
~ l llllals fif (; Iariolog), 2 1 1995 
[ Int ernat io n a l Glacio logica l Soc ie ty 

Sensitivity of lake freeze-up and break-up to clitnate 

change: a physically based rn.odeling study 

Gu~ :\ E. Lls·m.\" · .\1'\0 DOROTI-IY K. HALL 

I {l'drologiral Science.1 B rallrh . . \ '. IS. l /Gnddard SjJaCl' Flight Cmler. Code 974 . Greellbell , ,11 j) 20771, [". S .. -1 . 

ABSTRACT. T o assess th e respo nse o f la ke fi 'eeze~up a nd break~up el a tes to 
ch a ng es in a tl1l os pheric fo rc ing, a ph\ 'sica Il y hased com pu ta ti o n a l m od e l o f th c 
co upled lake, lak e~i ce, snO\l' and a tm os ph e re sys tcm has bee n d eve lo ped . l\lo d el 
pe rfo rman ce is n t!ielmeel usin g m e teoro logica l a nel l a k e ~i ce o bse n 'a ti o ns from Great 
Sl a \T L a ke in no rth e rn C a nad a (199 1/92 1 a nd St l\J a r y L a ke in Glac ie r N a ti o nal 
Park . ~Iont ana , 1992 /93 ). :\lode l integra ti o ns I\'ith m odifi ed a tmosphe ri c fo rc ing 
indica te th a t air~tempe ra ture ch a nges o f ±+-C ca n d e la )' o r speed up th e freeze~up 
a nd break-up d a tes hI' as mu c h as + I\'eeks fo r St :\la r y L a ke. a nd 2 I\'ee ks fo r G rea t 
Slaye L a ke . Fo r bo th la kes, brea k-up d a te is m o re se nsiti\T to a ir-tempe ra ture ch a nges 
than is freeze-up. Ch a nges of ± 3 / I 0 e l o ud~co\T r I"ra c ti o n \}roduce a shifting o f brea k
up d a tes b y 1 \I"Ce k. Ch a nges in \I' ind sp eed s 0 1" ± 3 m s m odify th e m ax imum ice 
d epth of th e lakes b y 5 10 c m . F o r Grea t Sla \"(' La ke, 10 \lT r \\' ind speed s produced a 
s urf~t c e tempera ture 10 \1' en o ug h to d elay the o nse t of break-up b!' 2 \l ee ks. 

INTRODUCTION 

Obselya ti o ns o f fi -eeze-up d a te. m ax Imum ice thi c kn ess , 

a nd brea k-up d a te o f lakes in middle- to hig h-l a titude 

regio ns h a \ 'e bee n sugges ted as useful indi ca to rs o f 

c h a nges in local and regio n a l c lim a te I Pal ce ki and 
Barn'. 1986 ; Sc hind le r and o th e rs, 1990; R o ben son a nd 
o th e rs, 1992 ) . Sin ce fi'oze n lakes pro lid c a n ind ex 01" 
integ ra ted seaso n a l temperature trend s, th e anal ys is o fthe 

sea so n a l n 'o l u ti o n o f frozen la kes prov id es a \ 'a l ua bl e 

contributio n to clim a te m o nitoring. parti c ul a rl y in th e 
ci a ta -spa rse a nd cli m a te-se nsi t i \ "C h ig h- e lc\'a ti o n a ncl 
hi gh~l a titud e regions o [ tIl e \I·o rlcl. 

[ n thi s pa per a n e nergy-ba lance m ocl e l d esc ribin g th e 

seaso n a l e \ 'o luti o n of la ke ice is d e\ 'el o ped a nd used to 

address th e se nsiti\ 'ity o f la ke-i ce g rOll"lh a nd d ecay 

m ec h a ni sm s und er \ 'a ri a tions in a tm os phe ri c fo rcing . 

:-lod e l o utput is \ 'alicl a tecl a ga inst la ke-i ce o bse n 'a ti o ns 
macl e during the \I 'inte r o[ 199 1/92 fi 'olll Grea t Sl a \"C L a ke 
in no rth e rn Canada and durin g th e I\' inte r o f" 1992 /9 3 in 

G lac ie r Nati o n a l Pa rk . northe rn :\Jo nt a na, U .S .A. This 

m od el h as bee n fo und to simul a te suceess fulh- th e g rOl\·th 

a nd cleca \ ' fea tures o f" la kes in Gl ac ie r :'\ a ti o n a l P a rk 
I Listo n ancl H a ll. 1995 . 

