wi nd data
was quite good. Unfortunately, the tenporal coverage was poor
with many of the observation sites having frequent gaps in their
records. The wind input to the nodel for the 1986 storm cases was
the CMC 1000 nb-level wnds given at six hourly increnents. The
CMC wind fields were extracted from the archived nodel output
dat abase at the Dorval Conputer Centre in the form of wnd
conponents (u,v) given at every sixth grid point as shown in

Figure 3.3cld. A bilinear interpolation was performed on the
given coarse grid CMC wind values to estimate wind data for each
nodel grid point.

The storms under consideration for the 1986 season are defined
as:

Storm9; August 20 to August 25, 1986
Storm 10; Septenber 19 to Septenber 24, 1986
Storm 11; Cctober 3 to Cctober 8, 1986

Due to the limted nunber of data, no statistical analysis was
performed. The results of the nodel sinulations for each stormis
briefly described bel ow.

Storm 9, August 20 to Auqust 25, 1986

Storm 9 is domnated by westerly wnds wth wnd speeds
decreasing prior to the storm then increasing in distinct junps
during the stormevent. The tinme series plots are illustrated in

Figures 5.130 a-c for sites with data available. Site 5 at Arnak
provi des the best wave data for conparison. The nodel prediction
seens to be poorly correlated with both observed wave hei ght and
period. For all sites there is reasonable agreenent between
nmeasured winds in terns of directionality, however, speeds are
poorly correlated. O course a proper conparison of speeds can
only be nade if the 1000 nmb wind is assigned hei ght and boundary
| ayer effects can be estimated. There is a significant difference
in nodel winds from site to site. The bilinear interpolation
allows the spatial structure of the CMC winds to be retained. The
CMC wi nds, however show a definite tendency to lag behind the
observations. The sparsity of data does not allow a quantitative
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assessnent of this observation to be made. At each site, the
nodel | ed waves are dominated by the forcing wind at the site as
illustrated by the high correlation (visual) between nodel w nd
speed and the nodel wave variables. This feature again enphasizes
the need to adequately represent the wind field spatially.

Site 5 is only in 7 m of water and it is likely that bottom
effects could be inportant.

Storm 10, Septenber 19 to Septenber 24, 1986

Rel atively calm southerly winds prevailed prior to the onset of
Storm 10. A rapid shift in wind direction to westerly was
acconpani ed by an increase in wind speeds of up to 40 knots. The
stormevent |asted about a day. The tine series illustrating this

event are shown in figures 5.14[0 a-c. Again the available
observations are poor for this period. Site 4 at Kaubvik has the
nost information available during this storm Unfortunately the
waverider did not return data for a portion of the storm even.
The nodel determ nes a peak wave hei ght of about 6 m on Septenber
22 at 00 hrs resulting froman applied 40 Kt wi nd. The waveri der,
on the other hand, neasured a peak wave Height of 3 m about 15
hrs earlier coincident with an observed w nd speed of about 35
knots. The CMC winds appear to |lag behind the observations. In
fact there is evidence for this at Site 1 as well, where the rise
in wnd speed of the observations precedes the CMC values. The
devel opnment of the wave field was again domi nated by the |ocal
wind forcing and also the fetch conditions. Wen the wind was
southerly, the fetch was short for all sites and the wave heights
correspondingly low. As the wind shifted to westerly, the speeds
I ncreased, and the fetch also increased for all sites, resulting
in | arge wave hei ghts and peri ods.

Apart from the apparent timng discrepancy, the nodelled wave
heights are twice as high as the waverider values. One
expl anation mght be that the CMC winds do not consider boundary
| ayer effects adequately and are thus too large resulting in over
estimati on of wave heights. On the other hand, Site 4 is only in
about 17 m of water such that bottom effects m ght be affecting
t he waves.

Storm 11, October 3 to Cctober 5, 1986

Storm 11 is characterized by a variable forcing field. Prior to
the stormevent, the winds are light and rotating in a clockw se
fashion. The storm event is binodal in nature, first an easterly
gale occurs, then as the system passes over the area, w nds
decrease then increase again in a north-westerly gale. The wave
field produced at Site 1 by this forcing is illustrated in Figure
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5.150]. Unfortunately, no wave data was avail able for conparison
for this period. The binodal character of the storm winds is
reproduced in the wave variables. Again the waves are dom nated
by the local wind forcing. The variation in wind speeds at each
site is reflected in the wave variables. Site 1 recorded sone
wi nd neasurenents and again there is an apparent phase |ag of the
CMC behi nd the observati ons.

Unfortunately the data availability for the 1986 storns was too
poor to allow a quantitative evaluation. However severa
| nportant observations on nodel performance are evident. First,
the nodel results are dom nated by the |ocal wnd, supplied at
each grid point. It is wunfortunate that the finer spatial
resolution of the wind field afforded by the CMC data could not
be better exploited. However, even though the CMC data provides
for increased spatial resolution, uncertainty about its accuracy
have been raised. In particular, there are apparent tine |lags and
of course uncertainty about the effects of the boundary |ayer
considered in the CMC 1000 nb wi nd. Shallow water effects at Site
3 and 5 mght be responsible, in part, for the poor correlations
bet ween nodel and observed val ues there.
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BEAUFORT WAVE MODEL COMPARISON

Storm 9 — Site 6 Havik (Explorer I)

- August 20, 1986 to August 25, 1986 - Waverider
=--- Mode] Estimates
Observed (Dome)
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BEAUFORT WAVE MODEL COMPARISON

Storm 10 - Site 4 Koubvik (Esso)

September 19, 1986 to September 24, 1886 -------- Woverider
-~-== Model Estimates
Observed
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Storm 11 - Site 1 Hammerhead (Explorer 1I)
October 3, 1986 to October 8, 1986 ----r--- Woverider
-===- Mode] Estimates
Observed (Dome)
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6.0 SUMVARY, CONCLUSI ONS AND RECOVMENDATI ONS
6.1 SUMVARY OF WORK DONE

