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FRONTISPIECE: Top - Aerial view of the Reselute ° study. area.

The McMaster River basin  is outlined in black.
Photography was taken in August 1974.

Bottom — Obligue aerial photograph of the Eidsbotn

_study area? The Nauyag River basin is outliped by the
dotted line and the, numbers refer. to individual
tributaries. The photograph was taken in July 1951,
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» ‘ ABSTRACT

. *
a - - L)

.

- - This is a study of the processes controlling snowpack
ripening and the movement of meltwater thﬁcugh wet snowpacks.

ngéurements made in the Canadian High -Ar;tic dUriné the 1979,
1980,‘énd_1981‘snawmelt periods, incluaed prempelt 5tratigraphy,
surface ené;gy ba&énce, physical changes 1in snowpack . proﬁerties‘
. . ) . . . .
during helt, snow and soil temperatu;es, and wéter‘mnvement-within
the pack. :( ’
. Field observations and cnmpute} mcdézling demonstrated an

interdependence of finger‘flow at the, wetting ﬁroﬁt and ice laver

-

\«growth at premelt sSnow hcrizohs.',lce layers grow rapidly in cold

showpacks, slowxng tha flnger wetﬁlng front advan:e and releasing

.

cons;derable latent heat wh1ch warms the under1y1ng snow and Scil.

g - . ., .-

Since the grouhd is “frozen when water reaches™the ground ' surface,
F . - » .

"

the-meltwater refreezes at'the snowpack base. The ‘growth of this

basal ice layer limits ¥he amount of ‘watér"aVailabLe,'fDr _qail}

.
. Tl -

2 S . : .
runpff and extends the melt period, a phenq@enhn.which is tyqical

o
.t ’

o - -

- of cold arctic snowpacks. - -
- T -7 -

. .
- » -
.

. . " A redistribution of flow within the snowhack,'concentratihé

-flow in certain areas and diminishing it in othe;s, is ~due  to

. N .
variations in ice layer properties, and not flow instabilities or
. . L -t

_vertical flow channels. . The result is-a spread of the rising limb

of the melt wave at depth and a decrease of the peak flow.
I
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Results from a, multiple flow path model, suggest that flow

' * . 3 - 3 . . o 3 l ‘ 0
variability is similar in snowpacks from different envz#onments.

This iqpicates that the model is applicable to snowpacks in a wide

— . .
range - of environments. '
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CHAPTER ONE

.o INTRODUCTION

Py, .
1.1 Genaral

~N

Snow is an important component of northeqé and alpine

environments, often :nhtrolfing runoff during the spring melt

period. Techniques fo?._predicting snawmelt” runcff have

.

. become - increasingly more” sophi'sticated since the first

empirical attempt. at forecasting in North America at Lake
Tahoe, Nevada in 1909 (Male and Gray 1981). Empirical

techniques agenerally work well under the enviranmgntal

conditions for which they were dérived, -but are prone to

large errors when applied to areas with different snowpack.

-

+

conditinné. This is a problem bepéuse snowpack properties
. »

vary from environment to environment, and from year to. year. .

Al though hydrolpg%:al ﬁrqcessés uperéte similarly in
differén{ aréas their’relatiye iqpurténce varies depending on
snowpack conditions. To overcome this problem énd to . make
hndels more general,-fhere has ,beeﬁ é gradual éhift from

-

deterministic — empirical to detér91nistic - conceptual type

models (Clarke 1973). Anderson(1978) noted thatffthe basic

]

framework of sStreamflow-. simulation models is  well

established, but'fdrther research is required to improve our




[}

knowledge of certain processes.

The follawing sections in tﬁiS'chapter offer a brief
review of snowmelt runoff and outlines the research
obﬁectivés of this d;ssertatinn. Chapter Two describes. the
study area as we}l as methods, and Cﬁapter Three the;'premelt

show properties of the study'sites. Chapter Four describes:

the snmwﬁack mass balance and the refreezing of meltwater

during’the entire'.melt period. A snowpack ripening m&del is
developed in Chapter Five and its predictions compared with
measured valyés._'Chapter-Six discdsses water flux processes
in layered snowpacks and.Chapter Seven presents the general

conclusions of the ?tudyh

e’

-

1.2 Ripéning process and me twater'muvement_ C -

Processes occurring within the snowpack have been of
interest to hydrologists and glaciclogists for more than 70
years. Initially, hydrologists were concerned with the

effects of snowmelt on streamflok and fluvial geomorphology
- .u " . . "

‘{eg Horton 1919), while glaciclogists were interested in the

-

processes transforming snow intc firn (eg'ﬂhlménh and Tveten
1923). Since then, Fesear;h interests of snow Hydrologists
have 4ollowed several avenues such aS'sﬁuwmelt, movement of

liquid water into dry snow and the accompanying V:hanges in




-

U

. . ~
snow structure and properties, water movement within the
. » .

snowcover, and interactions with the soil. .

P, B
Snowmelt processes have been well understood since the

-

study &f Sverdrup (193Sb). His energv'balancé work has been

repeated and improved in many studies’ conducted in a wide

range aof environments. This work has 1led to the® general,

s

conclusion that the enerqy balance metHod most éﬁcurately
predicts melt (Anderson 1976). Yet, the spétial variaqiiity
of the important parémeters makesfit dif#icuit' to use . this
type of model at the basin scale aﬁé most operational models

still use temperature index .methods (Male and Gray 1981).\\\

-A\\\ As surface melt begins, water infiltrates into a dry

snowpack at a temperature below O C. This initial meﬁi may

be one of a series of melting events separated by periocds of

-
»

freezing as cbmmnﬁly occur in temperate areas, or it. may be
the more defined spring melt period characteristic of

northern envirnnments.“ﬁlthpugh this section refers . mainly

4

to meltwater, the process 'nf rainwater movement into the

snowpack is quite similar. The "major difference is that

heavy rainfall may ‘occur onto a dry snow cdvér, while melt

mare commonly starts slowly and gradually increases over a

period of time. ‘ | s

Some of this meltwater infiltratin he sub-zero
snowpack must be .used to warm the snaﬁ thrjough a . release of
‘latent heat. It has long been recognized that an *isothermal

A



: 1#82).‘ The horizbntal_ice-bodies are generally referred tao

4
zone at O C, rapidly forms below the snow surface,
~ ‘ .
eliminating the conduction of heat downwards. Sverdrup

(1935a) and Ahlmann (19§3) conclusively demonstrated that the
snow—covered glaciers of Spitsbergen were warmed entirely by
a transbdrt of meltwater through this isothermal zone with

freezing and subsequent release of latent heat in the cold

. '

