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ABSTRACT. M eas ure ments of temperature in snow along a verti ca l profIlc 
durin g th e onse t of spring melting a re used to calculate spa ti a l and temporal 
tem pera tu re gradi ents and terms of th e cond uction eq ua tion wi th an internal energy
produ ctio n term are calculated. H eat-tra nsfe r information is combined with 
strati g raphic observations mad e during m elting a nd allow d etailed d etermination of 
the timing and location of he terogeneo us water movem e nt and of refreezing. Internal 
energy production is interpreted as la tent heat of re freezing of percolated m eltwa ter. 
Times a nd locations of flow and refreezing of meltwate r a re calculated and compared 
to stratigraphic observations of la ye ring and cha nges in d ensity and liq uid-water 
content. Sequences o f m e lt, piping, laye rin g and refreezing seen in calculations and in 
strati g ra ph y demonstra te retarded fl ow at fin e-to-coarse transitions, flow along such 
tra nsitions and refreez ing a t the tra nsitions to form ice layers. Downslope flow is a lso 
observed in the absence of an imperm eable hori zo n lO redirec t flow fro m the vertical. 

I. INTRODUCTION 

The d ete rmination of seasonal run-off (i-om snow pac ks 
and glaciers, as well as g lacier mass ba lance from energy
balance d ata, requires th e knowledge of routing of 
m eltwa ter through snow which may be either initi a ll y 
or pere nni a ll y sub-freezing. The input flux of water a t th e 
top of th e snow can be m easured direc tl y or estimated 
from m eas urements of surface-energy transfers (Jordan , 
1991 ; Ohmura and others, 1991 ) . \Vhe th er meltwa ter 
escap es as run-off or is re tained by infiltration and 
su bsequ ent refreez ing in permeabl e snow is d etermined 
by th e tempera ture a nd physica l stru c ture of th e snow. 
Intern a l refreezing complica tes calculations of glac ier 
mass bala nce a nd run-off from cold glaciers and ice caps, 
since the consequences of m elt and refreezing persist over 
time as cha nges in snow temperature and physica l struc
ture which affec t water move men t in future yea rs 
(Koern er, 1970; Bindscha dl er, 1985; Pfe ffer and others, 
1991 ) . Estimates of fu ture sea-l evel cha nge arising from 
cha nged a nnual run-o ff from cold g lacie rs and ice caps 
a re affected by the process of infiltrat io n and refreez ing 
since run-off cannot be simply equated to surface melt. 
Infiltra ted snow d eclines in permeability as void space rills 
in by refreezing, and th e ne t effec t of th e infiltration a nd 
refreezing is a lag between the time of o nset of increased 
melt and th e time at which th e increase in run-off matc hes 
the inc rease in surface m elt. Pfeffer a nd others ( 1991 ) 
showed th a t this process diminishes th e predi cted run-off 
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contribu tion from Greenland under warming conditions 
by as much as O.4mm year I sea-level equiva lent. 

Snow struc ture and the location a nd ch a rac ter of ice 
layers is also of interes t as indicators of warming in ice 
cores. I ce-core site. are prefe rably located in a r eas with 
minim a l o r no melt, but most High Arctic co re sites 
ex peri ence modera te to occas ional melting, a nd melt 
layers appea r in core reco rds even a t high-eleva ti on 
Greenl a nd sites (Alley a nd Anandakrishnan, 1995). At 
warmer low-elevation sites in Greenla nd a nd th e Canad
ian Arctic, th e occurre n ce of melt laye rs may be 
interpre ted as a n indicator of warm summe rs (K oe rn er 
a nd others, 1991 ), althoug h th e ac tua l relation between 
melt laye rs and warm melt seasons is more complicated 
th an the sim ples t analysis would sugges t (Koerner, 1970). 

Our objective in this paper is to examine in detail the 
spatial a nd temporal pa tte rn of infIltration and re freezing 
of mel t for a specific instance of summer me l tin co ld snow 
and to d escribe processes of special importa nce in sub
freez ing snow h ydrology. W e also demonstrate a method 
for obse rving hea t flux es appearing in the snow during 
infiltra ti o n a nd compa re those o bse rvations to cha nges in 
strat igraph y . An und ersta nding of co ld-snow processes is 
criti cal to realistic mod eling of run-off from cold ice 
masses which experi ence summer melting, such as the 
Greenland ice sheet (PfeITer a nd others, 1991 ) , and to 
climatic inte rpreta ti on of snow a nd ice stra ti grap hy 
(K oerne r , 1970) . While refreez ing phenomena unique to 
cold snow have bee n discussed previously (e.g. MUller, 
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1962; Colbeck, 1976; \V a nki ewicz, 1979; M a rsh a nd 
\lVoo, 1984a, b) , m a ny aspec ts of cold-snow hydro logy 
have not been d esc ribed observa tio na ll y full y or in terms 
of processes of hea t a nd mass tra nsfer. \Ve focus in this 
p a per on prov iding observa ti ona l illustra ti ons of processes 
ac tin g during infiltra ti on, with pa rti c ul a r a tte nti on to th ose 
as pec ts of cold-snow hydrology w hi ch a re difIc rent from 
conventiona l soil s h ydrology or snow hydrology a t O°C . 

11. PREVIOUS WORK 

Th e structure a nd occurrence of ice form ed on g lac iers 
fro m refrozen wa ter has been extensi\'ely d esc ribed. 
Benson ( 1962 ), Muller ( 1962, 1976 ) a nd Wa ka ha m a 
a nd o thers (1976 ) have d esc ribed the perco la ti o n a nd 
soaked zo nes or fac ies , includin g superimposed ice 
ex istin g a bove th e equilibrium lin e a nd \\'ithin th e 
soaked facies of no n-tempera te g lacie rs. Compli cati ons 
in m easurements o r calcula ti ons o f m ass balance c rea ted 
by the presence of superimposed ice h ave been di sc ussed 
by Sh a rp ( 1952 ), K oern er (19 70 ) a nd Ambac h ( 1989 ), 
a m o ng others, a nd measurements o f cha nges in d e nsity 
pro fil es a t depth a re a conve nrio na l pa rt of a ny m ass
bala nce survey o f a non-tempera te g lacier (0 stre m a nd 
Brug ma n, 199 1) . The laye red st r uc ture of sno\\'packs is 
recogni zed as sig niGcallt in ma ny as pec ts of snow-cover 
ph ys ics (Colbec k, 199 1) a nd in th e interpreta ti on o f ice 
co res Crom freq uency of ice laye rs (K oe rn er, 1970; Bra i th
wa ite a nd o th ers, 1994; A ll ey a nd An and a krishn a n, 
1995 ). Deta i led o bsen'a ti ons a nd a na lyses of meltwa te r 
no w a nd refre'ez ing ha \'e been m a d e using a \'ari e ty oC 
a pproac hes (e .g . Colbec k, 1976 ; M a rsh a nd W oo, 
1984a, b; Ill a ngase ka re and othe rs, 1990; PfeITer a nd 
o th ers, 1990). Con way a nd Benedi c t (1994) a nd S turm 
a nd H olmgren ( 1993 ) used m e th od s simila r to those 
d esc ri bed here to ca lcul a te' refreezi ng in snO\I'j)ae' ks. \ Vh i le 
the basic ph ysics controlling th e interac ti on be twee n 
li q ui d wa ter a nd su b-freez ing snow a re und erstood in a 
gene ra l wa)" a full understa nding o f som(' critical d e ta il s 
is lac king \\'hi ch p re\ 'ents a full v d e ta il ed unde rsta nding of 
th e process of infiltra ti on a nd refreez ing . 

Ill. FIELD SETTING 

A site was required \\'ith the following fea tures : ( I ) no n
te mpera te (sub-freez ing ) ice; (2) a ra nge of glacier fa cie'S, 
inc luding a zo ne o f ex tensi\'C summ e r m elt, poss ibl y to the 
po int of slush fo rma ti on; (3) som e effi cient means of 
a vo iding la rge a reas oCslush during th e melt season. The 
Amitsul oq ice' cap was chosen o n th e bas is o f these 
crite ri a . Amitsuloq is a c. 225 km 2 ice cap loca ted a t 
66 0 0 7' 1\ , 50 07' \ V on the centra l wes t coas t of Gree n
la nd. O bse rva ti o ns were mad e o n th e eas tern o utl e t 
g lac ie r of Amitsul oq , which d escends fi'om 1400 to 600 m 
in 15 km a nd presents facies ra ng ing up to mod era t(' 
pe rco la tion a t th e ice-ca p summit (Ol esen, 1982 ) . Th e 
rel a ti ve ly na rrow width of the las t 5 km of the o utl e t 
(a pproxim a tel y 2 km wid e) is bound ed by roc k. Th e rocks 
prov id ed a ltern a te ro utes of tra vel up- a nd down-g lac ie r 
In th e event of ex tensi\'e slush form a ti o n . 