The o n c-dime nsio n a l. uns teaeh- m odel is co m posed oC 

ro ur m aj o r sub-m od els. Firs t. a la ke-mix ing , e ne rgy

tra nspo rt sub-m od el d esc ri bes th e e\ 'o luti o n o f la ke-I\'ate r 

te mpera ture a nd stra tifi catio n. Ice is initi a ted \I 'h e n th e 

upp cr la ke tempe ra ture fa ll s be lo ll' freez in g . Seco ndl y, a 

snoll' sub-m od e l d esc ribes th e depth and d e nsit>· o f snol\' 

K o \\' at C o lo rad o State Cniw rsity . D epa rtme nt o f" 

.-\tmosph eri c Sc ien ce, F o rt C o llin s. C O 80523, L.S.A . 

as it acc lIlllul a tes, m e ta m o rph oses . a nd m e lts o n to p o f"th e 
la ke ice . Thirdl y, a la ke-i ce g ro wth sub-m od e l produces 

ice b\ ' tl\ 'O diffe rent m ec h a ni sm s: re lati\ 'e ly bubbl e-free 

c lea r ice g ro \I's a t th e ice/ \I"a ter inte rf~1Ce due to therm a l 

g radi e nts I\'ithin th e ice, a nd snOI\' ice fo rms a t the lake

ice surface f" o m th e freez ing o f" \\'a te r-sa tura ted sn OI\·. o r 
slu sh; thi s , lush ca n fo rm fro lll th e ujJI\T llin g o[\I'ate r du e 
to an o \"C rburcl en OCSI1 0 1\·. fro m sl1 oll'mclt o r Cro lll ra in o n 

sna il' . Fo urthl y, a surface e nergy~ba l an ce sub-model is 

implem ented to d e termine th e s urf~lce temperature a nd 

e ne rgy a \ 'a il a bl e for freez in g o r m e lting. A sc h em a ti c 
ill us tra ting the compo nellls 0 1" th e m od e l ancl a re p
resc nt a ti\ "C tempera ture pro file is fo und in Fig ure I. In 
a dcliti o n to comple te e nerg>'-ba la nce compo n e nts O\"(' r th e 

a nnua l cycle. key m od e l o ut p ut includ es th e d a tes of la ke 

fiTeze-up a nd break-up a nd th e e nd-o f~seaso n clea r-ice, 

sno ll·-i ce . and to ta l ice d e pth s. At a minimum . th e m od el 

is dri l"(' l1 lI'ith d a il y a tmosphe ri c fo rcing o f precipita ti o n . 
\I 'incl speecl a nd a ir tempera ture. I t is a lso cap a bl e or 
takin g aeh-a ntage of o bse n 'ecl humiclit y a ncl ra di a ti o n 

co m po ne n ts . 

GENERAL MODEL EQUATIONS 

.-\ d e ta il ed d escriptio n o f" th e m od el equ a tions a nd th e 

so lutio n procedures ca n be [ound in Li sto n a nd H a ll 

11995 ) . .-\ m o re gen e ra l sun'e\' o f th e m od el will be 

prese nt ed in thi s sec ti o n. 

Lake Inodel 

T o cl e te rmin e th e initi a ti on o f ice fo rm a ti o n on th e lake , a 

m od e l is required I\·hi c h d escribes th e te mpe ra ture 
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Lisloll alld /-Iall : Sellsilil'IO' oJ lake Jree;:e-lI/J alld break-Il/J la cllmale challge 

Fig. }. Schematic illll:>/ra/ioll oj ke)'jea/l/res cif/he lake-ire 
growth mode! a!ld a re/Jresent({til'e tell1/Jeralllre /Jrojlle . 

6Zs 

6Zi 

e\'olution o f"th e lake during th e la te summer, a utumn a nd 

ea rl y wi n ter coo ling peri od s. T o acco m pi ish th is, co nsid e r 
th e fo ll owin g o nc-dimensio na l hea t-tra nsiC-r equa ti o n, 

(1) 

\I·h ere Tw is th e wa te r temperature , t is time, z is th e 
ve rti ca l coo rdin a te m easured downward from th e wa le r 
surfac e, I{II is th e turbulenl dilrusi"il Y fo r hea t, k". is th e 
wa te r th erm a l condue ti\ 'it y, PI\" is th e water d en sit )" a nd 

Cl' is th e spec ifi c hea t o f" wa ter. Th e radi a ti on flu x, q, is 

g l\ 'en by 

q = Qo exp ( -1]Z) (2) 

where Q o is th e ne t so lar radi a ti on pene tra tin g th e 

surface, a nd 17 is th e ex tin c ti on coe ffi c ient, ass umed to be 

0.6 m I (Ash to n, 1986). 
Th e \ 'C rti ca l distributi on o l"the difTusi\ 'ity is stro ng ly a 

function o r surface wind shea r stress and local stra tifi ca

ti on . Fo llowing Hendcrso n-Scll ers (1985 ). th e di£ru si"it y 

is g i\'en by 

f or K,Ws*z ( 1.*)[ 3 R' ?] - l \11 =~exp - r.; z 1 + 7 11V - (3) 

\\'he re th e Ri cha rd so n number [o r th e \I'a ter bod y, Ri "., is 

I 

- 1 + [1 + 40 N 211h 2 /(Ws'2 cxp( - 2k*z))f 

20 
, (4) 

th e sUI' face shea r \ 'eloc i t)' , Ws *. is 

a nd th e shea r " e loc it \" d ecay co nsta nt , k' , IS gl\'Cn by 

388 

\I 'he re /1, is \'on K a rm a n 's con sta nt. U IO is th e wind speed 

a t 10 111 , cjJ is la titud e, a nd Po is th e turbul ent Prandtl 
number a t neutra l sta bilit y, ass um ed to be unit y. 