The primary objective of this study was to develop a nodel for
forecasting wind Generated waves in the Beaufort Sea. This was
acconpl i shed by nodi fying an existing AES | ake wave nodel (GLERL)
to work under Beauf or t Sea conditions. In particul ar,
nodi fications were required due to the dynamc nature of the ice
edge. During the nodel developnent, other refinenents were
i ncorporated such as including a spatial snoothing function and
nodi fying the monmentum flux terns and allowng for various
options in processing the wind input data. The nodel (BSWR)
devel oped in this study conpl enents an existing wave nodel (BSWJ
devel oped for the Beaufort Sea by MaclLaren Plansearch Ltd.
(1986). Model BSWWR2 has several refinenents over its predecessor
and increased accuracy in hindcasting was achieved. Prior to
performng any hindcasts, the nodel was tested under i deal
controlled conditions in order to eval uate nodel perfornmance and
test paraneter values. The assenbly of a data base for the
Beaufort Sea was a mmjor conponent of the work. Since the data
varies in character and availability, several processing options
for the wind data were devel oped. The processing is dependent on
considerations on the the spatial coverage of the avail able data
and also the influence of boundary |ayer effects. The data was
acquired, inspected and then formatted for nodel evaluation
purposes. Data for the years 1981, 1982 and 1986 was assenbl ed.
The evaluation techniques enployed in the study included
quantitative statistical analysis as well as qualitative
assessnents. The nodel was assessed on its ability to hindcast
several storm events (5 — 7 days) as well as a long period (2
nont hs) sinulation. The evaluation was dependent on the type of
wind input to the nodel and inprovenents in this aspect of the
nodel requirenents was stressed. In fact the bulk of the
reconmendations to be nade in the next section are concerned wth
the suitability of nodel inputs. This report presents the nbde

BSWM2 in its present state and provides extensive evaluation
based on available data. An acconmpanying report entitled
" Suppl enent ary Dat a Base Report’ provi des a conpl ete
docunentation on the data base assenbled for this project.

6.2 CONCLUSI ONS AND RECOVMVENDATI ONS

In the devel opnent of a practical wave forecasting systemfor the
Beaufort Sea, it is essential that:

1) t he wave nodel accurately represents the physics;

ii) inputs to the nodel are appropriate;

iii) adequate wave information is available in order to properly
eval uate t he nodel
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The first two requirenents nust be net if any confidence in the
results of the nodelling exercise is to be expected. In order to
achieve this confidence, one then nust ensure that the third
requirenent is also satisfied. Each requirenment will be briefly
di scussed bel ow.

1) Wave Model Physics.

The GLERL nodel has proven successful for use in the Geat Lakes
(Schwab et al. (1986)). The evolution of the G.ERL nodel from
Donelan’s (1977) original fornmulation has been scrutinized
carefully and nodel functions tested repeatedly (C odman (1983,

1983a), Schwab et al. (1984)). The conditions in the Beaufort Sea
environment are different, first because the domain is nuch
| arger and secondly due to the dynam c nature of the ice edges.

The nodel has been thoroughly tested and found to perform
satisfactorily in the Beaufort Sea context. However, sone
nodi fications were required. A spatial snoothing function was
i ncluded because it was found that wunder certain conditions
oscillations in the wave field could be generated when the
| ce—edge position was updated. The effect of snoothing is to
danpen out the spurious oscillations. Tests on the snoothing
function indicated that its effect is the largest in regions of
| arge spatial gradients in the wave field. Also the spatia

spreading of wave energy was nodified to allow for a variable
angl e of spreading In the original GLERL nodel spreading occurred
in a band limted to +£90° from the nean direction of wave
propagation. In the present nodel, the angle was set at +45° for
evaluation but, as it is incorporated as a variable, it can be
changed.

The nodel wave field is domnated by the wnd s input of

nonentum The provision of a suitable wind estimated at a 10 m
hei ght above sea level is of fundanental inportance, as the
stress fornulation is based on this requirenent. The nodel has
the capability to provide such an estinmate given a suitable set

of wind data. The data, of course, nmust have an adequate spati al

and tenporal coverage and will be discussed |later.

Shal | ow water effects are not included in the nodel. The effects
of bottom topography nmay play a significant role, especially
since many of the evaluation sites are in relatively shallow
water (=<30n). Except for 1986 data, there was no substanti al
evidence from the evaluation carried out that topography was
I mportant. However, with such a large domain the capability of
Generating waves that violate the deep water constraint is
possible for several of the site locations. This should be a
subj ect for future nodel devel opnents.
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ii) Input Requirenents.

The input to the nodel consists of ice—edge data, to delineate
the nodel domain, and a wnd field to provide the forcing
necessary to generate the waves.

The specification of a representative wind field is of utnost
i nportance for the nodel to provide reliable wave estimates. The
data available for use in this project included sets of |oca
observations and CMC 1000 nb nodel w nds. Each will be discussed
briefly.

The observations are conprised of a set of measurenments made from
drilling sites in the Beaufort Sea. The height of the anenoneter
at the sites varied and it was presuned that the neasurenents
were not affected by | ocal topographic effects. The forcing w nds
were transforned to their effective value at a 10m hei ght when
possi ble. The stress fornmulation in the nodel assunes that w nds
are prescribed at 10m As illustrated in several of the case
studies, the wnds were significantly reduced. However, the
structure of the wind remained relatively unchanged. In order to
I ncorporate the boundary |layer effects the air and sea
tenperatures are necessary to account for stability effects. In
many cases this data was not available. In one case the wi nd was
not reduced to 10m The results, in this case, showed
overestimation of the wave variables, as expected, however
correlations were extremely high. The overestimation can be
remedied, in this case, by altering the friction factor, which is
certainly dependent on the height of the wind forcing. Due to the
poor spatial coverage of the observation sites, a spatially
honbogeneous wind field was prescribed for all nodel runs using
observed winds for forcing. The w nd observation selected to
represent wind conditions over the entire domain was based on
data quality and central Iocation. The sinulations showed that
the assunption of spatial honpbgeneity was poor for sone cases and
adequate for others. This, of course, is related to the size and
propagati on characteristics of the weather systens in the area.
I ndeed, for small intense storns spatial honogeneity is a poor
approxi mati on. However, as nentioned previously, the nodel wave
field is domnated by the local wind and, in evaluation of wave
data near the forcing site, the correlations were quite good.
Fromthe Iimted observations several features of the wind field
were observed. In particular for certain periods the propagation
of weather systenms was easily identified. In other cases
significant spatial variability was encountered over relatively
short distances. This could be the result of small scale effects
and/ or measurenent discrepancies. Indeed it is inportant that the
neasurenents are thenselves reliable, although a certain anount



Directory  Table of Contents O List of Tables O FiguresO
EC5

of error is inherent. There is a need for inproved spatial
coverage of w nd observations in the Beaufort Sea if the wave
nodel is to be eval uated properly.

The cases utilizing the CMC 1000 nmb winds allowed for inproved
spatial resolution of the wind field. However, due to poor data
coverage, the evaluation was limted to a qualitative assessnent.
The wave field, as nentioned previously, is domnated by the
local wnd and this was clearly illustrated in the 1986 test
cases. Unfortunately, the adequacy of the CMC wi nd was suspect
since it was found to |lag behind the observations consistently.
The observed data was too sparse for a proper conparison to be
made. The CMC winds, at the 1000 nb level, are not assigned a
hei ght above sea |level. As a consequence, they are not
transforned into their effective value at 10m as required by the
nodel stress formulation. Further evaluation of the CMC winds is
required to assess their adequacy as input to an operational
forecasting nodel.