Th e presence o f th e GG U T ase rsia q research sta ti o n 

was a substa nti a l ben efi t to Geld ope ra ti o ns a t Amitsul oq. 
Li ving qu a rters, me teo ro logical a nd fiel d instrume nts, 
and snow mac hines, w e re a \'aila ble for use, as well as 
exte nsive previous glacio logical a nd m e teorological info r
ma ti o n. 

IV. TEMPERATURE MEASUREMENTS IN SNOW 
DURING INFIL TRA TION 

Heat-transfer formulation 

The loca ti on and struc ture of ice layer s a nd pipes can be 
ma pped in d eta il a fte r th eir fo rm a ti o n by ca re ful 
stra ti g l-ap hic map ping o f snow. It is m uc h more diffi c ult 
to d e te rmine th e timing of refreezing . H ea t input a t th e 
surface can be measured but this is onl y one of the fac tors 
a ITec ti ng refreez ing . Som e non-d es tru c ti ve con tin uo us 
mon i tori ng of perti ne n t vari a bl es mu s t be done to te ll 
when , a nd where, refreez ing occurs. 

The m eth od described here im'olves m a king tem per
a ture m eas urements in snow during th e tim e tha t wa te r is 
moving a nd refi'eezing, a nd ca lcul a ting spa ti a l a nd 
tempo ra l tempera ture g ra di ents. Compa ra ble measure
ments have a lso bee n m a d e by Co n way a nd Benedi c t 
( 1994) a nd Sturm a nd H olmgre'n ( 1993 ) . The terms o f 
th e hea t-tra nsfer equati o n can be calcul a ted using spa ti a l 
a nd te m po ra l te rn p e r a tu re gradie n ts toge th er w i th 
ad eq ua tel y acc ura te ex press ions for th e va ri ab le thern'la l 
prope rti es of snow. Th e field procedure for ma kin g th e 
meas ure m e nts is described in th e nex t sec ti o n. We use th e 
sta nda rd condu ctive-tra nsfer equ a tio n of th e form (e .g . 
Arpaci, 1966, ('qu a tio n 2-9 1): 

oT ( ) , pC at = V'. klli VT + q (1) 

or in o n e dim ension: 

oT 0 ( OT) , 
pC at = oz klli uz + q 

where T is tempera ture, t is time, " th is th e bulk eITec ti\ 'e 
th erm a l conducti vit y o f snow, p is snow d e nsit y, C is hea t 
ca pacity o f ice and q' is the I'Olulll e tri c ra te of local 
inte rn a l e nergy so urces a nd sinks. Th e spa ti a l gradi ent 
VT is, in ge neral, \'a ria ble in a ll three spa tia l direc ti o ns. 

If th e tempera ture c ha nge a t a po int (oT/ ut ) occ urs 
a t a rate which is unba la nced by conduc ti on of sensibl e 
hea t to th e point by sp a ti a l gradi ents (1/ pC) / V · (ktIST) 
th en , in te rms of Equ a tion ( I), th e difIfe rence in mag
nitud e be tween th e two te rms appears as a hea t so urce o r 
hea t sink , represented by ql Th e te rm q' may includ e 
la tent heat of Cusion during refreezing of liquid wa ter (a 
hea t so urce ) or la tent h ea t of \'apo ri za ti on abso rbed 
during sublima ti on of so lid or eva po ra ti o n oC liquid (a 
hea t sink ) o r radi a nt hea tin g in near-surface laye rs. Th e 
tcrlll q' m ay also conta in a res idual a ri sing from errors in 
thc d e te rm i na ti on of th e gradi en t te rms (inel ud i ng 
unmeasured la tera l he te rogeneity) o r e rro rs in va lues of 
th e th e rm a l parameters. Po tenti al sources o f error must be 
distin g ui shed from therm a l fea tures w hi c h represent real 
pheno m e na . 

Errors in th e calcul a tion of rf m ay a ri se from : ( I ) 
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inaccura te \ 'alues [or density o r thermal conducti\'ity , (2) 
inacc urate finite-difference approximations of d eri\'a ti\'es, 
a ri sing from spatia ll y sparse data , inacc u rate temper
atures or in acc ura te th ermisto r positions, a nd (3) temp
era ture-g radi ent errors. a ri sing from spa ti a ll y sparse data 
or gradi ents unmeasured by a singlc profil e of thermisto rs. 
Th ese pote ntial errors may be stationary in tim e or ma y 
cha nge as a consequence of para meters suc h as densit\, or 
thermistor pos ition whi ch change OHr th e co urse of the 
expe riment. Stationary e rro rs ca n be redu ced by 
examining th e distribution o f q' O\'er d epth a t th e 
heginning o f the experiment when all temperatures were 
bel ow ooe, no melt was being ge nera ted and q' due to 
la tent hea l is known to be zero. A non-zero distribution of 
q' a t th e beginning of the ex periment did ex ist and 
ap peared to persist as a fix ed ali as stra ig h t across the 
record. Thi s error is most likel y due to inacc uracies in the 
calcul a ted thermal conduc ti\ 'ity as a fun c tion of dep th. 
V ertica l temperature pro fil es were measured initially at 
seve ral latera lly d istribu ted posi tions and ini ti al lateral 
homogen eity of the tempera ture fi eld was confirm ed. The 
tempera ture records that foll ow were determined from a 
vertical, one-dimensional pro fil e of th e rmistors. Th e 
initi a l no n- ze ro di stribution of q' ove r d epth was 
subtrac ted off as a n a li as sig n a l from the entire record. 

Errors in the finit e-differe nce terms, a nd es pec ia ll y the 
spa ti a l gradient term , require evaluation of errors in the 
input \'alu es o[ tempera ture a nd thermisto r position. A 
compreh ensi\ 'e error analysis is compli ca ted by th e 
irregular thermisto r spacing, \\'hich ma kes the analysis 
a lgebraicall y complex . Howeve r, consid e ra ble simplific
a ti on can be achie\'Cd by no ting that th e second spati a l 
deri \'a ti \'e a nd its errors ca n be \lTi tten usi ng the 
following three scaling terms ill\'olving errors bT (temp
era ture) and bZ (thermistor position ), ignoring terms of 
ord er b2 a nd higher: 

(~Tl - ,0.T2) bT bZ (,0.T1 - ~T2) 

,0.Z2 ' ~Z2 ',0.Z ~Z2 

where ~Tl a nd ,0.T2 a re temperature differences on 
adj acent interval s a nd ~Z is th e scale di stance between 
adjacent th ermisto r loeations. The ,0.Z term is a function 
o[ th e \'ariable grid spacing a nd therefore the analvsis 
va ri es over the grid , The firs t term gi\ 'Cs the scale of th e 
\'a lue of the second deri"ative. The second te rm sca les the 
error due to uncertainty in temperature bZ a nd the third 
term scales th e error due to uncertainty in position bZ. 
Th e positio n error is scaled by the ra tio of th e error in 
position to th e relat i\'e posi tions of the thermislOrs. :\Tote 
tha t, while the error in the thermistor spacing is large in 
the a bsolute sense (1 or more centimeters in th e vertical ), 
th e relati\'e position betvveen adj ace nt thermistors is well 
kno\\'n , with rela ti\ 'e positions knO\\'ll to approximately 
10% or be tter of the loca l thermisto r spacing. This 
contrast between a bso lute a nd relative positioning is 
impo rta nt an d th e a nal ysis sho\\'s that th e second 
deri"a tive is i nsensi ti\'e to errors in absol u te posi tion bu r 
highl y sensiti ve to rel a ti ve position. Since the relative 
positions a re kn own within a pproxim a tely 10% , we 
conc lude th a t position errors in the second deri\'ari\'e 
are simila rly scaled, 

Th e m os t importa nt error is associa ted \\'ith the 
uncertainty in temperature bT. The tempera ture has an 
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a bsolute erro r of ± 0.2°C. Fro n1. th e above erro r terms, it 
can be seen th a t, \\'hen th e diffe rence between adjacent 
tempera ture differences becomes less than th e temper
a ture error, th e n the results h a ve littl e meaning . In our 
data , this impli es tha t, as th e temperature in th e sno\\'
pack becomes uniform , th e second derivative becomes 
sp urious. Subtle tempera ture-field curvature in our data 
will produee qu estionable results. H o\\'e\'er, th e regions of 
the tempera tu re field of interes t in our disc ussion of 
m eltwater migration and re freezing are precisely th e 
regions \\'here la rge spati a l a nd temporal gradi ents ex ist 
a nd here th e a n a lysis is mos t r eli a bl e. 