]

snnwxéelow. Freezimrg within the pack in:rijfed the firn
denglty and produced heorizontal ice layers an vertical ice
columns. Ice layers and columns H3ve been descrxbed in both
firn and seasonal snnwpacks‘ {Seligman 1941, - Gerdel 1945,

. A} . .
Gerdel 1948, Sharp 1951, Benson 1942, Wankiewicz 1978a, Berg

aé‘ice'lehses, layers. or sheets, while the vert:cal columns |

'have been :alled pxllars ‘of ice (Ahlmann and Tveten 1923),

' icd glands (Ahlmann 1935), pipes (Glen 1941), firn pipes

(Sharp 1949, see Sharp 1951), and ice columns (Leighton, see

S~ . .
Sharp 1951). Sharp (1951) referred to them as ice’ glands and

that name is st111 frequently used (Benson 19462) . In thzs

s D _ :
‘thesis "ice layer" will be used for horizantal ice bodies and

"ice columns" for the vertical enes. |
. . . o,

Yasida (1973) and Colbeck (1976) related the rate’ of
‘mnveﬁént'mf the ﬁgtt;hg'frnnt into dry snu@‘tc a refreezing
of suf%iciept water.ontp snow Qrains at the weéting ¥raﬁt ta
warm the snow to \0 € .,and the filling of liqui& water
fgfnrages. The amount of freezing isl dependent on the snow

Sy



'temperatﬁre immediately below the wetting front. - This

temperature, however, is ewptinually . changimg due to a
conduction of heat from the wettingl front and ice layers.
T wetting front dees not méve into the dry snow -as a
Boriz tal front, but like fluid flaw in most .pq}nus media
(Parlange 1974, Wooding and Mnrelﬁséythx 1976) it develops
flow fingeré. " Wankiewic:z {(1978a) provided a theoretical
desgPiption of.the conditions under which fingering .shbuld
occur in srAow, but his ideas have not vet been tested.
Finge;ing is impc;@aAt because it routes some water ahead  of
the generél wetting front (U.S. Army 195&).

.,' ' Even though ice layers. and colgmns have been
frequenfly described énd their impartaﬁce to wérming tﬁe'snbw
noted, few studies have dea{t with their formatior. They are
usually assumed to be caused by .either burial of surface
crusts, or Sy the freezing within the pack at hyried surface
érusté. However, it is unclear whether crusts are required

-

ar ‘whether changes -in snow texture are sufficient for their

formation. Most authors believe that some type of surface

crust is required, but no evidence is provided. Wankiewicz

(19?85) suggests that textural changes result in ice laver
growth. Many authors imply that repeated freeze—-thaw events

are required to account +nr.tHick ice layers, but the.thermal

:andifions, réte-nflérawth, or relationship to the wetting

front or. fingering are uninown. . .
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Once the liquid water reaches the. snowpack base it
.infiltrates the soil or becomes runoff. i%tefactions between
;ﬁeifwater and soil were first described by Horton (1915), but

. only lately has tﬁb{r importance been diséussed {Dunne and
. Black 1971, Alexeev et al 1972, Anderson 1978, Guymap ;19?8)
T ' as new data indicate the importance of ¥ra£en spils. Once
the infiltration Eapacity of a frozen soil j; rgached,-it is
then,aésumed that all meltwater is available %or runoff
(Dingman 1975). As the glé&iulogical'literature ﬁas shnﬂn,
this is nof always‘trué. If the substrate is still below O C
when the infiltration capacity is régched; ground heat fluy
i is sufficienﬁ'th fcgezg:water at the snow pack base. Thisg -
| water is nafidirectly avaiiabié for runof+f,’ butj is stored
until later in the melt season. This basal ‘ice layer~rhas
beén nbsg;ved in seasonal snow (Hnrtnn-19ié, Work 1948, Buﬁne
land Bléék i??!, Jordan 1978, Woo and Heron 1981, Woo et al-
19?2) and glacial envi;unments (Ahlmann and K Tveten 1923,
Schytt 1949, Baird 1952, Ward ahq_ﬂrvig 1953, knerner 1970,
‘Hmlmgren 1971, hakahama et al 1976):. In the ‘glaciological

iiteraturq this ice layer is referred to as superimposed ice.

In this thesis it will be called bésal.iéet Ward { and Orvig
(1953) and Holmgren (1971) -used an analytical soclution toc the

heat conductign equa%inn, while Wakahama et al (1976) applied‘

a Finite’ dff rence -approximation to. demonstrate & that

downward heat conduction’ is sufficient to expliin the

* . .
g . . .
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) ,~*-n_\formatinn of this layer. Studies of seasonal snowpack

ripening have largely ignored the farmation of basal ice.
) »

* Because most snow hydrology studies have been

-

concerned with warm snow and unfrozen soil where the thermal

ripening of the pack is a minor factor controlling‘ runoff,

ripening has heen handled in a simplistic manner. _ Normally
all water is assumed to be available fof.qunnff once thé cold
content of the pack (U.S. Army 1956, Male and Gray 1981) is
satisfied and the péck is isothermal. Howévér, very‘ large
areas of North America are underlain by either seascnally or’
permanently frozen ground (Dingman 19?5). In these areas the
complex feedback processes cohnec&}ng wétting front advance;-
fingeriné,'ice layer growth, basa&; ice growth, and Heaﬁ
conduction belaow the zones of f;eezing must' be inci&ﬁeq. At
present, fhere is. rMot - sufficient unaerstanding of -these
processes to allow the Fipeniné of cold snuﬁpacks to be
predicted in this ?ashiOn. ‘ |
‘Several processes béhind the wéttingﬁfrant affect the

mcv?ment of water to the wetting front or ta . the 5noqu€¥sv\5
base. qu most important is a rapid growth of the snow
grains.- This is. often called melt—freezé“ metamorphism
(Sommerfeld and LaChappelie 1970), though Colbeck (1982)
noted that grain growtﬁidoes not require mélt—f;gézé cycles *'

but only the presence of liquid water. Wakahama:  .(1968) and

Raymand and Tusima (1979) measured:the rataQQi; grain. growth_.

- 1
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\bﬂ_‘_H\\"—‘:apillary Forcesl . Secondly,  the liquid permeability

in the laboratory and Colbeck (1974) gave - a theoretical
discussibn'qn grain growth in the presence of 1liquid water.

