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l . SUMMARY 

Storm surqes, that is, stom induced increases in sea level, of about l m 
in ampl i tude and lastinq for some hours are not uncorrrnon on the Beaufort 
Sea coast in ice-free summers. Surqe levels may even exceed 2 min some 
embayments, for instance at Tuktoyaktuk . This report describes a study , 
involvin9 numerical models, designed to permit prediction of surge levels 
between Herschel Island and Cape Rathurst and also to check if surge mag­
nitudes at sites well off-shore are ever larqe enough to pose hazards to 
drilling operations . 

At the coast, surqes cause flooding and accelerated beach erosion and are 
a factor which should be cons i dered in the des i gn of artifi cial isl ands. 
The nesting si tes of thousands of seabi rds , of economic importance to the 
native population, can be inundated, and it is conceivable that the bird 
population miqht not survive contamination of the nesting grounds due to a 
surge carrying oi l inl and from a spill off-shore. 

The accuracy of numerical storm surge models has to be verified by sim­
ulati on of a number of actual surges . Too few surges have been success ­
fu lly recorded in the Reaufort Sea to permit fu l l quantitative model 
veri ficat ion at the present time, but some confidence can be placed in 
the mode ls in their present state, on account of experience with simi lar 
model s of other seas. It can be conc l uded that storm surge ampli tudes 
are much smaller at s ites well off-s hore than at the coast and are probabl y 
far less hazardous to drill-ships than other storm effects such as high 
winds and short -period waves . As more surqe records accumulate, the models 
will be refined, but a limit to the accuracy of surqe level forecasts is 
imposed by their dependence on forecast surface winds . 

t 
Two subsidiary topics discussed are 'negative suraes', that is, temporary 
decreases in sea -level, which may hinder shipping, and winter surges, 
\<Jhich t hough much less frequent than surrrner surges, should probably be 
consider ed during the des ign of near-shore structures, in view of their 
potent ial for causi ng ice damaqe. 

2. INTRODUCTION 

2.1 Scope of Study 

Sea level elevations well above normal are experienced on the south­
ern Beaufort Sea coast whenever strong northwesterly winds occur 
during the open-water season. Driftwood stranded 2 m or more above 
mea n sea level indicates that t he whole coast f r om Herschel Isla nd 
to Cape Bathurst {Fig . 1) is affected by such storm surges . Recorded 
loss of life due to surges in t hi s sparsely populated reg ion has been 
low but the risk is increasing as oil and gas exploration intensifies . 
The principal aims of this study are to determine if surge levels in 
the off-shore areas where exploratory drillinq is planned are com­
parabl e with level s reached nea r shore and to develop a forecasting 
system , based on numerical models, for prediction of expected surge 
levels over the whol e Mackenzie-Bathurst shelf . 

Storm surges have important imrlications in several other studies in 
t he Reaufort Sea Project. A major surae can f l ood huge areas of the 
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low-lying coastal lands between Mackenzie Bay and Cape Bathurst . 
Many thousands of seabirds, of economic importance to the native 
population, nest in this area in the summer months when storm surges 
are most likely to occur. The combined effects on these of an oil 
spill and storm surge would probably be disastrous. Most of the 
coastline is subject to fairly rapid erosion. Storm surges greatly 
accelerate this process and at some points the retreat of the shore­
line during a major surge - as much as 20 m - is equivalent to 
several normal yea rs' erosion. 

2.2 Storm Surge Forecasts 

The storm surge study is one of several intended to permit prediction 
of wea ther and sea conditions up to 36 hours in advance. Forecasts 
of dangerous water l evels, winds, wave conditions and ice movements 
can improve the efficiency of mar i ne operations such as exploratory 
dri lling from sh ips . It is desirable to have warning of when to dis­
connect equipment from the sea bottom. Even a few unnecessary shut­
downs could waste a substantia l portion of the short drilling season, 
so that accuracy of prediction is hi ghly desirable. Other appli ­
cati ons of water level forecasts would be to alert investigators of 
wildlife and beach morphology to conditions of interest, or in 
extreme cases to permit evacuation of personnel from low-lying camps. 
Negative surges in which the sea level falls as much as 1 m below 
normal are not uncommon on the shelf during periods of strong off­
shore winds. The approaches to Tuktoyaktuk, the only harbour in the 
area, have a draft of only 4 m and accurate prediction of significant 
reductions is important for supply shipping. 

The need for predicti ve capabi lity is being met by development of 
related meteorological and oceanographic models of which those 
rel evant to storm surges are described in this report. These will 
be run hourly to assist in the preparation of 36-hour comprehensive 
envi ronmental forecasts issued by Arctic Weather Central, Edmonton, 
the responsible regional office of the Atmospheric Environment Ser­
vice of Environment Canada . The reliability of water level fore­
casts will depend on the accuracy of the predi cted winds obtained 
from the meteorological models and on knowledge of the extent of 
open water, about which information can be obtained at present only 

. some days in arrears from satel l ite photographs. 

2.3 Avai lable Data 

Verifying oceanographic models and check ing the accuracy of sub­
sequent surge predictions requires synoptic records of a reason­
able number of actual surges. Prior to the Beaufort Sea Project , 
only once (September l-2, 1972) did a surge occur when more than 
one water level gauge was in operation . An extensive field program 
of coastal and off-shore gauging was mounted in the summer of 1974 
but no surges occurred because of unusually persistent ice cover , 
which also prevented the recovery of off-shore instruments. The 
fie ld program was repeated in 1975; this was a much more favourable 
year and synoptic records of two surges of approximately 1 m were 
recorded in August. Processing of the water l evel and meteorological 
records prior to numerical simul ation runs is stil l in progress. 
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Fa irly complete water level records taken at Tuktoyaktuk for twelve 
winters prior to 1973/74 show no significant surge acti vity but 
positive surges of approximately 1 m were recorded on gauges at 
Herschel Island, at Tuktoyaktuk and at an off-shore site during the 
passage of intense cyclonic systems on November 11-14, 1973 and 
January 1-7, 1974. Ice cover was practically total on those 
occasions, but the slight movement sti ll possible in the ice cover 
apparently permitted transmission of momentum to the water via 
tangential wind stress. Inclusion of ice cover in a numeri cal model 
would reauire information about the extent of shorefast ice and the 
freedom of movement remaining in the pack ice beyond , neither of 
which ca n be determined yet by remote sensinq techniques. Con­
sequent ly, the numerical oceanographic models do not include the 
dynamics or t he effects of ice cover and the winter surge records 
unfortunately cannot be used yet for model verification. 