Errors may a lso arise fro m unmeasured temperature 
gradi ents. In field measurements, we concentrated on 
ac hi e\'ing th e m ax imum spa tial resolution in th e verrical 
dimension at th e ex pense of informa tion on lateral 
\·a ri a tion. Expe l-ience has indicated th at initi a ll y (before 
th e onset of melt a nd infiltra tion ) both stra ti g ra phy and 
temperature a r e vertically h e teroge neous a nd la tera ll y 
relatively homoge neous (Gow, 1965; Alley, 1988) and 
initial stra ti graph y and temperature measurem ents at our 
site confirmed that initi a l conditions lI'ere la te rall y vcry 
homoge neo us, On e-dim ension a l temperature m easure
ments will accurately ca pture heat Ouxes in the initi a ll y 
layered condition and will become prog ressively less 
acc urate as non-uniform infiltration advances during 
melt. Uniform h o ri zo ntal infiltra tion and refreez ing along 
stratigraphic hori zons \\'ill preserve late ral homogeneity 
but \'ertical infiltra tion of wa ter via pipes to h o ri zons at 
d epth disrupts la teral homogen eity a nd introduces hor
izo ntal tel11perat urr gradi ents a rising from la tent heat 
release a t th e site of the pipe. T em peratures m easured 
o nl y a lon g a s in gle vert ical profile are therefore 
potenti a ll y a mbig uous when heterogenous infiltration 
occurs but ce rta in features inferred from the \'ertica l 
tl:m pera t u re field cannot be a rtifacts of un m easured 
la teral temperature variations . Spec ifi ca lly, re freezing of 
infiltrating m e ltwa ter ca n crea te law'a ll y iso lated hea i 
so urces of rela tivel y lI'a rm snow by release of la tent hea t 
o n refreez ing but it is not poss ibl e to crea te a la tera ll y 
isola ted heat sink in the snow via infiltratio n of melt. 
l\lelting (i. e. loca l produc ti o n of liquid as o pposed to 
infiltra tion) is a hea t sink but it does no t occur a t 
tempera tures b e low Doe a nd , in any rase, no sensible heat 
is a \'ail ab le within th e snow to suppl y la tent hea t to melt 
ice a t ooe. \Net ting of sub-freezing snoll' a t d epth is 
suppli ed by m e lt genera ted at and nea r the surface by 
radi a ti ve a nd se nsible hea ting or by rainfa ll but no 
melting occ urs within snow being brought to ooe. \\'e 
note that the process ofl\'etting initi a ll y sub-freez ing snoll' 
by infiltra tion is entirely a freezing (exo thermi c) process 
a nd also that melting of snow at ooe ca nnot act as a heat 
sink to coo l adjaeent sub-freez ing snO\,\', In summary, 
isolatf'd warming at depth in a w rti cal tempera ture 
profil e may b e th e product o f'l a terall y adj acent refreez ing 
which has not been direc tl y m easured but no processes 
are ava il a blc to create isola ted coo ling from infiltra ti on 
a nd refreez ing. 

Sublimation can also ac t at iso la ted points in the 
sno\\'pack. Sublimation can cool sno\\' \'ia a bso rption of 
la tent hea t but a ny large qu a ntity of sublimati o n would 
be driven by la rge "'lpor-pressure gradi ents, which arise 
under cons ta n t pressure pri maril y as a conseq uence of 
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tempe ra ture g radi ents: a large pre-existing ho ri zonta l 

tempera ture g radi ent must be ill\'oked to create cond
itions fo r horizon ta ll y isolated subl imation. Furthe rmore, 

to c rea te an isolated te mpera ture minimum , water vapor 
wou ld h aw to be a dvec ted far from the site of sublimati o n 

wi thou t co nd ensing (or else sublim a tion a nd cond en s
a ti o n occur in close proximity and no ne t temperature 

g ra dien t is clcn:loped ) . H owel'e r, wa te r-I 'apor tra nsport is 
driven from warm to co ld not vice versa. \ "re do no t sec a 

pla usible mechanism to d el'elop late ra ll y isolated temp

erature ex trema by sublimation. Sub limation occurs as a 

co nsequ ence of tempe ra ture gradi ents; it d oes no t crea te 

th em . 
I n summa ry of th e abol'e, heteroge n eo us inliltra tion o f 

mcl twa te r ca n crea te warm heteroge n eiti es (relative to 

initi a l tempera tures ) but not cold heterogeneiti es . 

Application to refreezing at Arnitsuloq, West 
Greenland 

H eat-tra nsfer terms \-I'ere calcu la ted from temperatures 
m eas ured ill a I'erti ca l pro lile in snow a t a n d el'ation of 

SOO m at Am itsul6q . Th e measure m e nt site slopes at 
a pproximately 2° a nd is topographically I'er\" unifo rm. 

Th e loca ti on lies n ea r the equil ibrium- line ele\"ation and 

expe r ie nces su bstanti a l m e I t I\·i th inte rn a l refre ez i ng a nd 
freeze-o n a t th e snow- ice contac t. Th ermisLOrs were 

insta ll ed and th e in itial s tratig ra ph y was d etermin ed o n 

23 J un e 1992. T empe ratures were reco rd ed using Camp

bel l type 107 thermisrors; th ese ha l 'e a nominal acc ura cy 

o f" ±0.2 C and \\'e re ca libra ted in a n ice bath imm ed 
iatel y b efo re and af"ter li e \cl measure m ents. Thermisto rs 

were install ed a t 16 le l 'e ls in th e 175 c m snOI\' laye r by 
inser tin g th ermisto r cabl es hori zon ta ll y ( to al'o id d ra i n

age a lo ng leads ) into th e undi sturbcd 5nO\\' heyond th e p it 

\\·a ll. P e netrati on d is ta nces beyond the pit 11" a I I \\"Cre 

s tagge r ed be t \\'een 100 an d 125 c m and se pa ra ted 

ho ri zonta ll y o\"e r a 30 c m ra nge to a l 'o id loca ting a n y 
thermisto r immedi a tely a bOlT or belo\\' a nea r neighbo r. 

Th ermistors were no t fi xed in position but \\'eIT a llowed 

to se ttle \\'ith the snow. The changing th ermistor positi o ns 
we re es tim a ted and accounted for in the fin ite-diITe re n

cing. \ Ve prefer to le t th e th ermi stors mo\"C with th e snOIl" , 
since fixin g th erm isto r positions create. a rt ifact I'oids a nd 

cha nn e ls belo\\' th e thermistors as th e sn o ll' se ttl es past th e 
th e rmistor. The main pit was bac k-li llcd a fter insta ll a ti o n 
of th e th ermi SLO rs to a l 'o id spurious h ea tin g, coo ling o r 
m(' ltwa ter movem ent due to an o p en p it lI"a ll. Th e 
stra ti g ra phy of" snow in th e back-lill ed pit is disrupt ed but 

wc beliel'e thr temperature se nsors arc suni cientl y d is ta nt 
from th e bac k-fil led snow to avoid erro rs a ri sing from th is 
so urce. 

Spatial and temporal temperature g radi ents w e re 

ca lcu lated by finit e-diITe re ncing of the te mpera ture data . 
T empe rature da ta were sepa ra ted bv unifo rm time intc r

I'als (5 m in ) but no n-un ifo rm spa tia l inte l"l"als. Spatia l 

a nd temporallinite diITe rences \I 'ere ca lcu la ted by centra l 

fin ite diITerences, al low ing fo r n o n-un ifo rm spati a l 
intcrn tl s. Dinc rencing coo rdin a tes d e noting th ermi sto r 

pos ition were adjusted ol"Cr tim e by interpola ting linea rl y 

be twee n initi a l a nd fin a l th e rmistor pos itio ns. which were 

d e te rm ined al th e tim e of insta ll a tion a nd aga in at 

exca l'a ti on (sno\\' se tt le m ent is non- lin ea r in time bu t wc 

cannot d ete rmin e inte rm edi a te th ermistor p ositi ons \\T II 

enoug h to justify m o re e la bo ra te inte rpo la tion than 
lin ea r ) . V e rtiea l profi les of" snow dellsi ty p were measured 

a t nea rby sites period ica ll y during meltin g and densit y as 

a function of depth a nd time was obta in ed by linea r 

interpo lation bet\\'een th e d ensity pro li les m easured a t 

interva ls during th e ex p e ri m en t. Therma 1 cond uctil'i t y 
kth was es tima ted as a fun c tion of p o nly (L angha m , 
19SI ) . The hea t ca pac ity C is 11'('11 know n . The t('l'ms in 

Equation ( I ) invo lving gradi ent s arc el'a luated as 
functions o f" space and tim e a nd th e dinc re nce between 

th ose terms is th e volum e tri c interna l en ergy plus error 

(q' ). Errors must be e limina ted or estimated a nd th e 

rem a ining vo lumetric rate o f intern a l en e rgy produ c tion 

partitioned into latent- hea t release and o th er sou rces. 

After treating kn own a nd potential errors, q' prOl'ides an 
es tim a te of" energy released by latent hea t of fll sion, as a 

function of"spaee and tim e. Th e loca tion a nd timing of iee 

acc umulatio n through refreezing is d e te rmined direc tly 
from this. 