The ice—edge data supplied to the nodel is derived from weekly
ice charts. As nentioned, it was necessary to provide for a
spatial snoothing function to account for oscillations induced by
updating the ice-edge weekly. The determ nation of the ice edge
was based on assunming that ice of any concentration would not
transmt waves. This assunption has a significant effect in
altering effective fetch lengths for certain dates. However
varying, the definition of the ice edge was not tested in this
project since the effect is predictable to a certain degree. (See
MPL (1986) where the effect of changing the ice edge was
studied.) Another concern is the existence of transient patches
of ice that are unresolved by the weekly charts but m ght have a
significant |ocal effect. Also |ow concentration ice is not wel
resolved and so the ice edge may in fact be a diffuse boundary.
In order to reduce the potential for these problens to arise
requires a finer tenporal and spatial resolution of ice
i nformation supplied to the nodel. Prior to any inprovenents
being made in the ice specification, a better understanding is
required of actual wave-ice interaction effects, a process
| argely unstudied to date. This wll |ead to better criteria
bei ng defined for the specification of an effective ice edge.

i) Wave Data and Eval uati on.

The evaluation of the nodel was based on making conparisons of
nodel results with neasurements and observations of the wave
field at available data sites. Again the evaluation was highly
dependent on the quality of the wave data and their availability.
Waveri der buoy data provided the best conparison data set due to
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its conpatibility with the nodel output, (i.e. based on a
spectr al estimate). The wave observation data provided
satisfactory informati on however, since subjective in nature, it
was found to be biased due to perhaps differences between
observers. The nmajor drawback of the observations is that they
are restricted to 0.5 mresolution.

The nodel was assessed by conpiling error statistics on
performance based on a long period (=2 nonths) and several short
period (5 — 7 days) storm event sinulations. Again nuch of the
results are highly dependent on the appropriateness of the
forcing wwnd. In general, when the wind was adequate, the node
was able to reproduce the storm specific events extrenely well.
Correl ati ons between nodel estimates and the data were about 0.9
for wave heights. Wave periods were not as well reproduced with
correlation coefficient values of about 0.8. The nodel was well
tuned in that magnitudes of the storm events were matched. As
well the timng of the stornms was al so well reproduced. The |ong
term sinmulation results were not as good as the storm specific

cases. However the nodel did perform adequately as illustrated by
the time series plots in Section 50]. In fact, given the
af orenenti oned i nadequacies of the input wind, it is inpossible
to expect better results. Errors in the wind will be consequently

reflected in the nodel output. Therefore, given the uncertainty
in both the input wind and in the observed wave data, it is
difficult to properly assess the nodel, apart from these general
conment s.

The evaluation techniques enployed provided an aid to conpare
nodel estimates to the data. The statistics presented nust be
interpreted with caution and provide only a framewrk for
eval uation. Indeed the evaluation for each case nust be treated
separately wth enphasis placed again on the adequacy of the w nd
input. In fact, the evaluation technique can itself be inproved
(e.g. include cal cul ation of |agged correlations).

In summary, the nost inportant condition that nust be net, before
t he nodel can be used with confidence, is the specification of an
appropriate wind field. For the Beaufort Sea, the availability of
data is sparse and proper nodel evaluation is contingent on
adequate wi nd and wave information. Enphasis should be placed on
i mproving the data base for this region. In hindcast node, one
has the ability to select and evaluate the data prior to running
the nodel. In forecast node, this is not possible and if the
nodel is to be used as an operational tool, its success relies on
the wind input. Several inprovenents to the nodel physics are
envi saged as discussed previously. This includes, for exanple,



Directory  Table of Contents O List of Tables O FiguresO
EC5

i ncorporation of shall ow water propagation and wave-ice
i nteraction.

Finally, the BSWW has provided encouraging results and can be
used to provide adequate wave forecast in the Beaufort Sea once
t he above recommendati ons have been addressed.
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APPENDI X A
DESCRI PTI ON OF MODEL SOFTWARE

The adaptation of the GLERL nodel has resulted in the Beaufort
Sea Wave Model Version 2, Mdel BSWWR, as described in the text.
The basic theoretical and nunerical procedures of the GLERL nodel
have not been altered except where noted in the text. Mst of the
nodi fications are based on the input/output requirenents,
dependent on data type and ice edge constraints. The nodel |ogic
is illustrated in the flow chart shown in the follow ng pages.
Several coment statenents are included in the program coding
which was given to the Scientific Authority. This provides a
conpl ete description nodel routines. Reference should also be
made to MPL (1986) which includes a description of subroutines
identical to those of the present version of the nodel.
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Figure A.la:

BEGIN "‘1

DEFINE VARIABLES

!

CALL INPUT
-set control parameters and
station identification

'

INITIALIZE VARIABLES

}

| READ/WRITE OONTROL INFORMATION |

t

CALL BATH
-read bathymetry

!

CALL PRBATH
~print picture of shoreline

i

CALL JULBAS
—-sets base julian day for simulation

i 1

CALL JULIAN
—converts dates to julian day number

t

CALL ICEDGE
-delineate ice boundary

i

CALL PRBATH
-print picture of ice-edge

|
INITIALIZE TIME STEP VARIABLES

{

Model Flow Chart/Logic Structure.

EC5

A-2
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A-3

Y

LOOP FINISHED

STOP SIMULATION
END

SET TIME FOR INTEGRATION STEPS
CALL GREGOR
-sets date from julian day number

:

CALL GETWIND

-supplies wind for integration period
dependent on windtype and processing
performed on the wind data

CHANGE 1CE EDGE

CALL ICEDGE
-delineate new ice-edge
¥

CALL PR
-print

BATH
new picture

I

[7 PRINT STATION HEADER INFORMATIONJ

i

CALCULATE INTEGRATING TIME STEP
BASED ON WIND INFORMATION

i

risET DO LOOP FOR INTEGRATION PERIOD

LOOP FINISHED ?

[ CALCULATE MOMENTUM ADVECTION ]

¢
CALL SMOOTH
~ smooth the momentum field

!

[ CALCULATE WIND INPUT OF MOMENTUM |

I

——{ CALCULATE WAVE VARIABLES FROM MOMENTUM1

f
[ PRINT STATION DATA at right timgj

i

[ PRINT WAVE CHART at right time |

!