3. PHYSICAL FEATURES OF THE SOUTHERN BEAUFORT SEA RELEVANT TO STORM SURGES 

3.1 Bathymetry 

Proposed oil exploration is limited to a wide shallow shelf which 
extends from Herschel Is land at the western limit of Mackenzie Bay 
to Cape Bathurst, approximately 400 km to the east (Fig. 1). Water 
depth increases very gradually with distance northward to about 100 m 
at the edge of the shelf roughly 140 km from the coast. The only 
exceptional feature is the Herschel Canyon which extends southward 
from deep water northeast of Herschel Island t owards the mouth of 
the Mackenzie River . North of the shelf the sea bottom slopes down 
relatively quickly to depths of more than 3000 m, typical of the 
centra l Beaufort Sea. On the eastern edge of the shelf, there is a 
similar abrupt drop to the lesser depths of the Amundsen Gulf. In 
the west, a narrow shallow connection around Herschel Island to the 
Alaskan shel f may oermit transmission of long waves travelling east­
ward wi th storm systems, but otherwise t he Mackenzie-Bathurst shel f 
ca n be considered as an isolated shall ow-water system bordered on its 
open boundaries by much deeper water. 

East of the international boundary at 141 °W the deep water for some 
distance north of the shel f has been sounded recently through the ice 
by t he Polar Continental Shel f Project of the Department of Energy, 
Mines and Resources, whil e the Canadian Hydrographic Service has 
surveyed the shelf itsel f by conventional means. ~ith the exception 
of eastern portions of Amundsen Gulf and the deep water west of the 
internationa l boundary, bathymetric information about the Mackenzie­
Bathurst shel f and its environs is adequate for storm surge studies. 

3.2 Coasta l Topography 

Almost all t he coastal land from Mackenzie Bay t o Ca pe Dalhousie at 
the eas tern tip of the Tuktoyaktuk Peni nsula st ands barel y above sea 
l evel, even for considerable distances inland. During major storm 
surges , it forms a large flood plain more than 1000 km2 in extent. 
For accurate forecasting of maximum surge elevations , it is necessary 
to simul ate f l ooding of the coastal plain . Quanti tative evidence of 
the ext ent of f l ood ing duri ng past surges is lacking, but neverthe-
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less, reasonably accurate simulation should be possible once accurate 
topoaraphical information becomes availahle . No overall geodetic 
levellinq has been carried out and terrain heights have been measured 
with respect to local mean sea l evel. As it is now known that t hi s 
datum varies substantial ly from season to season, depend i ng on the 
ext ent of ice-cover in the southern Beaufort Sea (§3.3), a thorough 
rev i ew of the available topograph i c information is required. 

Accel erated erosion durinq storm surqes is a major factor in the 
sma l l -scale qeomorpholoqy of the Beaufort Sea coast (Ref. 1). The 
cl iffs along the Yukon coast on the west of Mackenzie Bay consist 
of frozen sediment which is rapidly undercut by wave action during 
surges. While the rate of coastal retreat is dramatic by geol ogical 
standards, it i s measured in metres per year at most and so is com­
pl etely neqlig i ble as far as storm surge modelling is concerned . 

3.3 Stratification 

Flow i n the Mackenzie River increases rapidly in May each year , 
reachi ng a maximum of around 17000 - 22500 m3/s in June and then 
decreasing steadily to winter levels of 2000 - 3000 m3/ s by December. 
Thi s fresh water discharges into the Beaufort Sea in undetermined 
prorortions through the many channels of the Mackenzie Delta. Sa l­
ini ty measurements i ndicate that a low sa l inity surface layer is 
esta bli shed in the summer months, with a sharp halocline varying in 
depth from 2 tQ 4 min years when there is extensive open water (Ref. 
2) to as much as 10 min bad ice years (Ref . 3). The steric change 
in sea level due to a change of 8 min halocline depth would be 
approximately 0.2 m, assuming a difference of 25.0 in at between t he 
two layers. In fact, increases of about 0.3 min level have occurred 
in bad ice years such as 1964 and 1974, so it appears that the dam­
ming in of the fresh water by the ice produces a dynamic as well as 
a static contribution to the change in sea level. 

Both satellite and surface observations indicate that the low-densi ty 
layer forms a generally eastward movinq plume with a sharply-def i ned 
northern boundary which can move rapidly over large distances as the 
surface wind varies . Numerical models of two-layer situations such 
as t hi s require a good deal more computing capacity than the sing l e 
layer models devel oped in thi~ study and could not be run on the 
computer installation to be used for operational forecasting. So far 
as is known, stratification does not significantly affect storm surges. 

3.4 Ice Cover 

Since 1962 the extent of ice cover has been recorded by trained 
observers on reqular fliohts made over the southern Beaufort Sea 
dur i ng the dayl~ght months. The geog~aphical extent of the ice cover 
is highly variable from year tb year and even from day to day , 
espec ial ly at the beqi nninq and end of summer . In some summers, the 
southern edge of the pack ice may retreat so far northwards that for 
storm surge forecastinq purposes the whole sea can be considered ice ­
free (F i gure 2). The 'fetch' or distance over which momentum can be 
transferred from the wind to the sea is then limited only by the 
sca l e of the weather systems and large surqes can arise if severe 
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storms occur . In had ice years, on the other hnnd, the ice may 
remain within tens of kilometres of the coast all summer, severely 
curtailing the wind fetch and thus limiti ng surge act ivity. Though 
it i s clear that surface winds have major influence on ice movement, 
the combination of factors which governs the extent of ice cover is 
poorly understood at present and for this reason it is not poss i ble 
to give long- range forecasts of surge likelihood. 

