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toder 05 meuld causs tha iro ta wanisk o e fow yoor

sun ioe gesrnots {in aresl extent for oearly
two-thirdz n? 1he eerh's ee epewer. TTolie the
palnr jeesnpe wnd slpioe slociers, s veruieal
dicncosson 19 small compared to it honsoomul
ertcnt. ln the Aretin, ioe thicknear averages
2 metars _Luwn, 1061 Fitkmann gred Sokle,
18667 ; TFowewer, thooe i & eoolinwous [rsgquiongy
disiribation from ooly 2 few cemtimeters fur
¥OULE ine tn seveml tera of metera foar peesanoe
. Relolively wioor chuozus us elwowle ea: s
produee lurge chabtees @ tic wlcal cetert of the
o egver, sppificantly afectiog the luzpe-zcala
treasfar nf enerpy betwesn the ntmnzphers nnd
coeans, [n some circumsbaoues Whis ooghl pesnll
in & positive feedback proccss that could coo-
tinue to magnify the arjginal change. Such com-
Riddertirme howe led nnmernnz investizitors oo
lels Loy L2 poler rogiens Ine on eoueee of elis
nutic charmes asociwed /33 wbe oo wges of
the {)maternary [Drooks, I3 Buwing and
Doak, 1936, 1965 Doen and Muimg, 1BG6H;
Badyko, 108A: Fletoker, 1967].

1 Centribation 236, Yepartment of Atmoephearic
Aeiraces, Univemisy of Weshinghm, Boukta,

ComTight & 151 b e Amerims Feopbpiml Toion,

Theee w 15de dugld (e Lhame *u pninfitats
carmection betwreen the stuce of “he we purk
whl hemizsherio veatber patiarns, nt it rst ba
renerobetsd 11w the wiropsphere, means, and
g cover are 2 compobents of o eitele therno-
dymamie ayulein, wad o eluoime i aoy one Tines
nanemarily remaltz In eompenzating chaoges o
fhe ethers, Hepaearion of gause and effect 3n a
neermury  precegoisie o amdemlumliog the
sveiem. Atlough the phyeical orinciples sovorn-
iog tha eperation of esch component wee mla-
thvely well understosd, mompiete ealation of
Al A Zvwlem s Taow heyuhd the tumge of e
allilies,

Elirs tn nmerically fenidate $he babaviaor
of the prmesnhere hpse been biebly eceocessful.
Lvecn though [he siooadetems da nel epmpletalr
dezcribe atmancpbetic aml acvunic fotewclions,
Fhart and medinmi-raoge forecasts have proven
serneple besagee ibe mwajor variation: oo the
ceosug wrserad ahogt 2 oorders of magnimede
mare owly an o e gloosplet:, Compars
ahle models of the occuns erc being deweliped
ep., Sryee and Coz, 1963 Meeootly, Monafe
eed Biveyasi [1968] bave reparced ioirial resolle
Lo a0 model which aueceasfully eounles the
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ceean aod slmespliere, Tr the polar ateana, Loe-
ever, a third medium, Jeo, wdda furllier egem-
Teexdty to the evstera. Eoowledge ragardiog ils
dynamic and thermndjnamis behavior i3 thero-
fore emseulial 1o Lhe development of & sotopre-
henaive modal.

Numercuz aftemp*a have boon madc to
develop erpitical relatinoahipa predisting iec
prawth froan ohzcoved lempeecnlores stk the snr-
face. Two of the beat kpown of these orc duc to
Foarrer [1927] and Hobon 1943 ). Boamewrhnt
ppore eowplox eqgatinone kave heen developecd
Er Mifelic [1961, 1347 foom long-deno olwariu-
tirna of e growvth o the Arctic. Alllougl
mopitieel nnd atatistical apnroarkoe kave prac-
tienl valae, they olier Litthe phyeicg] inaight ingn
the problom.,

8mer the clazsical work of Stefat (1A,
WcnTelicnl esydies af the tats af ira geowth kave
moencrully Luen Limiled e e o whish appmod-
miate apa'ytral soluticme cauld be olaaimcd
[Frdearilns, 1940; LDeormnin, 1950, 190k ). Ana-
lowr cioen s bev alsu Leen deeignal 1o Jerotihe
tho growth of =ca ice [Sehwaordifeger, 10064,
N Newwd (Rl Magineoring Laberotory,
18851, baalh Lheo wne aeveTely mesimicked n tha
arphisticetion of bawedory conditions thot ooy
ke emplrved. With tke develepment of high-
apead eomputcra it 2 we longer weeesFary to
(il wnale tinal anhitivoe, a3 a syatem of oweeTo-
diffcrentiul cyuations em he raredh aolved by
finfe-aifemwroee teehmmues, Ao advaeed moodel
ol z=n iap har boon developod bor Budyko [L90ET,
who repotle malrmlatinmeg of jea thicknoeece atbd
tha horzooiol coxtent of the ire pack o good
npreernpnt with  obescreuliobul cviderssz, The
priveipeal eritieiamn of the Todyke tode] it that
ita upper houndney eondition is rooTe or Jos
infdependent of Leat eutdiction within the isa.
By soenilving marfaco temperatureg, he ignores
any offscra of beat conduetion oo merle: abla-
tirm and surfoes ternperature. o providous wre
et accound for ebow dover of for the pfeata
of jee gplivity oo hewt {lowspall beteeech tha
Twvmdatica of the alol. The madel deeecilicad Ty
E'atersteimer [1058] daes ot bove these Lrodta-

fioms.

DLy iask OF TAE YOnEL

Ideslly vicwed, #en ine i Bn iofinits bori-
genfally homoseweouy slal dlaoting on e awn
Fquid phese sod haviog vardue chegy Ouvs

Impioging at Eoth zurfaccs. The ize transfs
heat, between ocean and edmnaphere by co
duelion; bowever, Whe Lrunsfer e alecled I
brin: poceocts in the icc and by shord-wa
radiation penetrating the upper suriase durd
veIfam  zenanna, The prmug] amow cover i
Mueneszs Lhe haliative aod coocdaelive 10t
in important ways end must be considcred |
sddidon of an sppropriate second layer to t
madal. An interral Boundnry eondition fies n
gel Teer Lh fiMasien equalioos desecibiug enoch
tiv of Iwwt Jo the soow ond io tha ice,

The boundarice of the elab are mwathematical
idealized mlamez. Fneray & pasumed fo he o
aurksil At 1hese plunes, wlllwuch o ol 1
coctey Absorphtion oeeura in e layor of Am
thiclreeon. Mass rhaneee may neear at either 1l
appar ar lower enefzes, At tha upper hoandne
e ot enow moy welt, But moss moy Be b
ctevad coly throaeh the additiom of aoere
Luber ublaifino ar accretion ran take place
tha bobtnoe of the alab. The omrm of the prese
problem ie the desesiption of vheas mosa chafime
They ste usprosod Ly besl-balunes cguatia:
thal celute the verious energy Huses townrd 4
away frem the qurfaoee to the ratos of frovens
ar medling.

At the upper EBoundory the major eoor
et neleds  incocning [ong-wave  radiatic
Irvm ‘ha atroozpbere and oloude (F), ioeomi
soar short-wnve radiation {F,], roflceted sho
wave Tulinkinn [of3, and ontcomp lomg-wea
Tadintion (el V', waore o i3 the surfuoe nlked
e 13 the loog-wave emigivity, and o & t
dtefon-FoMarnan comslant, In additon, the
gt Acvieral umeallcr bat impartant fuwzes: o
fumes of svmsible beat (8] ardd latent heat {F
in the afjasent air, ket eonduelion dix o+
i ot o (R, whd v Bux of radictive aoer
throush the snctace intn the ine (F,]. The
fluzen are arhernstion 1y iTystrutel b Feam
In deseribiop the epergy fwsos, the coovent
that & flag toward the surfpse B pogithe m
ure gavsy frome she gurfoces Jo Lomtive will
rdoptid.

T'n determoine a balsmre sqnetion for the ypr
hinmdary, inis nareseeTy faemzideT tue Doyl
gidusliong, IF e aucliee lwemperatace [T
belaw the frovsing paint, 2, must be adjmst
to balovae all the fuxee. If, an the other Ty
Ty i ok he melting print, n egtien smoant
jee will b ool 1o secommmedate any el
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EFa
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ar

—[ﬂl%{-’; L H‘J] it T, - 27K
1]

whote & ig the thirckmess of the znow oree, H is
the thickocss of the ee luvcr, abd o ie 1o Josent,
heat of fusion of the surfuce material. The smul-
seript O refers to the upper surfuce. J, iE pon-
fuifed W (L = g)F,; kowever, ginee £, paRirg
inte the iwtemor of the iee, ib cepimscols o
enrrey 1t By the surface and manst be mih-
tractad froem U el ghori-ware radiacion, The
tuthulent fluxes are miver ue pozsilive Lers, bub
il may i fach bave chber dircetion. The
gquentitivs i {11 thak ok ba epeaitied a times
derendent octocoal parninelers are o Fo, P,
I oonnd For oall temperatares wod we-thick-
nexe tluopss reanlt from mtegration of the
minidel. Boow depositien sl &l T tregted Bs
#n mxteroal paramcter.