The Brunt- \ 'a isa la frequency, N 2 , is d etermined by 
th e d ensit y stra tifica ti on , w hi ch requires a d escripti on of 

th e \\'a te r d ensity \ 'a ri a ti on \\'ith tempera ture (Kcll , 

1972 ). If a computed tempera ture p ro file is unstabl y 
stra tifi ed , th e m od el produces a n insta ntaneo us mixing 
w hi ch e limin a tes the unsta ble co nfi g ura ti o n. 

T o so h-e th e la ke-tra nsp ort equa ti on , initi a l condi

ti o ns a nd surface a nd lower bo und a ry conditio ns must be 

provid ed . Fo r an initi a l tcmpera ture condition, th e wa te r 

col ullln is ass um ed to be iso th e rm a l a t 4°C. I n th e 
a bse nce of ice, th e surface tempera ture is d e te rmin ed 
from th e s urf~lce energy ba la nce; if ice is prese nt , th e 
tempera ture o[ th e \\'a te r/ ice inte rface is equ a l to th e 

wa te r freez ing tempera ture . Th e hea t nu x fro m th e la ke 

bottom is recogni zed lo pl ay a n importanl ro le in 

gO\'e rnin g th e th e rm a l regim e of sm a ll. sha llow la kes . 
F o r th e rel a ti\'ely la rge a nd d eep lakes co nsid e red in thi s 
pa pe r, a zero diITusi" e-Oux bounda ry conditi o n is a ppli ed 
a t th e lower bo und a ry. T o iniri a te ice on th e la ke surbce. 

a I mm lhi ck ice laye r is fo rm ed wh en th e temperatures o f 

the la ke surface laye rs a rc less tha n th e wa ter freez ing 

tem pera t u re . 

Ice and s now :models 

A m od el d esc ribin g th e grow lh o f" c lea r la ke ice can be 

d e\c loped by perfo rming a n energy ba la nce a t the ice j 

\I 'a ter inte rf~l ce . Whil e th e \I'a te r/ ice bo und a ry is fi xed at 
th e s ta bl e-equilibrium freez ing tempera ture . rh e fj 'eez ing 
process produces la tent hea t which must be conducted 
th ro ug h th e ice . Th ese processes, toge th e r with th e 

cO I1\ 'ec ti on occ urring within th e wa te r, lead to a th e rm a l 

energy ba la nce a t th e ice j\\'a ter inte rface th a t ta kes th e 
fo rm 

(7) 

\~ ' h e re Pi is rh e ice d ensit y; L f is th e la tent hea t o f fu sion ; 
h". is th e convec ti ve tra nsfer coe ffi c ient; 7'.,0 is the surface 
tempera ture; 7} is th e wa ter freez ing tempera ture; T\\" is th e 

lake \\'a ter tempera ture; z is th e d epth o[ each laye r o f 

th ermal conduc ti\'it y, k, where th e subsc ripts i, s, m a nd \\' 

indica te indi\ 'idua l lave rs o f ice , snow, a mix of snow a nd 
wate r, a nd wa ter , res per ti" elv; a nd dzi/dt is th e ve loc ity of 
th e 1ll00 'ing ice bound a r)·. Since th e la kes co nsidered in thi s 
stud y a rc typica ll y snow-covered . th e influence of sola r 

radi at ion penetrating th e ice ha: been ass um ed to be o f 

negligi ble importa nce in this form ul a ti on. 

So lutio n o f" thi s equ a ti on requires kn o wl ed ge o f 
snowpack d epth a nd th erm a l conductivity . Th e e fTcc ti\ 'e 
th erm a l conduc ti\'it )" o f snow. ks, is ddined to be a 

fun c ti on ofsll ow d emit v, Ps. (V erseghy, 199 1). 

ks = 0.074 + 2.576 x 10- 6 p,2 . (8) 

D ensit y cha nges occ ur in th e sno \l'pack by two 
m ec ha ni sms. First, d ensity in creases can res ult from 

com pact ion, a nd fo ll ow Anderso n ( 1976), 
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Lis/oil alld Hall: SeJ/ji/iz'iU oJ lake ji-ee.::.e-1I/1 and break-lI/J 10 climale challge 

Il'hcre T, is th e snOll' tempe ra ture , 1T ~, is th e II-e ig ht of' 

snoll' expressed in lI'a ter-equil 'a lent d epth , a nd A l a nd A2 
a rc empiri cal co nstants, Th e , now is m odeled as a sing le 
la l 'c r. and th e sno\l' tempera ture is d e termin ed fi 'o m the 
a rithme ti c m ea n o f th e surface a nd sno \l"( ice inre rf"ace 

tc mpera rures, \I 'here th e tcmpera ture a t th c sno ll) ice 

inte rface is d e te rmin ed f'ro m energy-ba lance co nsid e r

a ti o ns und er stc<) ch '-sta tc conditi o ns, Th e seco nd d e nsity
m odifying process res ults ["ro m sno ll'melting , Th e m e lted 
sno w redu ces th e sno\l' depth and is redis tribut ed thro ug h 