When ice cover is present, its nature and degree varies very con­
siderably, from 10/ 10 unnavigabl e pack ice in the central Beaufort 
Sea to practically open water dotted with isolated floes, typical of 
summer breakup. From the point of view of storm surge generation, 
minor amounts of ice cover, perhaps up to 2/10 or 3/10, where there 
is low probability of floes conq lomerating, may be effectively 
equivalent to open water, but in fact not hing quantitative i s known 
about meso-scale wind stress in the presence of partial or total ice 
cover . The role of ice cover durin9 winter surges is discussed in §7. 

3.5 Meteoroloqy 

The climatology of the Beaufort Sea has been reviewed recently in 
detail hy Rurns (Ref. 4). In winter, the dominant circulation over 
the southern Beaufort Sea is anticyclonic, with primary and secondary 
highs travelling roughly northwest to southeast . Some secondary lows 
pass eastwards about the latitude of northern Banks Island or further 
north and two winter surges discussed later were caused by storms of 
this type. In spring, as the days lenqthen and the solar energy in­
put increases, some instability develops in the ai r mass and pene­
trat i on of fro ntal lows becomes more frequent . Cyclonic activity is 
maximum in Ju ly and August . 

Upper air flow weakens in summer and becomes more westerly. In 
general, primary lows follow inland southwesterly or westerly 
cor ridors but in t he late summer secondary lows tend to follow a 
west-ea st corridor centred about 70°N, that is, along the southern 
Bea ufort Sea coast. It is these systems which, in i ce- free years, 
cause positive storm surges. 

The shortness of the meteorological record, about t wenty years, 
prevents any reliab l e estimation of extreme winds, t hough it does 
permit broad statements about ordi nary conditions. The negligible 
number of observations riade in the area from ships ha s limited the 
sources of information to observations made at shore stations, some 
of which are heavily modifi ed by local topography, and to estimates 
made using large- scal e numerica l atmospheric model s . Burns warns 
that particularly i n the presence of a surface col d front , winds 
over the water may be two to four times stronger than those reported 
along the coast. Recent efforts at meso-scale model ling to improve 
estimates of surface winds are discussed in § 6. 
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4. ~ATER LEVEL OBSERVATIONS ON THE MACKENZIE-RATHURST SHELF 

4.1 Tide Gauge Records at Tuktoyaktuk 

The f irst storm surqe of which an.v account survives occurred early i n 
September, 1944, when the combined effects of surae, tide and shorter 
period waves may have exceeded 3 mat Tuktoyaktuk· (Ref. 5). Record ing 
of water levels began with the installation by the Canadian Hydro­
graphic Service of a nermanent tide gauge at Tuktoyaktuk in 1962. 
Gaps have occurred in the records due to difficult operating conditions, 
but substantially complete records have been obtained in various years . 
Amonq these are 1962 and 1963, which had large areas of open water -
conducive to surge activity - durinq the summer months and, near the 
other extreme, 1964 and 1974 which had suITTTiers with unusually persis­
tent ice cover. It is regrettable that the Tuktoyaktuk gauge was not 
in operation during the destructive surge of September 13-16, 1970, 
which appears to have been the most severe since 1944 (Ref. 5), nor 
in September 1972 when another more modest surge was recorded on four 
temporary gauges at Pelly Island, Atki nson Point, Cape Dal housie and 
Cape Bathurst . 

The Tuktoyaktuk records serve at least to indicate the variability in 
surge occurrence . Figure 3 shows daily extrema of water levels at 
Tuktoyaktuk for 1962-64 and 1974. Positive extrema less than l m and 
negative extrema less than 0.5 min maqnitude have been omitted. A 
seasonal distribution of positive and negative surge activity is 
evident. Negative surges occur irrespective of the degree of ice 
cover, but the suppression of positive surges by the persistent ice­
cover in 1964 and 1974 is clear. The apparently anoma lous positive 
winter surge in January 1974 is discussed in§ 7. 

The maximum tidal range attributable to diurnal and higher freq uency 
constituents at Tuktoyaktuk is approximately 0.37 m and Figure 3 would 
not be essentiallv altered if this tidal contribution were removed. 
The tidal ranaes measured at other temporary stations on the Mackenzi e­
Bathurst shelf are comparable with that at Tuktoyaktuk. Since tidal 
amplitudes are small relat ive to those of major surges , it is 
reasonabl e to assume that the tide has little effect on surge am­
plitude. Consequently, it is assumed in this phase of the study that 
estimates of extrema in water level may be obtained by addition of 
computed surqe elevation and predicted tide. Prec ise prediction of 
the times at which extrema occur would obviously requi r e detailed 
observation and simulation of the cha ng es in tidal phase which occur 
during surges . 

Analyses of the Tuktoyaktuk records show considerable variation in 
tidal constituents slower than diurna l and it is probable that meteor­
ological effects completely mask any true tidal effects in t hi s 
frequency range. Anal ysis is complicated by the fac t that on a 
monthly or seasonal scale there is some variation in mean l evel which 
is not of tidal or meteorological origin. In 1964 and 1974, the 
persistent ice cover apparently hemmed in the fresh water discharged 
in surrmer from the Mackenzie River, resulting in a temporary increase 
in mea n level of roughly 0.3 m from June to September . However, in 
ice-free summers such as 1962 and 1963 this effect was not noticeable. 
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Mean sea level ca lculated on an annual basis has been constant at 
Tuktoyaktuk since qauoino beqan in 1962 . 

4.2 Synopt i c Observations of Surges 

nn September 2, 1972, duri nq t he east ward passage of a low pressure 
system across the southern Beaufort Sea (Figure 4) part ial ly syn­
opt i c coveraqe of a positive surqe of about 1 m was obtained from 
t emporary ti de 0auqes at Pell y Isl and, Atkinson Poi nt , Cape Da l­
housie and Care Pathurst (Fiqs . 5 and 6). Some usefu l checks of 
suroe simul at ion and predict ion techniques have been carried out 
using t he September 1972 records . This surge, though smaller in 
magnitude , resembled t he major 1944 and 1970 surges in that it 
occurred during strona north-west onshore winds. 