The tondumion of beat betwesn ibe houn
atiez af the =lah i3 somplicated by the pensts
Lon ol absorplion of shool-wave Indiald
cteatiog interbal beat acurecs that must be co
pidarad. Ih.ring the sonee-fres mmoner momth
Tor expnple, golar rodiacion penelesling che |
gurinee (1,) iz the priroe aouree of nternal Jies
ing, Becotige shactplion of selur chorgy Byt
ite or suorw i 3. functien of wavelength, aog
af insidenca, and phyziaal characteristing of t
muoterinl, & thenretinel desgription of T, owa
he narapler, For medeling purposes, we o
conicder (e ee gl fo buve twe layers: a th
surface luyer thut sbsotbs most af the zbos
wave enargy. oreclying anocther layer ™ whi.
e remainimg enetgy B pkaothed, Rumeri
limizutioos reetriel the teolutwo of the mod
to the point that abeocption of rodistion in &
siirlace laver 1= indiatinguichable foom dice
gurluee e ning. Tharrsarions by Linierstain
L10617 awd Chertapaisf [TREE] Dodicate vhe
to a first approciosbion, «xloeldon o W Toe
layer Follows Dect's Luw. If we then define
Tdk Cwtegratad over all wavelengthe and =0
augles) extinehion soeficiend {m,) rod assug
that the [hemmal oondnetiviy (&) 2 conacan
tramater nf beat in the anow i deaeribed by
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" 4T
(el rrie LN ar + wda e=p [—us) (3

where p iz the demgity, o iz the apecitio heat, T
iz the temperonure, 2 & the verticol coord.onte,
gad ¢ tofeks 4o time, The sabzerips ¢ denomas
values in 1ie srowr.

ln additipn wp the papetration of abort-wave
ridistion, cenduction of Beat W the ice iz in-
Luavoesd by swall pochelz of Lring trappel
m the ite durmog bottom acerelem. The bring
i3 aggumed to be an %= freeziog polob and io
phaig enuilbrinm with the eoreonding ine. The
calbrium & wsdalaiogd by ovolume rhomges o
the brine packet. & ke o tomperalon: ey
the ire gurronoding the pocket ta melt, which
diliwtas oz Lrane qmel TRisez ite Treas'nE Toine to
tho pewr lompeoiluze, The Lriae poecker s thog
n thermal reearvalr that retsods Che hendice or
wopling of rhe ine. Tt ie plear chat the bode ther-
mal coustapte of We iee most he fimctiom of
bnch temperatuce ol <ulinily,

The wawrikiorr of denatty. cooduaclivily, aml]
epecific bieat wore Giel invertizated by MHolm-
prea 1927 and & lwroogl “heceetica | analyais
of the pralilem has been prossnlod by Sefwerdt-
Jeper [1963]. Madersteiner [1RI1T miend el
the following wpproximats Sormaulas <o degerihi
these variations

(ol = (addas + ﬂ&, (i

27

il
_ Az
go=host T (4)

whove &(#) 13 the dee wlinity an s depth z:
= 40N o0l “Kfg and 8 = 023 cal em'/fg
eee are runslanla The subeeript f rofers 1o puis
iep and [pede = 04d el em® "K, and ke =
(daE anlfem see =H, Ongp [1947] dermed
tlemutie] expreszions for (pely ard kL The
remling equations, wichnngh Aighthy mora som-
Tles than Uncereseiner’s, pruved to he similsr
in fan endd tn g Tahies thab s o etnork-
anly ool wrrompent. For gimpliciiy, (3) aod
{1) wera chosen Jor wse M thig rindel.
retnrateiner  [1964] deriveld] a romplete
deezriplivn of enetey transfer within the es:

[':""’:" S Tsjfra}]

1667
_ 8 8(2) :|a’1' 8 da
- [j’”"' —oilar TF oW kA

- s () + 2o (e

et 4T -
— [{Pﬁ]1.r + T — 73] ]iﬂ ™ (&

wacre W 1 the upward voloclly of Jee due t
thirkvner: chanmee at the boundaries, and the
subreript ¢ eefare to variables in the toe. Snle.
tiom of this equncisn, wich gperified bawndoes
lwmpctature:, provides o totupetatars ficld eon.
aizteot with abearvatinos.

An evamirstion of (5] revealk that eevery
terns may e dropped withent ewbatnntial o
of uecurzey, The lust toro, o vorkisol advection
torm diveribiog the heuf Sraocporh awssidlo
with hydrastacin dirplarement of the ire, iz zmal
ard wes edminpeed, 153 removral allowas the
uppt wnd Jower Downcduries 1o mawve wadopem[-
antir of are ancther: ie. thera iz oo hydroetsdin
adpirtrient. An order-ni-tnegritade ooslysia io-
dizntes 1hot e wovns G4 T o R
ATz and [EE(AAT — ZFEVTI8T/22)"
¢ arders af mspuitude amaller then the majo
termz. Femoval of thera terms iz equivalaot tr
cAAmAinE that sundugliving 9 srhglant within
an wergroeolal eyer of (hivkoes Az T
asyure[tion i eongstent with a finime-difference
solurdon ond /il ollnss the equating ta eonRicde
win A LT in mnr]um'n-il:.r (oL ]u:.-'-t'r Iy I!I:,'r'_.r
With Lhe sbuve siraplifiestions (3) beeomnes

|+ 82| 2

_ ]
- [ bt 7 273]

g e ly e {—es
{6
() i woew 1he by oyual oo deaenbine Lew
Lo dr thiee Jee,
When snew oovers the ice we assume nt 1o
e sunw mheclaee {2 = &) vhet Ty = T, g
‘hat sooductior iz conduamm throush i, ie,

L)), o

At the bottom of the jee there are ooly tee
finwes tn be momasderad: the tebnlent, heat fin:

[ Lhe gwen pnd e comduclive et Tuz o
the ice elase t0 the bonoducy, The mugnitade o
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the two Huxc: 1= mmilur, with ooe or e oller

drmioating during differcot acascns. The banod-
ary erpAatiom hae the Inem

AT, T
I‘:‘(_I) - g ‘-Eﬂ( J)
Az Aaar {_F' :I iz Wi

= [r; L6 “3']14 ()

where Ko 8 tha coeficient, nf edshr dithieneatyr
ir, Lhe wuiet, The =soluemn o relem foowplioes
in the water, end & ood & arc the thicloises
of =snew aznd isc. Withawt a theorctieal Todel
of the geean, it B nrd possible tn salenlate the
hens flws feom the water, Tana (po] o [Ke [#T4S
gzl Jaz B epocifed e ez extornal perorocter,
snd betiom growth f3 detenmired £ the madel.
For agavenience, we adopt the follavdng ooia-
tict throucheut the remeinder of the rext:

: - 2T,

Boluties of {11, {2], [&], and (8] give feme-
peraturcs fo the suowr vrd bec wod mase cliuoges
at the upper and lower boundariea (Figure I1).

The equaticna were nrowrically evaluzied un
an JHM TOUATOU4 ay=term by amoig & elulle
alternulime o restian sxplicit wethed [Sowfes,
10ave, h; Locken, 1964], For o given anock in-
ceattient this mecthed allowy o 1ioe herenent
wughly an nrler nf magunitude gooater thao
thal wllwwed by the atandaed foreard-diference
method [Riehiner, 19371, The wam! grid
rparioge w3ed m the aclations diseussed below
were 10 em ard 12 hoire. Winter tempotatutes
nt the wppor hourdary were pelonlated from (1)
har the Neowton-Liaphson itetativwe prozedere, Far
n omnplete dwmzion of the oamerca! tec-
nigued, aee Moybat and Dnderstegner [1999],

IvpPpT PARAMETTRR

Frerpy fuzer, A3 with soy parabolic squoas
Eiat, iraLigl pundiioos (tenperacures and thick-
oces] and Boundory volueg (energy fluves] for
ganh iime incrcmcnt st be specifed. Tha
cremgy theees ere bPuoetions of thoe Lutb ropest
thomselyes m g eonstent ponal eyele. 1ntegru-
tion jorward n Lime cvenloglle yields ateady-
grate nnoosal patterog of tecoperaluce aml Chick-
tegz, L, the ige i3 eguilibrinm with e
povimanmeent, I the present, metenee, eqnilib-
rum iz azmumod 1o exist when 1he anmngl e

MaveEnT awp UnTEDSTEDNER

whlibice ol vhe apper sutfues sppmnghes
within 0.1 em of the aonual vt boblan weer
tioun. lu the initial integraton of the mod
valws thal o'iesely rereanble aeipad egmdicio
o the ecntral Jwrefic wope chosens regults <ou
Lboo be compared with obscovations as e i
of the validity of the moodal.