There is little field data to determine if the rates of

- .

growth in thé'laboratcry are,sihilar to those in a natural
pack. Grain grqwgh in ghe.presenﬁe of liquid.water has two
impcttant effects, Firstly, it may regult‘in-a—decrease in
the amaunt'of_water held by capillafy %Dréeg (the irreducible
liquid water‘cnntent). GGerael 1948, Linsley et al 1949,
Berdel 1954, He E;ervain 1972, 'Ebough and DeWalle 1977

@‘ .

because fine grained snow may hold more water due to highér

af - the
sSNoW increases Fapidly (Karoiwa 1958,‘éhimizu 197 . as the
grains enlarge. .As a'result of grain growth, the pack is

-

able to store less _water, and water is aﬁlé . to .ﬁuve more

quickly.
The rate at whith,waéer'ﬁdves through the snow .cover

is of interest . to ‘hydralugists.' A number of empirical.

studies' have  been carried out to determine the {actors

controlling this rate (Horton- 191 Seligmaﬁ,-1936,‘naerdel

1954). The most _detai1ed' was the\ U.S. Army (1956) snow

hydgnlqu study'where sfmpleilag—fnutin .fype equatinns‘,ware
dgveioped; using'a few .physically measured paFameters- and
embifically‘.derivéd' ;onstanté., fheée equations produce -
reaédhaﬁly -guodl Fesults,' but 'réqgire' dbtimization when

transferred to a different environment. ' The theory of fluid,



-
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flow developed for other pdrous media has not been applied to
snow until recently {(Colheck 1972, 1978a). Colbeck adopted
Darcy’s Law for two phase unsaturated flow in rigid porous

media and developed. equations for predictihg the movement of

water in homogeneous snow. Unfértunately, this theory is

only directly applicable to homageneuus snow. Many studies

have shéwn that natural snow packs are not homogeneous but
that preferential §}uw paths occur fﬂhlménq 193?, Sverdrup
1935a, Gerdel 1954, U.S. Army 1956, Wakahama 1968, _Colbeck
1979). Very little isuknown-about tHese features. It"has

been suggested that they.are_related to the initial fingering

ﬁhich‘nccurs at the wetting front. The fingers undergo rapid-

grain ggowth and have incréased permeability, so that once
developed they - can survive throughout the melt pericd.
Because of the difficulties fmpoéé# by these flow ch;nnels,
Ccﬁbeck’s'equations.préﬁicting_water flux in snowpacks have
cniy been'uéed in a few research pfojeqts (Dunne et al }976,
Wankiewicz 1976, Ambach, et al'1981, Bengtsson 1982). Even the
most sophisticated snnwmglt - runoff models (Anderson 197@)
stilrleﬁploy equations éimilér to those presented ip Uu.s.
Army (1956)ﬁ Before these models may be improved, we 'must
aéQance cu; uﬁdérstaﬁding of the number, size, and
permeability of ice Layeré and flow channels, and tﬁe éffect

of these features on water movement in natural snowpacks.

~
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1.3 Research ijectives
( -

In light of the above prnblemé associated with our
understanding some of the processes occurring in melting
gnnwpacks, it £§ the purpose of thislthesis to study.both the
complex feed-back processes controliing the initial movement
of liguid wateqtinto dry., cold énawpacks underlain by a

frozen substrate, and the flow of water in layered

heterogeneous snow. Specifically,the objectives are:

(1) to;stﬁdy ice layer and basal ice growth in order to
quantify the processes responsible for their growth, and
to determine their importance i:/;hg ripening process

(2) to monitor wetting front advance and to determine the
importance of fingering in moving water ahead of the
general wetting front

(3) to develop a physically based snowpack-ripening madel
which couples the effects of wetting and finger fronts,
ice laYeP growth, basal ice growth, thermal conditions
of the pack and soil, with prediction of daily changes
in snowpack water equivalent .

(6) to measure the variability of flow within a ripening

snowpack and to develop.a multiple flow path model for

the prediction of water movement in a layered snowpacik:.

. : L 1@%_



. CHAPTER TWO

- STUDY AREA AND RESEARCH METHOD
é.i Research sites

During the premelt and the melting periods, snow
properties were studied ;t four locations -in the Canad;an
High Arctic (Figure 2.}). These in ed Eidsbotn Fiord,

‘ Devon Island (76 S5 N,§4 S50 W) and Resolut . Bay, Cornwallis
Island (74 45 N,94 S0 W), for the periods/May to August 1979
gndl 13?0{ and May to July 1981. - Additiohal premelt
ogservations were made in M;y 1981 near Eureka, Ellesmere
Island (80 Q00 N,B4 OQ W) and Mould Bay, Prince Patrick Island’
(76 20 N,119 15 W); At these lucatioqs, measurements were
made in the drainage_basins,liéted on T;ble_z.l (Figure 2.2).

These lﬁcatians we?e chosen Eg‘rebresent a wide qange of
snowcover conditions ¥oﬁﬁd in the Queén Elizabeth-’}slands.
This group of islands cnrrespo;ds rnuéhly td‘ the region
defined as  the High Arctic by ‘Bird(19675 and -%o . the
/[\rock-desert'tuﬁpra _vegefation zoné dominated by 1lichens,
—X avens, and saxifrages shown in the National Atlas of Canada
 (1974) . (Figure 2.1). It encompasses the Northwestern,

Northern, and Eastern (Northern Baffin Bay-Lancaster Sound)

climatic’ regions defined by MaxwelL(lé&p).

11 . - N
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TABLE 2.1
Size and elevation range of the four study basins

. Lacation Orainage basin Area(sq. ka) Elevaticnis)

Resolute Basin 81, : 0.5 90 - 170

X Bay KtMaster R.

- : Eidshotn Nauyak R, - 39 30 - 425
Fiord ‘
Euraka © Station Ck. 58 20 - 700

{lower part}

Hould Station Ck. 44 30 - 150
Bay ’

2;2,011mate'and.pﬁrdafrost'
Several climatic factors contral the amﬁuntkbf snowfall,
. its redistribution, Vmetamorphism, snowcovered period, and
rmelt.- The snowcover cha?a:teéistics of thE-High Arctic are
dominated by the lﬁné duration of sub-zero air temperatures,
frquent occhrﬁencé of\blbwing snow, low to£a1 precipitation,
~ low net r;d;atinn, and ﬁold ground ‘temperatures. Rgginnal
variations in ‘these parameters have been described by

¢

In these areas, winter (first day mean temperature less
than 0 C) begins .between. August 20¥30. and ends (first day

{
4
[}

i
"4
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mean temperature greafer than O C} between June 10-20. The

duration of winter tends to increase from 287 ‘days in the

southeast to over 300 days

exception to this pattern is the

winter begins later and

lowlands.

ends

This lohé winter period is

extreme coldness, but

temperatures (Figure 2.3).

also

in the northwest. A major

-

Eureka Sound region where

earlier than. other nea?by

characferized not only by

by very persistent low

-

Above freezing temperatures occur

only in early winter and are extremely rare between early

Octaober and earlQ May. Mean January temperatures range from

~-30 € in the southwest to -35 C in the ncrthweét. In many

areas, and especially at

S

Eureka, it is coemmon to have

.extended periods in December and January . when temperatures

are below —40 C. The radiation regime during late winter is

- characterized by short daily periods of. direct sol ar

radiation, high surface albedo, and negative net radiation.

i

By late Ma& ar early June, air témperatures rise considerably

and initial snowmelt may begin in sheltered localities.

