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Abstract 

An uncoupJed, modified Hibler ke moclel has been applied to the Gulf of 

St.J ...... 'l1,'lrt!nce for three different winters of varying severity. in order to examine 

interannual sea iœ variability. The sir:lulation was initialized w ith observed November 

sea surface teft1pt~ratures, and forceù by weekly gtostrophic winds, monthly averaged 

rneteorological data and model geostrophic surface currents. 

Res,ulls showed a general correlation with observations, reproducing differences 

in the sea ice coyer between the years chosen. Neglecting oceanic é~ffects caused 

excessive ice formation in the northwest Gulf and produced discrepancies between the 

observed and mode lied ice edge. 

Sensitivity studies revealed a high sensitivity to variations in both the forcing fields 

and the model free parameters. Further modelling studies must inc1ude a coupled ocean 

compone nt, and force the ice compone nt \Vith weekly meteorological data to improve the 

accuracy of the prediction. 
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Résumé 

Un modèle de glace de Hibler modifié et non-couplé a été utilisé dans le golfe du 

Saint-Laurent pour trois hivers de sévérités différentes, et ct:' pour examiner la variabilité 

interannuelle de la glace de mer. La simulation a été initialisée avec les tempérl1tures dt' 

la surface de l'eau observées en novembre, et est controlée par des venb géostrophll..lues 

hebdomadaires, des données météorologiques moyennes mt~nsuel1es, et des courants de 

surface géostrophiques modélisés. 

Les résultats démontrent une corrélation avec les observations en reproduisant \es 

différences dans la couverture de glace entre les différentes années choisies, et ce en 

négligeant les effets océaniques causés par une formation de glace excessive dans le nord­

ouest du golfe qui produisent des différences entre la limite de glace observée et simulée, 

Des études de sensibilités révèlent une sensibilité élevée aux variations dans les 

champs externes imposés et les paramètres libres du modèle, Les études de m()délr~ation 

dans le futur doivent inclure une composante océanique couplée, et aussi) contrôler la 

composante rte glace avec des données météorologiques hebdomadaires, et œ pour 

améliorer la précision des prédictions . 
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1. Introduction 

Ice eovers roughly 7% of the world ocean. In the past twenly years lhere has becn 

a growing interesl in modelling and understanding sea ice behaviour because of its 

importance in global elimate. Sea ice is highly retlective to solar radiation, and serves 

as an insulaling layer between cold polar air masses and the warmer o~ean bcnealh the 

iee. An increase in sea ice cover may result in loca' cooling which in tum would increase 

sea ice cover, leading to a positive feedback. The salt rejection during the freezi ng of sea 

water aIso tends to increase the ocean surface sali nit y, changing the vertical stability of 

the waler column, and resulting in deep convective overturning. The marginal ice zones 

are also of inlerest; upwelling of nutrient rich water in these regions makes them areas 

of increased biological production. 

Sea ice in the Gulf of St. Lawrence has been :;tudied pri marily because of Its effcct 

upon winler shipping routes, but also because of ils imp0l1ance 10 Ihe Canadian fishing 

industry. The Gulf yields 25% of the Canadian commercial fish catch by weight. 

The purpose of this study was 10 examine interannual sea iet variability in lhe 

Gulf of St. Lawrence for the years 1968, 1969 and 1972. These years have been selectcd 

because the)' represent extreme ca<;es (,fke co\'t'r in the Gulf: 1969 \Va" tht' le: .... ,! '.t'vere 

ice season in the past 30 years; 1972 was one of the most severe; 196H was cho:-,cn to 

represent an average lee season. 

An uncouplt:ll, moditied Hlbler ke mode! wa~ applicd 10 the Gull' rOI thc~c: ycal~ 

in a first attempt nt liimul;-tting intemnnu;-tl kt' cover v;-triahility. :md a.:; a 'itimulu'i for 

further c1imatt: stully in this region. 
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2. The Gulf of St. Lawrence 

2.1 Physlograp hy und B athym etry 

The Gulf of St. Lawrence is a semi-enclosed sea with a surface area of 

approximately 226000 km2 (Forrester 1964) and a volume of 34 500 km3 (Forrester and 

Vandall 1968). There are two connections with the Atlantic Ocean, Cabot Strait and the 

Strait of Belle Isle. Cabot Strait has a width of 104 km, a maximum depth of 480 m, and 

a cross-sectional area of 35 km2
; the Strait of Belle Isle is more restr~cted, with a width 

of about 15 km, a maximum depth of 60 m, and a cross-sectional area of 1 km2 (Tri tes 

1972). 

An important bathymetric feature in the Gulf (Figure 2.1) is the Laurentian 

Channel, a deep trench of 500 m maximum depth, which extends from the mouth of the 

Saguenay River to the continental shelf. Branching off from the Laurclltian Channel are 

the Esquiman Channel, which extends towards the Strait of Belle Isle, and the Anticosti 

Channel, which extends towards Jacques Cartier Passage, north of Anticosti Island. 

Southwest of the Laurentian Channel is a large shallow area known as the Magdalen 

Shallows, in which depths range from 50-80 m. Separating Prince Edward Island from 

Nova Scotia is the Northumberland Strnit with a length of 200 km, width of 20 km and 

depth of 20 m. Lauzier et al.(1957) cakulated that one quarter of the Gulf is shallower 

than 50 m white kss than one fifth is deeper than 3UU m. 

2.2 Meteorf)lo~lclll Forcing 

Monlhly-awragcd wind stresses have bccn cakulnted geostrophically from menn 
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Figure 2.1 Bathymetry of the Gulf of St. Lawrence (from Canadian Hydrographie 

• Service, Chart no. 801) 
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Figure 2.2 November sea surface temperature (Weiler and Keelcy 1981) 
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sea-Ievel pressures, interpolated from shore based stations (Murty and Taylor 1970; 

Vandall 1973; Koutitonsky et al. 1986). These studies show that winter winds are 

strongest over the Gulf, originating frorn the northwest in the northerly regions, and from 

the west in the southerly regions. From February to June the winds gradually weaken and 

turn until they originate from the southwest. 

Mean monthly air temperature distributions over the Gulf have been compiled by 

Vigeant (1984) From ship measurernents. These reveal that below freezing temperatures 

appear first over the northern shores of the Gulf and the estuary by November, and extend 

to Cabot Strait by December. Above freezing temperatures generally appear tirst over the 

estuary and the southwestern region of the Gulf by the end of March, and extend over the 

Gulf by April. 

2.3 Watt.r !\lasses 

During th'! sum mer, the water ~olumn is vertically stratified in three distinct layers, 

in areas of deep water. A thin (10-30 m) upper layer of low (27-32 psu) salinity water 

is separated by a sharp seasonal thermocline from an intermediate cold (-1°C to 2°C) and 

saltier (31.5-33 psu) layer which extends down to 125 m (Koutitonsky et al. 1991). In 

the deep channels there also exists a bottom layer of warmer (4°C to 6°C) and saltier (34.6 

psu) water (Lauzier and Bailey 1957). which interacts little with the intermediate layer. 

In the fall-winter season, the entire upper layer must be cooled to freezing before 

ice formation begins, because the temperature of maximum density is always less than 

the freezing point for water with salinities greater than 24.7 psu. Salt rejected during ice 
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formation generates convective overturning which causes the upper and intermedillte 

layers to merge. 

Monthly averaged climatological sea surface temperature distributions have peen 

compiled from ship data by both Weiler and Keeley (1980) and Vigeant (1987). Their 

results show that autumnal cooling is greatest in the northern regions of the Gulf, 

particularly in the Strait of Belle Isle and Estuary regions, and that SST's generally reach 

the freezing point first in these regions (Figure 2.2). 

Bugden et al. (1982) produced seasonally averaged surface sali nit y fields by 

dividing ail previously existing measurements into high and low run-off yeaTS. In hoth 

cases, lower sali nit y waters are seen to hug the Gaspé Peninsula shores upon leaving the 

estuary, follow a c)c1onic distribution in the Magdalen Shallows, and exit the Gulf l1t!ar 

the ~IJuthern boundary of Cabot Strait. Higher sali nit y waters are found in the central and 

northwestern half of the Gulf. Examination of horizontal salinity gradicnt~ prinr to ict' 

formation reveals a maximum sali nit y difference of about 3 psu across the Gulf. The 

given sali nit y range (28.5-31.5 psu) produces freezing point differences of only O. J 7 

degrees, which is not considered significant enough to affect iet:: formatHln. Spatial 

variability in the vertical stability of the water column and the mixed layer depth is a 

more important factor. 

2.4 Circulation 

A typical summer circulation pattern for the upper layer was sketched hy Trites 

(1972) using ail the previously availahle data. The general circulation i'i cyclonic in 
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nature, with two way flow through both the Cabot Strait and the Strait of Belle Isle 

(Figure 2.3). The strongest surface currents are observed both in the Gaspé Current, 

which begins to develop in the Rimouski area and follows the entire length of the Gaspé 

coast, and in the outflow through the Cabot Strait. These currents may reach values of 

20 - 40 cm-s· l
• 

Little is known about the winter circulation, due to the paucity of observed data. 

EI-Sabh (1976) used monthly averaged density f.j,~lds to calculate surface geostrophic 

currents and found the winter geostrophic currents to be considerably weaker than 

summertime values (Figure 2.4). Lack of wintertime T-S measurements in both the 

Magdalen Shallows and northeastern Gulf prevented the calculation of currents in those 

regions. 