At thka upper boundary, four coerey flos
muet be specificd: Fy, Fr, Iy, and P, Yalaaes f
thrse iz bare been suggested by Koo
terkel and Crvig [19G8, 19671 ood bor Doar m
Ahec [18G8]; Roweeer, 1heir ezfimntos DoFE
o the ontlee Areic Ocesn, iveludivz lear
cidlpiss, el pands, sod =a barta pod are tha
Jove not applisabla én o emesdimensionn] maod
Tae Lect balanee proposed by Plicker [100
iz bhaard on the Lot mnovnt of observation
dats t:ken oo perennial sea iee and was ther
inre ohoren ag the most apreopriste. Follao:
vhe smprestion of Fleccher [1965], Ui valy
riven by Mershumova [191] for - and Fp o
thooe by Doronie [1U63] for F, and F, wc
splecter] [Tahfe 1]. Valuea for eanh tioe vt
eenk wete gblaned Ly sewtoing dbal
mordlly vnlucs were represcmtative of t
middle of ezch mmovih and hy then applying
mnlenmmial smpnsting metion,

Tiring ehe snows=lres summer toonlls, sl
Eudinvion penetcating the ise sucface €F,) i 4
rrincizal soures of internal besting. Temnper
e orctled taken 5t the haight of the e
agasom indiends on inkeenw] bewliog of b o
of approximulely P00 calfem® in orly 14 da
[Frterateiner, 1961]. The temperatnes gradier
{aad therefare the aondpetive Teat Muses)
Tegiwail meprly conslonl dunog thos poried, o
plying taat the abzeryed heating resulted Fro
I, tatker that from canduection. TTotersteine:
datas mdicace that abous 324 of the met zhos
wave radiation males vy Jiresr contribuion
grfae Melring, On {he busds of thess obhyery
tinmg, Linderateiner [1991] arrived ct an ann:
vilue for T, of 1.2 Tealfem® Tremosmg 1
ratrimndan thet I, totul 1.8 Reulsee” duzine L
enfp-feea parind (o Flecnher'z euppested he
Beidguh stk ol 175, of the net eher
v cadibion mey pencboude the ien, This
m apparent coodict with Unteceloioer's 23
nnd it 33 poarihle that hia B8 vahie mde
celimm e By Do LD aegnoin] Arind of cho s
we teatatively scoepted che latter walue ur
nesumed that 17 of the nat short-wrave radi
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tino neazes throogh the muirfase and 1 atwerbed
within the wrorer of the ise The extinotino
cocficivmt (k) wae wesgrpod bo e O0VLF on’
[Umferatedner, 1081; Chernipovaidd, 19681 and
independant ol deprh.

Peenuwze of the dilieully m datect menare-
mermd, the magnitude af the oecuoie heal Mo
{Fe) ia not presiscly lmown, Prescot estimetes
A1 depera] oo imdirest evidenoe. The [arge walren
anggoalod by Mefregran [1027] und Maghy
1% ! ara considerad unreliabla becavse af some
egnrgptog] errgra coneined io thelr caleulations.
Independent  colewdotichs o Cegey [IRRE],
Bodoley [11], Paney [1964], end Truder-
clefmer [1934] indicats that the arverage valus
ookt Le alnAe too 1% kol em® 7r. Lacking mope
pracise nformnsion, this value vz chossn nod
eemumed to reiosin constaot dbrcushoun the yoear,

Albags. The sirface albedo (o) iz nrobably
thw toat importznt regionef fartor affesting the
best wd gwese Tnidmel: of Lhe areta Tack e
Tiring the sprog end Snll. when serface candi-
tinna are wmifnerm, « 38 high =ad reletively ero-
gtant. A eritical tranaition oomits dntiog June
woed July, wheo Loere 33 @ slucp ibscesse 10
availabla ererpy and wide alboda fAustuations
oooly in reepansa co the changine micre-ralint of
the mrface. Moet guthors agree oo spriog Bnd
fall values for o, Tt diegrec on summer arers
agez, The problera anses becaus swowr palehes,
hare ioe, nnd meakh nonde, a1l with diferent radia-
Live charueorztios, ey ooemst over 1 pela-
tivaly ermwll e, Owepgicng ] @nneer aonwfalla
can draetically alter the allxale for ebort perlods,
Tt is obvicualy mmpractical o atlempt to duplis
ogte ek rendrem flockatioos =od horizontal
v Hobions in g one-dimensinnal mondel, en acma
roulisdic averupe toust e used,

Unierefeitior [19E1] asumnsd sn averigs
alhewdn of OFE, whereas Bovich measurements
mdionte o valze of 084 [Meshunowa, 1981;
Cherdgoieki, 1986], Tnpablished dnvg feom
Arlis-TT shawr hout]y plhedn values fAyedinting
from 40.33 fo 070 om aeeluing e, Foamnphief gred
Credg [1966, 1867]. oo the other bapd. hold &
value of M43 to he repreeentative. This view i
supputied hir the fant than albeds meamime-
wanl: oo meling, dirly ice have often heen as
low as 048, and mleocuted voluss from o 18-
merer tower are cven lower [Leamricher, 1968].
Trean laers, enmbined with the prevalenee of
mell ponds, moke YVowimelkel'a estimats sppesr
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reaannable: howevar acneptatgr of & vahie this
Tow ig ineotapacibly wilh ataer eonxideraliors,
Tocroy balanec eefeulntione sharr that the net
short-rrave radistino remlsiog from =an slbeda
of 043 would sawze mearly 120 cm 9f Jee 3hla-
ticn dJoFing the 2mimseT, an afmotent conghly
thrre fwnge e obgorved quanlivy,

Megleoline the wflvenss of melt pond:, the
aveeare joa albedo i3 neetainly oloser to 064
than to 0A5. The nlhado of the melt Temcd i
atanninlly Towar g that of L S, amiel Che
nueation thal joust bo eopsidered B hoor Wi
irercused ablution under the melt ponde affects
ike averape ioe thinkmesz aver amoanmunl mvels.
A melt ponad a2t the @] of che pldatdion sepmen
will freege dudoe tha fall spd, cxcept for aetmp
ny o bt souree to retard ecooling, bas [ittle
wIcot on anmal thickaess. Thieing the imnmer,
howrever, an leam half of the el ponds deain,
formimg vlanaels sud bollowe o the surfasw
wpopreployr. Buaw asceamulated in thess depreas
pions reraing leoger, rovands ablatiom in 1hese
areas, and wncda tn lewvel Lhe ioe el Trenwsed
allnriam Snownedl ponds, cherefore, bes ool a
Tiaoiled eMcet a1 the meroral dec thickoess. In
COTECOUCDCD, SVRTAZS: OVFT TATRE AFFRR wers gl
asids, and the alkedy of e relling e was
taken as 0. The olluee dbedos in Table 1 sore
olee lnkew from Worskunove |19

Snmn aomer. ARhaush surfaze froegufaritics
Frch s proszace midgea ranse some Zmallszople
raratioos, snow depth i ogeneradly  ebifocen
throughont the central Arelie To rescoscut e
tarezenh pultorn of soowinll [ITaderetoter, 10H]:
Heraon, 1S, we aszamed = linear accnmnlba-
tinn of 30 aro hetween A upuel 20 arl O bubor 33,
A Tingar imeTepse of 5 o foom Novewobor 1 to
Aptid 3 and whn additicpal b oo dunog the
menth of May. Whers ihe summar melt. reasan
extetels pasm Auguss 20, emow asceyglitivn 13
delayed nnti] freese-up ooctrs. EF 1l Sarfuec
ternperpture reaelos the melung pont Eclorc
Jur: 1, apow wecomulation 38 rat eff befoce ic
reaches 40 cm.