th e sno \l'pac k until a m a ximulll snoll ' d ensit y, ass um ed to 

be 550 kg m :l , is reached, Any additi o n a l mcltll'a te r 

acc umulates a t th c base o f' th e snollpack as a la yer o f 

w a ter-satura ted snOll', o r slu sh, 
Th e e ne rgy flu x <\I'a il a bl e fo r m e lt. QIIJ (sec belo \l') , is 

firs t used to m e lt a n y a ya i]able sno\l' a nd rh en th e lake ice , 

ende r freez ing conditi o ns. th e frecz in g of wa ter held 

lI'ithin a ll\" slu sh mixture o f sno ll' and lI'at er add s to th e 

lake-i ce d e pth in th e form o f snOll' ice , 

CilT n input 0 1' Iiquid-equil'a le lll prcc ipitati on. th e 
prec ipita ti on is ass um ed to f~1I1 as snol" if" th e IIT t-bulb 
tempera ture is 101\"t' r th a n I c: Roge rs, 1979 ' Prec ipit-a ti on 

f~l l1ing as ra in contributes to a liquid-II'a ter store a ll th e la ke 

surfa ce, Sna Il' fa lling on a ba re ice surfa ce or a n unsaturat ed 

snOll' surface a cc umul a tes as ne\l' snOll, Foll o\l'ing :\nderson 

1076 . the nell' snoll" d ellS it~ , . PII" is gilT n bl' 

p, ,, = 150 + 5 ,l (T \\"h - 258 ,16 ) L:j , (10 ) 

This ne \l' snoll' is added to th e cxistin g sno ll'pac k a nd th e 

sno ll' d e pth and m ea n d e nsity \ ',du es a rc upd a ted, 

:-\ furth e r m ec hani sm bl' ,,'hi c h \I ',He r is add ed to thc 
snow COIT r is fi 'o m th e upwclling o f la ke In lt c r throu g h 
crac ks in th e ice, This is th e rcs ult o r the ina bilit y o r the 

ice to suppOrt th c o \ 'C rburde n of' s I1 0 \\ ' cOI'er a t a 1c\'C1 

\\ 'here the to p o f th e ice equa ls th a t o r th e I\"a te r. A 

Ooa tin g bod y di spl aces a \'o lume o f liquid equil 'a le nt to it s 
weig ht. Appl yin g thi s bal a nce to th e sys te m o f snO\l' a nd 
,,'at e r h 'in g a bO\'e an ice COIT r whi c h is c1 epl"Cssecl to a 
po int lI'he re th e ice top m ee ts the lake S Urf~I Cl'. lead s to th e 

bUOl'a nc \' ba lance 

(11) 

wh ere ea c h te rm re prese nt s th e fo rce per unit a rea . o r 
press ure . \I 'he n multipli ed I)\' th e g ra \ 'ita ti o na l acce le r

a ti o n. g, \\'h e n th c dOll"llll 'a rd fo rce ri g hth a nd sid e 

exceeds (h e up"'a rd fo rce lef'th a nd side. cracks in lhe 

la ke ice a re a ss um ed to fo rm o r be prese n t \\ 'hi ch a ll o ll' 

la ke \\ ',H e r to sa turat e th e ice surface , Und e r thi s 

conditi o n. th e sno \l' cO\'e r adds to th e uIJ\I'a rd buoyancy 
fo rce , and th e wa ter th a t ha d prC\'io ush acc umula ted o n 

th e ice s urf~l ce is interconnec ted \\ 'ith th e la ke lI'a te r. This 

leads to a nell' fo rce ba la nce 

(12) 

lI'hi c h ca n be so h 'Cd fo r th e new storage o f" \I'a te r o n th e 

la ke surfa ce, 

(13) 

This \\"a te r s to re is a \ 'a il a blc to fo rm snoll" ice depending 

o n th e <\\ 'a il a bl e freezing cne rgy , 

Surface en ergy balance 

Th e surfacc ene rg \'-ba la nce equ a ti o n IS 

(H) 

lI'herc Q si is th e solar ra di a ti o n reachin g th e surf"ace o f th e 

Ea rth , Ql i is th c in comin g 10 ng-II'a\ 'e ra di a ti o n , Q Je is th e 

emitt ed lo ng -I\"a \-e r a di a ti o n , Q" is th e turbulent 

exc hange o f' se nsibl e heat , Q~ is th e turbul ent exc ha nge 

o f' lat e nt heat. Qc is thl' e n e rg y tra nspo rt du e to 
co nduc ti o n . QII' is th e e nergy nu x a l 'a il a bl e fo r m e lt. 
a nd (\ , is th e a lbed o o f"th e surface , C omple te d e tail s o f"th c 

equ a ti o ns compri sing eac h te rm in (his ene rgy balan ce a re 

pro \ 'id ed by Li s to n a nd Hall ( 1995 ) , 

Th e so la r radiati o n te rm tak es into acco unt th e tim e

d e pe nd c nt so la r irradi a nce at the top or th e a tm os phe re. 
th e sola r d CI'a ti o n a ng le a nd th e ne t sb ' tra nsmi ss i\ 'it y, 
Th e d O\\'l1 l1'a rd lo ng-II'L\ I'e ra di a ti o n und e r cl ea r ski es a nd 