2.S Heat Budget 

Several investigations have been made into the surface heat budget of the Gulf. 

Coombs (1962) calculated a heat budget using fortnightly averaged meteorological data 

over the period November 15, 1961 to February 18, 1962, which he related to ice growth 

in Cabot Strait. Matheson (1967) investigated ice formation for two winter seasons, by 

c1assifying atmospheric circulation patterns over the gulf into five categories, and 

calculating the turhulent heat losses assnciated \Vith each category. 

Bugden (1981) calculated net climatological surface heat fluxes for several regions 

of the Gulf in order to develop a box model of mean monthly salt and heat budgets. He 

showed that the net surface heat fluxes reverse, becoming positive, during the first week 

6 
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of March and reverse again in September-October, becoming negative. Maximum surface 

heat fluxes occur in June with values ranging from 180-256 W-m·2
; minimum heat fluxes 

occur in Dccember with values of approximately -250 W-m·2
• 

2.6 Sea Ice 

Déry (1992) produced monthly averaged maps of sea ice compactness for the 

period 1965-1990. The monthly and seasonal averages of sea ice compactness for six 

sub-regions of the Gulf were examined for trends and compared to trends in forcing 

variables, such as surface air temperature and run-off. He found that the average ice 

cover for the entire Gulf did not exhibit a significant trend for the study period. but 

displayed a hlgh amount of interannual variability. The greatest amount of variability was 

observcd in decper waters, such as the Esquiman area, which is the most saline region in 

the Gulf. 

Correlations between ice caver and surface air temperature revealed that the ice 

cover often rcsponded better to surface air tempe rature aCter a lag of one month. Déry 

concluded that althcugh the ice coyer often responded signitïcantly to the immediate or 

the prcvious surface air temperature forcing. few of the series showed very high 

correlations that would demonstrate a strong link of the Gulf of St.Lawrence ice response 

to air l~mp~1 alur~ for~ing. 

A c0mpm;s0n \Vith the nm-off time series showed that the St.Lawrence River 

dischargc was not a driving factor for ice variabiIity, because ils main spectral resonance 

\Vas at a period much longer th an that for the interdecadal vuriability of the iee caver. 
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Finally, T -S profiles were examined, but no simple relations could he determitll'd 

due to the complexity of the system. In general, Déry found it difficult 10 rdate the icc 

cover simply to any one forcing variable. 

Figure 2.5 shows c1imatological maps of the ice onset for the wccks 3 to 6 (from 

mid-December to mid-January). Units are in tenths. Wœk 3 shows the inillal ire 

formation. Ice concentration is highest in the Jower cstuary due to let: impmt l'rom the 

St. Lawrence River. lee formation in the upper estuary, north shore, and Strait of Belle 

Isle is due sim ply to the fact that these areas have the eoidest mixed layer temperaturcs. 

ln the southwest Gulf, the ice cover probably results from a rapld Deœmher coolmg ut 

the mixed layer, caused by the shallowness of the water. Weeks 4-6 show a progressIOn 

of the ice edge over the Gulf towards Cabot Strait. Figure 2.6 ~hows monthly avcraged 

climatological maps for January ta May. Average January condItIons place the icc edge 

at Cabot Strait, and by February the lœ cdge has progrcsscd out of the Gulf. The mmt 

severe ice conditions are observed in February when the Gulf IS almost completcly 

covered. In March, the ice caver begins to melt and by April the Gulf has ~igl1ltïcanlly 

less ice but higher ice concentrations in the northeast and south Average May condJUons 

show an ice free Gulf with the exception of the northeast. 

There is only limited information on kc thkkncss in the Gulf The" Icc Summary 

and Amlyscs" (Dcpartmcnt of Trampl..lrt 1968, 1969, Envirùlll11Cl1t ClIl.1da 1 <)72) Icport.) 

show four thickness categories: ncw iee (0-10 cm), grcy ice (!()-15 cm), grey white ice 

(15-30 cm), and first ycar iee (>30 cm). The open-ended range of the la~t category makes 

estimation of ice thickness difficult for larger thickncsscs(Figures 7.3, 7.6, 7 .'J;Chaptcr 7) . 
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3. A Brief History of Sea Ice Modelling 

3.1 Thermodynamlc Models 

One of the tirst thermodynamic models to describe the growth and decay of sea 

ice was that of Anderson (1961), who correlated sea ice thickness and the cumulative 

number of freezing-degree days. Although such a mode! had a physical basis, it contained 

implicit assumptions about the oceanic heat flux and the snow thickness which rendered 

il applicable only to the region for which it was derived. 

Maykut and Untersteiner (1971) developed an extensive, fort Y layer, one 

dimensional thermodynamic sea ice model, based on previous work by Untersteiner 

(1964). Forced by specified atmospheric heat fluxes, snowfall, and a constant deep ocean 

heal flux, the model produced time dependant ice thicknesses and vertical ice temperature 

profiles lhat agreed weil with observations. The effects of ice sali nit y, brine cells, 

shortwave penetration, and variations in ice density, specific heat, and conductivity were 

ail inc1uded. However, the model took thirty-eight simulation years to reach equilibrium. 

Semtner (1976) simplified the Maykut and Untersteiner model in order to make 

il suitable for climate modelling. By changing the finite difference scheme, making 

simplifkatÎl"\ns ln the thermodynamics, and redudng the numher of vertical layers, 

computational time was greatly reduced, but ke thicknesses were still favourably 

reproduced. Semtner produced both a three layer version (two ice layers and one snow 

layer), élnJ a 'zef\.) layer' version, (one layer of kt: élnJ one layer of snow), in which short 

w:we penetration i .. p:uameterized hy ml,difying the surface alhedn. and the ke is 

as~igned a Iinear temperature protile. Most sea-ke mode!s toda)' use variations of 
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Semtner's scheme. 

3.2 Dynamlc Models 

Studies in sea ice dynamics originate from Nansen's historie Arctic voyage, during 

which the first successful observations of ice drift were taken. It was Nansen's 

observation of the deviation betwee. ice drift and wind direction that led Ekman (1905) 

to his theory of drift currents. Over the following years, as more observations of ice drift 

were accumulated, attempts were made to solve the equation of motion for steady-state 

drift. 

The general equation of ice motion is given by 

m du = D + ~. + ~. + fi + r 
dt 

(3.1 ) 

where m is the ice mass(per unit area), u the velocity, D the coriolis force, 1:~ amI t", the 

forces due to air and water stresses, G the force component due to sea surface slope, and 

F the force between ice tloes. Early attempts to solve this equation (Sverdrup 1928, 

Rossby and Montgomery 1935, Shuleikin 1938) assumed a steady state solution (du/dt=O), 

and ignored one or more of the forcing terms, usually the effects of ocean curn.~nt~, sea 

surface slope, and force between tloes. 

Zubov (1943) derived an empirical rule that ice drifts parallel tn surface 

atmospheric isobars at a speed of 1/100 of the geostrophic wind. Gordienko (1958) 

derived a similar relationship to Zuhov's, but included a parameterization of surface 

roughness that made older, rougher ice drift at higher velocities. 

13 



• Fukotomi (1958) included effects of ice compactness in his solution. Fel'zenbaum 

(1958) was the first to include the effects of water eurrents. 

Campbell (1964) attempted the first climatologicallarge scale numerical steady-

state solution for the Aretie Ocean. He included ail of the forcing terms, and followed 

Ruzin (1958) in treating the ice as a thin Newtonian viscous fluid in order to parameterize 

• 
the force between floes. General features of observed ice drift, such as the Beaufort Gyre 

and the TranspoJar Drift Stream were reproduced. 

3.3 Thermodynamlc-Dynamlc Models 

The first tht rmodynamic-dynamic model was that of Doronin (1970). Doronin 

coupled Nikiforov's (1957) continuity equation for ice compactness to equations describing 

• the dynamic and thermodynamic evolution of the ice, parameterizing the internai ice force 

as a function of ice compactness. Doronin conc1uded that thickness and compactness 

could not be ac~urately ealculated unless thermodynamics were included. 

During the Arctie lee Dynamics Joint Experiment (AlDJEX) (1970-19;2) 

extensive measurements resulted in a better understanding of the dynamic and 

thermodynamic properties of sea ict>. Thorndike et al. (1975) developed a set of equations 

that described the dynamics and thermodynamics of an ice thiekness distribution; 

Rothrock (l975) explained how to couple such a distribution ta an ice rheology. Much 

attention was paid to finding an appropriate rheology with which the interactive force 

between tloes could be parameterized. Coon et al. (1974) suggested ice could be 

mode lied by plastic behaviour; Pritchard (1975) considered an e1astic-plastic rheology . 
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The final AIDJEX ice model (reviewed in Coon 1979) successfully modelled the 

dynamics and thennodynamics of sea ice on spatial sc ales of 100 km and time scales of 

1 day. No attempt was made to use the model in areas of low concentration, nor was any 

attention given to describing the thennodynamics between the ice and upper ocean. 

Parkinson and Washington (1979) simulated the annual cycle in both the Arctic 

and Antarctic using the zero layer Semtner model. with lend paramctcrizations 

(Washington et al_ 1976). and coupling it to the steady-state equation of motion. 

Monthly averaged temperatures, snowfall rates. and wind stress were used to force the icc. 