CALL MDFOUT at right time

" =-write data to master data file for eva

luation

Tigure A.1b
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| -3
| -4
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LOG CAL UNIT 10 — Bathynetry
This file consists of 67 groups of 5 lines. Each of the 5
lines for Goup | has the follow ng format.
COLUWNS FORMAT PARAMETER DESCRI PTI ON
1-80 8F10.2 DEPTH (1,J), J=1,8 Lake depth in neters
1-80 8F10.2 DEPTH (1,J), J=9,16 for grid point (I,J),
1-80 8F10.2 DEPTH (1,J), J=17,24 Land and grid boundary
1-80 8F10.2 DEPTH (1,J), J=25,32 points have the val ue
| -10 F10. 2 DEPTH (1. 33) zero
LOG CAL UNIT 20 — Input Wnd Data

wi nds can be supplied to the nodel
with processing accounted for by paraneter W NDTYP
designated in Logical Unit 60. At present the nodel is
functional with the specifications |listed below, not all the
options listed in the text were extended into operational
capability. Subroutine GETWND expl ai ns the options avail abl e

(refer to Section 3.4.20 for details).

Not e several types of

a. hserved W nd

VWNDTYP “OBS’ (Honmobgeneous W ND FI ELD)
* G ven; dat a from one observati on station
representative of wind over domain. Each line of this
file has the format of the master data file as
descri bed in appendi x DO.

COLUWNS FORMAT PARAMETER DESCRIPTI ON

1-11 11X N A N A

12-13 12 Y —Year as e.g. 81 for 1981

14-15 | 2 I M —Month (1-12)

16-17 | 2 I D —Date (1-31)

18-19 12 I H —Hour (0O, 3,6,...,21)

20-32 | 3X N A —Not Applicabl e

33-34 |2 | SPD -W nd Speed (knots)

35-37 I3 I DI R —-Wnd Direction (degrees True from

38-40 I3 Z —Anenonet er hei ght (metres)

41-44 | 4 TW —\Water tenperature (tenths of a

degree O
45-48 | 4 Ta —Air tenperature (tenths of a

b. CMC DATA

degree QO

1) VWNDTYP “CMC" (Wi ghted Average by D stance)

G ven;

7 CMC wind grid points over

t he Beaufort

Sea with U-V conmponents defined by CMC grid,
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Cont r ol Parameters and Identification

| nf or mati on

Free fornmat

remai ning Paraneters

read as Al110 and WNDTYP
have format

ID read as Al120;

commensurate wth standard

FORTRAN nonencl at ur e.

Li ne
1
2

4
Thru
3 +
NUVSTAT

4 +
NUMSTAT

5 +
NUMSTAT

Par anet er
| D
VWDTYP

DS

| DI M
JDI M
NUVSTN
NPRI NT

NSTAT(N)
DLAT(N)
MLAT(N)
DLONG(N)
MLONG( N)

| ST(N)
JST(N)

NSTEPS
DT
CHART1
| TMP
SHOREH

| YEARW
MONTHW

| DATEW

| HOURW
M NW

LI STST(1)
LI STST( 2)
LI STST( 3)
LI STST( 4)
LI STST(5)

FORVAT

Li nes 1,

Descri ption

Up to 110 characters of descriptive information
Type: Wnd type to determ ne processing in

getw nd

Gid spacing (neters)

Nurmber of X grid coordinates

Nunmber of Y grid coordinates

Nunber of observation stations (1-10)
Frequency for printing station data (hours)

| NTEGER nanme of observation station N
North | atitude of observation station
North | atitude of observation station
West | ongi tude of observation station N (deg)
West | ongi tude of observation station N (mn)
| grid coordinate corresponding to station N
J grid coordinate corresponding to station N

N (deg)
N (nmin)

Nunber of tinme steps

Tinme step size (mnutes)

Frequency to print wave chart (m nutes)
Lake shrink factor (1)

Land grid point identification (-1)

Start year for wi nd (1900-1999)

Start nmonth for wind (1-12)

Start day for wind (1-31)

Start hour for wnd (0, 12)

Start mnute for wwind (O - 23)

Start year for listing station date (1900-1999)
Start nonth for listing station data (1-12)
Start day for listing station data (1-31)

Start hour for listing station data (0-23)
Start mnute for listing station data (0)

3 and 4 contain information to identify the file.

This information is not used in the program

Line 2 Free format — integer type — 7 CMC grid points:

XW(K) ,

YWK) ,

k=1, 7 Model grid coordinates correspondi ng
to each of the 7 CMC grid point.
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Line 5 to end of the file.

COLUWNS FORMAT PARAMETER DESCRI PTI ON

1-3 I3 Y —Year as e.g. 81 for 1981

4-6 3 M —Month (1-12)

7-9 I3 I D —Date (1-31)

10-12 I3 | HR —Hour (- to 12)

13-110 14F7.2 UL(1),U2(1),1=1,7 -Alternate conponents of U
and V for each of the 7 w nd
stations.

i) VWNDTYP = “CWP" (Planar fit)
G ven; as i)
Format as i)
iii) WNDTYP = “CvB” (Bilinear Interpolation)
Gven; fine grid of CMC w nds coincident wth nodel
grid but values given every sixth grid point.
FORNVAT
Line 1 5X,412 Year, Month, Day and Hour of this data bl ock.
Lines 2,4,...,12 (12F7,2) have U (x axis) wi nd conponents of
the wind field at specific points.
Lines 3,5,...13 (12F7.2) have V (Y axis) val ues.
Lines 1 to 13 are a repeating group for different tines.
LOG CAL UNIT 30 — Ice Boundary Data
Each line of the file is free format and each value is
i nt eger type.
The format follows:

Wher e

Y IM ID N NM ND

| J1 J2
68 68 68
'Y IM ID NY NM ND
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|Y = Chart year of data set (e.g. 1981)
M= Chart nonth of data set (1-12)
ID = Chart day of data set (1-31)
NY, NM ND = Year, nonth and date of next ice chart
| = X grid coordinate
J1 = Y grid coordinate designating start of ice edge
J2 = Y grid coordi nate designating end of ice edge
Not es:
1. J1 =< J2
2. For a given I, all points J1 through J2 are considered
to be ice (or land). Lines with the sanme | value can be
repeated to account for conplicated ice edges.
3. | = 68 indicates the end of the current chart.
4, For the last chart, the two dates are identical i.e.

Y = NY, IM=NM ID = ND
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i

;TITLE: SEAUFORT SEA WAVE MODEL

i IDENTIFICATION:

1

{?Hxs RUN USES OBSERVED WIND DATA

INPUT PARAMETERS YO RUN

"GRID SPACING IN MEYRES IS: 18500.0

{NUMBER OF X GRID POINTS IS 67

i
,NUNBER OF Y GRID POINTS IS

33
 NUMBEN OF STATIONS IS 7

PRINT STATIONS EVERY 1 HOURS

T 1S AT 70 DEG, 46 WIN
(62,18)

STATION
WITH GRID COORDINATES

STATION 2 IS AT 70 DEG, 24 NIN
WITH GRID COORDINATES (31.11)

NORTH LAT

NORTH LAT. AND 129

EC5

ams

DPEG, 21 MIN WEST LONG.

AND 135 DEG, 12 MIN WESY LONG.