sta ndard a tm os pheric conditi o ns is g i\ 'C n b y Satterlund 

( 19 79 ) , I n th e c urrent stud y no a ttempt has bee n m a d e lo 

modil~ ' thi s fo rmul a ti o n fo r Q li to acco unt fo r th e prese nce 

o f'cl o uds, The lo ng-wa IT ra di a tio n e mitted b y th e I'a ri o us 
s urf ~l ces is computed und e r th e ass umpti o n th a t th ey emit 
as g rey bodi es , Th e turbul e nt exc ha nge of" se nsibl e a nd 

late nt heat fo ll o \\ ' Pri ce and Dunn e ( 1976 ) , Th e CO ll

du c ti\ 'e heat !lux is gin' n by th e produ ct o f th e th erm a l 

conduc ti\'it y a nd th e tempera ture g radi e nt a t th e surface , 
The ro ug hnl'ss leng th I'a ri es \I'ith surface ty pe, a nd in 

thi s a ppli ca ti o n is ass um ed to be 0, 00 I . 0 ,005 a nd 
0,00000 I m ol'e r o p e n W<lt er . sno ll' and bare ice , 

res pec ti\'e! y c ,g , E agleso n, 1970 ) , Th e a lbedo . Q " . 

d ec reases I\"i t h i ncrea si ng snOll' d ensi t y f'o Jl oII'i ng A nder

so n 11976 : 

cx, = 1.0 - 0 ,247 (0 ,16 + 1l0 (Ps/ 1000) I) ~ (15) 

fo r sno\\" d ensiti es ran g in g be twee n 50 a nd +50 kg m 

F o r d e nsiti es g rea te r th a n +50 kg m :; th e a lbed o IS 

ass um ed to \"<lry linea rl y acco rdin g to 

cx, = 0,6 - Ps/4600, (16) 

L a ke ice is ass um ed to ha\'C a n a lbed o 0 (' 0,25, a nd a la ke 

su rface \I'ith o ut SIl OII' o r ice has a n a lbed o o f 0,06 e ,g , 

Eag leso n. 1970 ) , 

\\ 'he n coupl ed to th e co upl ed lake. la ke-i ce a nd snoll' 
mod els. the so luti on o f" th e ene rgy ba la nce prO\ 'ides th e 

surface tcmpera ture bo unda ry co nditi on \\'hi c h forces th e 

seaso na l e\'o lu tio n of Iakc-II'a ter tempera tures, la ke-i cc 

groll,th a nd d ecay , a nd sno\l'-cO\'e r acc umulati on a nd 

m eta m o rphi sm, With th e support o f' d a il y wind speed. 
prec ipit a ti o n, clo ud- colT r fran io n a nd m ax imu m a nd 

minimum a ir-t cmpera turc obsen 'a ti o ns, th e energy-ba l

a nce equ a ti o ns a re so h-ed it e ra ti\ 'e ly fo r th e surf'ace 

tcmpera ture. T,{), using th e l\' ell' ron- Raphson m e th od, fn 
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the presence of snow a nd /or ice , su rface tem pera tu res 

Tso > O°C res ultin g fr om th e surface energy ba la nce 
indi ca te th a t energy is avail a ble for melting, Qm' The 
a mount ava il a ble is then com puted by setting the surface 
tempera ture to O°C a nd recomputing th e surface energy 
ba la nce , A simila r procedure is ad opted to compute the 

energy avail a ble to freeze. Qr, liquid wa ter within th e 

snowpac k, 

MODEL SIMULATIONS 

The coup led la ke-ice- a tmosph ere m od el d escribed a bO\'C 

is va lid a ted b y co nsid e rin g t\\' o la kes loca ted in 
signifi cantly different clima ti e regions: S t J\la ry L a ke in 
eas tem Gl aeie r Na ti ona l Pa rk (GNP ), :\10nta na, a nd 
G rea t Sl a \'e La ke in No nh\\'Cs t T erritori es , Ca nad a , 
Once th e mod el has been shown to perfo rm satisfacto ri ly, 

it will be used to a nal yze th e sensit i\'ity ofl a ke-ice fea tures 

to \'ari a ti o ns in a tmosph eri c fo rcing , Field obsen 'a tio ns of 
sno\'\' a nd la ke-i ce d epth we re o bta ined (o r St J\Ia ry La ke 
during th e winter of 1992 /93, a nd d a il y me teo rologica l 
obsen 'ati ons were coll ec ted a t th e St J\1a ry Gl\'P ra nge r 

sta ti on , located nea r th e mo uth of St i\la ry La ke. These 

m eteo rolog ica l d a ta includ e d a il y m ax imum a nd mini

mum tempera ture, wa ter-equi\ 'alel1l prec ipita ti o n , c loud 
cove r a nd wind speed , a nd cO\ 'e r th e peri od September 
1992- M ay 1993 , La ke-i ce a nd snow-cO\'e r d a ta lor Great 
Sl a \'e L a ke during th e winter o f 199 1/92, and a ir

tempera ture, precipita ti on , \r ind-speed , sta ti on-pressure, 

cloud-frac ti o n , and re la ti\ 'C humidity d a ta, for th e peri od 
July 199 1 Jul y 1992, were obta in ed (i'om th e Atm o
spheri c Env iro nment Service, Ca nad a. Th e ice- a nd 
snow-d epth measurements were ma d e on Bac k Bay, 
a bout 100 m off of th e o ld \\'a rd a ir fl oa t base , nea r 