The ocean was represented by a 30 m thick. motionless, mixed layer. Internai ice 

resistance was parameterized by iteratively correcting the ice velocities such that no one 

grid square exceeded a prescribed maximum ice concentration. The annual ice cycle was 

reasonably reproduced but the ice thickness distribution did not agrec with observations. 

Hibler (1979.1980) also presented a model of the yearly Arctic ice cycle which 

incorporated a viscous-plastic ice rheology. Eight day avcraged geostrophic winds and 

Mean dynamic topography were used for dynamic forcing; ice growth and mell was 

calculated using seasonal growth rates estimated by Thorndike et al. (1975). Later papcrs 

included the zero layer Semtner thermodynamic model and a motionless ocean mixcd 

layer. 

Hibler and Walsh (1982) applied the Hibler model to the Arctic for the 1973-1975 

period, with daily forcing. Agreement with observations was good except in the northcrn 

Atlantic, where 100 much ice was predicted, probably due to warm Atlantic water intlow 

not included in the model. AIso, the simulated summer melt in the Beaufort Sea was too 
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strong due to the absence of a modelled snow cover, which would have reflected more 

of the solar energy and delayed the summer melt. 

3.4 Coupled lee-Ocean Models 

Neglect of the ocean compone nt prevented eartier modelling attempts from 

accurately predicting the large seale sea-iee edge in the Greenland and Barents Seas. The 

first coupled ice-ocean model (ltibler and Bryan 1984, 1987) combined the previously 

described Hibler ice model with a multi-level Bryan-Cox ocean model (Bryan, 1969). 

Hibler and Bryan compared the coupled results to previous results and fouI.d the winter 

ice margin to be significantly improved. They also found that the inclusion of ocean 

currents greatly increased the ice drift in the East Greenland Current, accounting for about 

50% of the total drift rate . 

Semtner(1987) produced similar resuIts by coupling his three layer thermodynamic 

ice model, to a "bulk visco'.'s" dynamics (Hibler 1988), and to a fully prognostic general 

circulation ocean model (Semtner 1974, 1986). Comparing results to those from using 

a fixed depth motionless mixed layer revealed that the central Arctic ice thickness and 

compactness were drastically reduced by full ocean coupling . 
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4. Model Description 

The following chapter gives a brief description of the Hibkr (1979,1980) ice 

mode 1. 

4.1 l\'lomentum Balance 

Following the notation of Hibler (1979), the momentum equation for ice is given 

by, 

m ~~ = -mEkxu + 'rd!' + "'nt - mgVH + , (4.1) 

where d/dt is the substantial time derivative , k a unit vector normal to the surface, u the 

ice velocity, f the coriolis parameter, m the ice mass per unit area, "tau and "twal forces due 

to air and water stresses, H the sea surface dynamic height, g the acceleration due ta 

gravit y, and F the force due ta variation in internai ice stress. Tid;l! forcing is omitted. 

The air and water stress terms are deterrnined from simple nonlinear drag laws 

(Brown 1979, McPhee 1975) 

'r.., = pwtIICwtlI lU • ., -yi [(U.., -y)cœ8 + ix(U.., - u)sin6] (4.3) 

where Ug is the geostrophic wind. U"'JI je;; the geo'itrnphic ocenn t'lIrrent. (' .. " nnd C .... , nre 

the air and water drag coefficients, P.ir and f) .. al are air and wah!r densilie~, and", and e 
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are constant air and water turning angles. For the atmospheric drag law, the ice velocity 

u is omitted since it is eonsidered negligible compared to the geostrophic winds. 

4.1.1 Drag Coefficients 

The air-ice drag coefticient Ca•f is chosen to be a constant value of 2.4xl0·3• 

ln reality, it is a function of wind speed, atmospheric stability, and surface roughness and 

compactness. Measurements of Cair range from 1.2 - 5.3xlO·3 (Overland 1985, Guest and 

Davidson 1987). A value of 2.4xl0·3 is a reasonable average between first year rough 

and smooth iee. 

The water-ice drag coefficient CWal is chosen to be 10xl0·3• Measurements 

of CWal arc scarce anù range from 2 - 21xlO-~ (Shirasawa and Ingram 1991). 

Both values are similar to those chosen by Tang and Yao (1987) in a 

modelling study of sea-ice motion off Newfoundland during LIMEX 1987(Labrador Ice 

Margin Experiment). 

4.2 (ce Thlckness Distribution 

The sea ice in any grid eell is characterized by two variables: the 

compactness A, defined as the areal fraction covered by ice, and the effective ice mass 

per unit area h. which is detlned as the ke thickness if the ice \Vere spread uniformly over 

the entirt orid cell. The iee is assumed to be uniformly distributed between 0 and 2h/A 

in thickness, with an average iee thickness h/A. Conti nuit y equations, \Vith added 

thermodynamic source/sink terms, are uscd to describe the evolution of A and h, as 
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follows, 

= - éJ(uh) _ éJ(vh) + Sil + (diffu,sioll),. 
œ ôt 

(4.4) 

(4.5) 

where u and v are the x and y components of the ice velocity. Sb and SA are the 

thermodynamic source/sink tenns given by the equations. 

SA = 

+ 

SIl = r(!)A + (1 - A)r(O) 
Â 

r(O)!h,.)(1oA), if nO»0, 

if nO) < 0, 

r' if S,,>O, 

A/2h)S" , if S,,<O. 

(4.6) 

(4.7) 

where r(hI A) is the growth rate of ice of thickness hl A. and r(O) is the growth rate of icc 

upon open water. The dIffusion tenns are added for numerical stahllity and arc small. 

The net ice growth or melt is given by Sh which is the sum of the iCt! growth/rnclt over 

the fraction of the grid cell covered with icc and the growth/melt of ncw iœ over the 

remaining fraction of open water. If nO) is ncgativc (mclting) the exccss heat i~ assurncd 

lo produœ lalerai mdLing. and i~ u~ed tu mdl any l~e lcmaining in lhe glHJ ldl. whik 

the mixed layer temperature remains at the freezing point. 
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The growthldecay of ice compactness is given by SA' The first term in 

Equation (4.7) specities thal if the growth of ice over open water nO) is positive then the 

area of open water (l-A) decays exponentially with a lime constant hJT'(O). The term ho 

is an adjustable parame ter. Hibler originally chose a value of 0.5 m which gave decay 

limes of approximately 5 days. If r(O) is negative, il does not contribute to a change in 

A, but as previously rnentioned, contributes to laterai melt. The second term in Equation 

(4.7) describes the change in ice compactness under melting conditions. Assuming the 

ice is uniformly distributed between 0 and 2h1A in thickness and that all thicknesses melt 

al lhe same rale, over a lime âl ail ice of thickness less than Sb6t will melt and fonn open 

water. This ice covers a fraction of area equal to Sb6t Al2h, which for ât !:mall gives the 

sink lerm 10 Equation (4.7). 

Finally, an additional mechanical sink terrn is introduced by the condition 

AS!. 

4.3 Constitutive Law 

The intelnal ice force F is determined from the partial derivatives of the 

lwo dimensional stress tensor ail' that is FI::da/oxr The stress tensor is given by 

(4.8) 

wherc [Il is the strain rate tensor, P is a pressurt! term dependent on both thickness and 

compactncss, ç is the nonlinear bulk viscosity, 11 is the nonlinear shear viscosity, Eu is the 

lla\:\! uf lh\! ~uaill ral\! k:1l:,or, anJ 0.1 i:, lh\! Krùn~~k\!r Jdla fUIl\:tioll. For mùrt! details 

the rcadcr is œfcrred to Hibler (1977,1979). Hibler's formulation treats iee as a viscous 
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fluid for small deformation rates, and as a rigid plastic tluid for large deformation rates . 

This choice of rheology is based on the following assumptions: i) on a reasonably large 

scale, sea ice is isotropie; ii) sea ice has tiule resistance to divergent stresses; iii) stresses 

are relatively independent of strain rate magnitude; iv) sea ice is hlghly rCslstant to 

convergent stresses. The advantages of this rheology are that an Eulerian formulation and 

larger timesteps may be used. The disadvantage is that ice which should be stationary, 

can still move in the numerical model. The pressure term P is given by the equation 

p = p. la exp[ -C(1-A)] (4.9) 

in which p. is a constant called the ice strength. Studies have revealed an order 

magnitude difference between observations and numerical simulations for the value of p. 

(Hakkinen 1990); it is generally regarded as an adjustable parameter. Hiblcr's original 

choice of p. was 5.0x103 N·m·3 but he later increased this value by a factor of five. The 

constant Chas sorne large value, such as 20, to produce a rapid decrcasc in viscosity for 

ice concentrations less than 85% (Hakkinen 1990). 

More recently, Overland and Pease (1988) developed a constitutive law for 

first year ice in coastal regions, in which ice strength depends quadratically, instead of 

linearly, on ice thickness. Their model is applicable only on spatial scales of less lhan 

10 km. 

4.4 Therm odynam ics 

4.4. 1 Surfaœ Heal Budgel 

A comprehensive overview of the surface heat and mass balance, and the 
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growth of sea ice may be found in Maykut (1986) . 

The thennodynamics are based on the zero layer Semtner (1976) model, 

using surface heat budget calculations similar to those of Parkinson and Washington 

(1979). Two separate heat budgets are performed for each grid cell: one for open water 

and one for ice covered water. 