Extensive sublimation may

also

occur when increased net

‘radiation combines with relatively high temperétures and low

humidity. This appears to be

Sound region. Intense snowmelt,

quite common in the Eureka

however, begifs when air

tempéhqturés ;isé above 0 C, corresponding with the period-

between early June and early July.' Once spring mE;t.begins,
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it progresses rapidly and most snow is melted in 10 to 20
déys. j '
The High Arctic is often classified as a polar desert
with meén annual precipitation varying from 100-200 mm in
lowland areas to over 300 mm at higher elevations. Snowfpll
ranges fraom 0.75 to 1.5 m (Figure 2.4) or some S50 to 907 of
total precipitation (Maxwell 1980). Snnw%al% is concentrated
in September and October and is small throughout the
remainder of winter (Figure 2.3). Winter rainfall also nn;;
occurs in these two monthe. Numerous water balance studies
(Findlay 1969, Hare and Hay 1971, Hare et al 1975, Cogley
1975, Marsh and\ Woao 1979) have Found\ serious imbal ances

between inputs and outputs if weather station precipitation

is used. Most studies attribute this to an underestimation

of true precipitation due to errors in measuring snowfall.

<

 True snowfall is- difficult to determine due to gauge

undercatch in strong winds and the many  trace events
(Jackson 19460). Snow survey results near Resolute Bay .twou
énd Marsh 1977) suggested that actual snowfall ‘is anywhere
from 1.7 to 3.1 times that measured by the nearby weather

’

station. . -
' Mean wind speeds (Figure 2.8) in the High Arctic are
similar to those of southern areas (Maxwell 1980), but the

averages are composed of frequent calm'conditiong which occu;

10 to 25% of the time, alternating with very strong winds
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which -are frequent in winter. Resolute, for example,

‘experientes a 20% probability of hourly wind speeds of 9.4

m/s or gfeatgr'during the period December to February. Tgere

4

are regional variations in wind speed, with Resolute being

-

_ conéistently ”indier than Mould Bay, which is windier than

Eureka. Wind exerts a strong control upon the AfArctic
snowpack , redistributing snow after its initial deposition
and increasing its deq;ity by wind packing. As a rough
estimate, snnw’arift may commence wheq\wind speeds reach :10

m/s (Mellor 1965). Winds of such magnitude are encountered -

‘approximately S % (Eureka) and 20 % (Resolute) of the time

during the period September to May.

Low air teqperatﬁres and a thin but dense snowcover:
maintain lnw|ground temperatures and a‘very thick permafrost
laver. At Rgsolute, Miesner (1935) estiméted fhat the
permafroéé‘ is‘ 390 +/—~ 3 meters thicﬁz: and Cook (1958)
determined that the zero annual amplitudeé occurs at a ?epth

of 19.2 m (Figure 2.6). The temperature at this depth was

=12.6 C or 3.3 € higher than the mean annual air temperature.

. Below this depth the temperature ic relatively constant down

to 30 m, below which it increases at a rate of 4 C/A0D m.-
Between November and April ground temperatures in the upper

meter increase with depth. The associated vapour pressure

gradient produces an upward vapour flux from the soil to. thg

L

snowpack (Woo™ 1982a) . By May, the ground is near its minimum
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.



temperature at all depths. With increasing air temperature

and snawmelt, the upper 8 m warms rapidl§, but between 8 and

-

19 m the ground is still conligg\}n\? lagged response to the
low winter tempeFatures. Such a rapid warming of the ground
during the snowmelt period has‘ important implications +for

snowpack metamorphism.

[£]

»

2.3 Snowcover characteristics

T~

Snowcover properties at the bgginning_qf melt, affect

-

-

|
-~ .
E » the sequence of melt metamorphism events. Yhe thermal and
S\\; stratigraphic characteristics of the High Arctic snowcover
) are different from those found in_ more southerly latitudes

and the pack. may therefore be expected fo ripen differently.
' Blowing snow ishthe dominant Féctor :dntrolljng the

H;gh Arctic sAbwpack'properties. It ‘results in thg dqminance
! . - of smalngrains, less than I mm in diameter, due to breakage
.and high densities t;hsed by wind packing. Billelo (194%9)

f

% showed that this region has a mean segsonal snow density of

E ovér 31Q kg/m* and that high densitie; are common throughoﬁt

! ‘Einter. Frequent high- wind; also result in %rregulqp
? distribution of snow at the end of winter. Young (19469) and
;

. , / . .
Woo and Marsh. (1977) found that snow depth could vary from O

L 4
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to over 2.5 m within very short distances and that individual
terrain units had distinctive snowcovers in terms' of depth
and.dénsity. )
Strong'temperature gradients (lowest temperature néar
the snow surface) within the'/pack induce larée vapour
presswe gradienté. As a result, +aéeted‘hngr qrystals grow
at the expensé of rounded grains in the warmer, lower
portions of Fhe pack (Colbe;k ,?982). This temperature
gradient metamorphism (Sommerfeld énd. LaChapelle 1970) or
kinetic growth {(Colbeck 1982) produces a thick layer of heoar
at the base of the anwpackr

A combinatipn of the above processes produces a
snn@pa:k £hat is characterized by high dens;ty, small grain
size, distinct qeth hqar‘liyer, well distinguished layering,
and‘variable snow depth (Goid and Williams 1957). The

generalized-description of the Alaskan north slope SNOWCOVEr .

]
.

presented by Benson et al (1974), also_ applies to the
snowcover Q;‘ihe Higﬁ " Arctic. At the surface there is
usually a thin layer of Sdft,‘low density §nbw (150 fn 200
ka/m?) deposited during periods of low wind. Undérlying this
layer is a sequence of hard,?f&ne grained (0.5 to 1.0 mm)
wind slab (350 to 450 kg/m'),paﬁd,;Equm grained (i to 2 mm)
snow (230 to 350 kg/m?). The p%upe?#ies of eéchﬂléyer are

dependent on snow type, temperature; and wind speed duriﬁg

deposition. Finally, at the base of the pack there is always

1
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a layer of coarse (3 to 10 mm), loosely bonded depth hoar
crystals (200-to 300 . kg/m*}. The thickness ‘of this layer is
independent of the early winter stratigraphy but is governed

by temperature gradient and permeability to vapour diffusian.