STATION 3 IS AT 70 DEG, OS5 MIN NORTH LAT

WITH GRID COORDINATES (32, ©)

STATION 4 IS AT 70 DEG. 28 mMIN
WITH GRID COORDINATES (33,12}

NORTH LAT

- AND 134 OEG, 26 MIN WEST LONG.

AND 134 DEG, 06 WIN MEST LONG.

STATION 3 IS AT 70 DEG, 22 WIN
WITHR GRID COORDINATES (23,11}

NORTH LAT

STATION & IS AT 70 DEG, 42 MIN
WITH GRID COORDINATES (33.13)

NOATN LAT

AND 1364 DEG, 37 WMIN WEST LDNE.

AND 133 DEG, 59 MIN WEST LONG.

STATION T IS AT 70 DEG, 35 MIN
WITH GRID COORDINATES (33,12}

MORTH LAT

NO. OF STEPS = 30 THE TIWME STEP 1S

AND 134 DEG- 14 MIN WEST LONG.

30.0 MINUTES

SHORE POINTS SET 10 DEPTM OF -1.00 METR
YR/MOIOYZHR/ AN

THE WIND STARTS AT

ES

1981/07/257007/00 AT TIME INTERVALS AS ON THE WIND DATA TAPE

THE LISTING STARTS AT 1981/07/25/00700 A
WITH CHARTS OF WAVES EVERY 720. MINUTES

DEEP WATER CALCULATIONS USED

T INTERVALS OF 1 WOURS

INPUT PARAMETER SPECIFICATION LIST
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LAKE DEPTHS IN METRES FOR EACM X COORDINATE

1 0 0 0 0o o o o0 0 0 0 o 0 0 0 0 6 o o o o
0 0 0 0 o 0o o 0 0 0 0 o o
2 0 0 o0 0 o 00 0 0 0 0 0_ 15 18 33 91 910 2100 2550 2825
3100 3375 3650 3450 $450 3650 35650 3650 3650 3650 3650 %450 6 "; o T
3 0 0 0 o o0 0 o 0 0 o 0 O 16 27 33 73 1370 2275 2650 2925
5200 3475 3650 3650 3650 3650 3450 3650 3650 3650 3650 3450 0
4 0 0 0 o 0 o 0 0 0 0 11 20 35 37 110 2000 2475 2750 3025
3300 ssso 3650 3650 3650 3650 soso 3650 3650 3oso 1650 3650 0
s 0 25 _ 37 44730 2100 2550 2750 3100
T ""37—3_3—“5 0 BFT*oTesO‘S"WOTEW ‘L“}aso !Bo SBO“IZSU }
6 0 0 0 « 13 33 2 49 1370 2275 2650 3025 3200
3575 Soso xoso 3650 !650 3650 saso 36!0 soso 3650 3630 36%0 0
7 0 0 o 0 o o o 0 0 0 5 20 4D 46 SI 1925 237S 2450 3025 33I7%
xsso 3650 3650 !650 3650 3aso ssso 3650 xeso soso 3650 3650 0
] 16 33 44 53 180 2000 2550 2750 3100 3375
- ’!l7;‘3’73‘!173‘3?7!*1n30 3330‘}330‘3330‘1336 3330“3336“!350“‘*‘0“" o
® 0 0 o 0 o 0 0 264 37 46 91 640 2000 2550 2923 3200 3375
3475 3375 3475 3475 3400 3600 3650 }650 3650 3650 3650 3650 0
10 0 0 o 0 o ¢ o0 0 0 0 29 38 ST 185 640 2200 2350 3100 3300 3375
3375 3375 3375 3373 3450 3600 3600 3650 3650 3650 3650 3650 0
11 0 0 0 o a 0 o o 0 22 31 42 70 400 1000 2250 2600 3050 3175 3300
3375 33753375 3375 3400 3550 5600 360073650 3850 5650 3650 ]
12 0 o o 0 o 6 o0 o O 26 40 46 90 S50 1500 2300 2750 3050 3150 3250
3350 3375 337 3375 3400 3450 3400 3500 3600 3650 3650 3450 0
13 o 6 o 0 o o o o 0 18 38 48 150 7S50 1750 2300 2750 3025 3100 3200
szso 3350 3375 3350 3350 ssoo 3&00 3550 xsoo 3400 3650 3550 0
RIS 0 325 900 2000 2300 2700 3000 3075 3150
3260 3230'3?66 3"6 3360 3356 3&00 3550 3560 3500 iabo 3356 0
1 0 0 0 45 66 500 1250 2050 2350 2600 2850 3025 3100
3150 szoo 3250 szso 3250 3300 3350 3400 3450 3500 3500 3600 0 ,
16 0 o o0 0o 0 0 0o o 0 25 48 100 700 1500 2100 2400 2550 2800 2950 3050
3100 3150 3150 3200 szso xzso 3300 3350 3400 3450 3450 3500 0
7 0 0o o 0 20 40 52 175 800 1800 2150_2400 2500 2700 2900 2950
— mmmomo Xm“nﬁo TI3I307%R00 3430346 o0
18 6 o o o 0 0 0 28 49 &0 300 1000 2000 2200 2400 2500 2630 2800 2900
zvso sooo 3050 3100 stso 3200 3250 3250 3300 3350 3400 3450 o
19 0 2 o 0 0 26 31 46 60 500 1300 2100 2200 2400 2450 2550 2700 2800

2900 2950 3050 !OSO 5100 3150 3200 3250 3300 3350 3400 3400 0

46 200 500 1350 2100 2250 2400 2450 2500 2600 2700
2300 2?50 !0 050 100 150 3 0 3200 }250 300 3350 3350 0

3s 50 100 325 600 1350 1950 2100 2250 2350 2450 2550 2650
2700 2800 2900 3000 SDSD 3100 5150 3200 3200 3250 3300 3350 0

22 0 0 ] 0 0 0 0 35 S0 220 475 740 1500 1850 2050 2200 2250 2400 2550 2600
zoso 2750 zsso 3000 xoso 3100 3150 3200 3200 3250 3250 3300 0

23 0 0 __ 42 100 243 560 825 1500 1800 2000 2000 2150 2300 2400 2600
‘13‘0‘2760'3E36’2650 xoso 3050 3100 3150 3150 3200 3250 3350 [}

24 0 0 0 22 75 180 275 375 550 750 1300 1750 1850 1900 2050 2250 2375 2600
zsoo zaso 2750 2900 3000 3050 3050 3100 3150 3150 3200 3250 0

2s 0 0 0 0 37 34 137 184 200 265 400 800 1350 1600 1650 1700 1900 2050 2250 2500
zsoo zaoo 2700 2800 2950 3000 soso 3050 3100 3150 3150 3200 o