The mixed layer is treated as a slab of fixed thickness that must cool 

entirely to freezing before ice formation begins. The surface he~t budget terms that must 

he considered over open water are incoming short wave, incoming atmospheric longwave, 

outgoing longwave, and sensible and latent heat exchange. Designating positive tluxes 

to be those entering the surface, the heat balance is given by 

Q.uf = (1 - œ.JQ.,., + Q.., - Q"""., + Q_ + Q"" (4.10) 

in which <Xocn is the ocean albedo. 

The ice covered case has a similar heat balance given by 

Q.uf = (1 - œ,,)QIIrMt + QbwfII - Q...., + Q.". + Q"" + Qœt14 (4.11) 

where Qcond is an additional term representing the conductive flux through the ice. The 

various radiation flux terms are described below. 

Incominl: Shortwave: See section 6.4, chapter 6. 

Jnçomin~ Lün~\\avs:: In~ùming lüngwavs: is calculatcd using the crnpirical relation d.;!rivcd 

by Maykut and Church (1973), 

Q"""", = 0.7855(1 + 0.2232C2.,,) a ~ (4.12) 

whcre C is the cloud fraction in tenths. a is the Stefan-Boltzmann constant, and T1U' is the 
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air temperature. This method was compared to that used by Parkinson and Washington 

(1979) which applied a cloudiness correction (Marshunova 1961) to a dear sky longwave 

parameterization by Idso and Jackson (1969). Both methods produecd almost idcntical 

results. 

Qutiojni Loniwave: Both ice and ocean are trealed as blackbodies for longwavc 

emission. That is 

(4.13) 

where E is emissivity of either sea water or ice. CJ is the Stephan-Boltzmann constant. and 

T,urt is either the mixed layer temperature. or the surface temperature of the icc. 

Sensible Heat: Sensible heat is calculated using the standard bulk aerodynamic fonnula 

(4.14) 

where Pail is the air density. cp,alr the specifie heat of air. Cil the turbulent heat cxchangc 

coefficient, Ua the geostrophic wind. and T all and Tsur! the tcmperatures of the air and the 

surface(ocean or ice). 

Latent Heat: Latent heat is calculated frorn the bulk formula 

(4.15) 

where L is the latent heat of vapori7ution or suhlimation, depcnding on whcther an ire 

cover exists. CE is the latent heat turbulent exchangc coefficient, and qall and q.urf arc the 

air and surface specifie humidities. The forrnulae to determine the specifie humiditics arc 
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(Haltiner and Manin 1957) 

0.622, 
qtJlr = 

p - (1 - O.622~ 

0.622,_ 
q = 
-t P - (1 - 0.622),_ 

(4.16) 

(4.17) 

where p is the air pressure. Vapour pressure e and saturation vapour pressure e, are 

determined from the empirical formula (Murray 1967) 

(4.18) 

where (a,b) = (9.5. 7.66) if an ice cover exists and (7.5. 35.86) if no ice cover exists. For 

e. Equation (4.17) is used with T,url replaced by the surface dew point temperature Td• 

Conductive Flux: Treating the ice as a slab of average thickness hl A, the conductive flux 

through the ice is given by 

(4.19a) 

where k .. -c is the conductivity of the ice. TB is the bottom temperature of the ice slab. and 

Tsun • as statcd previously, is the surface temperature of the ice. TB is set ta the freezing 

point. In the prescnœ of snow, the conductivity is replaced by a weighted average of the 

conductivitics of snow and ice. That is, 

Qcortd = k " let lIfIIW h (Ts - Tau} 
",-h + k (-) .... ..", atIW.A 

(4.19b) 
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• Pee" Ocean Heat Flux: The deep ocean heat nux Qdo is meant to reprcsent the heat 

provided to the slab mixed layer, from the deeper waters bclow, through convective 

overturning. For the central Arctic Basin, its value has typically been choscn al 2 \Vem ~ 

(Maykut and Untersteiner 1969. Hibler 1979. Washington and Parkinson 1979), Allison 

(981) inferred values of 15-50 W-m'2during Ihe first monlh of growth of Antarctic ice, 

and 7-15 W-m-2 in succeeding months. The value of Qdo would he expectcd to he greatcst 

during ice formation, and smallest during ice melt when the water column incrcases in 

stability. For the Gulf. Qdo 1S chosen to be 40 \Vem 2 from Dccember IS lU January 30, 

and 10 W em·2 until March 15. in grid squares with al least S cm of iec. A scnsitivity 

study was then used to investigate the effects of Qdo' 

• 4.4.2 Caleulating Ice Growth 

The ice growth rate f(d) is determined in the following manner. For open 

water 

(4.20) 

where L f is the volumetrie heat of fusion of sea waler. The total heat gained or IOSl hy 

the mixed layer is the sum of the surface heat tlux and the dccp ocean heal !lux Any 

cnergy 10st by the mix~d layer. after it i-; coob.1 tu frcc/ing, re~ull~ in th~ fot'l1J.ltion III 

an equivalent volume of iœ 

In the ice coycrl!d grid cdl frul:tion, thc growth rate is dClcrmim.:d hy 

assuming that the surface energy balance is in equilihrium. Thal is, 
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• (1 - œalQ.", + Q ..... - Q"". + Q.., + Q,., + QOIIIIIII = 0 (4.21) 

and that the surface temperature adjusts to maintain this equilibrium. Equation (4.21) is 

solved iteratively for T • ..r using the Newton-Raphson procedure. ACter the surface 

temperature has been found, the net heat flux into the ice is known and the ice growth is 

ealculatcd by the following equation, 

r(lr/Â) = -(Q." + Q.) . 
LI 

(4.22) 

where Lf is the volumetrie hent of fusion of water. 

4.5 Ocean Mixed Layer 

As stated previously the ocean mixed layer is represented by a non-moving 

• slab. The mixed layer depth, although temporally constant, varies spatially. Figure 4.1 

shows the mixcd layer depth field produced by examining climatological November 

sigma-t profiles for the Gulf (Petrie 1990). Overall, the Gulf was assigned a mixed layer 

depth of about 40 m. except for the Magdalen Shallows which was assigned an 

approximate depth of 20 m. Attempts to produce mixed layer depth fields for each year 

wcrc unsucœssful due to several factors. The mixed layer depths exhibited a hlgh amount 

of spatial variability and there were not enough measurements from any one year to 

produœ a rehable objective analysis. AIso, the November cruise data was sampled at 10 

m intcrvals. which introduces a large uncertainty when detennining the mixed layer depth. 

Thl.! ml~I.!J lo.l}l.!r Jl.!plh fidJ u.!!l.!d fa11,) wiLhin Lhi.!! unœrtainty, for Co.ldl )car cOfuidcœd. 

• ln the absence of an ice cover, the rnixed layer temperature is calculated 
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• diagnostically from 

(4.23) 

where hllUll is the mixed layer depth, P. is the density of sea water, cp w is the spccitic 

heat of sea water, T IDIX is the mixed layer temperature, Qsurf is the not surface encrgy flux 

described by Equation 4.10, and Qdo is the deep ocean heat flux. If Equation 4.23 

produces a temperature below freezing, the temperature remains at the freezing point and 

ice is formed. The freezing point is set to a constant value of -1. 7 oC, which is cquivalent 

lO a water salinity of 31 psu. This is considered adequate given the small range of 

surface salinities encountered in the Gulf . 

• 4.6 Thermodynamic/Radiative Constants 

The ocean albedo was set at 0.15. The ice albcdo was chosen as by Hiblcr 

(1980). For surface temperatures below freezing, a snow covered ice albedo of 0.75 was 

used. For temperatures above 273.16 K, a snow free albedo of 0.616 was uscd. The 

emissivities of ice and ocean were 0.97. The sensible and latent hcat cxchangc 

coefticients were both set at 1. 75xl O·), following Hibler (1980). For the iCI! conductivity 

Semtner's(l976) adjust~d value of 2.1656 W-m·I-K1 was uscd . 
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• Figure 4.1 November mixed layer depth field. Depths are in Metres . 
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s. N um erical M ethods 

5.1 Model Grld 

Figure 5.1 shows the model grid. The grid cell dimensions are 15 km x 15 km. 

This is the largest grid spacing that wili resolve ail of the major straits, excluding the 

Northumberland Strait. At each ocean grid point, a sea ice velocity is calculated. The 

ice thickness and compactness are calculated at points on another grid which is staggered 

with respect to the velocity grid (Figure 5.2). This configuration is known as a 'B-grid' 

(Mesinger and Arakawa 1976). 

5.1 Numerlcal Integration Scheme 

The momentum equation (Eq. 4.1) is solved using a semi-implicit predictor 

corrector procedure (Ames 1969) that centres the nonlinear terms. Two relaxations are 

required at each timestep, one to centre the nonlinear terms and on~ to advanc~ to th~ 

next timestep. For each case, point relaxation techniques are used to solve the Iinearized 

implicit equations. The acceleration term is included by a backward time step. 

The continuity equations (Equations 4.4 & 4.5) are integrated explicitly; the 

advection terms are integrated by a modified Euler step (Kurihara 1965), accu rate to 

second order in time, while the thermodynamic and diffusion terms use a forward Euler 

step. The diffusion terms in the continuity equations (Equations 4.4 & 4.5) are given by 

(5.1 ) 
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(5.2 ) 

where D, = O.004llx and D2 = àx,2 D,. These terms are included for numerical stability, 

although Jiffusion of sea ice may actually occur due to random effects. The diffusive 

fluxes 'ue estimated to be less than 3% of the advective fluxes in this model (Hibler 

1979). 