The fice-grained stroctore of Aretic anow,
combined itk eompeeticn by Lhe s, pives 16
& Tairly high denzity, & volee of 053 mfem!
“Crbersleinar, 10617 wea cliesan for the madal.
™a eznaoed that the soaor denaity (p,) g Dcles
paodent of depth aod remaing constant a8 lohg
#& the anow Sennetatues: ratoits Below Irctzmp,

BIsyBEUT Akt [TMTHLHTELN ER

At the anest of meltmg, the density iDoreness
midls to o litoiting wolue of aboat (rds goomn’
ud milt wuicr penetrutes the soow ard isore-
froren. A precke treatment of the maeldng
procezs wguld be difficult: bowever, & simple
callanlatiom reveal? thiat, ok the amanr of progw
ol ovly o swhililiomal 50 el fem® are roguiogd
lu Lriog vl colice faver up lo che melting tem-
perature. Thiz ie equivalent co the refrecsimg ol
arly 2 o of moelted anome. Thie meefel prosaerrs
the ersrmrtial Teatires nl the dangifedon prosoes
B Ml gllowine Huse 2 oo of soow ta moch
uord then smeming thut mfreeming of the per-
calating cmeltwater and zesling of e w0l
FRnfr pack Mmeavraces it fereramre ty the oelt.
g ol il Wy densivy v 045 750w

Thermal eopduelivily (&) i= quite varisble
cvwen in saowa af equal density, and dapends
upnn graio Bime, anw AtmemTe, aned the fern.
nevatyre gradient, The formody of Afely [18027,
E, = 00065, (cal/cm sce "E, tecproecots s
renanneble eompeamodae of maor diverss meas-
urements and waa ussd o the Tresesl mmlol
Hurlaee o/ bedo duering e Croweifion from o
soow covor to bure iee 19 assamard ro he 3
furct'on of Fmow depth, wacritg Timenrly T
twreen the wvalug at the onset of melling and
e e e vulue (084],

Sediezty.  Ieo maliniéy brenmen important i
tha calculation of the thermal sonstantz a6 Long-
metatimes near the Messine poiel, where (ucl,
ey chings bee 2 obders of magmitade and &, by
0%, Tdeely, subrity should be deseribed a9 A
fuorion of groweh rade and thermal history o
tha glab; hmwever, a proven theory of desalinn-
fino i= lacking [[Paferstoinet, 1WE], and i
difficnlt, tn gniems bew the peafila wrmld shpnge
uoder varymg condimions of temperobyre andg
apecd of promib, Fortubotels, an sxatnitufion of
($) aod [4] roveols that, urlers the tempeara-
ture is higher than —7 ar —3°C, galinity hae
anly n eme]l effent vpon (pely And £, Thos it
& topotrant ofidy 1hat sclisicy be ktuwn acoar-
utely during the sutumer snd m the vieinity of
the ig water ioterface. Halivity I the Jower
pottion af the iee i3 relatdwelr constant st
pruiind 3.3 ppt. T the wheehe of moke cxlemaiv
dats, the besl docorocwled equiibrium prefile
[Mekworsacher, 1839 oae adopted to represoot
menn anel anpditinne, This profile g nppruai-
msled Ly Lo cxpmossion
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Bz, ) = 1+ Hoein [L{%)"“'mm + n]

where fI ia the thickocss of the oo, £ s 1l
deprhy, and A, 8, €5 £ s, and nave ermpiricetly
deterimioed conslaes, The crusavivn, o uhough
complex, provides auw cxtomely goad £ o e
data. lmpliem in tke egoation is the aanmoptian
what the shepe and erdapointr o the prodile
gre retuioed dunoe all Suelualivee of iee 19j0k-
neas,

Oehar pesprpdueny.  [Por convenienes, the weur
waz drvided 1oco terelve mannths of 0 daya each.
Heeauze both dre and snow radizte in che Tong-
wive e much [ke o Dbwkbody [Relogy
et b, I'MM,, the (oog-wave cmiznaty {eg] o
(1} wae set equal 2o unity. (3) and [4) show
Shat Both (oely nndd &y e diseombinunng at
T = ENKE, Ts wroid b elweidaiiy, the
melting temperature was nanmoed ve be 57395K,
which 13 sealistic becanae a reeidua al zalt Te-
Taing ih Lha upner layaes ob chA e, The tern-
peruiure ol I wodersade of W ee wis seamoed
to romaid eomatent ot the frecsine pomt of =ca
warer (2710 E},

LisarTarong

A4 barle shortromiteg of the modal iz itz in-
ablily o wewourd for offcelg of mrechaninal
aresces oo the e, Winds orodure exleTsive
defrtmatinn, a5 iz evidenced by the ocewrrenee
af leadz wnd prventc eidges [Hotdmonn mwd
Schulz, 18]} and aro wdirewly renonsibla Sor
chir eateth of lames gquantiizs of e [ e
Areliv Lusin, T mrchanieal defprmatiaa adds o
gignificaut vonlribut'on te the amanos of ioc
gtared in the Amlie, Uwn prediviiona fenmn tke
el wan be nscd o mews badges aalies o'y
wilh ayilahle asanmanhions coneeruing tle woleme
af ridged e wind the neral coversge of loads. Tt
wodd bo relulively sweple o eneporste zn
A3Tines Cnehor 1otee the cgunlioas) Twewes st Mo
raancitative cata enian oo tho diwecobulioo of
Ln oL

" Althovsh wmeslnnival wotiome influenrs the
volnme of 13 comtuined w b Areiis, ey plTeck
iop prowhh ooly indivcetly, atd the Zectoms of
pringipal coneeen hera are thosc which diceellyr
infuenes che eraeey hindget. 1o sguationa 1 and
R P, Fy, aod F. woere agnned to be inde-
pendent of growth rate wod the plvsicol state

ni Kha A at the hogrlanes, This gsaonptiom
cerldoly noel mealistio for o or mpadly g
ing icc aod, ideally, these fuses abauld relc
ertditions at hoth Fuefaces. Hiot mles thee
rerimil moilels ol e ovepn ] gdoongspheres ns
ko levorporated do the povcdany cowdilion
thoir cffcots must be specified as extoroal e
rametere, and the mteoma w0l he that 4
envitemroetl iallcees e aee, bl ot v
Tk,

In addition to moprecise treatments of <k
downrrard heat frapenart MTom M iy Glny A
the shape of thoe sdlinite peafdls, oo provieio
bog boct welnded to aceouut for the beat o
lewsod by froeziog af the me pendz. LThe con
plae freszimg of a3 A0-mm desp meln pom
releszaz nenHy & Kenl/orn®, Ab addition of hes
of thig wmgnilode would sdenivanlly inecc:
Wppna lesel  wwooperalares, decreace  bottas
seerelion, 4and praleog the period of hotto
ablabion; tha exwent of thrae oFoele domum
apare T afepad, sernd eovergges, sl foecelo
tior . Anglher lopilyieo 4rises foom the coare
e af Lhe Jopat data. Sinee the moda Teoiries
erarcy fhuxes at dnily of Tootly inloevgly, 1
moothly averages eovaf be baoken up 1ul
mallar ineremencs by o smoothing nooces
Cnnseguently ehe results will reflent the emoatl
i, sl grworh-Leo Trommdy g rovesanls o0l F
abrcol. Fioally, we sreey that the wwoddd o
guires an axjadng laver of ice T onder to faoo
tium ani henrs eaannt redint whether che i
will TeLTe vt L hos vainsbes,

Trrrral. TEAT 0 THE HramT.

With the hea® budpet suggescad hy Fleocle
(Takla 17, wicth the pther ‘opnt datn dismiees
nonTevimiz aertioma, Anel weTe 2n ol el
Tiere nl 540 err, quilibrios wes roachied sl
85 woure, INrure 2 jllustrates the ataady-stud
remperaturc ol thickmezs pattorma for th
randitinm. sinee tasre iz nn hydrostatie term
(63, muwe claopes af oocb Dondary ace andd
rated =eparatcly [(Tubic %), The moodel peodie
an average eguilibmam thickoez of 35% e
wibll o i ol 314 et and o, minioonT ¢
271 co Tb 3 JTipn™ e asFass linw menerent;
aive thoee welues e, By eulaosrune dod
[Lgon, 1UG1] indiccée ro avorage thickness o
4 10 A wetera, but thie irchides pressurs eidpr
wud ey Le binged by tha Iemation of the ayl
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ig. 2, Prodicted values ol equilibeinm temcwrature end thiskness for see ics, bassd oo
Flalcher' heat Bodget foc 1he cenrral Arotia bagin (Table 1), Ieotberens in the ize sre abaled
11 negetive degrees Celelas; dsalliecooe e spow (unlabeied) ave Irawn ac 2°C inteerala. To
distinguish hatwern movameola of due wpper sod lower Boundaries, they are =locted without
mmgnrd to hedvastetie edjuermaent. The verticel scordipare therefers corresponde ta ica chick-
oewy only Belors the oleel of Lee ablation 2t the uzper surfner.

Tharma's track, Latcr submarine obeemculions
[HAetmann oad Schade, 1966G] show 2 metera to
T i st Teemmient kee thickooss, bun Agaio,
theee duta wre pogumally Iooited. Bicst of the
dArifting staticoe woers welublished on pack e,
which sveraged closc 1o 3 meter: o chickmess
“Betrap, 1054], Twvpical romulte sic lhaeee of
Untersteinery [1RE1] who found that thieknes
varsed between 930 and 215 em during the yesr,
Clonsidering that the Jupul data arve derived
frarn those driftiog mations, it &3 1o b capocsed,
that 1he prodietied thinkn esaes should agree st
elceely with their olserveliong.