’

Y
Few studies have examined the changing characteristics

of the Arctic snowpack during the melt period, although the.
formation of ice layers within (Benson et al 1974)  and at the
base of the snowpack {(Benson et al 1974, Woo and Heron 1981,

Woo et al 1982) have been described.

v

2.4 METHODS .

All major instrumentation sites at Eidsbotn Fiord (1980)

+

and Resolute (1981} are shown in Figure 2.7.

-

Premelt Snow Properties. : e .

.The premelt snow properties which affect mglt

me}améfbhism ~are : (1) snow pack depth, (2) layering

‘sequence, (3) layer thickness, horizontal variability and

-~

-extent, (4) the number of layers, and (5) layer density,

grain size and liquid permeability. To examine +the spatial

variability of these properties within each study. basin a

[} [}

stratified sampling proceddre based nn_topogrﬂphic‘unité was ©

-

.
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eétablished.

‘ Because drifting dominates the dévélapment of Arctiﬁ
snowpacks, topographic unité were chosen on  the basis of
those factaors affecting snow depdsition and erasiop. As snow
accumulates in a tnpdjraphic area due to drifting, its
surftace profile and aerodynami 'properiieshgradually chagge.
Eventually, snow storage approa les its -maximum value, the
surface approaches an eguilibrium praofile {(Tabler 1975), and
catch efficiency is reduced. Most snow entering that
topegraphic unit thérea%ter, is not debositedﬁbut traﬁspnrted
out of the unit. Based on their relative snow retention
capacitieé,-a nuﬁber o% tDngrap;i; units were selected: for
each study basin (Table #.2). Becaﬁse each drainage basin

had different terrainﬁcharacteéistics, each required its own

suite of tdpngraphi; units.

TABLE 2.2
Topographic units énd;snu- survey dates for each study basin

. Nauysk R. - Basin 1 .. . Mould Bay. Eureka

tat fiat flat  flat
. convex slope’ convex slope  hilltops w. slope
, concave slope  concave slope undulating drainage
valley botton  gullies vaileys net
glacier _ rolling - rolling
) ' qullies gullies
- ' . scarps valleys

Nay 1980 May 1981 May 1981 May 1961




In 1980 a preliminary survey was carried out at
Eidsbotn éinrd. - Snow pits were dug in which detailed
stratigr;phic measurements were made and sample‘ lines were
run across individual topographic units and  snow depths

sampled. The survey comprised 35 pits and a total of 216

depths measured along seven lines. In"May 1981, a similar
scheme was. employed . at Basin 1, McMaster “River basin,
Resolute. A total of 29 pits were sample& and: 272 depths
measured along seven prqffif' lines, allpwing within and
~b‘étweé-n_l.-lnit“via-;ial:iz_i.llity to be compared. Figure 2.8 shows
the extent and area of each of these topographic ’units. At
the same time a detailed énbw survey of McMaster River basin’
was conducted (Woc 1982b). In addition, seven pité were
sampled at bnth.Eureka and Mould Bay. This program did th
allow the vari:tion within icpographic units to be studied
but wés used to compare the overall snow properties to those
of the‘oﬁhgr study sites. |

| One face of each pit was cleanéq,uff with a wire;brush‘
or a scraper-to highlight individual strata. These étrata
were quallz well defined in terms of snoW hardness and were
easy to recognize. “Within each layer the f&llﬁwiné
measgrementé were made:

(1) .Layer thitkness,.with a falding carpenfer’s rule

(2) Snow density, with snow cutters ranging in size from 50

~

~
+
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Snowcover topographic units

Guliies : .
N Basin 1 - Resolute

Concave slapes

-
N
' Resolute
Airport
0 100 .200m @
| T N

. ) ¢ : 'q-
oo ) & Ik Char .
" S S SR, 1 @Eﬂ(e
FIBURE 2.8 Snowcover topographic units for Basin - 1,
: Resolute. ; . '




‘

to 250 cm’. Sampleé were weighedAih the field on a Geotest
tempe;ature compensated snow density scale housed in  a case

g .

.with a plexiglass door to protect it from . the wind.

Generall&, twé samples wére obtained from each layer, but a

few pits were sampled in! greater detail to " determine the

variability;_w'ithin layers : _

(3) BGrain size, determined at representative pits by taking black
ang wﬁite photographs of snaw grains placed'cn. a plexiglass
plate with l-“mm griq markings, u;ing a transmitted

;illuminatitn method (LaCapelle 1946%). In ﬂheziaboratory the
photographs Qere projected wonto a screen with a 12x
magnification. Square grids marked on the screen were picked
randomly and all grains within it were measured .tn an
accuracy of 0.1 mm. This proceduré was repeated until '160
gra}ns were measured. .

(4) Snow temperatures, measured in the snowpit walls using Fenwall

disc thermistors.



Snownel t
During the 1981 field seasaon at Resolute, surface melt

was computed using the énergy balance approach (Sverdrup

1935b, Price and Dunne 197&4):

(2.1) U= (Q% + By + Que + @r) 7Ly

where all fluxes are defined as positive downwards and U is

surface snowmelt, @#% is net radiation, Gy is sensible heat

flux, O i% latent heat ?lyx, B is héat flux due ta rain,

and Ly isfthe iatent.heat af fuéian._ When calculating

surface‘snnwmelf, the}ggpund heat flu% was ignored. Sinﬁe
the snow surface temperature is ‘at 0 C and the surfacé
humidit? is close to saturation during melt, the bulk

transfer apprcach‘ may be used (Heron and Woo 1978) “to

calculate the senéible and latent heat fluxes:

o

(2.2) Ly = Pa Cp F ulTy — Tae) - !

£2.3) Bie = pa Lv (e/B) C u (E; - Ewd - -

~

where pa. is air Hénsity; Cr‘iﬁ the specific heat of air,

uis wiﬁdlspeed,-T;israir temperature at the surface (SS)

and at 1 ﬁ (z),,Lv is the latent heat of vapnurization,_e is
the ratio nfr méle:ulaa ‘déight of water and aif, P .is
atmaspheric presﬁﬁréfrada k~iqevapuur pressure at the surface

(SS) and at height Z. For simplicity it was assumed that the
. Loy

.
) . iUl .
iy
-

. - ' - [
g _ - T : ] : L \\\\Q
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s
drag coefficient (C) was the same for both sensible and

latent heat fluxes and was calculated from?

(2.4) C =k?* / (In(z2/z,))2 -
: ” ) .

where k is von Karman’s ‘'tonstant. The surface roughness

(Z,) was obtained empirically (Heron and Woo 1978).