The coupled equations are effectively solved by a fOlWard-backward scheme 

(Mesinger and Arakawa 1976). The onJy essential stabiJity requirement is a CFL 

condition for the advection terms: ~l :;; ~x (2v" 1 u 1)"1. Assuming a maximum ice 

veJocity of 20 cm-s·1 and a grid size of 15 km, yields a maximum timestep of 14.7 hours. 

Therefore, a hall' day lime slep was used . 

5.3 Boundary Conditions 

A no slip condition \Vas used on ocean-land boundaTies, meaning the shoreline ice 

velocities \Vere set to zero. The diffusion coefficient!s were also zero for boundary points. 

For the St. Lawrence estuary, Strait of Belle Isle, and the Atlantic Ocean boundary points, 

a zero-gradient boundary condition was prescribed. Ice was also allowed to advect freely 

in or l'lut of the domain on these boundaries by setting the ice strength to zero. 

FN a mort.' cnmplt.'tt.' description ()f the spatial finite differencing. and time 

integration methods. the Teader is referred to Hibler (1979) . 

30 



• 

Figure 5.1 

• 

Figure 5.2 

• 

.. 

.. 

.. 
JI 

• 
If 

.. 

.. 
•• 

•• •• .. .. Il • .. .. .. .. 

Model grid for the Gulf of St.Lawrence. Grid spacing is 15 km. 
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Staggered grid used in numerical calculations. 
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6. Forcing Fields 

The model forcing fields described in this chapter may ail be found in the Appendix. 

6.1 Objective Analysls 

To interpolate sparse data to the model grid, a simple objective analysis (Haltiner 

and Williams 1980) was performed. This method involves taking an initial guess field 

of the desired quantity, and correcting this field using a weighted mean of the difference 

between the observed and initial guess fields for ail observations within a given radius of 

influence. The scheme is formally described by equations 6.1-6.3 

W = 0, if r>R OR 
4ra 

- Ra 
W = e , if 

( 6.1) 

(6.2) 

rsR 
(6.3) 

in which r is the spatial distance between the gridpoint and the observation T. , and R is 

the ràdius of influence. The \veighting function (Equation 6.3), taken from Levitus 

(1982), is strongly dependant on r. 

The corrt:cted field is then used as the guess for another iteration using a smaller 

radius of influence. Iteration is continued untiJ the difference hetween ohservatinns and 

the corrected field is Jess than a prescrihed error, or until a maximum number of iterations 

has heen performed. 
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6.2 Air and Dew Point Temperatures 

Mean monthly air and dew-point temperatures for fifteen stations surrounùlI1g tht' 

Gulf were obtained from the Atmospheric Environment Service of Canada. Tht' station 

locations are shown in Figure 6.1. The lack of data over the Gulf itse1f leaùs to 

difficulties in performing an objective analysis. The initial guess tields for hoth air and 

dew point temperatures were taken from a climatological atlas (Environment Canada 

1987). Using the traditional method of applying a successively deercasing radius of 

influence did not yield satisfactory results, often giving an average error greater than one 

degree Celsius between the obserwù and objeetivtly analyzeù valuc~. HlW,C\-Cl, il 

constant radius of influence of 375 km (25 gridpoints) applied suceessivcly for up to 20 

iterations gave average eITors less than 0.5 degrees Celsius. Overall, thc analyzcù fields 

can not be expected to be exact, but are only crude representations of the tCl11pcrature 

gradients between meteorological stations. 

6.3 W Ind Fields 

Mean weekly and fortnightly sea surface pressure charts were digitizcd l'rom a set 

of ice summary and analysis publications produeed by the Departrnent of Tran"ipnrt, 

Meteorologieal Branch, Canada (1968,196Q) anù the Atmospht:rk Environmt:nt Service 

(1972). Surface pre<;<;ure~ are digitized c'ntn n 49 point grid and cuhk-"plJne t'jthl t' 1 tht' 

model grid. 

Surface winùs \Vere calculatt:d using the gcostrophk approximation. This 

assumption may not he accu rate close to the shore: whe:re topographie dfe:ct"i arc involvcd . 

33 



• 

• 

• 

2 

J 

4 Daniel'. Harbour 
5 Stephenville 
6 2 
7 

8 

9 Grind.tone I.land 
10 Charlottetown 
11 Cha th .. 
12 Chado 
13 Ca. 

Figure 6.1 Location map of meteorological stations. 
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Such an influence has been documented by Herfst (1984) who observed that surface 

winds are orographieally steered along the axis of the St.Lawrence Estuary. Headlands 

along the Gaspé shoreline, the west coasts of Newfoundland and Cape Breton Island must 

also have a strong influence on the coastal surface winds. 

6.4 Solar Radiation 

Incoming global solar radiation was only recorded at Iwo stations in the study area 

for the years of interesi. These data were obtained from the Atmospheric Envimnment 

Service of Canada. Fortunately, these two stations were Fredericton and St. John's, which 

straddle the Gulf. 

Most iœ moddling studits have! ustd paramttt!rizatioll~ uf the slliar rmilatlllll, ~Udl 

as that of Zillman (1972), which calculate the incoming global raùiation for I.:!car skies, 

and then apply a cloud correction (Laevastu 1960). This methoJ, wht'n tt:~tt'll fUI Icccnt 

monthly averaged measurements made at Charlottttown, revealed considerahle tlifferenl.:es 

between observations and formula ca1culations (Figurt: 6.2) Consequentl y, the mcasuretl 

values at Fredericton and St. John's were useù in an objective analysis using !>uccc!>sivc 

iterations with a large radius of influence (1500 km). The initial gues~ field!> wtrt: takcn 

from a climatological atlas of solar radiation for the dtcade IlJ67-}lJ76 (Envirllnllltnt 

C~nada 19R7). 

6.S Clouds 

Sinee measured values were uscù for incoming solar radiation, cloud fraction only 
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appears in the incoming long wave parameterization, Equation 4.12. Monthly cloud 

fractions from Grindstone Island, provlded by the Atmospheric Environment Service, 

were used to represent average cloud conditions over the Gulf. 

6.6 Snowcover 

Values of monthly averaged snow depth were provided by the Atmospheric 

Environment Service, and were objectively analyzed, as described in Section 6.2, to 

produce spatial fields. A snow accumulation/melting rate was then calculated by taking 

the difference in snow depths between consecutive months. 

6.7 Novent ber Seu Surface Tem pel·uture 

November SST's were provided by Gary Bugden of the Bedford Institute of 

Oceanography. The measurements are the result ofiee foreeastingcruises maùe annually, 

during a ten day period near the end of November. Figure 6.3 shows the positions at 

which soundings were taken. The lack of measurements outside of the Cabot Strait, near 

the Strait of Belle Isle and in the Magdalen Shallows, is unfortunate. 

An objective analysis was performed using decreasing radii of int1uences of 3000, 

IS00, 750, and 375 km, and c\imatological November water temperatures (Weiler and 

Ket'ley 19l'O) \Vere u"ed a'\ the initial gues .. field. This analysis removed much of the 

small seale temperature variability l'rom areas in which a high density of soundings were 

taken, sllch as in the Cabot Strait. The average error between the objectively analyzed 

and observed SST's \Vas approximately 1 degree Celsius . 
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The model was initialized with the analyzed SST tields on the day corresponding 

to the middle of the ten day cruise. For the years 1967, 1968, and 1971 these dates were 

November 20, 19, and 24, respectively. 

6.8 Surface Currents 

Ocean surface currents were taken from a diagnostic model, driven by monthly 

averaged three-dimensional density tields (C. Toro, 1991). The es timated errm of these 

calculated currents is 2-4 cm/s. The major features of the circulatIon are a cyclonic eddy 

in the northwestem Gulf, the Gaspé current, and a strong seaward flow following the 

Laurentian trough (Figure 6.4). Currents outside of the Cabot Strait werc produced by 

combining the summer time diagnostic calculations of Reynaud (personal communication) 

with the results of Toro. The flow speeds outside Cabot Strait were taken to be the same 

as Toro's just inside Cabot Strait, with the main tlow exiting on the southwesl sidc of the 

strait. and then following the east shore of Cape Breton. A sm aller current follows the 

south shore of Newfoundland and enters through the northeast side of Cabot Strait. 

37 



• 

Figure 6.3 
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Figure 6.4 

• 

Location map of November enlise soundings. 
(G.L. Bugden, personal communication) . 
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7. ResuUs 

7.1 1968 

Figures 7.1 and 7.2 show the compal.:tness and thickness rC~lllt~ for the 1961'\ 

simulation. Figure 7.1 may be compared \Vith obst'rved ice distrihutions and thi('knl's~t'S 

(Department of Transport 1968, 1969; Environmcnt Canada 1(72) ~htm n in Figure 7.::' 

The simulation captures the gross features of ice formation and mett, glving reasnnahle 

values of ice compaetness and thickness. lee formation begins tirst in the cstuary and 

Magdalen Shallows. The ice edge, indicated by the one tenth contour, advances tnwards 

Cabot Strait. lee eompaetness increases through February and M:tn~h. Meil I~ wt'\1 

pronounced in April and the Gulf is t'ssentially clear hy May. The SlIllulatlUl1 ha" 

diffieulty in reproducing the ice eharacteristics outside of Cahot Strait. The ict' t'dgl' dot.·~ 

not advanee as far as observed. 