Th e in itia l snowpack on 23 Jun e 1992 was 175cm 
thick a nd lay on th e ba re -i ce a bl a tion surface from the 

previous year. Steady summ er melting ha d no t yet begun 

on 23 Jun e a t this site, a lth o ug h th ere had ev id entl y bee n 

an iso la ted melt CITnt so m e weeks ea rli e r which produ ced 
melt- freeze fea tures res tri c ted to a 5 em laye r bet\\'ee n 14 

a nd 19 cm. Th is layer \I'as cove red by a su bseq uen t 14 cm 

of sno\\·. Th e snoll" temperatures belo\l' 5 cm d ep th on 23 
June were between -3 ~ a nd - S C. T empera ture and 

stra ti g ra phi c measurements were continued f"o r 1Sd to II 

Jul y. The snow thi ckn ess dimini shed from 175 cm befo re 

th e onse t o f" mclt to 130 cm a t th e end of th e ex periment 
\I·hen a ll the sno\\" had reac hed 00e. 

Snow stratig ra ph y \\'as mapped in pits to th e sno\l'-ice 

interface . The stra ti g raphic p a ram cters includ e profil es o f 

grain -size, shape and morphology. hardness a nd laye r 

d efiniti o n . Pro fi les of b o th d ens ity and liquid -water 
co ntent w e re measured at 2 cm intel'l"a ls by the full 

permitivit), dielectric m e th od (S ihl 'o la a nd Tiuri , 19S6) . 

Bo th density a nd liquid-II'a te r content measurements by 
this dielectric mcthod h a l"C acc urac ies in c lean sno\\' 

compa ra bl e to or bette r than I'olumetri c d ensity meas

ureme nts o r simple di e lec tric water-content meas ure

ments (n o mina ll y ±5% fo r density and ±2% fo r 

I'olum e tri c \\'a ter co nt ent ) . Thl" stra ti graphic pa ram cters 
lI"ere m eas ured in the pit used fo r in s ta llat ion o f 

th ermi stors a t th e tim e of" install at ion and repeated a t 

intel'\ 'a ls during the cx periment in snow pits acijac(, llt to 

th e ma in pit (\\'ithin c. 10 m but ll ot closer th a n c.3 m ) . 

Th e strati g raph y a t th e main pit lI"as exa mined aga in a t 
th e cnd o f" th e ex perim e nt \\·hen th e th ermistors \\'eIT 
ITcOlTred . 

Distribution of te:mperature 

Th e reco rd of tempera ture in th e sno\\' is ShOll"ll in Figure 

I. The im age sho\\'s temperatures as co lor5 in a time 

dept h dom a in. Th e image is a 5 12 x 5 12 unsmoo thed 

resampling ofa 16 x 1024 ra w-d a ta im age . Th e l"Crtical 
dim ensio n o f th e image represe nts depth , from th e initia l 

snol\' surface to 170 cm. Th e ho ri zontal dim e nsio n rep res
ellls tim e, w ith th e entire image width cO"ering approx

im a tell' 11 d from 23.J un e to 4 J uly. The uppe r surface o f" 
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the image descends to th e ri ght (ad vancing time) as the 
snow surface lowers from melting. Crosses on th e lefth a nd 
ma rgin mark th e initia l positions of th e th ermistors. 

The nea r-surface diurnal warming rises to temper
a tures a bove O°C (these a reas are distinguished by a 
bordering band of yellow in Figure I ) ; thi s is caused by 
direc t so lar hea ting of th ermistors within a bout 20 cm of 
th e surface. These thermistors mel t open cha nnels as th ey 
encounter the descending surface. Once th ermistors com e 
to within about 10 cm of the surface, th e temperature 
records show high-frequ ency vari a ti on , indi cating th a t 
th ey a re predomin a ntly responding to radi a ti on a t th e 
surface a nd the records a re discarded . For this reason , 
records from the top four thermistors were elimina ted as 
th ey em erged near th e surface during th e run of th e 
experiment. 

The conspicuous features of th e tempera ture Geld a t 
depth include a diurna l warm pulse which penetra tes 
from th e surface down 20- 40 cm, downwa rd propagatio n 
of wa rming a t a ll depths, a broad tempera ture maximum 
between 72 and 110 cm, diurnal pulses of warm temper
atures a t c. 150cm (26 June-3 July) a nd persistent layers 
of rela ti vely cold temperatures a t a pproximately 70 a nd 
130 cm . The simples t as pec ts of the tempera ture record 
can be explained qu alita ti vel y: radi a tive heating at th e 
surface drives a wa rm wave which penetrates at a n 
average ra te of roughl y 14 cm d I. Pulses of heat appear a t 
150 cm in adva nce of the warm wave , evidently caused by 
th e appearance of la tent heat of fu sion from piped water 
refreez ing a t thi s depth . 
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Diurnal wa rming a t d epth will be seen to coincide 
with stra ti graphi c evidence of meltwa ter re freezing. On 
the basis o f the temperature reco rds a lone, one would 
expec t to find ice laye rs d eveloped a t or near 150 cm 
starting som etime after 26 June. 

Distribution of local internal energy production q' 

The record of volumetri c local intern al en ergy produc
ti on, q' (calcula ted by Eq ua ti on (I)) , is shown in Figure 2. 
The time a nd depth axes a re id enti cal to Figure I ; the 
colors represent q', with magnitudes as given on th e color 
scale in units of (latent hea t associa ted with ) kilograms of 
ice frozen per cubic meter per hour. 

Figure 2 shows apparent hea t sources (red ) acting a t 
depths of a pproximately 30- 50, 75- 85 and 145- 170 cm. 
Th e compa rati vely weak , short-lived heat source a t 30-
50 cm (stronges t a t c. 35- 42 cm la te on 25 June) occurs 
within th e surface layers early in th e cycle of strong 
diurna l hea ting. Th e hea t so urce a t 75- 85 cm li es within 
the warm la yer at 72- 110 cm in the tempera ture fi eld , 
while the heat source a t 145- 170 cm corresponds to lhe 
warming seen in the temperature Geld a t 150 cm. The 
hea t source a t 30- 50 cm is not clearly visible as a 
maximum in th e tempera ture Geld , nor is the warm 
layer a t 72- 110 cm obviously a hea t source based on 
tempera ture a lone. The calcula ti on of q' brings out the 
time a nd locati on of hea t sources which a re obvious in the 
temperature reco rd , such as a t 150 cm depth , but also 
brings out th e heat sources a t 30- 50 and 75- 85 cm which 

https://doi.org/10.3189/S0022143000004159 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000004159


Pjifjer and H umphre.Jl: II 'ater movemenl and ice-layer jormation in slIb-.Feezing snow 

10 

20 

'>0 

4-0 

flO 

7 0 

~ BD 
E 
o 

: 90 
0.. ., 
0 100 

11 0 

120 

130 

140 

150 

160 

170 

1 ::I 

1. 1 

0 .91 

07 1 

0 52 

0. ::12 

0 13 

0065 

-0.26 

- 0. 46 

- 0.85 

+ 
rl-----Ir----rl-----rl----'I-----rl----'Ir----.I-----Ir----,Ir----rl-----I 
23 24 25 26 27 28 29 30 1 2 3 4 

June nme July 

Fig . 2. Local internal energy /Jroduction as ajunctioll oj dejJth alld time ill SIlOW as wlClllatedjrom tem/Jeralllre gradienls. 
Units oj energy productioll are exjJressed in lerms oj Ihe mass of walerjroZeJl to release Ihe equivalent eneJ'g)' as lalent !zeat. 

are not at a ll obvious in th e tempera ture field. These 
inferences are confirm ed by strati graph ic obse rvations 
mad e be fo re, during a nd after infiltrat ion (section VI ) . 

Also v isibl e in Fig ure 2 are apparent hea t sinks, most 
prominentl y a t 120- 130cm on 4 Jul y a t 130cm and 3 
Julya t 165cm . Weaker sinks appear at 45,60 and90cm 
on 26 , 27 a nd 28 June, respectively. Th e h ea t sink at 120-
130 cm co rres ponds to th e layer of persistentl y cold 
temperatures a t 130 cm in Figure I . The presence of th e 
hea t sink indica tes that th e cold laye r is not simply snow 
wa rming up more slowly th a n its surro undings but rather 
that it is warming more slowly than the calculated heat 
Ou x into th e laye r would d emand. As di scussed above, 
non-zero q' may occ ur as a consequ en ce of rea l heat 
so urces a nd sinks or as a consequen ce of vario us possible 
errors but , since there is no plausible way to form a heat 
sink at depth in the snow as a consequ ence of infiltration, 
we interpre t this sink as an a rtifact of th e ca lculat ion. 'vVe 
now seek to d etermine what conditions could cause a n 
a rtifac t hea t sink and what effect thi s could have on th e 
determ in ation of hea t so urces, wh ich we judge to be rea l. 