L4

The drag coefficient wéE_mndified with the Richardson number

-
- -

{(Price ‘and Dunne 1976) "ta correct for non-neutral atmospheric,

s
Y

conditions. The heat flux dge to rain on snow (&)

‘was abtainéd by: S _.‘ R
I R * ks : - -
. .
. . - . . .
£2.35) Br = pu Cu R (Tn — Tag) .

-

* -

where pu'is water density, Cu is specific heat of water,
R is rainfall, Tw is snow surface temperature, and T.:Qet

bulb temperéture.‘ / . 3

Y

- -

A{l instrumentatiqp was installed over a level sSnow

covered site «¢Fi'gure 2.7) before the beginning of melt. A{ﬁ

. ;empeféture and humidity were recorded with a Lambrecht

thermohygrograph housed fn'a Stevenson’s screen, and recorder

.
L]

thermometer and an Assmann psychrometer. Net radiation was

measured with a Swisstecco net radiometer, ard recorded on a

Rustrak recorder. A Casselld sensitive cup anemometer and a

Rustrak event recorder continuously monitored wind speed.

‘ N

readings were checked at least twice ‘daily Qifh a merédry“

-
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‘The level of all instruments was frequently apjuéted to a
. +~height 'of 1 m above the melting snow sur%ace._: Air pressure
and rainfall measurements were ocbtained frnm_the Atmaspheric
Environment éek;i;e ‘weather station. Woo . et cal (1981)
eStiﬁaté¥th;?,dai;y melt rates are accurate to +/—- 5% using

. this method.

Snow RiIpening
Throughout the 1980 and 1981 field seasons, changes in

' , snowpack properties were monitored at five snow pits at.

~ N

Eidébotﬁ and Resclute. JThese weéé chosen to provide a
representative selection of sﬁow depths; Daily measurements
of snow depth, layer thickness, density, graiﬁ'size, position
o% the wetting front, and ice layer‘thickness and prﬁpérties
were obtained fﬁom the snow pits, _and .the snow and grdﬁnd‘
- temperatures were'measuréa at the.tﬁérmistnr des. Between
- measurements, the snew pits were pra?ected with'dqublé‘ lanr
mylar radiation shields to minimize mélting of the pit wall..
Imﬁediately before samplinq; half of the pit face was cleaned
back épprnximately 0;2' m. This ensurad that - clean
undisturbed snow was s;mpled and alléwed_ the .ccntinuity of .
the layers to be determined. The /{echniques for measuring .
density, snow depth, and grain size were similar to those
used during ihe premelf pefiod. ~Other nbsgrvatipns. include

the fallowing:




P
(1) Edsitian of the wetting front‘uéﬁ\estimated as the
deepest point where the B snow grafns were wet and
rodndiné of grgins had begun ’
(2} Thickness of icellayers-(both within and at the base of -
lthe snowpack) was measuréd to .tHe ‘nearest S mm. and
. observations were made on the hﬁrizqntal extent, ice
E?pe, and ;nifqrmity of these layers. D::asiona}

I

("]
Ul

‘measurements of ice density were agbtained by immersing

preweighed samples in cold diesel oil tbvdeterminé their

volume

(3) Liquid.water content of the snow was calculated from

measured changes in énnw.density. After melt begins,

change in density is due to (1) storage of Tiquid watér,

(2) change in density of the snow grains which depends
. L]

on compacticn and metamorphic change in structure

(Kajima 1967), and the freezinrg of water directly onto’

 the sncw.graihs. As will be shown in Chapter Five,

little freezing occurs dikectly onto the \snow grains.

As a result th;\ih:rease in snow density is less than 1%

and may he ignored. The increase in snow density due to

‘compactiaon may be important and can be expressed as a

function of time' (Anderson 1976): -

(2.6)  pain+l) = £1.0 + tu C, Wy exp(~Ca Palni}}
' exp(~0.8 (Tu=Ta))}1 pgin}




< | | K
where p.'is snow density a£‘£ime n and n+1, ty ;s the

time interval, C, is the fractional increase in density -
per meter of load per second, W, is'weight of snow above

a given iéyer, C2 is a compaction parameter, Tn\is the
melting point of ice, and T, is the snow temperature;
Ander'son ( 1976) used values of Oy from 7.2 % 10 =+ to

19.2 % 10 ** (m s8)-' and a constant value for C; of

0.021% m’/ﬁg. Th{s equation is applicable to wet snow at
the normal values of liquid saturation found in freely
draining snow. Then, the difference between predicted

and measured density is due to the liquid water content,

which may be calculated as:

(2.7) S =(pn — .an)/( Pa)

\\\_whére § is liquid water content by volume; /f~ .
p§ is measured. show density, ps is predicted snow ;ensity,
and puw.is the density of water . —
’r_— In order to check the applicability. of equation
2.6, it was compared with data from'Colbeck et al{1978)
_;whn,carried out a detailed atjéyéis cf.th? effecis o% .

grain growth, liquid saturation, dissolved impurities,
ﬁnd_nverburden pressure on the densification of wet
> . ' ) . ) :
‘snow. Their miasured-changes in snow dgnsjty for the

_conditions shown in Table 2.3 were compared to° those

.

— el et - W



T ._/-*"Q

“
w

predicted by equation 2.6

TABLE 2.3 ' 4

Snow conditions during snow density changes measured by Colbeck et al (1978
and paraseters used in equation 2.4

Snow conditions reported, by Paraeters for equation 2-6
Colbeck et al{1978) l- .

-

“overburden pressure = 4790 Pa - Li=13.2810 % (as)?
=489 awe. 2= .02 #3/kg”,
water pressure = 1014 Pa Hg = 489 a w.e.

= -.2byvoluse Tu=9C -
solute concentration= 20.5 ag/l . ~
initial grain size = .5 ma : " ‘

——

N\ .

hese conditions are similar to those found in the

Arctic type of snmow. Solute concentratfuns measured neanf

i

. : \ L N - ) P
Regolute in 1976 varied_from 12 to &5 mg/l, grain size

p £
was usually slightly smaller. than 0.5 mm, and the water

pressure, and bverburgen pressure were typical. Results

. 4eIg ‘equation 2.6 agree well with the data of Colbeck

et al. {t tends to underpredict density over the first
. . ' o, e . ) .
two days of compaction and overpredict during the next

10 days. Thé“maximum overestimation wasi2 kg/m3. This .
N . - .
could acgtunt for an error in estimating - liquid water

content. of 3%, ar ap_prbxima_tegly 4% of ‘the entl:

water equivalent, but is-‘sufficiently atcuFate for tﬁ?>

purposes required in the present study. Profiles o

liquid water content are not used in this. study because
&

they continuously varied as the diurnal melt wave
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penetrated the pack and there . were lérge horizontal
variaticns due to flow chgnnels. Ihstead, the data were

only used to eétimata the total liquid water storage in

the pack. '
/ : ' . :
ﬁ4) Snow temperatures in 1981 were obtained from three sites
using - Fenwall disc thermistors embedded in .1 m
plexiglass tubes attached to wooden rods. A major

prbblem with measuring snow temperature during melt is
fthe increésed mélt arocund the rod,“the cnnducﬁiqn of
heat down £he rﬁd and g.percolation of mel't yater .along
it. Aﬁ_aftempt waé ggde tc overcome thié grhblém' by
mountiné the thermistors so thaé they were 0.1 m away

‘from - the roda (Figure 2.9).. The success of thisg

.S »

- . chn'ique will be discussed later. All thermistors war‘gf

. S . .