In April the estuary is overly congested. Tnis is prohably caused hy not IllCludll1g 

the effeets of run-off, whieh would introduee warmer fresher water to the cstu;uy and 

increased ice melt. Run-off also increases surface eurrents in the e~lllary which would 

increase ice advection into the central Gulf. These problems could only he rt'~()lved hy 

using a coupled ITIl)Jd that e:-.plkitl) li~-:!uJt:~ fun-off. 

Figure 7.2 shows the evolution of the ke thicknes~ field. The awragl' ma"imum 

iee thickness is about 30 cm. The thlàest tee is simulated 111 the ~()uthern portion {Jt 

tht: Gulf, trapped hetween Princt' Edward Island and Cape Breton hland, and on the 

northwel\t shore of 1'\1ewfnundlnnd. due tn the rerl\il\tt'nct: nf winter nllrtlW,'t'''krl','' 
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7.2 1969 

1969 simulation results may be seen in Figures 7.4 and 7.5. Observations are 

shown in Figure 7.6. The small amount of ice observed in 1969 was caused by slightly 

warmer November SST's and warm winter temperatures. At Grindstone Island the me an 

temperature from December 1 to March 31 was 2.4°C above normal. Consequently, the 

simulation does produce less ice. lee formation begins in the estuary, Magdalen Shallows 

and on the north shore. January, February, and March sea ice compactness correlate weil 

with observations. In April there is residual ice in the Shallows. The residual ice in the 

e~tuary probably occurs for the same reasons as the 1968 simulation. In April and May, 

the simulation does not reproduce the ice observed in the northwest Gulf which resulted 

l'rom advel.:tion through the Strait of Bdk hic. 

The iet: thickness is generally Jess than 10 cm, which agrees with observations . 

The maximum average modelled iet! thickness is 15 cm. 

7.3 1971 

Simulation results are shown in Figures 7.7 and 7.8. A comparison \Vith observed 

ice compactnesses (Figure 7.9) again shows a rough agreement. The severe ice conditions 

in 1972 were caused by slightly calder November SST's and cold \Vinter kmperatures. 

At Grindstpne I.,land Ihe mean temperalure from Decemher 1 to March 31 ,\ as 3°C helnw 

normal. Modelled January cl)nditlons show the ire edge advancing towards Cabot Strait. 

lee concentration continues to increase until mid-March at which time the Gulf is nearly 

co\'cred. In April. ke conccntrations are still high. especially in the Shallows, leading ta 
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the persistence of low ice concentrations in May, as obs~rved . 

Differences between simulated and obse"'ed eompactnesses are similar to tlll)Se 

for previous years. The iee edge is too slow in r~aching Cabot Strait, and ice formation 

outside the Strait is almost non-~xistent. There is also too much ke in the t'stuary an 

April and May. The problems in simulating the ice edge could be caused by the simple 

representation of the mixed layer, i.e. ice is not allowed to exist unless the mixcd layer 

is at the freezing point. Lack of SST data in this area also implies that the values 

produced by the objective analysis may be too close to climatological values, hencc too 

warm. 

The simulated ice thicknesses (Figure 7.8) indicate an average maximum thickness 

of 30-35 cm, which is slightly highcr than that of 1968. Riùged kc of glcatt:1 Ihid.IIC:--!> 

is found in the Shallows, and off the coast of Newfoundlanù. In April and May. the Ïl't' 

is too thick in the northeast Gulf. It is l'xpccted that iet' might he overe:-.timatcu alnl1g thl' 

western shore of Newfoundland, beeause the intlow of warm salt y Atlantic water through 

the northwestern side of Cabot Strait is not induded in the un-coupkd Illoud. 

Observations indicate that the thickest spring ice \Vas locateù in the Shallow..;. 

7.4 Intercomparlson 

Figure 7.10 shows a cornp:lril;l)fl nf the dnmain averaged kc thlckne ....... 

compactness, art~al coverage, and gmwth for ail threc years. The domam averaged kt' 

thickness is the average of the ice mass, h, over the entire Gulf, and should not he 
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Figure 7.1 1968 ice compactness distributions . 

42 



• 
APR 1 1 q68 APR 15 '968 

• 

Figure 7.1 continul!d . 
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Figure 7.2 1968 ice thickness (cm) distributions . 

44 



• APR 15 1C~68 

MAY 1 1968 MAY 15 1968 

~ 
CONSTAJtT f'IIU) - YAWl Il 0 CONSTAJIT ruuI - YAWl! Il 0 

• # cfF 

b b 

Figure 7.2 continued. 

• 
45 



• 

• 

• 

----_.---------------------------------------------------------

JAN 19 
'AEDOMUtA"T ACE 

AfCllc '10 nid _'ItI" .... 111 •• liM. Y.ft. .. •• 
l'" n., t •• , UI (n, 

YCNft. ,.1., ••• , .... "10. I •• U "101 
T ,,,) •• r"L" 'If ••• U., 

!WIO~§§§§D .. 
C ... /l0 mnmn rrmrrrn rrrnmn :::! :::::::: r-::--l 
o lllJl.llW l!..ll11U..iIlllllllW 1 1 1 l , 1 1 l , l , L....::.-.J 

~ "./1. ~~~~LIJD 
H 

T 
R 
A 

T 
1 
o 

" 

10/10 ...... .. .. ., ~ ...... ,........ •• m :~~ .. ~~.,.".,." ~;:;:;:;:;: G 
•••••••••••• 'cV v ...... H.,". • 

O'EN UTER D "/\.Sr :ct _ 

PBBU 

New ad NU. 5 ·10 cm 

Oœyl0·15 CID 

GIey White 15 ·30 CID 

Flat Year > 30 cm 
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Figure 7.3 continued. 
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• Figure 7.4 1969 ice compactness distributions . 
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Figure 7.5 1969 ice thickness (cm) distributions . 
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Figure 7.5 continued . 
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Figure 7.6 1968 observed ice compactness and thickness distributions. 
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Figure 7.7 1972 ice compactness distributions . 
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Figure 7.7 continued . 
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Figure 7.8 1972 ice thickness (cm) distributions . 
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Figure 7.8 continued. 
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Figure 7.9 1972 observed ice compactness and thickness distributions. 
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confused with the ice thickness h/A as described in Section 4.2. The leuers in each frame 

correspond to the first day of each month (Le. 'D' for December 1). Although 1965 and 

1972 st art off with similar thicknesses and compactnesses, the 1912 ice coverage grows 

slightly larger and persists longer due to colder than normal spring temperatures. The 

dates of initial ice formation ail occur in mid-December. The Gulf is completely ice free 

by the third week of April 1968, the third week of April 1969, and third week of May 

1972. These dates are ail within one week of observations. 

Examination of the growth rates reveals the sensitivity of growth tn the 

atmospheric circulation over the Gulf. This is not surprising since ict" growth over open 

water is due mostly to sensible and latent heat losses, which in turn depend on wind 

speed. Spring melt is caused mostly by shortwave radiation, henœ the gwwth/mdt clIrvt: 

becomes much more smooth . 

In conclusion, the simulation did give some semblance of interannual variahility. 

The severity of the ice cover is driven by three main factors: mixed layer depth. 

November SST, and winter air temperatures. The accuracy of the simulation is highly 

dependant on the quality of these data. 

7.S Ice Velocitles 

Figure 7.11 shows the wcckly evolulion of the ice velocity field~ l'rom Janllary 1 

to May 7 for the year 1972. The ice drift pattern changes weekly in re:-.ponse to the 

wind forcing, with maximum velocities of about 30 cm·s '. From January 1I1ltii mid­

February, the iee drifts predominantly in a southeasterly direction, Icading to huild up off 
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the west coast of Newfoundland and in the Magdalen Shallows. By mid-February, ice drift 

velocities fall in areas where increasing icè thickness and compactness tend to restrict the 

motion of the pack. By mid-April, the ice pack is Jess restricted and there is a steady 

drift of ice through Cabot Strait. 
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8. Sensitivity Studies 

Several studies were made to examine the simulation's sensitivity to varying the 

forcing data and the mode1's free parameters. The year 1972 was arbitrarily chosen as the 

yem· on which these studies were performed. In ail the following figures the curves 

captlOned '1972' refer to the control run. 

8.1 Experlmf.nt 1 - Air Temperature 

In this experiment the air temperatures were varied by ±4°C over the whole 

domain. Reducing the air temperature by 4° increased the ice cover thickness 10 cm and 

the ice cover persisted weil into June. Increasing the air temperature reduced the 

thickness by only 5 cm, with the ice clearing a week earlier (Figure 8.1). 

The original air temperature forcing tields were produced by an objective analysis 

in which there was only one measurement in the Gulf itself, at Grindstone Island. This 

introduced additional error into the analysis, which was compounded by the large north­

south temperature gradient that always exists across the Gulf. 

8.2 E~perlment 2 - No\"cmher SST 

The November SST's were varied by ±l°C. This altered the date of ice formation 

hy :t 1 week (Figure ~.1). The compactness and t1l1ckness dunng lee formatll1n were 

affecteJ, but the ~il1lulation~ coinciJeJ b) miJ-.-\plil anù continueù to ù\.) so unul the: enù 

of the ict' st'ason. Varying the SST's in this manner introduced a ±5 cm difference in 

February ice thkkness. 
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8.3 Experlment 3 • Mlxed Layer Depth 

The November mixed-layer thicknesses were varied by ±5 m. As stated in Section 

4.5, this was the errar in estimating the mixed layer thickness based on the 10 III sampling 

interval of the November cruise. This affected the ict: cOYer mostly during formation 

(Figure 8.3), making small variations in thickness and compactness early in the ice season. 