YellowknifC, Northwes t T erritori es, a nd th e meteo rolog

ical data were coll ected in Yellowknife. On Back Bay, 
Grea t Sla \'e La ke, th e 1991 /92 snow d epth s a nd la ke-ice 
d epths a rc bo th within 15cm o f'th e mean 196 1- 90 valu es. 
During th e peri od 1958- 90, m ax imum a nd minimum 
la ke-ice d epths \'a r )' by as much as 50 cm from th e mea n 
d epth \'a lue ( 1961 90 ), a nd as such th e peri od 199 1/92 is 

consid ered fa irl y representa tive of th e a\ 'e rage ice a nd 
tem pera ture condi ti o ns fo r Yellow knife / Bac k Bay , Th e 
peri ods o f' mod el integra ti o n coincid e with th e acquired 
a tm os ph eri c fo rc ing d a ta. For th e purposes of th e 
following di sc ussions, th e term " freeze-up" refers to th e 

ea rli es t d a te on which th e wa ter bod y was compl e tely 
covered with ice, a nd " break-up" refe rs to th e d a te on 
which th e wa ter bod y \\'as fin a ll v clea r of a ll ice . 

Sno\\' acc ulllul a tion on a re la tiyel y Oa t surface, such as 
th a t of a la ke, is d epend ent upo n complex interrela ti on
ships be tween wind speed, a ir tempera ture a nd prec ipit

a tion , in combination with hi stor ical fac to rs which se rve 

to d efin e th e shear streng th o f th e existing snowpack. T o 
acco unt for the obvio us conn ec ti on be tween reduced sno\\' 
acculllula ti o n in respo nse to higher wind speeds, th e 
prec ipita ti on acc umul a ting on th e la ke is d e termined b)' 
multiplying th e observed snow wa ter-equi valent prec ipit
a tion by th e empirica l sca ling fa ctor (3, where (3 has been 
chosen to equa l 0.5 fo r St \Ja ry La ke, a nd 0.75 for Grea t 
Sla\'e La ke (see the meteo rological d a ta di sc ussion below), 

Anal ysis of th e St J\la ry meteoro logica l d a ta shows 
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th a t during O cto ber a nd NO\'ember the average d a il y a ir 

tempera ture was below (I'eez ing on seve ra l occasions, a nd 
sta yed be I O\~- (i'eezing thro ug h D ecember a nd a lmos t a ll o f 
J a nu a ry , In la te J a nu a ry an d ea rl y Febru a ry, a ir 
tempera ture rose a bo\ 'e freezing before dropping during 
the las t ha lf o f Feb rua ry , ~la rc h bega n with a bove

freez ing temperatu res a nd , a fter a below-freez ing peri od 

in th e middle of th e mo nth , th e a ir tempera ture rose a nd 
stayed a bove freezing. Th e D ecember April a ir tempera 
ture, wind sp eed a nd precipita ti on a \'e raged 3. 1 QC , 
6 ,6 m s I , a nd 1.1mmd I , res pec ti\ 'e l)" J\Iinimum tem
pera ture, maximum \\' ind speed a nd prec ipita tion during 

th e sam e peri od were 34°C, 22 m s t a nd 15 mm d t, 

respec ti ve ly. 
The G rea t Sl a \ 'e La ke meteorologica l reco rd shows 

th a t th e a ir tempera ture dropped belo\\' freezing in ea rl y 
O ctober a nd rose a bove freez in g in earl )' J\ l a)" The 
D ece m ber- A pril a i I' tem pera ture, wi nd speed a nd prec

ipita ti on ave raged 19.3°C. 3.9 m stand 0.6 mm d t, 

respec ti\ 'e ly, \Iinimum tempera ture, ma ximum wind 
speed a nd pree i pi ta ti o n d u ri ng the same peri od we re 
-43°C, 10 m Si, a nd 9 mm d I, respec tively. 

Th e ice and snow d epths simul a ted by th e mod el (or 
St ~Iary La ke a re compa red with o bse rya tions in Fig ure 