.Ddring the 1979 .field season, a ¥ n thermistor cable
‘ L :

installed'ﬂn Ikkii glacier in May was menitored during June

Soil Properties RN

-

' The total volume of water which may "infiltrate the
frozen soils ‘was measured at two sites in, each of the hog and

~ o \ |
polar desert 3pi4 types (Cruickshank 1971} found in the-



the;gn&stor = thermistor

==+ Wires

snow surface

et e e anatr
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P
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:
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FIBURE 2.9 Combined -snow-ground thermistor installation.
Snow thermistors project 0.1 m away fram the rod to
reduce the thermal effects of the rod. Sail rod
cut off at the surface and the wires run up the

. rod to ensure natural conditions. The soil rod
installed prior to snow accumulation, while the

rod was installed at the end of winter.

*
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Resolute 'study area. A constant head infiltrometer similar to

that described by Hiils(l??Ol was used. Steel cylinders,

"open at each end and 97 mm in diameter were placed , into the

soil in August 1984, In early June 1981, the snow Dveryying
thése.;ylinders was reaoved, and a krnown volume of water at 0‘
C was added until the in%iit?ation rate fell to zero.

Three rods with Fenwall disc thermistors were

installed in the g?cuqd to a depth of 0.7 m in August 1980 at

the Resolute study sites. Two of these were in palar desert

sails and one in bog. To ensure that the problems discussed

in tﬁe snow temperature section were .avoided, the thermistor
rods were cut off just selnw-the ground'sur%abe and fhe wires
run below the grnund surface to -E pole which carried the
wires to the snow surface (Figure 2.9).

The bulk density of each soil type was determined by

(6;en,drying samples of known volume. Using an estimated

solids density of 2700 kg/m* (Faurouki 1981} the

soil porosity (n) was determined as:

e

x

(2.8) n=1-ps7 po

where pa-is''the soil bulk deqsity and py is the minerals
densitQ. The volumetric water content of the soils was
measured: with a Campbell Pacific Nuclear Model S03

-

Hydroprnbg.
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Snow and soil tﬁerpal properties
A number of empirical studiés have related snow
density and snow thermal conductivity. . In. all cases the
méa;uréd thermal conductivity combines both the effects of
heat conduction throuﬁh the snow grains a;d heat transfer by

vapour diffusion. The coefficients are therefore termed

effective thermal conductivity. Anderson (1976) summarized

relationships reported in the literature and suggested the

following relationship

~

(2.9) Ki = 0.00005 + .00&6 pa?

whére Ke is the-ef;active thefmal conduc{ivity.and Ps the

snow density. ‘ .
Farouki (1981) campa}éd‘fcur methods for ‘calculating

thermal conductivity oé\ frozen soil. He found that the

method of Jﬁhansen (1975) provided the best "pfedictions for

frozen fine 50;15, sands,\o;YQravels with 'a water eontent

from .10 up to l.O"by pore volume. Farouki (1981) reported’

that Johansen determined the dry thermal - conductivity

(Knuv)_ as: A _ e
..‘-.-’

-

»

(2.10)  Kowr = (. 135 pp + 64.7) / (2700 ~.947 py)

-

where P is the soil bulk density. The saturated thermal

-
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conductivity (Kar) was calculated from the geometiic mean of
the thermal cnnducti@ity of the solids (Ke) , ice (K,), énd
water (Ku):

(2.11) 'Kunr = Kgtt-n Kytn - W g wa

where n is the soil porosity, aﬁd Wu the Jfrgctiqnal volume
of. the unfrozen water. The soil thermal conductivity (K) was

then computed as:

§2.'12) © K = (Kear = Kpar) Sa + - Kony

where Sp is the water content by pore volume.
The specific heat of the frozen soils (Ce)

was computed fram (Sellers 1965):,

Id

-~
.a

(2.13)  Co = (Xn Cu + X4 Ca + X, Cy) 7/ po’

where the subscripts m,0,i refer to minerals, organics, and
’ e
ice, and X is their fractional volume, C their specific heat,

and pe the soil,density.

3

ﬁnergy released by the refreezing of meltwater

‘f Considerable amouﬁts of heat are released within. the

snnwpacﬂ by a refreezing of meltwater. This energ? may be

cnnducted ddwnward_from the point of ¥reezipg, warﬁing both

. ' . h
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»

the snow and the underlying soil.. Water may freeze onto the
snow grains at the wetting front, as ice layers, as basal

ice, or within‘the soil.

:

The amount of energy reieased per unit area by the

formation of ice layers or - basal ice (Hw) was
caiculatéd by:

(2.14)  Hw = Ly (p, - pes) Zn

where Le is the iatenﬁ'heat of fusion, p, is the density of
the ice mass, ps is the snow density, and Z, is the

ice thickness measured in the snowpits. ‘Freezing ‘may also
-

v

occur anto the snaw grains at the wetting Front where the

, energy per‘unit area. (He) may be calculated from

(Z2.13)  * Hur = lTsul Po Cy Zap

where Te is the snow temperature imhediately below the

-

. wetting frnnt{ Py is snnwfdeﬁsity, C; the specific

heat of‘fce, and ,Zg the anwpackfdepth at the begining

-

of melt. Theg heat released by freezing .of water infiltrated

into . the 80il (Hi) was caltulated as: L oo o

(2.148) ' Hy = l__r Pw I

‘where py is water density éﬁd 1 depth of water

infiltrated.
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‘In this study, two periods are recognized during melt:
(1) the anisothermal period which begins with the start of
meit and ende when the main wetting front reaches the
snowpack base.' During this period the snowpack consists aof
both wet and dry snow, and (2) the isothermal period . which
continues until the end of “melt, during which the entire

snowpeck is wet and at O C.