8.4 Experlment 4 • Snowcover 

The conductivity of snow is an order of magnitude less than that of ke, making 

snowfall an important factor in the growth of young thin ice. There is also a vcry large 

gradient of snow depths across the Gulf. (n ail three years considered. the stations along 

the north shore had maximum accumulated depths of at least 100 cm, while Grindslo/ll' 

Island had only 20-30 cm, and Sydney. Nova Sentia. 10-15 cm. In the t'irs! part ofthi!. 

experiment, the rate of snowfall was increased by 20 cm a mllnth; in the secllnd part Ihert: 

was no snow (Figure 8.4). 

Changing the snowfall, did not affect initial 1CC grO\vth, since thb wa~ glOwth 

upon open water, but as the ice caver matured a signifieant change in Ihickne~<; was 

observed. Without a snow coyer the ice W(\o; up to 20 em more thick (ncreasing the 

snow cover resu\ted in a 15 cm reduction in thickncss. Overall, the miJ·winter growth 

rates were changed by ±O.25 cm/da)'. 

The problems in representing Ihe snm·v cover arc illustratcd Tablt: R.I . 
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• Table 8.1 

Station Month Precip. Snowfall Snowdepth 
Nata,;. Dec 9 84 38 
Sydney Dcc 16 112 8 
Nata. Jan 8 60 113 
Sydney Jan 14 74 7 
Nata. Fcb 13 87 151 
Sydney Feb 15 90 11 

Ail mcasurements are in cm. 

ln Table 8.1 , total monthly precipitation, snowfall and average snow depth are tabulated 

for Natashquan and Sydney, for the year 1972. Even though Sydney received more snow 

than Natashquan, and had weekly average temperatures weil below zero. the accumulated 

snow depth at Natashquan was much larger than that at Sydney. 

Snow depth can not be represented by simply accumulating the measured sno\vfall. 

• An 'artificial' snow accumulation rate must be calculated from measured snow depths as 

deseribed in Section 6.6. Snow accumulation rates calculated from weekly averaged snow 

depths would be' preferable. 

8.5 Experlment 5 . Ocean Real Flux 

When the deep ocean heat flux was increased by 10 W-m·2 
, the iee thickness \Vas 

deereased hy about 5 cm (Figure 8.5). Without any ocean heat flux the ice thickness is 

increased hy almnst 20 cm. Deep oCt'an he nt tlux is an extremely important variable, amI 

can only he accurately representeù by a coupled moùt:!; in an un-coupled model, and 

without ohserviltilms, this tlux becomes a tuning variable to reproduce obsc:rveJ 

thicknesses. Spalial variations in the heat tlux would alsn oe important. 
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8.6 Experlment 6 • Open Woter Decoy Constant 

The simulation \Vas very sensitive to changes in the open water decay constant h" 

which had a control value of 0.25 m (Figure 8.6). Increasing ho to 0.5 111 deneased the 

rate at which open water closed, leading to a 10 cm more thkk ice cover that had an 

unrealistically small compactness. Decreasing ho to 0.10 III causeJ ope n waler III dose 

more quickly, and decreased the amaunl of ice formed. 

8.7 Experlment 7 - Ice Strength Constant 

The ice strength p' (27.5xl03 Nem-2) was douhled tn 55xlO~ Neill! and 

subsequently halved to 13x103 Nem-2
• Increasing p' stiffened the ice, causing fewer !catis 

and slightly thinner ice (Figure 8.7). Restriction of kc motion prcvented ildwl.:tinn and 

ridging ,and yielded spring ice compactnesses that \Vere too large. Decrcasing p' led 

to slightly thicker ice and slightly sm aller concentrations, caused hy inereascd ridging. 

8.8 Experlment 8 - lee-Air Drag Coet'l1clent 

Doubling the ice-air drag coefticient l'rom 2.4xlO 3 to 4.XxHr1 increa~cd the 

amount of open leads and resulted in more kt'. lee compactncss was slightly rcduccd 

since greater wind forcing caused more advection and ridging. Dccrea~ing the coefficient 

to 1.2xl0-3 had the opposite effect (Figure X.H). 

8.9 Experiment 9 - lee-Ocean Drag Coefficient 

The ice-ocean drag coefficient was first douhled 10 20xJO 2 and lhtm halvcd ln 

'"II: 
1 ..J 



• 5xlO"2. These changes had a negligible effect on the simulation (Figure8.9) . 

• 
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9. Conclusions 

An uncoupled ice model was applied to the Gulf of St. Lawrence to examine 

interannual variability of the sea ice coyer for the years 1968, 1969, and 1972. Although 

each simulation year was run using the same mixed layer depth field and prescribed deep 

ocean tluxes, diffcrences in initial November SST's and the meteorological forcing were 

enough to simulate sorne of the variability, and capture the general features of the growth 

and evolution of the ice coyer. 

The following factors contribute to difficulties in rnodelling sea ice in the Gulf: 

1) The large gradient across the Gulf, of ail meteorological variables (air temp, snowfall, 

wind etc.) makes it difficult to produce reliable forcing fields, especially since there is 

only one station ta king measurements in the Gulf itself, at Grindstone Island. A 

c1imatological model could be run using monthly averaged air temperatures taken t'rom 

ship measurements (Vigeant 1984), but the results of this study suggest that weekly 

averaged meteorologieal data should be used for improved accuracy. Snow eover must 

be represented by weekly measurements. 

2) There are not enough shipboard oceanographie measurements to produœ reliable mixed 

layer dcpth field" jl1<:;t hefnre ict' nn<;et. for :1ny given yenr: the Inck ("1f Novemher data 

outside Cahot Strait, in the Magdnlen Shallows. and in the northwest Gulf also limits the 

al:l:uracy of the 1I11tlai SST's. SlI11llally, a dllllatl1logicai Illodd \voulJ I1l1l ~uffa frlJIll Lili.':> 

i naJclluacy. 

~) The mndelled ke thickness \Vas dominated hy the value of deep ocean heat flux. which 

was dlosen to proJul:t' reasonahlt' thkkness~s. FidJ mt'a~llr~mt'nt~ or a cnupkd modt'I 
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would be needed to remove this arbitrariness t'rom the simulation. 

4) An uncoupled approach neglects sonte of the processes needed to simulait' the kt' 

cover and over-simplities the treatment of the mixed layer. For t'xample. wind mducl'd 

upwelling at the iee edge may change the l11ixed layer thicknt'ss (Hilkkint.>11 19S7). Ab\.). 

advection into the Gulf of outside water masses, sllch as run-off fwm the St. Ll\\'ll'(\L't' 

River and warm water inflow through Cabot Strait , is probahly important in moddlin!;! 

the Gulf ice cover. 

A better understanding of sea ice in the Gulf of St. Lawrence could hl' adtieved 

with the development of a coupled mode!. hut the lack of oceanographie ohservation ... 

make the study ofinterannual variability unlikely at this time. A coupled, c1imatologkally 

forcet! model would mert \vith more success. 

ôl 



• 

• 

• 

References 

Allison,I. 1981. Antarctic sea ice growth and oœanic heat flux, p.161-170 in 1. Allison 
[ed.] Sea Lel/el /ce and Climatic Change, IAHS, Washington D.C., publication 
131, 303 p. 

Ames, W.F. 1969. Numerical Met/lOds for Partial Differentiai Equations. Bames and 
Noble, New York, 291 p. 

Anderson, D.L. 1961. Growth rate of sea ice. J. Glaciol., 3, 1170-1172. 

Bugden, G.L. 1981. Salt and heat budgets for the Gulf of St. Lawrence. Cali. J. Fis". 
Aqua. Sci., 38, 1153-1167. 

Cambell, W.J. 1964. On the steady-state flow ofsea ice. Dept. of Atmos. Sc., University 
of Washington, Seattle, 167p. 

Coombs, J .A. 1962. A Preliminary investigation of the heat budget in the Gui f of St. 
Lawrence. Rep. 62-1, Bedford Inst. Oceanogr., Dartmouth, N.S., 65 p. 

Coon, M.D. 1979. A review of AIDJEX modelling. Proc. lCSl/AlDJEX Symp. on Sea 
Ice Processes and Models, University of Washington, 96p. 

Coon ,M.D., GA. Maykut, R.S. Pritchard, and D.A. Rothrock. 1974. Modelling pack ice 
as an elastic-plastic material. AIDJEX Bull., 24, 1-105. 

Department of Transport, Meteorological Branch. 1968, 1969. lec Sumrnary [lnd 
Analysis: Eastern Canadian Seaboard. Toronto, SOp., SOp. 

Déry, F. 1992. Interannual and intraseasonal variability of the ice cover in the Gulf of 
St. Lawrence, 1963-1990. M.Sc. Thesis, Dept. of Atmos. and Ocean. SeL, ivlcGiIl 
University, Montreal, Quebec, 220 p. 

Doronin, Y.P. 1970. On a method of calculating the compactness and dri ft of IC~ flocs. 
Tr. Arkt. An ta rkt. Nauchno-Issled. Inst., 291, 5-17. 