2a. AI. 0 included a re th e mean , m aximum and minimum 

o bsen 'ed d epths ror each observati on time, Th e number 
of o bsen 'a ti ons va ri es from onc fi e ld exc ursion to th e nex t, 
and ra nges fi 'om o ne to n ine obse rva ti ons per trip to th e 
la ke, i\leasurements we re not a lwa ys mad e in th e sa me 

part of th e la ke during each trip. Th e mod el simula ti on 

a nd th e a \ 'erage or th e observa tions agree quite well , a nd 
consistentl y li e within th e ra nge o f th e obsen 'ed \'a lues , 
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The freeze-up d a te is simul a ted within th e limits o f th e 

o b se n 'a ti o n s a nd occ urs durin g th e las t wee k in 

NO\·e mber. Frequentl y, when a n obse n 'a ti on ind ica tes 
littl e o r no \'a ri a bi li ty, only one or ve ry few m easurem ents 
we re m ad e. Th e mod el produ ces a m aximum to ta l ice 
d epth of 63 cm in la te F ebru a r y. Th e re la t ive ly wa rm 

periods in earl y Februa ry a nd M a rch ha ve led to th e 

reduc ti ons in ice d epth shown. The fin a l m elting of lake 

ice begins in th e midd le o f r./l a rch a nd continues until th e 

ice is entirely m elted b y I Apri l. 
The ice a nd sno \\' d ep ths simul a tcd by th e mod el fo r 

Grea t Sl a \'e L a ke a rc compa red with weekly obse rvatio ns 

in Fig ure 2b . Th e model simu la ti on ind ica tes th a t ice 

began (o rmin g on G rea t Slave L a ke (Back Bay ) on 12 

O c tober a nd to ta l break-up was ac hi e\'ed b y 7 June. 
Obse n 'a tions show th a t ice began fo rmin g on 16 O c tober 
a nd th e la ke was ice-free o n 2 June. Th e m a ximum 

obse rved ice d epth on Great Sla ve was 13 7 cm; thi s is a lso 

we ll simula ted by th e mod e l. The m aximum o bsen'Cd 
snow d epth on th e la ke was 40 cm , a nd th a t produced by 
th e m odel was 32 cm. Bo th th e sha pe of th e snow- a nd ice

g rowth curves a nd th eir m agnitud e ha \'e bee n ca ptured 

in th e m od el simula ti ons. 

T o explo re th e sensiti vity o f la ke ice to \'a ri a ti ons III 

clim a te, seve ra l cha nges in a tm ospheric fo rcing were 
co nsid ered fo r th e two c li ma ti c reg im es currentl y found in 
no rth e rn Ca nad a a nd ~ l o nta n a , Th ese in cl ud e modifi c

ati o ns to air tempera ture, ±4°C; prec ipita ti on (acc umu l

ati o n) , ±20%; wind speed , ±3 m s I; a nd c1 oud-cO\'Cr 

fract ion , ± 3f1 0 . These m odifi ca ti o ns wc re a pplied to the 

m e teo ro logica l obsen 'a ti ons used in th e S t ?-o r a r), a nd 
Grea t Sla ve La ke simu la ti ons d escribed a bove , 

Fig ure 3a illustra tes th e ch a nges in ice d epth fo r St 

M a ry L ake th a t res ult from a ir tempera ture cha nges of 

±4°C . This la ke is loca ted in a clim a ti c region fo r w hi ch 

air tempera tures a re o ft en nea r l'reez ing. As a res u lt, th e re 
ex ists a strong la ke-i ce sens iti\ 'it y to cha nges in a ir 
tempera ture, a nd , for th e case o f' inc reasing temper
a tures, th is led to a n ice-rl"ee d a te th a t is 4 I~'ee k s ea rli er 

th a n the contro l simula ti on, C ha nges of ± 20 % in 

acc umulati on of precipita ti on on th e ice surface ha \'e 

m odifi ed th e ice d epth s slig htl y a nd h a \'e h ad no 

a pprec ia b le e ffec t o n th e timing o f brea k-u p (no t 
shown ) , V a ri a ti ons in wind speed ca n sign ifi can t1 y a lte r 
th e surface tempera ture regime. R edu c ti ons (in creases ) in 

th e wind sp eed h a \'e lowe red (ra ised ) th e su rface 

tempera ture a nd led to in creased (d ecreased ) ice d ep ths 

(Fig. 3b ) , Th e cloud-cove r frac ti on a ffec ts th e incid ent 
so la r radi a ti o n, a nd inOuences th e en ergy <l \ 'a il ab le to 

m elt th e snow a nd ice, pa rti cul a rl y during th e spring 
m o nths when tempera tures a rc near freez ing a nd in

coming so la r rad ia tion is becoming m ore d omina nt. F o r 

St M a ry L a ke, cha nges in clo ud cove r of ±3 / 10 produce 

mid -'\1a rch ice d epth differences o f 10 cm , or ro ug hl y 

25% o f th e ice cove r , a nd shift th e ice-free d a te b y up to 
10 d ( Fig . 3c ) . 

M odifi ca ti o n of th e a ir tem pe ra ture by ±4c C fo r 

Grea t S lave L a ke lead s to ch a nges of onl y 5 cm in th e 

m aximum ice d epth (Fig . 4 ) . Fo r th e case of a 4°C 

tempera ture d ec rease (increase ) , th e initi at ion of m e lti ng 
has bee n d elayed (ad\ 'anced ) by nea rl y 3 (2 ) weeks, a nd 
th e ice-free d a te has bee n d elayed (ad va nced ) by 2 weeks. 
Th e reduced-tempera ture sce na ri o has prod uced a 2 

wee k ad\'a nee in freeze-up d a te . C ha nges in acc umul a ti o n 

h ave no t a ffec ted th e break-up d a te, but ha \ 'C prod uced 

differences in m ax imum ice d epth of roug hl y 10 cm (no t 
sho \l'n ) . R edu ced \~' i nd speed s led to a n in crease in th e 
end -of-winte r ice d epth of nearl y 10 cm , a nd produ ced a 
surface tempera ture low eno ug h ro d elay th e o nse t o f 

brea k-up by two wee ks (Fig . 4 b) . Increased wind speeds 

produced sm a ll e r difIe rences in ice d eplh a nd break-u p 

d a te . C loud -cover inc reases (d ec reases ) had virtu a ll y no 
impac t on th e ice d eplhs. a nd led to a brea k-up d a te tha t 
\'I'as I wee k la tel" (ea rli e r) th a n th e contro l (Fig . 4c ) . 