M.easurements have been made of th ermal conductiv
it y of snow as an in creas in g fun c tion of den sity 
(Lang h am, 1981 , p.296- 97. Grain s tru c ture is not 
necessa ril y well co rrelated with density (as seen in th e 
compari son of Figures 4 a nd 5 below), but g ra in structu re 
a nd con nec tivity is a [ac tor in de term ining aggregate 
th erma l cond ucti vi ty (V ri es, 1963; L a ng ham , 198 1) . 
Anom a lously slow warming (a pparent heat sink ) will 

res ult if th e ac tua l therm a l conducti vity in the layer is 
lower than th e th ermal condu cli\'ity assumed in the 
ca lcu lation o [ the heal-tra nfe r terms. A low th ermal 
condu cti\'il Y ma y result from hi ghl y ordered g ra in 
structures w hi c h crea te poor th ermal pathways in certain 
direc ti ons. Th e a ppa rent hea t sink at 130 cm corresponds 
to deplhs within unit D whe re g ra in structures exist (sce 
sec lion IV ) a nd small a ir gaps were obsen 'ed (Fig. 5; 2 
July) in unit B in th e \'icinilY oflhe a ppa rent h eat sink a t 
60 cm . Air ga ps would substa ntiall y reduce the eITectin' 
lh ermal condu c ti\'ity of the aggregate below what would 
be calcul a ted [or uniform and continuous snow. The 
a nomalously low temperatures of these layers intensifi es 
during the onset of melt, when the grain structure is 
changing rapid ly during den sifi ca ti on. 

Errors in th ermal conductiv it y will ass ign spurious 
magnitud es to klh 'VT in Equa tion ( I). If kth is calcula ted 
to be lo\\'e r than aC luall y ex ists, th en 'V . (kth 'VT) will not 
acco unt for the full magnitud e of the diffusion actua lly 
occu rring and th e difference w ill be ass igned to q/ A low 
calc ul a ted ktl\ al a lemperature minimum wi ll re tard 
kth 'VT (i. e . m eas ured T rises fa sler than kth'VT ca n 
acco unt for and the res ult wi ll be an art ifac t hea t so urce 
q' ). Sim ila rl y, high ca lcul a ted ku\ at a temperature 
minimum res ults in an art ifact hea l sink; high kth at a 
temperature maximum results in an a rtifac t so urce; and 
low k th at a te mperature maximum results in an artifi cia l 
sink . I n no case, however, ca n errors in k tll act to d eepen a 
tempera ture ex lremuJl1. Errors ma y ac t as sinks or sources 
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which accelera te or del ay the warming of a temperature 
minimum or coo ling of a maximum but cannot act to 
warm a temperature maximum or coo l a minimum. 

EstiInate of density change frolIl infiltration, 
refreez e and s ettlelIlent 

Since local intern a l energy producti on q' is expressed in 
terms of the mass of frozen wa ter per unit volume of snow, 
thi s quantity can be integra ted over time at a fi xed d epth 
to es tima te the d ensity change over the period of time a t 
that depth occurring as the consequence of refreezing of 
infi ltra ted water. Observed cha nges in snow d e nsi ty 
between th e initi a l, pre-infi ltra ted state and the final 
sta te comprise se ttlement and infiltra tion of water from 
melt ge nera ted higher in the snowpack . Some frac tion of 
th e infiltra ted water re freezes. These contribution s to 
density change can be estimated from the measurem ents: 
increased water content remaining as liquid from m eas
ured profi les of water content, refreezing of infiltra ted 
water from q' and se ttlement from ch anges in th ermisto r 
position. Since meltwater is generated nea r th e snow 
surface, we assume th a t a ll liquid wa ter detec ted a t depth 
was genera ted a t a point higher in th e snowpack a nd is in 
fac t add ed mass at the point where it is measured. 

Figure 3a shows th e refreeze q' (integrated over th e 
period 23 J un e-4 Ju ly), meas ured wa ter content on 4 July 
and es tima ted sett lement between 23 June and 4 July, all 
as functions of d epth in the snow. Th e sum of these three 
qua ntit ies is th e es tima te of density change. Figure 3b 
shows the calculated fin al density (initial density plus 
es tim a ted density ch a nge) and is compared to the 
measured fin a l d ensity on 4 Ju ly. 

Integra ted internal energy production is ca lcu la ted 
only below 70 cm , since the snow above 70 cm was lost 
through melting by 4 Jul y. Agreement between cal
culated and meas ured fin a l d ensity is exce llent below 
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130 cm . Calculated fin a l densi ty is less th a n measured 
fin a l d en sity at the maximum at 95 cm and exceeds 
measured fin al densi ty a bove 95 cm and between 100 a nd 
130 cm . R eferring to Fig ure 3a, se ttlement is the principal 
contribu tion to ca lcul a ted fin al density above 130 cm. An 
ove restimate of density ch a nge through se ttl emen t (as 
detected by thermistor motions) is likcly in th e topmos t 
c. 20 cm where und etected direc t sola r heating of the 
thermistors may have cau sed them to se ttl e more than the 
surrounding snow. Liq uid-wa ter con ten t is the principa l 
co ntribution to the d ens ity maximum a t 100 cm. 
Settlement is again probably the principa l contributio n 
to the overestimate a t lOO-1 30cm, although in this case 
the possible cause is less clear. Below 130 cm , agreement 
between calculated and meas ured density change is very 
good , with the principal contribution to the change being 
refreeze (accreti on of superimposed ice ) . The values of 
density ch ange predicted from se ttlement as es tim ated by 
cha nge in thermistor posi ti on appea r to be the mos t 
unrelia ble of the three p a rts of the density-change calc
ul a tion and this is supported by grea ter discrepancy 
between calculated a nd m easured density in th e upper 
part of the snowpack where total displacem ents we re the 
grea test. This method d esc ribed here is not highl y reli ab le 
for accurately predicting d ensity changes but it identifi es 
very clearl y the se pa rate processes involved in densifi c
at ion. 

V. STRATIGRAPHIC OBSERVATIONS IN SNOW 
DURING INFIL TRA TION 

Stratigraphic inspection of snow stra tigraphy before, 
during and after meltwa ter infi ltra tion constrains the 
tim ing and location of infiltra tion and refreezing, and 
may be compared to timing and loca tion of refreezing 
inferred from temperature measurements. Figures 4 and 5 
show the evo lving snowpack stratigra ph y between 23 
June and 10 July. Fi gure 4 shows profil es of density 
(das h ed line) and liquid-wa ter content (solid lin e) 
obtained at 2 cm inte rvals on 7 d during the 17 d 
interval. Figure 5 shows th e ma pped stra tigra ph y on 6 d 
during the same interval. Since these data were taken 
from different pits in the immedia te vicinity of the main 
pit , som e va ri a bility exists in depths of layers bur the 
overall p a ttern of stra ti g ra ph y is expec ted to be strongly 
co rrela ted in the horizontal and in fact is easil y traceable 
from one pit to another , d espite minor differences in the 
depth oC va rious features from one pit to an oth er. 

Initia l conditions on 23 Jun e show a sub-freezing dry 
snowpack with refrozen m el t- freeze (1\I1F ) stru ctures 
showi ng evidence of recent wetting between 14 and 
20 cm a nd below 95c111. New snow in th e top l4cm (unit 
A) covers the near-surface MF layer be tween 14 and 
20cm (unit B). Unit B is ev identl y a recen t melt event, 
followed by new snow (unit A). U nit C (20-80 cm) shows 
sintering and preservation of original grain angularities 
and p ossibly evidence of MF. Unit D (80- 170 cm) is 
ma rked by weak MF with some angularity and weak 
faceting, with snow below 95 cm conta ining stronger MF 
fea tures together with fai nt features of kineti c growth 
(face ting, faceted grain clusters), and six ice layers below 
120 cm. These features indi cate wa ter having been 
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present possibl y beloll' 80 cm a nd definit ely be lo ll' 95 cm , 
a nd wc interpre t th em as th e produc t of a n a utumn melt 
event fo ll owing early acc umul a ti on. Th ey cann ot be the 
produc t oC recent melt (contempora neous with unit B), 
since sufTi c ie nt time has e lapsed to a ll ow som e kin eti c 
g rowth fea tures to ha lT d e\'e loped , a nd sin ce th e :\fF 
fea tures in unit B on 23 Jun e do no t indi cat e sufTi cient 
melting to supp ly piping to th e ice laye rs be lo \\' 120 cm. 

Pro min e nt l a ~T r inte rfaces a rc ma rk ed b y so lid lines in 
Fig ure 5. M aj o r transitio ns distingui sh th e na m ed units: 
th e BIC inte rface is th e base o f th e j\ fF la ye r; CID marks a 
di stin c t inc rease in g ra in-size a nd ha rdn ess upo n entering 
th e a utul11n r-.fF features . D as hed lines m a rk sub-unit 
interfaces within th e major un its. Laye rs in th e sO-a t
ig ra ph y a re no t necessa ril y we ll correlated with distin c t 
d ensity units but are m o re o ft en defin ed b y di stin c t 
ha rdn ess a nd g ra in-size. So m e rela ti ons a rc \'isibl e: unit B 
in th e stra ti g ra ph y (Fig. 5 ) is \'isible as a peak in density 
(Fig. -1- ) a t c. 10- 18c l11 , \\·hil e th e fin e-ta-coa rse tra nsition 
a t 80 cm a ppea rs as a drop a nd rise in d ensity a t th a t 
d epth . Va ri a ti ons in d ensit y be/oIl' II 0ClTI co rres pond ta 
th e sequ ence o f ice laye rs a t a nd below 120 c m . 