In order to verify numer ical models adequately, it is of course 
necessary to have a substantially wider variety of synoptically 
recorded surges to simul ate . With this in mind, an extensive net­
work of water level qa uges and current meters was deployed in early 
1974 dur ing t he first fie l d season of the Reaufort Sea Project (Fig. 
7). These i nstruments wer e installed through holes blasted in the 
ice by hel i copter-borne part i es, but none of the off-shore instruments 
could be recovered in the fall of 1974 due to the persistent ice­
cover . An almost identical l ayout of gauges was depl oyed again in 
the spring of 1975. Dur i ng the summer the extent of open water was 
much grea t er than at any t ime in 1974 and most of the instruments 
were recovered. Two off- shore qauges (Sites 5 and 13 , Fiqure 7) 
and eight shore-based gauges were stil l in operation when surges of 
about l m occurred on Auqust 10-1 1 and August 27, 1975. When 
process ing of these records and the contemporary meteorological data 
is compl ete , there wi l l be practically enough data to verify model 
predicti ons of surges of moderat~ ampl i tude . Subsequent extra ­
polation to larqP.r amplitudes is quest ionable and verification of the 
models for surges such as those of 1g44 and 1970, which went un­
recorded , must await the recurrence and successful recording of 
similar excentionally large surges. 

In the fall of 1973, a bottom-mounted off-shore tide gauge was 
insta ll ed at Si te 13 in 35 m of water 100 km NNW of Tuktoyaktuk . The 
gauge operaterl successful ly throughout the 1973/74 wi nter, as did two 
shore-based gauges at Herschel Island and Tuktoyaktuk . All three 
gauges recorded positive surges roughly 1 m in magnitude on November 
12 , 1973 and January 9, 1974, at which times ice cover in the area was 
practica ll y comrlete . The numerical models developed so far are 
intended for the ice- free summer period. Consequently, the partially 
synoptic wi nter surge records j ust described cannot be used to verify 
numerical models, unti l t he latter are modified to include ice cover, 
as discussed in § 7. 
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5 . NUM ERICAL STORM SURGF MODELS 

5.1 The Large-Area Model 

Two one-layer numerical model s have been developed in the course of 
t hi s studv . One of thesed wh ich wi l l be referred to as the l arge-area 
model, stretches from 116 30'~ to 156°30'W and from 68°30'N to 74° N 
(Figure 8), t hus including practically all areas of the Beaufort Sea 
known to have heen ice-free on any occasion. Spherica l pol ar co­
ordinates are used in view of the large latitudinal range. The grid 
intervals are one sixth of a degree of latitude and one half of a 
degree of longitude; grid interval length in t he centre of the model 
is thus about 18 km. Shal l ow Bay, the diverging westernmost mouth of 
the Mackenzie River, and the inlet known as Eskimo Lakes, paral lel to 
the Tuktoyaktuk Peninsula are simulated by one-dimensional appendages 
to the main two-dimensional model. The number of grid-points involved 
is much too high for the large-area model to be run on the computer 
available for hour ly forecasti ng and the cost of running it on a 
larger computer is substant ial. Its main functions are to permit 
checks on the validity of the boundary conditions assumed for the 
small-area model described below and to allow detailed retrospecti ve 
s tudies of parti cu lar surge episodes . 

Thr governing eouations used for the l arge-a r ea model are based on 
those given by Proudman (Ref . 6), the onl y di f ference bei ng t he 
retention here of the nonlinear contribution of the surface elevation 
t o the pressur e gradient . The equations are: 

az _ [ a -- - -- ~ (U cos cp ) at a COS q> o'!' 

all 2w si n"' •V - g (h+z) rr= \V a 

av - 2w sin4> •U - q( h+z ) at = a COS q> 
h+z 

p a COS q> 

a 
~ + l (G - Gb) aw o s 

where 

t 
4> ' l/1 
z 

= time 
= l a t itude and west-l ongitude respectivel y 
= elevation of sea surface 
= components of the volume transport 

( l ) 

(2) 

( 3) 

lJ ' V 
F ,G 

s s = components of the tangenti al wi nd str ess on the sea surface 

FB , r,B 
Pa 
h 

= compo nents of bottom f ricti on stress 

= atmospheric pressure on the sea 
= undi sturbed water depth 
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= water density (assumed uniform and constant ) 
= mean radius of the earth 
= acceleration due to gravity 
= angular velocity of the earth. 

Assuming quadratic friction laws, the bottom friction stress comron­
ents are taken as 

F = kU(U 2+ V2 )½ 
h ( h+z) 2 

I 

= kV(U 2+V 2 (" 
Gb 

(h+z) 2 
(4) 

where k is a nondimensional bottom stress coefficient and the surface 
wind stresses F5 ,G 5 are the components in the ~.~ directions respect­
ively of the resul tant wind stress 

S = l .25 cR 2 N/m 2 

where R is wind speed (m/ s) and c is a nondimens i onal wind stress 
coefficient . 

5. 2 The Small-Area Model 

(5) 

Thi s second model is designed to meet the need of the operational 
forecasting system for storm surge prediction with limited computing 
requirements. The nrcessary economies in computing time and memory 
are made by using a 3n km grid-length interva l as opposed to the 18 
km interval of the large-area model and by restr icting the area 
modelled to the shallow Mackenzie-Bathurst shelf and its immediate 
environs. The coarser grid results in poorer fitting of the coast­
line but this is minimized hy inclininq the grid as shown in Figure 
9. Since the use of inclined sphrrica l polar coord inates involves . 
muc h time-consuminq evaluation of trigonometric f unctions, Cartesian 
coordinates wrre preferred . The inherent divergence error thus intro­
duced is acceptable when the ranqe of latitude is small, as in the 
present case. 