26 0 27 38 so 90 83 250 775 1350 1550 1500 1600 1750 1950 2250 2400

D 7(66 2560 2850 Z7SG’WmUTGUFBUSO_YﬁSWDm6 IS0 o

27 0 0 0 6 26 3B 45 48 50 48 180 870 1300 1650 1350 1450 1600 20S0 2250 2250
2350 2500 23550 2700 2800 2900 2950 3000 3050 3100 3100 3150 0

28 0 0 2 2 511 17 23 32 39 59 575 1000 1200 1200 1300 1500 1950 2150 2200
2250 2400 2500 2600 2700 2800 2900 3000 3000 3050 30S0 3100 0

29 0o 1 1 1 3 .10 13 29 42 55 TS 590 810 1050 1250 1400 1850 2000 2100
230072300 Fi%0 2550 3630 270606 3860 2900 30060 3000 30s0 j050 o O i

30 0 0 0 0 0 1 7 14 29 45 60 45 255 640 780 1050 1400 1800 1950 2050
2100 2350 2400 2500 2600 2650 2750 2850 2900 3000 3050 3050 0

31 ) 0 0 0 0 Q 4 12 33 47 56 60 72 300 580 875 1150 1650 1800 187?S
2050 2210 2250 2400 2500 2600 2700 2750 2850 2900 3000 3050 0

32 0 0 s 0 1 9 20 37 47 58 ST 76 340 650 1231 1450 1625 1825
2030 2130 2200 2300 2400 2500 2400 2700 2750 2350 2900 3000 0

33 0 0 ] 0 0 4] 0 7 17 35 &6 60 64 73 270 600 31115 1375 1500 1725

1875 2000 2100 2200 2350 2450 2550 2650 2700 2750 2850 2900 0

PARTIAL BATHYMETRY RECORD
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ORIGINAL COASTLINE AS DEFIMEC BY BATHYNETRY:
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STN TIME NOUR MIN DA MO AV-CD AVWND SI6G—HT PERIOD WIND-SPD WAVE-DIR WIND-DIR
SYEP X1000 (m/s) m) (SEC) (m/3) (DEG) (DEG)
1 2 01 00 25 o7 OBSERVATION STATION ON THE ICE AT THIS TINME
2 2 o1 00 25 07 2.23% 7.83 0.58 3.06 T7.83 287 105
>ﬁﬂ1,, S2_ 01 00 25 07 2.23 7.8% Q.58 305 7483 287 393
4 2 01 00 25 07  2.23 7.83 0.58 3.04 7.83 287 105
1 2 01 00 25 07 2.23 7.83% 0.58 3.06 7.83 287 105
6 2 01 00 23 07 OBSERVATION STATION ON THE ICE AT THIS TIME
b4 2 01 00 235 07 2.2% 7.83 0.58 3.04 7.83 287 10s
1. 4 02 00 __25 07 __DUSELYAHQN §Lm9un_uu_mummmu;
2 [3 027 00 2% 07 1.52 7.56 7.56 099
3 4 02 00 235 07 1.33 7.%6 o ao 3 72 7.56 2aa 099
4 3 02 00 2% 07 1.% T.s56 0.77 3.64 7.%6 286 099
5 4 02 00 25 07 1.52 7.56 0.80 3.73 .56 286 099
6 ‘ 02 00 25 07 OBSERVATION STATION ON THE ICE AT YHIS YIME
4 4 02 00__25 07 1,54  7.56 0.77 3.64 7.56 236 099
1 3 os 00 25 07 OBSERVATION STATION ON THE ICE AT THMIS TINE
2 6 03 00 25 07 1.21 7.40 0.92 4.07 7.40 284 092
3 6 03 00 25 07 1.22 7.40 0.91 4,05 7.40 284 092
4 6 03 00 25 07 1.29 7,40 0.83 3.84 7.40 284 092
H 6 03 00 25 07 1,21 7.40 __ 0.92  4.08 7.40 284 092
6 6 03 00 25 o7 OBSERVATION STATION ON THE ICE AT THIS TIME
7 6 03 00 25 O7 1.29 7.40 0.83 3.84 7.40 284 092
1 8 04 00 25 07 OBSEAVATION STATION ON THE ICE AT THIS TINE
2 8 04 00 25 07 0.68 5.20 0.97 4.50 5.20 284 113
3 8 0400 25 07 0.69 5.20 0.95 §a43 3.20 284 13
4 8 04 00 25 07 0.70 5.20 0.80 €«.02 5.20 283 113
s 8 04 00 25 07 0.68 5.20 0.98 4.53 5.20 284 113
6 ] 04 00 25 07 OBSERVATION STATION ON TNE ICE AT THIS TINE
7 8 04 00 25 07 0.70 5.20 0.80 4,02 5.20 235 113
1 10 05 00 25 07 oaszavnttou STYATION ON THE ICE AT TMIS TVINE
2 10 0s 00 25 07 1.40 &.96 90 465 4.96 286 164
3 10 0S 00 25 07 1.40 4.96 u 87 458 4,96 28s 164
4 10 0S5 00 25 07 0.98 4.96 0.70 4.10 .96 288 164
s 10 05 00 25 07 1.48 4.96 0.93 4,73 4.96 285 164
6 10 0s 00 25 o7 OBSERVATION STATION ON THE ICE AT TNIS TINE
? 10 05 00 25 07 0,98  4.96 0.70 4210 §.96 288 144
1 12 06 00 23 07 OBSERVATION STATION ON THE ICE AT THIS TINE
2 12 06 00 25 07 1.92 7.80 0.70 4.00 7.80 313 196
3 12 06 00 25 07 1.91 7.80 0.66 3.82 7.80 313 196
4 12 06 00 25 07 1.73 7.80 0.57 3.33 7.80 323 196
| 5 12 06 Q0 25 07 1.98 _ 7.80 0.74 4420, 2.80 310 194
3 12 06 00 2S5 07 OBSERVATION STATION ON THE ICE AT THIS TIME
7 12 06 00 25 07 1.73 7.80 0.57 3.33 7.80 323 196
1 14 07 00 25 07 OBSERVATION STATION ON THE ICE AT THIS TIME
2 1% 07 00 25 07 1.24 6.38 0.74 3.94 6.38 331 198
316 07 00 25 Q7 1,26 638  0.68 3,69 6238 335 128
4 1% 07 00 25 07 1.22 6.38 0.67 3.63 6.38 339 198
s 14 07 00 25 07 1.24 6.38 0.76 4.06 6.38 329 198
6 % 07 00 25 07 OBSERVATION STAYION ON THE ICE AT THIS TINE
| 7 1% 07 00 25 07 1.22 6.38 0.67 3.63 6.38 339 198
L 1.6 08 00 25 07 _OBSERVATION STATION_ DL;IBEMKSK AI.IML;‘txuz, . S— R
2 16 08 00 25 07 1.30 3.32 0.70 4.09 3. 189
3 16 08 00 25 07 0.59 3.32 0.63 3.88 3. 32 339 189
4 16 08 00 25 07 0.67 3.32 0.67 4.01 3.32 338 189
b 16 08 00 25 07 1.59  3.32 0.71 6,13 3.32 330 189 -
6 16 08 00 25 07 OBSERVATION STATION ON THE ICE AT THIS TIME 1
? 16 08 00 25 07 0.67 3.32 0.67  4.01 __ 3.32 338 189 o o S