Ferhaps more indicathoe i 1be pel lern of mnas
chunues predicted by the model. Accorndicg (o
Covics datw [Frines, 14066, average ablation
om palar ioe 12 AT oo tMeer toelt begng in the
Gret Lidl of Jure and ablation senernly ende
batrroct August 10 and 23, An aversme Trom all
I8, driftiog alationg feom 1BST ta 1843 gives a
mean enviace ablalion of 42 vm [Hansor, 1936].

Talile 2 zhowr a preedistad jee ohintinn of 4
em, sluriiog ao Juie 29 wnd isloraning o
Aupust 19 Bpaw melt begme an Junc & A% 1l
leasar surface there see 4% ot of amcretion ao
E e of abintien, Trloromately, mas chang
ot the hotiell have newer boen weell determing
in the ficld, Aecording fo Fates T1966] Eeottol
ablation in eguilibrium ice iz mall, if ic ooow
nt all. Heonson [1995] meszured 5 valoe of 1
e, Boed Dhwdesatedier [1961] obsstvad 20 om o
abludivo wud 30 e of aeerclion, Ioo view of s
uoeceaincica, the prodicted walues at the botto
nf tha s are not unceaarnable, bat & poeci
evaluulion @ e puesgble,

A ohaererd temperature fell [intsceteing
18517 5 reprochuoed in Figure S Compnrsen «
Firares & and o shows wosl agteveocot theoael
rt, exeept for full teinperatures within the i
augyrsting thet jee temperstures in the thes
redieul wode] responed to surfpce conditiong mom
rapidly thun do {he iempetatuTed 1o real io
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Fig. & Ohscrred tempersture and thicknese pattern of perennial s#a 1ee at IQY atatioo alphs,
1057-1%38 [nfter Llwlerciainet, 1],

T eglering latent heat relears from mrface mealt
ponde, undercetitintime Fy, or IARTOTICE A8SU™T-
toow pemariline e salioey plile could W] wom-
tributa to tlhiz diserepuoe. S8movilbing of o
mnuat, data ie reflestad io tle resultz of Fipure 2,
pid the naml Tommrr warmning trend  [Lnk-
dromony, 1UE6; Faadud, 1960 dooy ool agpsor,
Takla 3 zhowa mnmtaly marfare temperstures
feom numerons dreifémg statonz. averaged aver
206 worz of eharrentiond (4. Hongon, ersama]
canuanricy oo, 1971, and @ eomswrisy with
the thecretea: resulte. The anoval averages ace
rrnark By nlnze, hot termpemicines poedisted T
the rmndzl are g/light’ s colder in o the [a1l gnd
wuronr Ju Che speing Lhea e gleetvsl obies,
It ekould ba remembered ‘hst the coledated
temperatires apply for the eurface, and & aom-
piriaen with ohaerred zie (armeen) domperslives
world bave Lo lake into gescanl Wl secerallyr
& grovnd overdioo provells from Zeptember ta
Anril, whereaa in May lapse enoditicos presadl,
We snapert, howerar, that the differences shown
o Toble 3 also mesell Popa the Lillurior ongins
of the energy Mux dde awd the obscrved tem-
peramire data.

Bolur mdislion ubsorbed by the zarface in the
model agrons closcly with empirieal data, imply-
img tlat the alhedo azmimptiona wete adegle;
howerer, e lome-wave lok: Ts sotoewhuf aodler
fhun obserrutiony iodieate, prmncily during
the winter montha [Merskanosa, 1981, Thia
araller lrads appewra to arise Mrom two eolm,
Fimt, the mndal deals moly =ich think im onv-

ered with & uniferm blankef, of encw; obeery
tigna in the fald are moade over ine with variat
Maiekrese: nond angw waecr, Beeanid,  neesas
saabbiog of Lhe dapot Faactioong momoees s
term Hootyaticnz: in the surface tewperatin
Teenze nf the non'inear form nf the Scefa
Folizirgnn Taw, this produses & hing towa
lowrer wurfuee temweruiucey uocd Bence s small
[oog-wate Ines.

In o etnte nf amilihriom, tha zim of
ety Mures win e e should balunos o
vien of thove lewviop it The mewally ju Table
indizate tkat ahaut 0.5 kealfem® v7 more pner
leavea the aah than entemm it. Thiz appare
mpehzigleney s due b FhTes enermy st
which sro pof seen explicitly in the autp
data:

1, Bhorrowieg rudinlion thit pencirales 1
i aoed ix pot albearhed, pasiog ustead theoo;
the ira and joto the acean. Thiz Aux in Ao
for thiek ier (25 pnllom® wr in the prearnt g
Loake Tur thin desr b ooy meseh wuloss in eses
of 234t of 1,

2. latenc beat veleased within the ina. Az g
water freeses at e botdomn of the jee, s
packels of brine abe toapped. Canfioued acer
tion moves the older icc upward iotn reginma
lower temperatire, sanzing freering in the bri
rorketa and g rednetion in brine volooe, T
resulling bt peleags o aceonoted for by chang
in {peh..

A When the saow iz actaraled with 1
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witer and ig isothermal, niee heat flows toseard
1her worfuve, The we—snow ierloee, Fuowever,
remain: at the fromsiop painl, candos 8 lumgs
conduetive o into the jee. The suddeo iotro-
duotizn of this flux s responsible far the aten
s o e =10, =05, wml —025 motheroa

during Juae (Tigurs 2],

Ieapita the manyr waeertaionties 1o the mpub
datp, the piemre prezenped by the model i3
sUrprisdply consizlent will ficld oleoreations,
The made] and tha various approximations thue
uppear to be valid apd lend corfidence to tha
modals application to pther pagaible situations,

REsvLTe oF SELECTERD TR IICRATIONE

Te investiguta the cffects of chanper 1 guch
parametare as albedo, pepetrating abort-wave
radiacian [f,), beat fhyx io the 9oepn {#,), and
soow Jerth on the growilh of gca we, DumacToua
eepa:iooum sclufiang wore obipioed for differsns
vahia of each parumeter. Pecavse resuine fram
the ‘mandard” oose dizeuased carlier wppear o
T eompatible with obserealioog, He iapon el
for thia aaa8 bawe been adopted a3 the *stundard
condiziens” Ome paramerer i allawed tp deviste
Irupa 1he stanclpzl conrlitiemz, oad the vodel iz
then imtepratad wold equilibrive s achiesed.
Some of che resalte ara summeaised eow The
noromilete resnltzs are enotaioed in oo RARTE
Momornduin, REAIG3.PR - [Mopowt o
Trndetalatier, 1064],

Surfeee albedo,  Becunse of chie waerilade of
the meoming eslar radiation 82x. 2 emsll redue-
Lok im aurliee albody would provide s larga
ioerewze o wvedluble emcamy ab (Be zutfucs, 1t
hza been spaculatad thar ke prek ice mugld be
rernored  hy artidoielly  lomering ite albedo
throupl dispersal ui some stk grhacanes {lke
caul dast] oo e sacfuee. Allboush soroe soenll-
gez]e albedo modifization axperiments bave becn
enoidictad rn ges izs [Arkodd, 180G to tost the
Pl v 0 vatiols eshing raderiala, ik
oot knawn bowr Zewaible sach oforls would pruve
to bo oo & large acala.

To poin un sppeevielion of the aeneitviy of
ire thickness to wlivdo clungoe, we Investigsted
twn instznees in which the slbody was lovomd
duging the el seasnn (Inoe—August) by LG
pod 20t Tl 20% loweting, cocrmmnding to
& hzra jeo slhedo of 044, nwalind o 1230 wn
of ine ablation during the smmmer sad complete

roelting of the iee 3w the Lhicd swooer, Wi
the alhedy wis only lwerod ta 054, <here w
T8 o of gurfwca ice ablacisn, ond the avers
cguiibriam ize thirkvest was 103 e (Tahble
and Figure di. Convarisnn with 1P e wlondy
case ghnws 29 exeeds o oot short-wave rads
Lo of 4 keolsom® ye. woth an attendanc thi
oiog, af tha iec af wearly 200 e,

Thear remta fhow tht the lanzeeeale ol
repmirled Ty Fowowohe! wod Orpgp [1bsh, 198
il by Degnplebens [1968] would sanse the pa
ioc to variah wichin & fewr veara TC their valg
are infdsed reprementative of wledoe pvetoges
the central Atolie, cpproximetzly 12 leealfe
¥t of the whbserbed shoci-wrave energy doea n
putticapete dircetly m omeltmg at the sueler
and zomea explanatinn i3 neeidled (o #ovownt
the ulimate diapotitien of this cocrzy.