D epth p ro fil es ofliquid-wa tcr cont ent (Fig . 4 ) from 27 
June, 28 J un e and 2 Jul y clea rl y show th e d O\\"llVvard 
propaga ti o n o f th e wetted surface laye r, wh e re liquid
wa ter conte nt exceeds th c 5- 10% required in snow for 
g ral' il Y dra in age to domin a te ca pill a ry fo rces (Colbec k 
a nd Dm'idson , 1973 ). On 27 June, lh e re a lso a ppea r 
\\'elledl aye rs a t 95 and 125 cm d epth bo th in th e profil e of 

wa tr r cont ent a nd in th e m a pped strat ig ra ph y . This is 
\·va ter piped ri-o m th e srra ti g ra phi c brea k which appea rs 

a t 30 cm dep th o n 2 7 June (Fig . 5 ) as a n ice laye r ca rrying 
wa ter on to p whi c h form ed on a fin e-to-coa rse tra nsition. 
Th e ice laye rs a t depth fo rm ed \\·hen piped wa ter 
enco unt ered th e stra tig ra phic brea ks seen in th e 23 June 
stra tig raph y a t 95 (fin e-ta-coa rse tra nsition ) a nd 120 cm 
(o ld ice laye r ) . A noth er promine nt \\'C tted laye r a ppea rs 
at 145 cm on 28 Jun e in th e pro fil e of \\'a ter con te n t a nd a 
\\'Ct laye r a ppea rs a t th e sno w ice interface ( 175 cm ), 
sta rting th e acc re ti on of superimposed ice . \Va te r a t 145 
a nd 175 cm was piped from th e 95 cm Iel'e l, wh er e a n ice 
laye r had fo rm ed. Piping be tween th ese lev els was 

confirmed a l a second pit du g o n 2 Jul y. A pipe source 
co uld be ac tin g again a t th e 30 cm \cI 'c l but it is less likely 
a t thi s rim e beca use th e near-melting temperature a t 

30 cm on 2 Jul y strongly fa \'o rs uniform d o wnwa rd 
perco la li on as o pposed to la te ra l tra nsport to a pipe 
source . 

Full owin g 28 June, th e sn o wpac k becom es m o re 
unirorml ~' wc tt ed , with liquid-wa ler co nte nt r a pidl y 
cxceeding 5 % e\"e rywhere in th e co lum n a nd becoming 
c lea rl y \'isible in th e stra ti g ra ph y . I ce continu es to acc rete 
be twee n 95 a nd 11 0 cm and a t th c snow- ice bo und a ry . By 
10 July, a ll snow tempera tu rcs a rc a t O' C a nd Crecz i ng o f" 
meltwa ter has ceased exce pt a t th e snow- ice bo undary. 

The loca ti o ns o f la tent-h ea t re lease d ete rmin ed by 
tempera ture m eas urements (Fig . 2) corres pond c lose ly to 
stra ti gra phic h o ri zo ns \\'here refreez ing is ex pec ted (Figs 4 

299 https://doi.org/10.3189/S0022143000004159 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000004159


Journal oJ Glaciology 

23 June 27 June 

0 
19:30 

10 
A / E.I R~ 

20 
S@2> EI. R5 T=OoC 

E.2-.4 R.4 
~ 30 0) 

Q) 
() 
<1l 
't: 

40 E.5 R.4 
:l C. Cl) 50 
Q) 
c 60 :l ...., 

C') 70 E.5-1. R5 C\J 

~ 80 .2 
Q) @2>? R4-
.0 90 
E 0) 

~ 100 EI.-1.5 R5 
~ 
0 110 c O@2> 

Cl) 

c 120 

.c 130 Q. 
Q) 

0 140 

150 

160 

170 

180 
' snow/Ice Interface...?'" 

190 

2 July 
12:00 

6 July 
15:50 

1 0 July 
15:50 

&, 

&, 

---

&, 
El. 

E.5-
Patchy 

-~ 
~ 
@:§) 

• 
~ 

Ex 

Rx 

1. 

KEY 

Ice layer 

C lustered 
wet grains 

Slush 

Refrozen 
wet snow 

Rounded grains 
with developing 
facets 

Superimposed 
ice 

Grain-size 
(mm) 

Hardness 

ice R3-5 

" " 

~ Moving 
water 

Fig. 5. Sequence of develojJing stratigraphy during the jJeriod of record, taken in the immediate vicinity of the temjJera tllre
measurement site. 

and 5) . The heat source at 35-42 cm la te on 25 June is the 
product of refreezing at the fine-to-coarse transition a t 
30 cm on 23 June which appears on 27 June as a n ice 
layer carrying wa ter. H eat appearing at 75- 85 cm is 
probably associated with refreezing at the fine-to-coarse 
transition of the CID layer boundary at 80 cm. A wetted 
ice layer on 27 June appears at 95 cm and is assumed to 
be the same stratigraphic and hydrological h orizon 
appea ring at a sli ghtl y different d epth in the pit dug on 
27 June. The broad and intense area of heating between 
145 a nd 170 cm is assoc iated with superimposed ice 
formation but it is probably broadened by refreezing at 
the pre-existing ice layers between 140 cm and the snow
ice interface a t c. 170 cm. 

VI. DOWNSLOPE FLOW AND ONSET OF PIPING 

Is an impermeable hori zon required for latera l fl ow of 
water? D ye-tracing experiments at Amitsul6q indica te 
that water can fl ow laterally downslope within a single 
stratigraphic unit without an impermeable horizon to 
block vertical drainage. Lateral dis tances tra veled by 
meltwater in this way may be tens of meters. The 
qu antity of water which may be moved by la teral 
transport without an impermeable horizon is unlikely to 
be significant in terms of glacier run-off but may be 
significant for initial delivery of water to pipes and 
th erefore determina tion of spacing and location of pipes . 
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The development of wetted snow a nd the downward 
and downslope movement of water in the snowpack was 
watched on the grain scale during early surface melting. 
Wetting derived from radiative melt was visible in the snow 
as a layer of large ( I mm ) rounded, wetted grains typical of 
equilibrium-form snow which li es above finer-grained (0.1-
0.2 mm ) snow with a sharp boundary between. The 
uppermost few centim eters of the finer-grained snow also 
contained liq uid water bu t the grains had not yet reached 
an equilibrium wetted form . For the present discussion, we 
refer to the upper coarse-grained wetted (eq uilibrated ) 
layer as the Cl! layer and the lower fine-grained wetted 
(unequilibrated ) layer as the (3 layer. The presence ofliquid 
water in snow limits the penetration depth of so lar 
radiation. Extinction coefficients for melting snow range 
from 10 to 20 m- lover pertinent wavelengths (Grenfell a nd 
Maykut, 1977) and significant extinction of solar radiation 
is expected in the upper 10- 20 cm. The boundary between 
the Cl! and (3 layers propagates downward at a rate 
determined by the penetration depth of radiation and by 
the grain-ripening process (Colbeck, 1973b), wh il e the 
downward rate of water fl ow is determined by gravity 
drainage at high water content and capillary imbibition at 
low water content. In particular, gravity drainage controls 
water flow behind the front where water content is 
relatively high and grad ients in water content are 
relatively sma ll, while capi llary imbibition contro ls water 
flow at the wetting front where water content is very low 
but gradients are high. 
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The foll owin g sequence of eve nts was obse r ved 
be tween 23 and 28 j une: on 23 Jun e (before onse t of 
melting), a sma ll qua ntity of powd ered rhodamine d ye 
was spread O\'e r a bout 0. 5 m2 a t a site a pprox ima tely 50 m 
fro m the tempera ture-measurement site. The ave rage 
slope was approximately 2° and th e topography was 
unifo rm ly smoo th (surface reli ef ha d a n amplitude of c. 
10 cm a nd wave leng th c. 5 m). Th e stra ti graph y of Figure 
5 is representa tive of thi s site as well. After approxim a tely 
2 h , th e dye had moved downslo pe about Im. The 
fo llowing morning (24 j une), a t 16 .5 h after the initial 
spreading, dye had moved in a continuous plume 8.4m 
d ow nslope. The d ye had dra ined ho rizonta ll y within the 
upper , we tted pa rt of the surface (A ) laye r. The base of 
th e d yed laye r co rresponded to th e base of the downward
pro paga ting we tled (3 layer and in p laces had drained out 
of th e overlying et laye r. In no place a t this time was the 
base of the d ye plume determined b y a stra ti g ra p hic 
horizon such as a n ice laye r o r the AIB stra tigr a p hic 
tra nsition. Two d ays following (25 J un e), 4 1. 8 h a fter the 
initi a l dye spreading, the dye plume ex tended 21.6 m in 
the downslope direc ti on and occu pi ed snow be tween 
a pproxim atel y 11 a nd 17 cm depth ( th e depth was no t 
ex tensively checked a t th is time in o rder to leave the 
snowpac k undi sturbed ) . On 26 j un e, a t 71.0h a fter the 
ini ti a l dye spreading, no more d o wnslope motion had 
been obse rvcd but the appearance o f the d ye as seen [i-om 
th e surface had van ished . Spot checks o f the stra tig ra ph y 
showed the dye lying in severa l laye rs d own to d epths of 
a bo ut 40 cm but a bsent from th e to p 10 cm. E"id en tly, 