El-Sabh, M.I. 1976. Surface circulation paltt"rn<; in tht" Gulf of St L:1\vrenct' J fil", 
Res. Board Can., 33, 124-128. 

Environment Canada, Atmospheric Environment Service. 19H7. Climatic Atlas Canada. 
Ottawa. 

Environment Canada, Atmospheric Environment ServÎCt!. 1972. Jet: Surnrna ry IlIld 

Analysis, Eastern Canadian Seaboard. Toronto, 61 p. 

82 



• 

• 

• 

Fd'zenbaum, A.I. 1958. The theory of steady drift of ice and the calculation of the long 
period mean drift in the central part of the arctic basin. Problems of the North, 
No.2. 

Forrester, W.D. 1964. A quantitative temperature-sali nit y study of the Gulf of St. 
Lawrence. Rep. 64-11, Bedford Inst. Oceanogr., Dartmouth, Nova Sco:ia, 16 p. 

Forrester, W.D., and P.E. Vandall, Jr. 1968. Ice volumes in the Gulf of St. Lawrence. 
Rep. 68-7, Bedford Inst. Oceanogr., Dartmouth, Nova Scotia, 16p. 

Fukutomi, T. 1951. On the form and formation ot the hummocky ice ranges. Low 
Temperature Science, No.8, p.59-88. 

Hakkinen, S. 1990. Models and their applications to polar oceanography, p.335-384 in 
W.O. Smith, Jr. [ed.] Polar Oceanography, Part A. Academie Press, Toronto, 
406p. 

Hfikkinen, S. 1987. A coupled dynamic-thermodynamic model of an ice-ocean system 
in the marginal ice zone. J. Geophys. Res. 92, 9469-9478. 

Haltiner, G.J., and RT. 'Nilliams. 1980. Numerica/ Prediction and Dynamic Me/eor%gy. 
John Wiley & Sons, New York, 477 p. 

Herfst, F.J. 1984. Wind Regimes in the St. Lawrence River valley. M.Sc. thesis, 
University of Toronto, Toronto, 152 p. 

Hibler, W.D. III. 1979. A dynamic thermodynamic sea ice mode!. J. Phys.Oceanogr., 
9, 815-846. 

Hibler, W.D. III. 1980. Modeling variable thickness sea ice cover. Mon. Weather Rev., 
108, 1943-1973. 

Hibler, W.D. III and K. Bryan. 1984. Oceanic circulation: Its effect on seasonal sea ice 
simulations. ScÏtmce, 224, 489-492. 

Hibler, W.O. III and K. Bryan. 1987. A diagnostic ice-ocean mode!. J. Phys. Oceanogr., 
17, 987-1015. 

Hibler, \V.O. III and J.E. Walsh. 1982. On modeling seasonal and interannual 
tluctuations of the Arctic sea ice. J. Phys.Oceanogr., 12,1514-1523. 

83 



• 

• 

• 

Koutitonsky, V.G., and G.L. Bugden. 1991. The physical oceanography of the Gulf of 
St. Lawrence: a review with emphasis on the synoptic variability of the motion. 
p. 57-90. in J.-C. Therriault [ed.]. Tire Gulf of St. Lawrt!lIce: Smllll Oceall or Big 
Estllary? Cano Spec. Pub!. Fish. Aquat. Sei. 113. 359p. 

Laevatsu, T. 1960. Factors affecting the tempe rature of the the surface layer of the sea. 
Comment. Phys. Math., 25, 1. 

Lauzier, L.M., and W.B. Bailey. 1957. Features of the deep waters of the Gulf nf St. 
Lawrence. BIlIi. Fish. Res. Board Can., 111, 213-250. 

Levitus, S. 1982. Climatologica1 Atlas of tire World Ocean. NOAA Prof. Pap, 13, Nat\. 
Oceanie and Atmos. Admin., Washington D.C., 173 p. 

Matheson, K.M. 1976. The Meteorological Effeet on Ice in the Gulf of St. Lawrence. 
Publ. in Meteorology No. 110, McGiIl University, Montreal, 107 p. 

Maykut, G.A. 1986. The surface heat and mass balance [of sea iee] in p.395-464 N. 
Untersteiner [ed.} The Geophysics of Sea Ice, Plenum Press. 

Maykut, G.A. and Untersteiner, N. 1971. Sorne results from a timc-dependant 
thermodynamic model of sea ice. J. Geophys. Res., 76, 1550-1575. 

Mesinger, F., and A. Arakawa. 1976. Numerical Methods Used in Atlllospireric ,Hoc/d.\'. 
GRAP pulb. Ser. no.17, Geneva, 64 p. 

Nikiforov, E.G. 1957, Variation in ice eompactness due to its dynamics. Probl. Arktiki, 
Vo1.2, Morskoi Trans. Leningrad. 

Overland, J.E. 1985. Atmospheric boundary layer structure and drag coefficients over sea 
ice. J. Geophys. Res., 90,9029-9049. 

Overland, J.E. and C.H.Pease. 1988. Modeling icc dynamics of I.:oastal St'as. J. 
Geophys. Re~. 93, 15619-15637. 

Parkinson, C.L. and W.M. Washington. 1979. A large sca\e numerical mode! ofsea ke. 
J. Geophys. Res., 84,311-337. 

Pritchard, R.S. 1975 An elastic plastic constitutive law for 1'!ea ice. J. Appl. Mech., 42, 
379-384. 

Rossby, C.G., and R. B. Montgomery. 1l)3~. The \:lyer nf friction:ll influence in wind a!ld 
ocean currents. Papers in Physical Oceanography, MIT, Vol.3. 

84 



• 

• 

• 

Semtner, A.J. 1974. An oceanie general circulation model with bottom topography. 
Numerieal Simulation of Weather and Climate, Tech. Rep. No.9, Dept. of 
MeteroJ., Univ. of Cali fornia, Los Angeles, 99p. 

Semtner, A.J. 1976. A model for the thermodynamic growth of sen ice in numerical 
investigations of elimate. J. Phys. Ocean., 6,379-389. 

Semtner, A.J. 1987. A nurnerical study of sea ice and oceanic circulation in the Arctie. 
J. Phys. Oceanogr., 17, 1077-1099. 

Shirasawa, K., and R.G. Ingram. 1991. Characteristics of the turbulent oceanic boundary 
layer under sea iee. Part 1: A Review of the lee-Ocean Boundary Layer. J. 
Marine. Systems, 2, 153-160. 

Shuleikin, V.V. 1938, The drift ofiee fields. Doklady. Akad. Nauk SSSR, Vol 19, No.8. 

Sverdrupp, H.U. 1928. The wind drift of the ice on the north Sibetian Shelf: The 
Norweigan North Polar Expedition with "Maud", 1918-1925. Scientific Results,4, 
No. 1. 

Tang, CL, and T. Yao. 1992. A simulation of sea-ice motion and distribution off 
Newfoundland during LIMEX, March 1987. Atmosphere-Ocean. 30, No.2, 270-
296. 

Trites, R.W. 1972. The Gulf of St. Lawrence from a pollution point of view. p.59-72 in 
M.Ruivo[ed.] Marine Pollution and Sea Life. FAO, Fishing News Books, London. 

Washington, W.M.. AJ. Semtner, C.L. Parkinson and L. Morison. 1976. On the 
developrnent of a seasonal change sea-ice mode!. J. Phys. Ocean., 90,679-685. 

Zillman, J.W. 1972. A study of sorne aspects of the radiation and heat budgets of the 
southern hemisphere oceans. Meteor. Stud., 26, 562 p. Bureau of Meteor. Dept. 
of Interior, Canberra, Australia. 

Zubov, N.N. 1945. Arctic [ce. Trans. by USAF Cambridge Research Centre, 491 p. 

85 



• 

• 

• 

Appendix 

Analyzed Forcing Fields 

This appendix contains maps of ail the forcing fields used in this moddling study. 

Chapter 6 describes how these fields were produced. 
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JANUARY 1968 

MARCH 1968 

• 
MAY 1968 

• 
Figure A.t Air temperature. 1°C contour intervaJ. 
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Figure A.l continu~d . 
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Figure A.I continued. 
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• 
JA NUARY 1968 FEBRUARY 1968 

• 
MAY 1968 

Figure A.2 Dew point temperature. 1°C contour interval. 
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• 
JANUARY 1969 FE8RUARY 1969 

) 
, 

• 
MAY 1969 

Figure A.2 continued. 
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Figure A.:! continued . 
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• JAN2-JAN15 1968 JAN16-JAN29 1968 

• 

Figure A.3 Surface geostrophic wind. Longest vector is 20m's·1. 
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• 
MAR6-MAR12 1968 

• 

Figure A.3 continued 
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• 
APR17-APR23 1968 

• 

Figure A.3 continued 
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APR24-MAY7 1968 
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Figure A.3 continued 
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Figure A.3 continued 
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Figure A.3 continued 
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Figure A.3 continued 
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JANUARY 1968 FEBRUARY 1968 

MARCH 1968 

Figure A.4 Incoming Global Solar Radiation. 0.5 MJ/day contour interval. 
1 MJ/day = 11.57 W·m·2
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Figure A.4 continued . 
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Figure A.4 continued . 
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Figure A.5 Monthly averaged snowdepth. 10 cm contour inteIVal. 
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Figure A.5 continued . 
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Figure A.5 continued. 
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Figure A.6 November sea surface temperature. D.SoC contour interval. 
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