Peaetrgipn of shorf=wede madidion.  {iads
stegnigr [1064] has thenrztivallvy investipn e 1
cffect of I, oo dnternzl ice tejwpseriloces, b
oo previoua wark hes eelated Jo to oquiibein
thickneze, We neeutned 1o the atandard rase th
1725 (43 kenlYem® yr} oof the ret ghoes-ws
oufinbien pepatrates the iee during the sno
frea periad. Foor gsher 2o0lutiohs werc chiain
in which £y waz apeeiinl e have values of
ES 208, wnd 34%; oll otlher inpuc dato. e
Lnehapred {1om the acandard eoze, The bl
ot iwo af these experimerta uee given in Fi
urez § ard 6 and Tabdow 5 sad 8. Burarearies
the nther eserg nee piven o Lable 7.

Canty W what might Be pimestod, ag
LLrinm thicknoess eotnally ineronsts ne mao
radianion peoetrates the jue (Firoee 7). Becan
tha ner alnttawdve rolision remzine amstsy
and o @ regler peroontase of it 33 nbvothie ! wich
W e, leva emergy s oawnilshle [or molling
the surfers. The additions] coecmy abeorh
within the e ragses Aicht additions] warnim
in the slaby, [kl 12 @ for the mest peen foted
heul of Tuelon ®ichio the dilvted Erive, Boean
thers i litsle ternmeratiee elwnpe, tha conds
Dve hewt [lux o Wi surlacs cemaima shor
wochuoged charmg Lhe uhlation ssason. Taflos
and t show that, az , inereasea fmom 1w 34
purfasa aldation danrewsas Thgrpe 5253 o W
amfwer. Tess Gk e pblntion meowny that the 3
must thasken 1o slow Sottam acccetinn
maiocein gquilibriinn.

An I, iorredam Tom O fo 2.5 Leal/em® yr, &
aowanl surless Leoipecalure decresasas by om
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TAELE 4 Comopaced Velues for Higuilibiriom Llonditione, Givsn & 107 Eadostion, in the Sorfioee Alsedo dicding Jmse— A sl e Figans 4)

[ All other mput deta s io the 'soadaed” cpecs )

Mureh ..ﬁ.];-ri_l_

Now. Tign ¥epr

Chat.

Jung  Jely  Aur  Eeph

Xy

Jan Feh
Menn enow parfrs tomperadong, — 70 29,4

Mean ico parfaee tempersture, —*0 10,0

Mean ics thizknrss, cm

f

1.1

Heat Aux throngh mucfams, ksl ym?

Heat s through balian, kealfem® —00D

i

Mat short-wny rudintino, kosl/om?

Paoeteating rluirt-myve nodislio,

s
—2ik. T

o
—1_1

i

—1.7

L
—1.10

Ch

—ii.K

[.A

—1.1it

1.0

— 1.t

L[]

—

koosl fem®

et lonp-mmre radindien, el frad

MarEoT AND TINTERATETHER

End =f

Thizet i+

Aol ven

Euilknn
Arerelion
34

151

Ballaeo
Ahblaticn

Hirfwem Tee
Alladian
YR.3

Hntbnma

Acoernbiom
June 12

Ablotéem
Ao, 21

Eurfaca Irg

Tltrmny
Ablalivh Arereliom
Jupe 12 Fepale 3§

Buclew Irm

Fnow
Akintigo
June L

0.1'C, wheraas the average temperslume a1 o
leemnowr interlaes deanmees By 190 The e
mim temapwTolure changa withio the ico iz &0
Intuitivaly, # cald be avened that anoimemeas
encegy ioput of 23 keuldmo® rwr iww lhe 1
sbrmld mauge oveript Lotiperaoures to riss, d
apite ol ercasc io thickneas, 4n sxamioasion
Tullex & apd 6 ahawe that, slthengh the dotr
wurl heat inpet into the ise las petersed 1
25 loowlfoma? we, the wppurd lest fux ub o]
aaringd T eoecesecd by oo 04 Enolfom®
Thiy apparent eontradiction in szplained by 1
£8-em decrease in botraom weercti Thal odue
tha hen aomcduared inlo dhe iee by ahos 2
kealem® v, Thus tha net emergy iopint i om
0% of the incresss in I, wod, ecnepit. dyring 1]
summear and fall, ine thiskness dulofuiow ¢
temapearatiire niroHles,

4p waz pointed cut pariier, the mndel predin
rnora tapid gonling v the [all dhen ofserva b
indicote, Ohe pesible remson for this i tlat o
lurer noderestmmaicd L. Comperisso of Pigor
2 &, and & showa that when 4, 5 345, the 1
temperaturea are in el Detter feTectusns wi
ernpiticol dato thao in the stendecd ease: bo
erer, ieo shlstion at *he sacface i3 woo amall

It iz pnazible to inrmeass surlace ablatic
wkile maintaining & lerge fy simplr by doeele
ing the wibcda of cthe melting ica (ab; o
tufcichth in daubt thkat a emzll perssnta
chinge i3 anceptal's, T the Dexk cuse, o w
redused from 064 1o 039, and 1, epocificd
adsh. Tomule ate riven W Table & and Kign
4. A eomparizon with the atandard ones glios
nezrdy tha emma gurfaoe ablitinn, but el
energyr tbhaorhed within the jsa is oreatar by 1
Laalrora® 37, Rectuve masa changes ac the s
Tace have been meparated fTom I, it now b
pomes poezible tn defing how the jee yepon.
to I, nlime. Feen 1letueh sacfies ablation o
ity weatly sopzlant, bettem ablaticn i th
nase iz roore thon doahle thet of the gtgnde
vase, To mawaaw euilibtivm, Bollom el
muat therelore incresss, but thie may oo oo
il 1be ice thios. Averags thiokness e 229 ot
That, iz, AN ray Tess thicknrss Jor wa wnoed et
werwee of oy 1.9 keal/cm'. Figure & zhos
that an equivalent inereazs in F. wauld nem
the eguilibrinm thinkoess 0 deerenze From 2
1o 140 ceo, thus Hustrating e prester allicieo:
of heat nddidicn from the occan.

The rate of rooking within the ice in anbor
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Fig_ 4. Predivlend vulurs of equilibsium tamperntare and thickness for arctc ses ics, givea
a Weh rpchteton in the surfnee albodo docdog the ummer aklston ssszon (dune-Augnst). 4
2% mylvalinn renalted in eomplete diseppesminee of the ire duvine tho thied enmmwer

i comaidersbly less than io the standard raae.
Burface tempecatuess aee higher i the winter,
tut thin $= doe ©o thinmer s, Foll temperatace
putteens b Figues 8 ol pimilur to 1be ooearved
oo [Figure 2); bowaver. the eonling rate m
the upper meter of the ira I sl Tea aigh [ron
Boptember through Decernber, Tt dues tab wpe
pear thot 3 further noragze I fy would be sble
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tn duplicate the pattern of Figare 5. Bacan
Lhe greudeat diserepsatey now oceure o the wppe
pothion of 1he e, the most likcly explapatic
far tke :lower copling o autumn i the late
beat release from fresxing melt ponds, possils
eombiped with wi wrnleres undea ol fa
Altleoogh Tretersteiner [1981] euwlenlancd =
1. of 3405 duriog the height of the melt seaz:

e

Vi vm

, Tig. & T'redieted +olues of equlibrivo temoperature and thickmess for eretic w=a e when
nn salur radindion im pliceecd to peoerrats below the eorface of the e, Fall cooling eates wre
mach wrger than Bl shnwn in Figarea 3 and 4.
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Fig. . Predicled values of equilibriom Lamperatore and thickness for amte sea ice when
A%y ul ibe Det ahort-varte radiation 23 sllowed to peoeteate the jce doeing Lhe s weloe
pcrind, Full l:auu]iul.': tetel ere eimilar Bo obssrvations (Fipure B, however cooss uhu.n,ge:s ah
e hoooelavies are amsller than oheorrabonsl oreragcs,

anl Chernigeuaid [10GR] 3 ppears to bave meas-
wrd wa By ol 47%, where ame several obierting
ta vehoee s Jucme. When £, is lavew, lhe com=
hinanisn of a 300 cm thickness znd a surface
eblation of 40 emoig finpossible. 17 we acrept
Iz ea ablation, 3. i puzsille L Jwve 2 reason-
able ice thiclmeas and a latee .. Tocerseeioer,
fer example, mewsursd only 32 em of ice meh,
wlitich b vomsiglem, will B o thoress wid Fo
meaarcmenis.