The governing equations for the small-area model are 

az 
IT= - [~+ ~] _ ax ay ( 6) 

au_ h+z a 1 2w si n~ V - g ( h+z ) az ~ + at - - (F - F ) ax p ax p s b (7) 

aavt = - 2w sin~ tJ - g(h+z) ll _ h+z aPa + l (G - Gb) (8) 
ay P ay P · s 
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where 

x,y 

u,v 
F s ,Gs 

= 

= 
= 

Cartesian coordinates aligned with the small -area model 
grid, i.e. pointing 17°W of N and 17°S of W (Fig . 9) 
components of volume transport in the x,y directions 
components of resultant wind stress, S, in the x,y 
direct i ons 

F b ,Gb = components of bottom fr iction stress in t he x,y 
direc tions 

<I> = mean latitude of model 

and the remaining notations have the same meanings as in equations 
(1) to (3). S, Fb and Gb are calculated using equations (5) and 
(4) as i n the large-area model. 

5. 3 The Fi nite-Difference Scheme 

The explicit difference scheme used to represent the governi ng 
partia l differential equations was proposed orig inally by Sielecki 
(Ref . 7) and adapted by Heaps (Ref. 8) for storm surge simulation. 
For an interior point of the large-area model (Fi9 . 10), the 
sequence of computations fo llowed in advancing from time n.6t to 
(n+l).6t i s as follows: 

z.. = z - - -- , J , , - ,J , - + , ,J , J n+l n 6t [u~. cos~.-IJ~ 1 . cos <f> . 1 v~ ·+, -V~ -J 
l J ij a COS<j)i 6</> 6~ 

. - ~n gd~~l 
2w s 1 n<j) • V . . - 1 J {z~++ll . - z~~l } 

, , J , J 

( 9) 

u~~1 
= u~. + 6t 

l J lJ 

l lJ a 
( 10 ) 

Vn_+_l = vn .. + 6t , J , J 

d~~l[a ]n+l n+l 
- _!_J_ ~ + l( F ) 

pa cl</> . . p s .. 
l J lJ d~. d~~l 

lJ lJ 

~ +l Dn+l 
- 2w · ,i, U n - q i J. srn"' i ij -

{zn.+_l n+l - z. . 1 } , J , J -

D~~l 
lJ 

a COS </> ; 

[
aPa) n+l n+l kV~~l {(Uij) 2+(V~.) 2} 

+l( G ) • . __ l-""J'------=---, .,__J _ 

a <I> i j p s , J O ~ . 0 . . n+ 1 
lJ l J 

( 11 ) 



- 20 -

DETAI LS OF LARGE-AREA MODEL GRID 
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The following terms i n (9) to (11) are spat ia l averages formed at 
points where the required variable i s not computed di rectl y: 

~n l 
[u~-1, j -l 

n n n J u .. = 4 + U .. l + U. l . + U .. l J l , J - 1- , J lJ 

( 12) 
~n+l - l [v n+l + vn+l + V~'. l n+l ~ V .. - 4 + V. ·+ l lJ i+l , j i+l ,j+l lJ l , J 

Since it is convenient to store depth data only at z- points of t he 
qrid, the total water depths at U and V points respectively are 
represented by 

n h .. + l [z~ . + z\, ·l d .. = lJ lJ 2 l , J l ,J -
( 13) 

n h .. +l [z~ . l z~ · l D .. = + 
lJ l J 2 l , J - l ,J -

It wil l be noted t hat the old values of each of the varia bles z, 
U and V can be discarded in turn as the new values are calculated, 
t hus economizing on storage requirements . Using basically t he 
same di fference scheme, the governing equations (6) to (8) of t he 
sma ll -area model are represented at each interior point (Fig. 11) 
by 

[ u". 
n 

n n ] n+l n - U. l . v . ·+1 - v .. 
z .. = z .. - ti t lJ l - , J + l ,J l J ( 14) l .] lJ tiX tiy 

~n dn+ l f n+l n 
2w sinqi •V .. g i j ' 2 i+l ,j - zi j } 

U ~~ l n lJ tiX = u .. + ti t 
l J l J 

n 
[a Pat+ l l n+ l kU~:1 {(U~. )2+(V~.) 2}½ d . . 

- ---2.,2_ + -( F ) . . - lJ lJ lJ 
p ax . . p S lJ d ~. d~:1 l J 

l J l J 

{ z~: l n+ l 
. ~n+l n - z . . l } 

-2w S l n(j> • LJ •• - gD .. lJ l ,J -

V~'. l v~. 
l J l J tiy 

= + ti t lJ lJ 

o". [' r kV~:1 { (U .. )2+(V~. )2} 
½ 

- ....lJ_ ~ + l(G ) ~: l lJ lJ lJ 
p ax . . p S l J n o~:l l J D .. . 

l J l J 

( 15) 

( 16 ) 



- 22 -

DETAILS OF SMALL-AREA MODEL GRI D 
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where U . . , V .. , d~ .• D~. are defined by (12) and (1 3). A relevant 
l J lJ lJ l J 

stabi lity condition for this scheme is 

6X • 6y 
6 t < -----------e-

1: 
{ghmax (6x2 + 6y2)} 2 

where hmax is the maximum depth over the model area. When 6y is 
chosen equal to 6x, (17) becomes 

6 X 6t < ----,,-1 

(2 h )-'? g max 

( 17) 

( 18) 

It wi l l be noted that the atmospheric pressure gradient terms in 
equations (10), (1 1), (15) and (16) are not formed from differences 
of pressures at gr id points of the oceanic models. The atmospheric 
pressure field is not usua l ly known accurately enough for differ­
entiat i on or differencing on this scale, and it is more satisfactory 
to ca l cul ate pressure gradients at the l arger scales used for most 
meteoro l ogical charts and then obtain gradients at the model grid ­
points by interpolat ion among the smoother values thus obtained . 