SUMMARY AND CONCLUSIONS 

T o assess rh e res ponse of lake ice- rela ted pa r a m e ters to 
potenti a l cha nges in a tm osphe ri c forcing, a ph ys icall v 
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Fig. 4. Ice de/Jth variations Jor Great Slave Lake ill 
response la changes ill : a. air temperature. b. wind speed. c. 
cloud-cover frac tion. 

based computa tiona l mod el o f th e coupled la ke, la ke-ice, 
snow a nd atmos phere system has bee n d eveloped (Li ston 
a nd H a ll , 1995 ) . The mod el is dri ve n, at a minimum , 

with a tmospheri c forcing of a ir tempera ture, wind speed 

a nd precipitat ion. In addition to prov iding compl ete 
ene rgy-ba la nce compo nents ove r the a nnua l cycle, mod el 
output includes th e seasona l evo lutio n of la ke-wa ter 
temperatures, la ke freeze-up a nd break-up d a tes a nd 

th e complete g rowth a nd d ecay cycle of clear ice a nd 

snow ice within th e la ke-ice ma trix. Mod el performance 

has been valid a ted fo r two differen t clima ti c regions using 
meteorolog ica l and la ke-ice o bse rvations Grea t Slave 
L a ke in north ern Canada (199 1/92 ) a nd from S t Ma ry 
L a ke in Gl acie r Nationa l Pa rk, Monta na (1992 /93 ) . T o 

ex p lore the sensi tl vi ty of lake ice to vari a tions in clima te, 

several changes in a tmospheri c forcing were consid ered 
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fo r th e two clima ti c regimcs c urrentl y found 111 north ern 

Canada a nd M o nta na. 

Mod el integ rat ions sugges t th at a ir-temperature 

cha nges of ± 4°C can d e lay or speed up the freeze-up 
d a tes a nd break-up d a tes b y as much as 4 weeks for St 
Mary L a ke, a nd 2 weeks fo r Great S la \'e La ke. For bo th 
la kes , break-up d a te is more se nsitive to a ir temperature 

cha nges than is freeze -u p d a te . Snow acc um ula tion 

ch anges of ± 20% produ ce end-of- w inte r ice-d epth 

cha nges of a pprox im a tel y 5- 10 cm for both la kes, wi th 
no cha nge in th e break-up date. Th e im posed cha nges in 
wind speed , ± 3 m Si , modify th e maximum ice depth of 
th e la kes by 5- 10 cm. For Great Slave Lake, th e reduc ti on 

of wind speed led to a surface tempera ture low enough to 

d elay the onse t of break-up by 2 weeks. C ha nges of ±3jlO 
cloud-cover fract ion indica te a shi ft ing of break-up d a tes 
by roug hl y I week. 

For clima te changes occurring a t the magnitudes 
considered in thi s stud y, the a bove simul a ti ons provid e 

importa nt information concerning th e requirements of in 

situ a nd remote-sensing observa tions and instruments 

d esig ned to d etec t climate cha nges using lake ice-related 
parameters. T o detect th e cha nges addressed in th e a bove 
simula ti ons, instrumenta tio n to meas ure ice d epth wou ld 
req uire su fTi cien t reso l u tion to d etect end -of-wi n te r la ke

ice d epth diffe rence on th e order of a few centim eters, in 

o rder to d e tec t the 5- 10 cm cha nges in ice d epth. 

D e tec ti on of th e cha nges in freeze-up a nd break-u p 
dates, due to the a bove cha nges in a tmospheri c forcing, 
req uires a tempora l freq uency of obse rva ti o ns on the 
ord er o f a few d ays , in order to capture th e subsequent 
1- 2 wee k shifts in th e timing o f these events. 

Studies such as this, which employ physica ll y based 

m od els tha t include ma n y of th e relevant processes 
occurring in th e natura l system , can be used to guide 
the d eve lopm ent of o bservati ona l programs a ttem pting to 
d e tec t cha nges in complex , coupled la nd- a tmosphere 
systems. In suppo rt of o ther studi es, which h ave suggested 

tha t o bse rvations of fr eeze-upda te , m ax i m um ice 

thi cknes, and break-up d a te of la kes in middle- to 
hi g h-l a titud e regions wou ld be useful indi cators o f 
changes in loca l a nd regio na l clim a Le, this stud y has 
begun to defin e the req uiremen ts of such a n obse rva tiona l 

program. 
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