! HOURLY STATION OUTPUT
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Card Image of Record on the Final Data Tape "FDT"
Location |Date Time Waves Wind Wind, Addit ional
Sz Informat ion
S,|N Lat|W Lat |Yr{Mo|Dy|Hr|S,| Hs | Pp {SPD|DIR|SPD|DIR| Z |if Necessary
dg|m. jdgim .
XX XX | XX PXX XXX XX XX XX XX XX XXX (XXX [ XX | Xxx|xx | xxx|xxx
Field
No. 1 2 3 45 6 78 9 10 11 12 13 14 15
Fi el d Nunmber Columm No. El enent
01 01-02 Site Code Number
02 03-06 Latitude (N, degrees and m nutes)
03 07-11 Longi tude (W degrees and mi nutes)
04 12-13 Year (e.g. 83, 84, etc.)
05 14-15 Mont h
06 16-17 Day
07 18-19 Hour
08 20 Data Source code (e.g. 1, 2 or 3)
21 Bl ank
09 22-24 Significant Wave Height (Hs, in
deci et er)
10 25-27 Wave Peak Period(Pp. in tenths of
seconds)
11 28-29 W nd speed at standard (nodel) height
12 30-32 Wnd direction at standard (nodel) hei ght
13 33-34 W nd speed neasured at actual anenoneter
hei ght
14 35-37 Wnd direction neasured at actua
anenonet er hei ght
15 38-40 Actual anenoneter hei ght above sea | eve
(metres)
16 41-80 Addi ti onal data (may vary dependi ng on

source type, avail able data, etc.) as
descri bed above.
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NOTE

1) Wndy nmeans w nd data neasured, analyzed or conputed at a
speci fied hei ght above the sea | evel.

Wndois the actual w nds "neasured” at the anenoneter |evel

(2).

2) All mssing data should be replaced by -9 or -99 or -999
etc, depending on the nunber of data fields.

3) Al'l data are in INTEGER form as descri bed previously.
DATABASE STRUCTURE

Tape Data Field

1. SITE, (2 fields): 0l is Site 1, 02 is Site 2, etc.

2. LOCATION (9 fields): Latitude (4 field) and Longitude (5

field) of a given location (i.e. measuring site or nodel grid
point).

3. DATE (8 fields): YYMMDDHH (HH in GV unless otherw se
speci fi ed)

4.  DATA SOURCE, S»Ss, (2 fields):

- First field; Sy = neasur ed dat a

1 =
2 = wave nodel out put
3 = CMC wi nds

- Second field; Sz is left blank
5. RECORDS
a) Waves (neasured or predicted)
I HsHsHs/ PpPoPp/ (6 fi el ds)

where HsHsHs = significant wave hei ght (Hs) in
decinetres (e.g. 3.7m = 037)

PoPpPp = Wave "Peak” period in tenths of a second
(e.g. 10.5s =; 8.7 = 087)

b) W nds (neasured or nodel ed)
/ ffddd/ffddd/ zzz/

where ff wi nd speed in knots (2 fields)

ddd = wind direction in degrees (true) (3 fields:
0-360)
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ZZZ = Anenoneter hei ght above MAL in netres (e.g.

65m = 065)
Not e: The first set of wind speed and direction refers to the

effective forcing winds (nodel wi nds) and the second set is the
nmeasured w nds at a given anenoneter hei ght (ZZ2).

c)

Additional Information Field

Any additional data is recorded followng the above data
fields. This includes the follow ng:

The water and air tenperature is entered (8 field) as
fol | ows:

[ SnTwTwlw SnTaTaTa/

where S, =Sign of tenp. (zero or blank for tenp. above zero

and 1 for tenp. bel ow zero)

TwTwlw = Sea surface tenperature in tenths of degrees
Cel si us.
TaTaTa = Air tenperature in tenths of degrees Celsius (e.g.

15. 4

= 154; 0.8 = 008)

For Forecast Mde, this additional field can include e.g.
the 24, 48 and 72 hour forecasts (hs. Ppi f and d) in the
follow ng format: for exanple;

I'tt/ HsHsHs/ PpPpPp/ f £ ddd/
where tt = lead tine i.e. 24, 48 or 72)
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E-1

Land (+) and ice (*) coastlines ag of 1981/07/25:

Land (+)

R D R R R S S L L L T PP UOUT UYL
S L L R T T T T I T Y L PP ren
AR AR AR AR AR AR RS IR AR AR AR R A R AR R AR RSP AR AR R RARA RO g a Loy
R L T T2 I T T T T PO O OO
FREEE R AR R R AR AR AR AR AR AN AR A A SR SRR RIS PR AR R AR AR 444ttt 44444
FERARRARARAR AR AR AR RSN R I RARAARS AR S AR ARRRRSARRNROA®  gogaaiaa oL
FERRRRRRASAARRAARAR SRR RAARAR R AR SRR A S RARSRRARERY G hig b bttt it+44
FRRERRAS AR IR ARA RS RTARRR ARSI R LR ARRNRAFSRRRRR RN ittt tt44P4
AARRARRARRRAR RO R PR ASRA AR R AR R AAR R AR AR RARAR R ORI N oo g it e,y

FRRAARRR R AR R AR AR R R A A RS ARRRARAARR AR AR RARER AR 4ttt +4 44444442444
HRARA R AR R AR R AR RS R R IR AR RR AR R ARAAR R AR ISR TSRS L Uy
FERARERAR AR ARSI RA RS E AR RS AARKREA SR ANR 4444444444+ %444
FEREA AR KRR R LR AR AR AR A SRR R AR AR RANRR AR RN [T TR SRR L e
GERERRARK R AR A RARR AR R ERARRAN AR R AR R AR R A FYPOPYOUPY § 3 YUY
GRRRRE AR RS RARRR AR SRR AR AR ASRAARARARS +4444444% 4444
GRRR AR AR R RS AR RS R R AR R AR AR AR R AR AR ASR AR SRR AR N +4t++++® +4
R AR AR R AR RN R R AR S AR AR AR RA R R AR R AR R R AR AR kR +44 + * ++
FERERERARRAR AR RR AT AR R AR R RN R RN AR AR AR AR RARARARS AR +4 +4
GERR AR AR AR AR R AR R AR R AR R R AR R AR R A AR R AR R AR R AR RA RS +++
R R R AR R R AR AR AR AR R AR R AR AR R AR R R A AR AR R RN Rk +4+4+
+tli!ﬂ*§tiltl.tit‘llitﬂ*!!tt!it’tt*!ttlttt!i+ ++
4R RR R AR R AR AR AR A AR A RAR AR R RARARAAER 4 +
4R R AR R ARAREARRARARE * *44 +
AR RR RS DA AL AL Ll +++ 444 + +
ittt tttttitiitaantinn ++44 444 + +
+tt4tttttit ittt pprannen ittt ditdd 4 +++ +
RS SR TS s LR R Ry A R 2 ) +
+44tdtttdi bbbttt bbbt 4+ 4444ttt d 4 b4+ +
AAR Rl T I R L ER R R L R L e R 2L T TR RN P Y +
R e R A e s LT R L e e R