downslo pe motion in near-surface layers ceased between 
25 a nd 26 j une and was rep laced by ve rt ica l descent . On 
28 june, th e region was dug up and th e d eep stra tigraphy 
examin ed (F ig. 6). The stra ti graph y o n 28 J une shows 
th a t a t t he up-glacier end of the site, d ye dra ined from th e 
A laye r a nd accumulated below, typica ll y between 10 and 
25 cm d epth. Beneath this zone of acc u mu la tion severa l 
dyed laye rs appeared (e.g. at downslope distance of 
3.0 m ), del ivered from higher layers by p ipes initiated a t 
c. 25- 30 Cm. This was confirmed by p ip es observed a t 
downslo pe distances of 3.0 and 10.0 m . At 34.0 m, th e 
snow was excava ted to the snow- ice interface and 30 cm 
(130- l60 cm ) of dyed superimposed ice was found . 

Th e timing of d ye movement correla tes with the 
develop m ent of the ice-layer stra ti g ra ph y as seen in 
Figures 4 a nd 5. The ra pid la teral motion of the dye in the 
et a nd (3 la yers co rresponds to the init ia l ripening of the 
near-su rface snow in the period foll ow i ng 23 J une. T he 
change fro m la teral to vertical moti on o f th e dye con-es
pond s to th e break-up o f the uniform we tt ing front a nd 
the d evelo pm ent of deep we tted laye rs (a t 95 and 125 cm ) 
fi'om p iping. 

Th e beha"ior of the d ye elucid a tes th e wa ter move
ment th a t is inferred fro m Figure 5. Be tween 23 and 27 
june, th e upper few tens of centimete rs of snow ripened 
and th e r ipened laye r thi ckened as th e produced wate r 
mQ\"Cd d own wa rds, a ppa rently uniform ly. Th is uniform 
ripe laye r was la terall y continuous a nd hyd rauli call y 
connec ted , a llowing la te ra l downslopc w a ter motio n. On 
27 june, the ripe layer encountered th e stra tigraphic a nd 
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hydra uli c boundary of the fin e-to-coa rse tranSItion (Fig. 
5) at 30 cm. The \'erti cal pe rcol a ti on of wa ter was stopped 
a t this hydra uli c boundary a nd refroze, fo rming an ice 
layer and allowing la tera l d ownslope now to increase . 
Subsequent break-throug h of th e laye r was a t di screte 
points, initiating pipes in th e lower co ld snow. The pipes 
descend ed until the unsa tura ted now was blocked by 
either a n hydra uli c bounda ry (a t 95 cm ) or by a pre
ex isting ice layer (a t 125 cm ) . 

The uniform descent of th e wetting front continues as 
long as there is no strong impediment to downward 
motion. At a hydraulic bounda ry to unsa turated flo\\' such 
as a fin e-to-coarse transi ti on of a pre-exi ting ice layer, th e 
wetting front stops and wa ter content at the barri er 
increases until a salUration level is reached which allows 
break-through or until sufficient refreezing occurs to crea te 
a n imperm eable barri er. Tt is probabl y during these 
peri ods of pooling above hydra uli c barri ers that max
imum la teral transport of wa ter occurs. After break
through , the affected region o f the snowpac k is domina ted 
by verti cal water now with ra pid ad\'ec ti on of la tent heat 
into the sub-freez ing snow surrounding th e pipe alld into 
the lower layers of the snowpac k. This break-up of th e 
la tera ll y homogeneous we tting front in to a h eterogeneous 
sys tem introduces the therma l complexity seen in Figure I. 

VII. INTERPRETATION OF WETTING-FRONT 
PROPAGATION 

The propaga tion of th e we tting front in the uppermos t, 
wa rm es t laye rs of th e sn ow proceed s without th e 
fo rm a ti o n of di stin ct ice laye rs if the snow "cold 
content" (the specific m ass o r volume en ergy required 
to bring th e snow from a g iw n ini tia l sub-freezing 
tempera ture to O°C) is suffi cientl y sma ll to b e remo\'ed 
by la tent hea t without new infiltra ted ice completely 
fillin g or iso la ting pore space (Colbeck, 1976; Pfeffer and 
others, 1991 ) . No ice laye rs were encountered in this case 
a bove 30 cm. W et laye rs (e.g. a t 30 cm in the 23 and 27 
June stra ti g ra ph y (Fig. 5 ) fo rmed on stra tig raphic breaks 
where fin e-g rained snow li es a bo\'e coa rse-g ra ined sno\·\·. 
Th e fin e-to-coa rse tra nsiti o n ac ts as a h ydrological 
obstaele to nO\\'. Wa ter tra nsmitted th ro ug h the O\'er
lying fin e-grained snow is re ta rded a t th e tra nsition to 
coa rse-gra ined snow. Col b eck (1973a) d escribed \·\'a ter 
flow through layers of diffe rent grain-size a nd indica ted 
th a t fin e-grain ed layers redu ced now velocity because of 
th eir redu ced intrinsic perm eability as give n by Shimizu 
(1970) . This conclusion a pplies to gra\'ity-drive n Darcy 
fl ow and d oes not apply to th e transient , va riable-flux 
problem of wetting front a d\'a nce. Wankiewicz (1979 ) 
described the FI:,\A (now impeding, accelera ting or 
neutra l) model for classifying stra ti graphic barri ers to 

fl ow. \ Vithin thi s mod el, fine-to-coarse tra nsitions a re 
ca tego ri zed as impeding ho ri zo ns a t low flows. The 
mecha nism of impedance is d esc ribed in 'vVankiewicz in 
terms of th e press ure required to drive a given flu x as a 
fun cti on of unsaturated p e rm ea bi lity of the medium. 
",la ter ad vancing into coa rse-g rained snow encounters 
higher intrinsic permeability but a grea ter specifi c wa ter 
content is required to achi e\'e an equi \'a lent \'a lue of 
effec ti ve sa tura ti on. Th e unsa tura ted pcrm ea bility 
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(Colbeck, 1972; Corey, 1977 ), 

!,;jw = kS*/I , 

will be initi a lly lo\\' in coa rse-g ra ined ma teria l since 
initia ll y low levels of S* will o ffse t the higher value of 
intrinsic permeability k. As water builds up on th e fin e
g ra ined side of such a ba rri e r, increasing sa tura ti on 
increases th e h ead gradient acr oss the barri er , e\,entuall y 
a llowing now across the ba rri e r a nd increased sa tura ti on 
o n the coa rse-grained sid e. Rising sa tura ti on increases 
h ydra uli c conducti\'ity a nd a fte r a transient interval a 
continuous stead y nux is ac hi eved across the b a rri er. 

In sub-freezing sno\\', as sa turation is increasing on the 
fin e-grained side of the ba rri er fed by flow from above, it 
is a lso dec reasing due to loss o f liq uid water to freeze-ofT 
into th e sub-freez in g snow. If th e cold content is 
suffI ciently sm all (i. e. the snow tempera ture is close to 
fi"eezing), the sn ow ma y reach aac before it is rendered 
impermeable b y the additi on of new ice. Th e required 
cold con tent to close off porous snow by refreez ing of 
liquid \ra ter is d etermined simpl y by the initial temper
a ture and gra in- pore geometry (Pfeffer and oth ers, 1990). 
If the initial snow tempera ture a t the hydra uli c ba rri er is 
lower than the minimum fo r po re close-off, an ice layer 
fo rms. The processes of hydra uli c break-through and pore 
close-off compc te a t th e ba rrier to determine wheth er or 
not an ice laye r form s; if suffi cie ntl y high saturation is 
reached before pore close-o ff, furth er wa ter p asses the 
barrier. rf\\'a ter a t th e barri er freczes suffi cientl y quickl y, 
then the sa turation may be kept below the \'a lu e required 
fo r break-throug h and furth cr wa ter acc umula tes on the 
now impermeable barri er. Th e illlcrpl ay bet\\'een break
through and freeze-off depend s o n snow tempera ture a nd 
g ra in- pore geometry and a lso on the innux ra te o f wa ter 
to th e ba rri er a nd the ra te o f freez ing (Pfeffer and others, 
1990, equation (3)) . 