5.4 Boundary Conditions and Location 

On account of computer capacity limitations, a model frequent ly has 
to be restricted to the area of direct interest, while other parts 
of the neighbouring seas with which the model area is continuous are 
simply omitted. Those parts of the grid boundary separating the 
area modelled from contiguous waters are generally known as open 
boundaries, though t he term "sea boundaries" is preferred here . The 
problem of simulation of sea boundaries is not fully resolved, though 
there are several reasonably satisfactory methods in use for storm 
surge models. It has been observed that most surges are generated in 
sha ll ow water and that contributions form neighbouring deep water are 
usually negligible. A common practice is to place the sea bou ndar ies 
in deer water as far beyond the shallow area being modelled as 
computer memory limitations on grid size permit. The principa l 
requirement on a sea boundary of this type is that it should appear 
'open ' to any compo nent of the surge reaching t he sea boundary, t hat 
is, a l ong wave appr oaching the sea boundary from the interior of 
the model should pass freely over t he boundary and so disappear as 
thoug h ra.diat i ng out into a neighbouring deep semi-infinite ocean. 
The simplest technique used is to as sume zero surface elevation at 
the open boundary, but this is the lea st satisfactory method, since 
this condition in fact produces perfect reflection. A better approx­
imation to a fully oren or radiating boundary, employed in Heaps 
(Ref. 16) and a l so i n this study, is to assume all outward-travel ling 
waves are normal to the boundary, and then by using the known relation­
ship between volume transport and amplitude for a progressive wave, 

___ __J 
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to compute volu~o transport at the model boundary from the surface 
el evation at t he nearest internal gri d point. For i nstance, a wave 
travel l i ng in the pos i tive $-direct ion i n a system governed by 
equat i ons (l) to (3) obeys the relation 

k: 
U = { qd } 2 z 

where dis the local water depth. In t his case, which is illustrated 
i n Fiqure 10, t his leads to t he fol lowinq difference f orm for the 
rad iati ng boundary cond i t ion: 

k: 
U . . = {q( h .. + z .. )} 2 z .. . 

l ,J · l J lJ l J 

When a wave travel l i ng i n the negati ve $-direct ion encounters a sea 
boundary, the boundary volume tra nspor t is given by 

Simi l arly, t he radiation condition for a boundary at right ang l es 
to t he ~-direction is 

V .. = {g( h .. l + z .. 1)/"~ • z . . l l,J l,J- l,J- 1,J -

or V .. = -{q( h .. + z .. ) }½ z .. 
l , J · l J lJ l J 

depending on whether t he wave approaching from the i nterior of the 
model i s progressive or retrogressive. 

Radiatio n conditions of the above type are used at al l sea boundaries 
in t he worki ng versions of hoth the large-area and smal l -area model s . 
though for comparison a test case, described in § 5.5, was run on 
the large-a rea model usi ng the reflecti ng condition z = 0 on the sea 
bou ndary. The locat ions of t he sea boundaries in t he large-area 
model are wel l beyond t he l imits of t he region in whi ch surges are 
generated . In the sma ll -area model, the sea boundaries were pl aced 
so t hat the abrupt edge of the shal low shel f lay a few grid-i nterva l s 
inside t he boundary (F ig. 9). A wave travelling outward over t he 
shel f experiences ref l ection at the sudden change of depth and obeys 
t he radi ation conditi on at t he sea boundary. There could be i nter­
ference between t he refl ection and radiation processes if the 
radiating boundary ra n too cl ose to t he edge of the shelf. 

Since f l oodi ng of the coastal plai n i s not simulated in the existing 
models , representation of land bou ndaries is qu i te simple. The coast-
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line is represented by the best possible continuous combination of 
9rid segments parallel to the ~ or~ axes (x or y axes in the case 
of the small-area model) and zero normal transport is assumed, that 
is U = O or V : 0 respectively. An advantaqe of the difference 
scheme used here is that it permits representation of is land chains 
or narrow peni nsulas hy putting U = 0 or V = 0 on appropriate grid­
lines. 

5.5 Surge Simul ations 

There are two aspects to model verification in the present study, 
only one of which ca n he examined adeauately at the present time. 
Fi rst, there is the question of cons i stency between the two model s. 
This can be checked just as well by simulatinq hypothetical storms 
as actual ones and t hus there is no shortaoe of test cases. On the 
other hand, verifying that either model accurately duplicates real 
behaviour of the Beaufort Sea during actual surges cannot be fully 
checked in view of the shortage of suitable records, as discussed 
in § 4 . 2. For the sake of brevity , only simulations of the actua l 
September 1972 surqe will be discussed here, so that the questions 
of cons i stency and verisimilitude of the models can be discussed 
together. 

Since knowledge of tidal patterns in the Beaufort Sea is far from 
complete, no attempt was made to simu la te tides, and so , to permit 
comparison of simulated and observed records, the main diurnal 
and higher freauency tidal components were subtracted from the 
observed records. The resultinq surqe records for Atkinson Point 
and Cape Dalhousie are shown in· Figu~e 12 . At first, tangential 
wind stress and atmospheric pressure gradient inputs were used, 
but the effects of the latter were found to be very small for the 
1972 surqe and the runs discussed below were made with only wind 
stress as input. Figure 12 confirms that the barometric effect is 
negligible. 

Fiaure 13 shows the results of one check made on the effects of t he 
type of boundary chosen for the large-area model. The records 
shown are for shore points far from the boundary and for these i t 
appears that it makes little difference which tyoe of sea boundary 
is used. Si~ilar tests sho~ed that the same was true for al l points 
on the shallow Mackenzie-~athurst shelf and even some distance 
beyond the 20n m contour, and that it was only fair ly close to the 
sea boundary that the choice of boundary condition became important. 

Fiqures 14 and 15 show that the consistency of the large-area and 
small-area models is better at Atki nson Point and Cape Da l housie 
than at Pelly Island and Cape Bathurst. This is probably due to 
the fact that the coastline at the latter is fitted only rather 
roughly by the coarser qrid of the small-area model . At points 
even one or two grid intervals from the coast, there was very 
satisfactory consistency in elevations computed with the two models . 
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The discreoancies between the observed and simulated surges (F igures 
14, 15)are substantial but are not disturbing, since the accuracy of 
the wind i nputs is not hi9h. Retrospective simulations of atmos ­
pheric behaviour during the Septemher 1972 surqe, using the meteor­
oloqica l models describPd later in § 6, are not yet available, so 
that the model s had to he run using geostrophic wi nds ca l culated 
from measurements made from small-scale surface press ure charts such 
as Fiqure 4. Also, the scarcity of observations prevented exploration 
of which values of wind stress coefficient, c, and bottom stress 
coeffi cient, k, were best. For this purpose particularly, synoptic 
information is essentia l . The values c = 0.0025 and k = 0.0026 
actually used are estimates, based on storm surge modelling experience 
el sewhere. 