Tlesr congileratinta demomaieate the need for
careful studies of the relaliunsl i Between fo,
nes ahnri-srave mdintion, ood surfase ablulioo,
Oksgsvationa of the diaccibation aod depth of
melt poods Lefure anil afcer the fall freezeap
would provide erueinl Dfonuslive oo hei role
in the tempersturs rcgimae. Deeause it = acill
impille Lo sav which combination of £, and

grface ublaticn i truly reprasevtative, the o
caeding instances weme Aguin inLgprnied witl o
fo of 7%, cunceding, bowewer, that il meor |
le.reer,

Cueemic Aead flur.  Binee the pinnesting wo
of Matiegret [1027], Lhe forbalenl 1ransfer
Tty [restee Llaz oeeun to the ice bas been aubije
o omuerans ceiimaces and rpecnlatione. Wi
vuriukions in ¥, wre ao iolegeal purt of sever
theorica of the e apes, aod mooeroma schom
int artificialhr infhencing the aatent. of the pa
e cdepund wpen chamgimge Fo [ Fopedas, 1055
Frefoler, 19ES], The Feusibilily of vy of e
proposa.s 18 difficult we cetabliah beeavac of
lack nl guantitative knowlesge regarding t
evpsibivily ol e tuspoties Lo Fa, IL e Bol Enor
havw large the heat fux most beeome Before 4
irg would vaniah, and disspresmerd atill ecds
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Ifg, & Prodieted vahace of sonilibriom tammerahme and thickness for arctic zes iss when
toc enmmer iet albodo o seeomed to be 484, sod 34%% of the et ebort-wams radiation is el-
lewed to procdrote: the iec dutiog the soowslere pociod, Theoeotiesl coaling resce e rones
changoe ngree well with chaaoetione

1547
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a2 1o the present mapninde af M. In thiz zac-
tion e will firat deseribe the tatal respomea of
e e to clomges 0 Fo, then determine &n
wprper Liecol fer Foo sl Omally adefine w eahow
af conditions under which the 1o eould cucrenthr
axiat.

Five exatuples were Wrtcgratod by oarg am-
aual vahues for Ma of U 075, 30, 45, sl A4
kool fera® 3T. Benamse me obidaus innonsiacencics
had yorlted fronmn gesomine that £ remnioed
popstanl drougheut Mwe ponrc I the sownderd
raxc, the oiher ansms wore camputed uoder (he
same assumnphion. Al other fluzas wera laft on-
chenged. 4 aipnmary of sonnicl equilibriom ee-
AT je iven v Table T When Py wnd aed equd
Lo &0 keedsem” yr, the ive vauished Bufore edquis
librinm cruld be astahliched.

Wighiee 3 flimsa n grapl ol ecuiilibriom thick-
P wversux &'y eurves for seumned woasimol
ond mirinaum thickocss snd averape thicknezs
ara drawn. When the ine ia thicker, the averagm
valie i alveer to the minimm, refenting tha
e reguse g boctoan aidatjun, Toler presenl surs
luce couditions, the theoreticul thermadynamic
Imit of jea thiclmcas B aboud 660 e, whereaa
the ice shonhl wanish iT Fo inetowses (o 5 or G
lenlfem® ¥,

Variztiona in ocainic baut oz hawe ralaliviely
Yittle dirert mbheenre an procesEee ocourTing at
Ve uprpet Lownlaey, The surlaes teraperamies of
iee 20 em tlick is ap we 12°C bicher 1foue the
gurface temperature of §80-cm ice, but beesase
the puw s a1 effective themoal inmlater, aver-
GEC Fhow erinee temperniures Are only 2° or
¢ ldglecr, Buoilarly, Bersuse of Hoe @now cover,
the roset of snow and jca ablulion chaopes Dy
onls 3 dava. The amoount of ice ablation at the
Upper authe ¥t Ty nnly g Tew peTmimeter3a
beenuse the queolily of heab cooduelod 12 the
eurtace durine the apow-Froe poricd w eimilac 1m
ell ingtances, indicatmg that temperpture pradi-
enta (furing the summer oee generlly  deree.
mioed Uy vhe peovkeating ghordayene Padialion,
rather tlun by jee thickness. Dattom acerclion
nuexTreTedly heging sarler in tbe fall when P,
i Juaget, The peecdicwed lewpetyluee fiebds indis
eale that i 1hin ee 1he Jewer portion mepobds
targ mapidly to lewpeealare chnures at the sue-
fape. Thu: the stesper temperature gradiencs
within the iee outweigh the efecta of 4. higher
Fo aod tesull i eadzer Dollow aoeretioon,

Meat Geld olwcorativos iodicutc un eyvociuge
irs thickoesz betwesn 260 and 350 cm, which

Mavywmre awm Tm Thewsrebn pse

corraspende in Fipure 9 ta vohies of £, batore
Bk ond 200 Teenl femi 3. Thene values celer 10
“rfteptiva’ Foo Tho1a prelable Chat meere bt
varricl dta the basin but iz logs throush lew
[ Cogchmer, 19660, Becanae norertamntias th
annld zlan elMee thicknes exian in the oth
ioput data, it ig nob podenale 1o asign & 3pEch
rolus 1o Fo, Hoeewir, oo the Basig of Mwe Lo
peratury resalty, it 39 unlikaly that errora io t
enercy fines at the upper arface nould modi
e thickneas reanlte by worg Dian =05m. T
DLesins Lege, Lo csliowles of acewone henl
Ly Crory, Tadgley, and TTnéersfcioar must
wary ouap to reality gnd the esHier anee consl
#rahly in errnr

Gl cAUer, A apow covar insmistes the i
Iuen the cold air and refleptz much of the i
rommz phort-mave Tadidion, The effeols
Fiaw am sl Elwss ablution saud ice fempecalur
supgests Lot amall changes W soow thickoe
eizht result in Zgnificant chengeg W equili
rurn thieimeen. The exprerinena oearrised
thi=s mectinm irdirgtes [hal Ly b= vob Lege,

Tl v sz aond o the standard caze that 1.
musanvm soow depth under present sonditio
i3 em. o mvestigata vie elfects of varial
eoow thickness, 6 cxetoples wore Integrul
specilyinge mysimwum sors deplbs of O, 2, F
g, 1M, and I20 cm. Boow was added i iner
menth 3 precienaly deaemided exeest tln s
ascoilaien oorcoenl wus mcapled by
wonsbunl fuelor (05, 16, awe) o bong &
final soaw depch up to the desited total. Ko
for the nDosnow fDetomes, ell other pasun
rinne wer comRielcul wilh 1he sleodecd e
Wlce sore was abeant during the endire ye:
wo oeznmed that ey = 075 06 the aorface ter
reramira was helow Treesing wind 0051 Jar
perids ol gucfnce meliine. Faums 10 and
aod Table U prezend remults from tesa of the
wiperimenta, Table T ewmmprizes reaglts fro
the athere.

Fignre 12 ghiws the awverage oLl
thickiess ws o Juoelion of mevmurn snoo
soow dopth. Por anow depthe hetwarn 0 s
T0 eoe, the averape ine thiclusess metodivg wlm;
uonhangad ; ahave T and, the thieloeed theress
iy, To explon the wwzpected shape
1lus wurve, it = Deceesury to examine the thr
major varishlas that are influenged hr 4
amount. of anowr; jre  lempefulure,  sacta
e shlution, and . A thiower encw cov
plows groater coolmg of the ice during
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T 11, Predicked welnes of equilibriom “cmperatime end thicknes for otetic sce ice, given
an eoouzl mmow secumoul=ton of 100 e,

winter, permootins battom ascrolist, If iee albls-
tiun b the suefage remained conatarnt, preate:
hogtasn aeeretion ®wold legd to thicker aguilib-
oum ige, Howoest, wlhen the mariamm goow
depth i3 leea, the woow cover o rerooveld candicr,
therabyr deereazing tha average albedo and pra-
lunging rhe petind of ice shlation. Alko, less
coccry & regaifed booreioeve the thither sroas
cover. With theee effavts ice nllelion ™ growler,
and mare short-ware radistion i aheorbed
within the ire. (Goeater iee ablstion st the @ir-
sase tonds to thin the boo bt T, inleroale will
tha e in & more complex muoner. Grouler T
camzes mnte bettom ablatino, tendiog tr thin
e 1o pod L spuuManespaly deneivs the anor-
faca of covroy chat could olberwies by used Lor
meting. Thua theore ore four oppoelng offocts:
twi that peemete thickening and two that pra-
mote Llunning, Figore 12 remlts fromy the hal-
anea of thear ellds, When madnum eooes