The process described h ere di cta tes the conditi ons 
und er which a n ice layer will fo rm in a layered snowpac k. 
\Va ter acc umula ting on th e ne wl y formed ice layer may 
reli"eeze and add to the laye r thi ckn ess; it may also !low 
la terall y along the layer. C olbcck ( 1974) an a lyzed the 
la tera l flow of wa ter on impermea ble hori zons. La teral 
\'a ri a tions in the important va ri a bles listed above res ult in 
break-through a t some pa rts o f a ba rri er and ice layers a t 
o ther parts. Th ese differences m ay be seen throughout 
snowpac ks whi ch ha ve expe ri e nced infiltra tion and 
refreezing. Extensive break-through and limited ice
layer forma tion results in iso la ted lenses of ice along a 
stra tigraphic inte rface, while exte nsiw ice-layer forma
ti on and limited break-thro ugh res ults in a typi cal ice 
layer: nea rl y continuous ice pe rfo ra ted with many holes. 

VIII. DISCUSSION 

T empera ture meas urements in snow during melting 
combin ed with observa tions of ch anges in stra tigra ph y 
g ive a detailed piclUre of th e progress ive we tting of 
initia ll y sub-freez ing snow. Producti on of water a t the 
surface is initially \'e ry unifo rm la terall y during direc t 
so la r hea ting (d evelopment of th e Cl! layer) a nd th e onse t 
of drainage (d evelopment of the f3 layer) is a lso la tera ll y 
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uniform, H e te roge neo us fl o w d e\'e lops as \'e rti ca ll v 
draining wa te r encounters \'ari a ble hydra uli c conducti\'
iti es in th e snow, Th e \'ari a bl e hydra uli c co ndu ctivity 
a rises initi a ll y from va ri a bl e intrinsic perm eability assoc
ia ted with d e nsity a nd g ra in structures d eve lo ped by 
d epositiona l a nd di ageneti c p rocesses, H ydra uli c con
d ucti vi ty is fu rth er a ffec ted by refreezing (a ffec tin g 
porosity a nd intrinsic permeability) and by c ha nges in 
\I'a ter con te nt (a ffec ting unsatu ra ted pe rmea bility ) . Four 
essen ti al processes a rc e\·id en t: 

I, Capill a ry imbibition ac ts to move the first \I'ate r from 
\I'etted to ull\I'e tted snow, This p rocess is \ 'isibl r in th c 
produ cti o n o f th e (3 layer but ac ts a t a ll we tting fronts, 
If Oow o f wa ter occ urs o nly by gravity dra inage a t 
\I·ate r conte n ts a bo\'e " irreducib le" or " res id ua l" 
sa tura ti o n , th en no m ec ha ni sm wo uld ex ist for 
introdu cin g wa ter into dry snow, Th e conce pt of' 
res idu a l sa tura ti on ori g in a ted in so il s, wh ere a 
mll1lmUm wa ter content th a t no t ex trac ted by 
gra \'ity dra in age - is ass umed to exist throughout 
the ma te ri a l. Sub-freez ing snow is initia lly dry a nd th e 
terms " irreducible" a nd "residu a l" sa tura ti on a re 
misleadin g in conce pt. The te rm " residu a l" sa tura tion 
is meaning ful in the way it was used by C olbec k a nd 
D a\'idso n ( 1973 ), i. e, th e \I'a ter reta ined b y ca pill a ry 
forces a fte r g ra \'ity dra inage offull y sa tura ted snO\I', It 
is a lso m eaningful in th a t it represents th e water 
content a t which capill a ry fo rces a nd gra \ 'it y a rc equal 
in magnitud e . In the \I'e lting process, hO\I'e \ 'e r , \\'a ter 
content ri ses continuously from ze ro to " res idu a l" by 
capill a ry processes a nd a bove " residua l" b y a comb
ina ti on o f capill a ry a nd g ra \'itv fo rces . A c ha nge to 
termino logy more comi tent \I·ith th e pe ndul a r a nd 
funicul a r reg im es of Oow (Colbeck, 19 73 b ) wo uld be 
d es ira bl e . Simple mod eling o f \I'elling o f co ld snO\I' 
ca n be ac hie\'ed by trea ting th e wetting fro nt as a 
di scontinu o us front I\·here wa ter content jumps from 
ze ro to rcsidua l (e.g. Co l bec k, 1976), Th is a pproach 
\l'O rks lI'e ll fo r th e predi c ti o n of the d elay in run-off 
fi'om a snowpack foll owi ng th e onse t of mel t but does 
not ad equ a te ly represent th e ph ys ics il1\'o ll -cd III th e 
d e\'elopm eIH of' intern a l structures by fr eez ing in the 
snoll' d u ri ng we t ti ng, 

2. Conduc ti ve pa tllll'ays ca n d evelop simplv b y welling 
or by a combina ti on of' \I'e tting a nd freez ing , The 
presence o f wa ter a long a n y pa th increases h ydra uli c 
condu cti\'ity a long th a t pa th (rela t i\'e to dri e r neigh
borin g sno w ) by increasing unsa tura ted p erm eability, 
Additi ona l \I'a ter introdu ced a long this pa th will Do\\' 
a lo ng th e w e tt ed p a th in prefere nce to dri e r 
neighboring snOl\', Increa sed Du x into th e wetted 
pa thway furth er increases unsa tura ted pe nllea bilit y 
until sa tura ti on is reached , R efreez ing of a \I-e tted 
ho ri zo n m ay fo rm a n imperm eabl e barri e r to 
continu ed fl o ll' in th e \-e rti ca l but a ll oll' g rea ter Doll' 
in th e ho ri zonta l by poo ling o f water content a lo ng th e 
hori zo n. \V e tting of a verti cal pa thway (pipe ) crea tes 
a hig h-conduc ti vity pa th fo r furth er 0 0 11'. 

In sub-freez ing snoll' , la tera l ex pa nsio n o f a pipe 
(increase in pipe di a meter ) must be accomplished by 
refreez ing on th e pipe perim e ter to remove initi a l cold 
content (no te th a t the perim e ter canno t be w a rmed by 

refreez ing in th e wetted pipe co re since rh e wetted co re 
is fi xed a t O°C ) , This is a n ene rgy ba rri er to la ter a l 
ex pa nsion o f th e pipe and ac ts a lo ng with gra vit y to 
foc us th e th erm a l energy of th e pipe in th e verti cal 
direc ti on, R efreezing a t the pipe perim eter m ay a lso 
limit the pipe size if refreezing is sufficient to close o ff 
th e pore ma tri x; however, suffi c ient water input a t th e 
top of the pipe m ay o\'C rnow tlI e refroze n perim e ter 
a nd a lI O\I' co ntinued la tera l we tting o utside th e 
perim eter. 

3 , Discontinuiti es in g ra in structure can present hydra ul
ic barriers to 0 0 \1' . The pred o mina nt ba rri er in th e 
e lwironment studied here appea rs to be fin e-to-co a rse 
tra nsiti ons in g ra in-size, where fin e-gra ined sno w li es 
on top of coarse-gra ined snow. This co rrespo nds to 
fin e-to-coa rse impedin g horizo ns d esc ribed in th e 
F1NA model (W a nkiewi cz, 1979 ) . Sa tura ted laye rs 
a lmost il1l'a ri a bl y d eve lop alo ng such horizons, As 
wa ter conte nt rises on th e fin e-g ra ined sid e of th e 
tra nsition, h ydra uli c conduc ti v it y a lso in creases a nd 
la tera l 0 011' a lo ng the hori zon is facilita ted. Late ra l 
0 011' di \'e rts lI'a te r fi 'om stri c tl y \ 'e rti ca l 0 011' and , if a 
more conduc ti ve verti cal pa thway across th e fin e-to
coa rse tra nsiti o n is encountered a t some la te r a ll y 
displaced loca ti o n , \'erti ca l 001'1' resum es as a pipe a nd 
is enha nced b y we tting as in (2 ) a bO\·e. 

4 . R cfi'eezing interac ts with all th e processes d escribed 
a bo\'e a nd , in th e case oeform a ti o n o f ice layers, occurs 
as a conseque nce of intern a l re freezing ra th er th a n 
freeze- thaw cyc les propaga ting from th e surface . 
Con\'ersion o f wa ter to ice a ffec ts OO ~\' in three "I'<I )'S : 

( I ) lI'a ter co nte nt is reduced ; (2 ) poros it y is reduced; 
(3 ) tempera ture is in creased, I niti a l wettin g b y 
imbibiti on is re ta rd ed by refr eez ing until th e snow 
tempera ture is bro ught to 0 C. This is the process 
id entifi ed as Ih e " d yna mic zo ne" by Plerrer a nd o th ers 
( 1990). Refreez ing of \Ve tted laye rs a t fin e-to-coarse 
tra nsitions c rea tes th e possibility th a t a n ice laye r will 
fo rm a t the tra nsition a nd m ay ac t to sea l som e 
cond uc ti ve bridges ac ross tra nsi tions which could 
o th erll'i se fo rm pipe sources . 
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