AR R e g T R R R 2 SR 2 2 R S R R S S g O S U U
LR R R R L R R R R e R e e R R R T T T YU O
RS e R R R S S AR 2 2 2 SR R T SR R H S SN O O S NSTN

and ice (*) coastlines as of 1981/07/30:

+++++4t4ttdtttttttti bbbttt bt bbbttt bbb bbb bbbt bbbt bbb bt 4444
G RRARE R AR RS AR R SR AR R AR AP R R AR E R P AR R AR RS RARARAARR RS +4+44++++ 4+ +4++4
GERRRARARR AR RSN ARR SRR AR A RN A AR AR AR ARAA R R RERERARRRAERS 44444t ddt+++
FRRARRARAE AR SRR R AR R AR AR AR R SRR AR PR AR RS RO AR R RPN RN RA RN L ittt dtt st
FRRARRRARARARARRR R AR SR RARNR R AR RS AR A AR AR AR RRARNS  Gogidiibdbdddtst
GRRARRAR R LS RAR AR AR AR RS R R A AR R A SRR A RPN KRR R AR I RARR d+t4++4 4+ 4t44+ 44
GRIRRARERARS RN R RN R RN ERARAARAARKARRARRERER AR AR NS +t+t+++t 4444+

AR R AR AR RN R AR AR R R R AR R IR AR R R AR AR R AR R AR PR AR AR S ettt ti4t 444 +
FEAERARKAAARARRARSR AR RARA SRS APRARR ARSI NS +44tttd 44444+ +4
FERRARSRS AR AR RARARA SRR A RARARAR AR AR RARRKR AR d4tttt 4 +4 +44
GRRARERRARARE AR R AR R E RN AARRA RS AR AR RO AR ettt bt 4
FRRAERR R ARSI R AR AR ARG AR AR AR P ARRNK R A RARARRRRRR 4+ 444t t4 4+ 4+
FREAR R AR AR AR AR R AR R R RS R AR R R AR SRR R AR R AR LR RR S 44444t e+4d 44+
FRER AR A RAR AR AR R R AR AR R AR AR AR RSN R R A AR R AR R A RN bttt 444
FRFARR AN AR AR R R AR AR AR R R A AR R AR AR AR R AR AR RARS RS bttt 444
FREAR AR R R A RAR AR IR AR R AR R AR AR A SRR R AR AR RS RAR SRS 444444 +4
FERARARRARRRAARERR AR SARRARARRARRAARRARARRR AR +++ + ++
GRRARRRRARARARARARSA AR AR R AR ARS R LA 222} *x ++ +4
GRAARARARRARRRAREERRERERR * * ++4
RRAKAAR SRS RERNRASRREARRA +4+4
$ARARARRERRAARARARARER RS + +4
F TR RRRRARERERARARAR SRR RN ++ +
Gttt 4R ARR AR ARARRARRRS +4 +
ittt rtbpR it o it ade +++  +4+ + +
L R R R L A A ++t+ 44 + +
Al e R e e ++ittttittds +4 ++4 +
+4+4t4tddbtibettdteet+ + 44t bidtibdbdt 444 H444 +
+H+tttitdttttett bbbttt +++4+ HH+etttititidd 44 4444t +
44444+ttt tb4 bbbt b4t +tdtttittitbtibttt bt bbbt tb bttt i+ 4 +
tHttdtitdtti bttt bbb+t ++++ttttttttttttitbt bt b titb bbb b4+ +

B T T R R T S R ST SRR R R
D R R R R R R R R T T e N ES s R T =
L L e N et anan T R R R R e R L
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E-2
Land (+) and ice (*) coastlines as of 1981/08/06:

++++++++++#++++++++4+++§4++++++++++++++*#+++++++++++4++++++++++#++§
+tll‘t!tltititltntnti‘lttitt.tt(liltit’..tt!!ttttilt'++++*++++++§++
A iddddiddddd it dddddddddd i A LT T TR LT T YT P Y P P VPO SOOI
bbb A L T Ty Y I YT T Yy Y T PO OR PO
+tt.tnttltiti!!nttiltli!.Qtiilttt!i.int’ltttli!nttnt++++++++++++++§
bbbttt L R R R e T T T TS T Y T T T YOOI R IO S0 0 00!
ARERRCALAMILRMARRRARCARRR A AR ARERANTARRRIRRS  RARER 4 h i b it iditidits
GERRRRRR AR AR R AR R AR CR A AR ARARS RS AR AR RRSRRSS SR 4t s it bi bbbt +
FRERARRRAAR S AR AR RI AR AN R AARRARSARA RS RAR AR AR A% Ghiabitiiittt 44

Land (+)

FERRER AR A AR RN R R ARA AR AR R AR AR ARA N AN R AR AR ERA R

++t4ttt44t444 +4+

FERRRR RS RARAR R A AR AAR A AR AR AR R SRR AR AR AR AR AR ttttttrtetdd 444
FRARRR AR AR AR SR AR R RS A AR R AR AR AR A SRS R SRR R AR 4+ttt ib ittt 44
GERERE SR RN R AR P AR SRR AN AR A RA AR A NSRS ettt ettt 444
AR AR AR R AR AR ARAR G AR R AR AR RN R A AR SRR * ittt PO
FTRRRANARARS SR RARR AR ARA SR AR ARG LR ARER RRRAhD i+ $4+44
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and ice (*) coastlines as of 1981/08/13:
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and ice (*) coastlines as of 1981/08/20:
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and ice (*) coastlines as of 1981/08/27:
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and ice (*) coastlines as of 1981/09/03:
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and ice (*) coastlines as of 1981/09/10:
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Land (+) and ice (*) coastlines as of 1981/09/17:
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Land (+) and ice (*) coastlines as of 1981/09/24:
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Land (+) and ice (*) coastlines as of 1981/10/01:
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Land (+) and ice (*) coastlines as of 1982/07/27:
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Land (+) and ice (*) coastlines as of 1982/08/12:
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Land (+) and ice (*) coastlines as of 1986/10/03:
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