deprh lieg hetween [ oard ™ col, thers 13
muttal commpensation betesccn the thickesn
electe aud the thinring effects; when the soo
g1pw Zeprh expeeds TO gmo, deorepsing ie pb
tinn and o, @anflar I, dntningte the balingee, &
ther T thiclhen: Lo waiobaiz the Fulsbaee,
Theee points are illustrated by tha conic
betvween the astandard fsae and the no-zn
instance. Tre anrters fernprratiess in the 1
snper nzlahee ace couslslenllr lovor, 4be o
neim <iterente heing aboat 10400, wheréne 1
prod wverga ditfere hoe B°CL Tempacaty
prodicols wathun Ume e wee very sieep rlar
rha winter mootha (Figuce 103, reeulbop 1o
r moea Dottom ceerctinn than the stand:
s, Broguse thers ir no soow to melt s
Eecnuae o, 3= sAIlCT thn e., Borface ioe gh
tiom i greater by 25 eo, Alllougl pen aho
wave radiation & 45 kealfem® yr higher,
Lenlfemn' p¢ ni thie emeess iz abesrhed wit
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Fig, Lt Awcaoee ixouilibcom Lhickorsa of wrelie sz img na o fmction of moeimom wnagal
HI 1|HEI”‘I. ':-.||:|'|;v wilh n drukiic jnerresr ™ Epow oo do bhe inm:lating cifcsta of 1Er gOow
bacimue lacge sowcgh 4 pnndues s signifizung ineseraa in iea thicknex, Aooasl enom no-
eurmlabice i exeess of 1% emyorerach in dnsomrlcts raeltiog of the soow eover ond equilibrier
e Lee won bl gouw Crorn sbearg naald sblole from Lelgw,

the e, produeing Zlighily mere hollom ahla-
tion. Toe clnckome ducing L spring o some-
what creater than in the stendard ease, bt in
the fall and early wrinmer it = appessizaly Tesa
Thua, dezpita lazge differanes ot mosa

clieges sl Lhe boanderice, e eonousl eher
bolunee aod thickucss of the dsbh sre oo
albightly affectad. A simiilar anabssia nf the oth
rratples ahgms b Teas nel ghori-wave taal)
Lo wml Lhe erealer soowe eover eoolius
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reduce partace-ice ablafion sud Jo The smwller
eoFrgy Inpam ta the slsh rapidhy Becomes the
animant infleence and tesulta 1 the predicted
1liiclecoiog of Lhe doo,

Under the amsumcd socrpy oput, the tooxi-
o 3ngw depth that oan accur witheud pre-
ducitg an opooial surmos ik 120 cm. T aoaw
gl ntion eseesdd this amount, enciibm
iea w1l prow frow abovre amd allste Croom Bedo,
The rogtamecrphiam of znowr inta icc cannoot be
handler] by tha peezenn veodal, From thia asriss
of experocniz, it appenrs that present worin-
Tiops i wouaal saewleld over the ool Aneily
have little efect an average ice thickeecs.

| LESE IR

Infrared dats [Wiktimron awd Joicde, THOG]
fuggost that open witer w g cxtensive in tha
Arelic Wiud moout of the beat trsrsfer betovuen
tha ccezn aod atmraphera would oemir in theea
aeras. Heanlsa fean the model medionre 1hat, 1
fn 2 kealsem® vromust be seppdial o e jea
by thw greau, It ix cstimated from sparee oeear-
agraphiz data that romly 20 to 2.5 kealfom® ve
erp pdwected Jotg the eentral Aracia Oeean
[Py, 10607, T e dpwedc] 1 eofroet, 180 3 Tt
previble to reconsils Wittmaro aud Selide:
nheeryationz and the neeanogeapbic oformaden
with e prceent iee thicknes, Th eeeng neale-
able thet 1nfrarcd tochoiques overcslonte e
aciumt of epan water becavee they #re nat able
to digtioguish very thin jre from leads: how-
evior, further atmdr iz peaded to alecify the
praublero,

Informazico about the prucication of oborl-
wava radiztion into the ice i penerally deficient.
This iz wnfortunate bacznze the randel haa shown
the evtent ta whioh I; enn oHneces irp tam-
prtalite, i thicknoss, &Td the ppngael patern
of mas: chenmee st dba bouodyres, For 8 given
opaanis keat flux, the equitibrivm thickocss io
larpely detarmined b the ammné ofF #arface
wee nklation, which n durge g Lcongy inlieoed
by vhe vafies of § and the albods, Te vnder-
stand Lhe Dnteraction of eolyr soerey wath ihe
e, L i moh anflinient tn simply measire in-
eomoe sind el hott-wave radiation. The mess-
vremients shouwld be eowbioe! with oleerertiong
of Fuzfase ahlatian and calealations af £, prci-
emgbly by both direet and imdieeet eoetbods.
CHven the uneerainties in the surrent extimates
of averuge ice thickkess amd ablotion of the

surfneg, it hus oot Teeo prasibke to cslubli
defin’tely cha mappicude of [ from the wad
Um the bagia of aharrved and ealeulated fer
neralure piolilss wind the eadeulstiong of £nts
sheatiar [19417, pe ere wclined to aeecpt 2 vol
for ;o of 20 w26 keddem® yroand a sligl
lower svmener ine albedo thon sugeeslcd T
M arakunnsa (Table 1.

Renmesenlative surloee albedua for the i
durios Ly sumimer vhlation scasam oo w naj
problom in toeating the aretic emarcy Bude
Althgagh the model bse ghown that gn albe
of N4% reanltz in 5 rapid disappearanee of t
e, Lhere 3g ome esidence Lhad Lumpe=are 57E
Ayew TuT Jul¥ moavr indsad be this lor, Thix co
fiet oaal ke explrined hy thke way in whi
mel; ponds wad lewds whauth enargy and iote
agt with the murmouhdibe iee, Tipiral albed
ruge form 053 to 070 ovor melting iee, &
Froan 0.20 10 033 awer malt poneds ; wo kel
wvoryme sk, of oonree, be looeer than the vl
(A4 wrsunn=l 1 rhe mndet. What oeeds
be clarificd s the wwy W which med poo
dizposz of abzorbed short-wotrs energy, & ou
potid with pn slbeda of B0 abuovhe skt
koulsen' dpving Tty and Augusl, 8 lewl/w
more lhau e tyre ire. Siore melt pondy w
wzually aoout 40 ot Lo deprh ! Ditersdein
1951, they havo to [osc Twughly & kealfe
e emerpy duricg this period than the ha
io. Thiz mirmine energy may ba losh Lo,
lurmer Lot ent Alees, more mguing Jong-wi
radiation, atul, perhppe most importact,
greatar I, bat the maguilades of the esquir
i red3es are onknawm,

Ieither tha epermy badpet of Foiinekbst g
Cvip [LO00, 1967 ] nor that of Fletefer [106
geemg #ntirely sotiefactory. 1'ke uwas af Flawhe
bl bdget 1 the arandard neee nroduced
markahe arreemenl wilh nbwervations. Fa
dozxicaly, it 3= for thix rousen that it eanmst
roreidrred tmaly roprosentufive of 4 laTie-po
avarioe. Dy wtsumning 0 ATeTsge 2IT0mer @
fate albado of (.64, Fleteher neglects the vffe
nf lesadz and mett pooda il vndemestinates t
wmgynt of shart-w1ve radiwlion a}‘nsnrhed At
surfa= i the seotmal Arctie. Altheogh
cotonl of lepads @ uneertam, malt petida e
Wt 40 of 1he e durmg July. Thus, 1 &
keal/em® v rowie ongrgy iE Rbhenrhed at
aut?ane than Fleteher sesurpes, However, ya
to-yoRT varietions appear to be colwidersl
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lapger. Tha heat budget of Vowinekel and Orvim,
nn the ncher kand, apmests tn dearribe the genza
Mearuzer, bt We quenbicakjee agouracy TAMAaina
Lba T verafied becaws: some of e cuennye Luros
cro 1mplicit iv thor formulavion of the coeroy

balanea. For this reason their budpget connot be-

1mzed to deecribe phieical changes ot the sorface.

The rmnat aprinns limizatiom in e prezent
wpde] Jieg an 1he sinplilicton: mmwle mosrabpg
the bovoduery corditicns, The forbalept Do
are deperden? o pact en oeondiiopy sl the
surisgce and should be parameterized in terme
of gradientz of borudity, temperature, £ad orind
apeed in the asrepapherie hoamdary Tawver, Tn
this WAy it mighs be possitle w link vhis model
e G0 almesphetic oodel, Before his eowls
templad, % mway be womo expedient s 3 oexh
stap to develep & muitable ane-dmensional mndcl
af the nrearic smmvectinn nuotder the ire amil
under g fres weter surfaes, Comoingd with the
fon-ite mnodel, this model would esnble v 10
popreaeh the cenwonl problen of e doausilioo
fromn an dee-loee o wn Jec-covered stoabc of the
Aretic Deean.

Aokpowiedrpends.  Thanks Bve due e BAKT
Corporarion, Sanks Mowiea, for propoobe tha
graphs coptained ia Wds caper 2od for precddo g
an o extenza vesdion thet serreing Jdetsiled -
gulte feem all compuced cazse and & printoot of
the computer progrem, &3 Fokd ieedadicn
B -GR-11, November 1904

Thiz reectoch wan mads poasible by contiousd
mipzork Eaomn the e of Paaval Mraearek, Arctic
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