Figure 16 shows maximum surge levels reached on the Mackenzie­
Bathurst shelf accordi ng to a s imulation of the September 1972 surqe 
on the l arge-area model. The amplifying effects of ernbayrnents are 
evident. Preliminary results from the 1975 records show maximum 
l evels of 0.73 m, 0.30 m and 0. 15 mat Atkinson Po int, Si te 13 and 
Si te 5 respectively (see Figures 6 and 7) during the August 10/11 
surge and maximum level~ of n.73 m, 0.40 m and 0.12 mat the same 
sites during the August 27 surqe. These observations are in general 
accord with Figure 16, where it can be seen that maximum l evel 
attained decreases quickly with distance from the coast. 

6. PROGNOSI S OF SURFACE ~INDS 

6.1 Simple Deduction of Surface Wind From Geostrophic Wind 

Surface wi nds used for stress calculations in numerical storm surge 
model s are usually obtained via estimates of geostrophic winds, 
whi ch are in turn calcu l ated from surface pressure 9radients. The 
ratio of t he ohserved surface wind, Vs, to the corresponding geo-

strophic wind, v
9

, may happen to be reasonably constant for a 

particular region. Also , it may be possible to find a typical 
va l ue for t he 'cross-isobar angle', a , which expresses the difference 
in direction between the surface and geostrophic wind due to gr ound 
friction. Under light and moderate wi nd conditions t here may be a 
fair amount of scatter in the estimates of Vs,Vg and a, due for 
instance to l ow-level instability, but such disturbinq forces have 
less influence in thP presence of large pressure gradients and 
consequentl y less variation from the mean values is l ikely duri ng 
the intense storms conduc i ve to storm surges . Once V ,V and a 
are establ ished for a regi on under study, prognosis of s8rface wi nds 
and consequent surge activity is possible if forecasts of surface 
pressure are ava ilahle. 

Thi s simple method for predicting surface winds is not applicable 
to the Beaufort Sea for several reasons . In the first place, very 
few observations of surface winds at sea have been made, as shipping 
in the area is sparse and limited to the summer months. Figure 17 
shows Vs,Vg and a calculated for ohservations made in the summer of 
1974 by the research vessel M.V. THETA in Mackenzie Bay . The degree 
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of scatter is very marked and no episodes of winds high enough to 
cause surges were recorded. Secondly, observations of surface winds 
would be required over several years to determine how Vs ,Vg and a vary 
with the proportion of ice cover. Use of va lues established for 
other geographic regions is inadvisable, si nce both Vs/Vg and a may 
vary with latitude (Ref. 9). Va l ues calcu lated from observations at 
shore stations are al so unsuitable, s i nce these are inf l uenced by 
l oca l topograrhy, and in addition surface friction i s greater over 
land. 

6. 2 Surface Wind From Numerica l Meteorological Models 

As part of the Beaufor t Sea Project , several more sophisticated 
approaches to the problem of predict ing surface winds or surface 
wind stress are in progress, using numerical model s. On the largest 
scale and underlying the other modelling efforts , i s an operational 
5-level primitive equation model of the northern hemisphere developed 
at the Canadian Meteorological Centre, Montrea l . Thi s predic ts 
pressures and other variables at 6-hour intervals up to 36 hours 
ahead; runs are initiated with new input data every 12 hours. At 
present a grid length of 381 km (at 60°N) is used and surface topo­
graphy can be described only in high ly- smoothed form. Physical 
effects included are heating from the underlying surface, convective 
adjustment, horizontal diffusion of all variables and vertica l 
diffusion of all var iabl es except temperature. It is anticipated 
t hat by 1976 the grid length will have been reduced to 190 km or 
less and a few more physica l effects incl uded. Forecasts will be 
initiated at 6-hour rather than 12-hour intervals and will be con­
tinued out to 60 hours. These improvements together with the proposed 
deployment of automated weather stations on the Beaufort Sea pack 
ice to provide better synopt ic surface data input, should ensure 
fa irly accurate large-sca le wind fo recasts. 

Regional improvement of the CMC forecasts is obtai ned by use of a 
two-level vorticity model, known as RUM (for Regional Update Model) 
developed by Atmospheri c Environment Service , Toronto (Ref . 10) . 
RUM obta ins initial and boundary co nditions by tempora l and spatial 
interpolation of t he CMC 500 mb forecasts and t hen uses more recent 
surface pressure observations to obta in improved estimates of the 
surface pressure fie l d and geostrophi c wind. Given the latter and 
surface temperature information from which to determine the low­
level stabili ty, surface winds are computed using a Rusinger-type 
boundary layer (Ref . 11). RUM i s desi gned to run economically on 
small computers in reg ional weather offices and can be re- initiated 
whenever new surface data is acquired. The RUM grid i nterva l of 
.127 km permits somewhat better orog raphic descript ion than the 
CMC model. The present version does not include simul ation of 
heating and friction, but it is intended to incl ude these l ater. 
Tests made in other areas show that even in its present form , 
RUM does provide improved forecasts, in t he short run at least 
(Ref. 12) . The RUM devel oped for t he Beaufort Sea is now operational 
at Arctic ~eather Central, Edmonton, and comparison of forecast and 
observed surface condit ions over the summer of 1975 v.lill indicate 
for how many hours RUM forecasts offer an improvement over those of 

__ __J 
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the CMC model at each phase of the 12-hour CMC forecast style. Smooth 
change-over from one forecast model to the other can be accomplished 
easily by usino a weiqhted sum of both forecasts at all times and 
varying the wei ghting coefficients as forecast time increases. 

Although both RUM and the CMC model can provide surface wind fore­
casts, neither has a grid-scale small enough to cope adequately with 
the horizontal variation of wind over the southern Beaufort Sea. 
For this reason it is planned to incorporate a third model into the 
forecasting system . This is a mesosca le one-level primitive equation 
boundary layer model, developed by Danard (Ref. 13) which has already 
been tested in other areas, with grid lengths of 5 to 20 km. Given 
a larqe-scale diagnosis or prognosis of the sea-level pressure field 
from either RUM or the CMC model, this model modifies the pressure 
field to account for mesoscale influences. For instance, surface 
pressure is raised over ice or cold water and lowered over warm water. 
Effects such as frictio nal mass convergence, differential heating 
between ice, land and water and orographic channel ling are included, 
as are differences in friction between ice, land and water. Then 
the surface wind and stress are calcu lated from the modified pressure 
field taking into account atmospheric stability in a manner adopted 
from Deardorff (Ref. 14). 

To permit calibration of the storm surge models, retrospective 
simulations of wind behaviour during major surge episodes such as 
that of September 1972 are being carried out using the three models 
described above and also on an independent 8-level 95 km grid -
length primitive equation model (Ref. 15) which simulates some 
physical processes not yet included in the other models, for instance 
sub-grid scale precipitation. Computer time limitations do not 
permit thi s last model to be run operational ly as part of the Beaufort 
Sea forecasting system. 

At the present time, only historical data on sea-surface temperature 
is available for use in estimating low-level stability, but it is 
expected that before long processing of surface data from satellites 
can be speeded up to a point where practically current surface temp­
erature data can be made available. 

7. NEGATIVE SURGES AND WINTER SURGES 

7.1 Negative, Surges 

Temporary decreases in sea -l evel of about 1 m can occur at Tuktoyaktuk 
(Figure 3) in response to strong off-shore winds. These negative 
sUI'ges could obviously hinder, if not endanger, the l argest vessel s 
which might use the harbour, as the normal draft in the approaches is 
only 4 m. The numerical models developed for positive surges can be 
used equally well to simu late negative surges, as tangential wind 
stress on the sea surface is the driving mechanism in both cases, 
and predictions of abnormally low water levels in the approaches to 
Tuktoyaktuk could be aiven some hours in advance. 
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7.2 ~inter Surges 

No wi nter surges were recorded at Tuktoyaktuk in the first eleven 
years fo ll owing the installation of a tide gauge in 1962 . Si nce 
records are about 90% complete, it can be conclurled that positive 
wi nter surges are rare or at least unusual. Nevertheless, in t he 
1973-74 winter, two surges of about l m \<•ere observed. While these 
are no t l arge by summer surqe standards (see for inst ance Figure 3) , 
it must be remembered that even moderately high water levels in 
winter can result i n large ice masses beinq pushed up the beaches 
and that substantia l damage could ensue to shore installations pl aced 
too close to the waterline. 

The first of these winter surges was caused by an intense low which 
passed eastwards arove the latitude of Banks Island during 10-1 5 
November, 1973. The surface pressure chart in Figure 18 shows t he 
peak of the storm. Winds over the Mackenzie-Bathurst shelf were 
a lmost due west throughout. Figure 19 shows water level s (mi nus 
predicted tide) at the three gauges operating at that t ime (Figure 6) . 
A noteworthy feature of this surge is the long delay between the 
occurrence of peak wind speed and maximum surge height. A possible 
expla na tion is that i n view of the wind direction, the water was 
i ni tia l ly set in mot ion eastwards and was then diverted towards the 
coast by Coriolis effect, which requires some time to have an 
apprec iable resu l t. It will also be remarked that peak wind 
vel oc ity was nearly double that of the September 1972 surge , which , 
if t he quadratic stress law holds, implies quadrupled tangentia l 
wind stress, yet the elevations reached during the two surges were 
comparable. It must be concluded t hat the effectiveness with whi ch 
wi nd can generate a surge is greatly reduced when there is fa i rly 
compl ete ice cover, as there was i n November 1973 . 

Figure 20 shows surface pressures during the peak of the storm which 
produced the surge of 5-7 January, 1974 (Figure 21). Again the 
elevations reached are l ess than would be expected with the same 
wi nd under ice-free conditions . A most interesti ng feature of t his 
surge i s that the water level s reached a maximum on January 6 and 
then began to decrease, although t he wind intensity remained high 
unt i l 7 January . Possibly this indicates that at first a certain 
amount of movement was possible in the ice cover, due to the 
presence of leads, and this permitted the transmission of tangential 
stress to the water, but that by January 6 all the slack in the 
ice cover had been taken up and stress could no l onger be transmitted 
to sustain the surge . 

A notable feature of both winter surges is that the maximum eleva tions 
measured at the off-shore site are much closer in magnitude to the 
elevations at the shore than is the case with surrmer surges( § 5.5). 
Th i s may be due to landfast ice shel tering the zone of shallowest 
water cl ose to shore, where a substantial portion of any surrmer surge 
would be generated. 
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8. CONCLUSIONS AND RECOMMENDATIONS 

Storm surges are a significant feature of the physical oceanography of the 
southern Beaufort Sea, especially in good ice years, but their amplitudes 
at sites wel l off-shore are probably too small to pose any hazard to 
drilling operations . Instal1ations near shore should be designed to cope 
during storms with water levels at lea st 2 m above normal, with additiona l 
allowance for short period wind waves (see Beaufort Sea Technical Report 
No. 21). 

Consideration should he given to large-scale cleanup operations on the 
low-l yi ng nesting grounds near the coast. The existence of the bird 
population proves its ability to survive occasional flooding by water 
alone, but cleanup of a large area before the next breeding season would 
probably be essential if oil was also carried inland during a surge. 

The numerical models developed for retrospective and predict i ve simulations 
of Beaufort Sea storm surges cannot be fully verified, that is, quantit­
atively checked and tuned, until several more surges are recorded, a 
process which may require a network of tide gauges to be deployed for 
several years . Si nce synopti c coverage is important, regula r operation 
of water level recorders at all oil exploration s ites wou ld be a most 
va l uable suppl ement to future field programs. Similarly, regular meteor­
ological observations at sea would be very valuable for checking out the 
meteorological models on whose accuracy the storm surge predi ctions 
largely depend. 
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