”During the anisothermal period, the heat released by

P

refreezing is used to warm both the snow and soil. The

amount used to warm the snow can be calculated from® v

L2.17) We = ITII" PI-C: ZIP

n
. [

where N: is the snow cold ccntent and T. is the average

snowpack temperature for a snowpack nf depth an on the

first day of melt. The rest of the energy released by

-’

‘fréezing within the pack is used to warm the ground. This

energy may be calculated in a way similar to equation 2.17,

-

but such an apprnach was not used because the soil thermal
ﬁropertzes below 0 7 m are unknnLn. Instead ; the so0il heat

flux was calculated as a residual:

H
L

(2.18)  “We = Hy = W
and :
~ Hy = "Huw + Hur

where Ws is the heat used to warm the soil, and Hr is the

- ' -



total heat released by freezing within the. snow. Throughout
the isothermal period, all heat released by freezing of so0il
infiltration and the growth of the basal ice layer is used to

warm. the soil.

Meliwster Movement

To monitar the movement of meltwafer within the snow
pack, ‘three lysimeters were installed in 1981.
Two of these were large lysimeteks { area 1.0 and 0.25 m?)

@ith an impervious base and three walls (Figure 2.10). Three

drain-holes were used in each to route the meltwater to a

. tipping-bucket gauge connected toc an event recorder which

provided aﬂcnntinuous record of flow. Data were then used to

determine hnurly mean fluxes. The other lysimeter was also

" {

0 25 m? in area. but was d:vxded, into 146 separate

compartments (Figure‘z.los. Each compartment Qas'drainéd by

a single hole leading to a collection ‘Bottle. All bottles

were emptied each morning. This muiti—campartment_ lysimeter

allowed a di;ect measurement of daily.¥16w variability within

a nétural-snowcover;, All 1y51mebers were 1nstalled on June

.15, 1981, the first day the sncwpacP became isothermal. The

installation prn:equre consisted of'digging three snow pits,
and inSErﬁﬁngvthé lyéiméters into siots cut into the pit wall

¥ -
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o
L _Ul U /
| .5m — | '
FIGURE 2.10 Top - multi-compartment lysimeter. Each

separate compartment drains into a plastic bottle
which is emptied daily.

Bottom ~ recording lysimeter. There is no rim along
the upslope edge in order to facilitate installation.
A.im x 1m lysimeter of the same design was also used.
The three drains at the back of the lysimeter
' conducted meltwater to a tipping bucket gauge.

4
s
4
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approximatly 0.6 m abpﬁg tbe baéé of a 1.4 m deep snowpack.
The cgllecting end of the lysimeter was at a minimum disténce
of 0.35 m from the pit wall. This notch was then refilled
with snow. These procedures ensured that the . lysimeters were
set in undisturbed snow and were well‘away'from’ the effects
of the pit wall. <

* « A detailed analysis of the hydﬁaqlie ch;%acfe;iéties of
sSnow lysimeters was conducted by . Nankiewid; (1978b) who
outlined three sources of error associated witﬁ their use:

A

(1) change in surface melt rate due to disturbfng the snow

¢ .

during installation, tg) a transfer error between the surface

and the lysimeter due to changes in storage or divérsion ﬁF

water due to ice layers; and:(S) undercatch of melt waterrduer

to the hydraulic characteristics of the lysimeter. Probleﬁs_

- related to the first t?pé?nf-errqr were minimal since t&e

sndw sqrfaée immeaiately ;bqve the,Xngaéter-was not affe&;ed
/

and effects 6;‘¥he pit'wal were eliminated by covering the

~pit face with a double-layer mylar radiation shield and also

_cerring the pit with a éylar—cnafed plywood sheet. Transfer
grrbrsuwere‘minimizeg by using ;ysimetérs of large surface
area i; an a;témht Eb‘;average ' the flow variations.
Wankiewicz (f??Bb) showed éhat -broblgms 'dué. to hydraui&c,
characteristics could be. minimizedl:by proper design. He

found that'the lysimeter outlet dis:hé:aé is eSsentially the

sémeﬁ;s the flow at the lysimeter depth when the raised: ri

3

5 ~




22

448

of the lysimeter is edug} in height to the pressu;é gradient
zone. This varies in height from 0.07 to 0.18 m depending on
flow. The walls of. the lysimeters used in this study were
0.12 m ;H”height, a véIué sufficiently high to maximize catch
efficiency. The Eesppnse time of this type of
approximatély 15 min;tes for a sudden increase in flow rate
from 0.05 to 1.0 * 10 m/s (Wankiewicz 1978h).

a

response time will pot seriéusly affect the determination of
. : " !

Such a shaort

hourly flow * conditions. A final  problem concerns ‘the

startup time. Wankiewicz (1978h) found that for flux rates of:

1.0 to 0.05 =*» 10; m/s this varied from four hours to three
days.  With melt rates of about 0.1%10-¢ m/s averagée over a
daily period, two days were considered to bé“'Sufiicient to

allow the lysimeters to stabilize. Since these respéhse

times and starting times were calculated for a horizontal

lysimeter (Wankiewicz 1978b), they should represent maximum

.values for the sloping lysimeters used in this study.

lysimeter. is



CHAPTER THREE

PREMELT SNOWCOVER CHARACTERISTICS

‘ The snowcover characteristics pr1cr to the melt period
play an 1mportant role in snowpack ripening. Prcperties such
as sSnow depth, density, layering, and temperature control the
initial movement of water into the éack. %his chapter wil;
describe the characteristics of . the Hiég- Arctic snnwpack

sampled at Resolute in May 1981« and w111 demonstrate that the

. results are appllcable to a large part;o# the Canad1an High -~

e

Arctic.

3.1 Stratigraphy and probartia-‘at & pit mection

¥

Strata properties

A prominant feature of all snowpits studied over a two

,year period was the occurence of a number of d:stinct' strata

(F1gure 3.1). At each snowpit the strata .were detected by
easily perceptible diiferences.iﬁ hardgess. ‘ Using hérdness
as the principle’ criteria, all sf;ata were diétinctlé
diffékent from those ;bqve or belaw? and the boundary between
any twd‘s%rata was very SQdden.and ,cléar. In many ‘cases,
however, lhe trata could not be different{aied in terms of

¢
density or in size. At pit CC& for axample, a.

47
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- depth m

0 . . . v . . v
- 12 20 28 - 36

horizontal distance m

7',:;'

a

-1 Layer structure for pit CC&4. From daily profiles
taken at approximately 0.2 m intervals between June 2

and June 2&, 1981,

FIGURE 3

L ]
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Kol mogorov-Smirnov test showed that the density of layers
seven —;5ix and three - two {(Figure 3(2),‘and the grain size
ofllayers seven 3‘six,.fnur - three,‘ahd three — two (Figure
'3.3) were not significantly different at the 5% level. Even
though these strata werelpercepfibly different, and as will
be shown in Chapteés Four and f&ve plgy an important role in
snow metamorphism, their Qifferences' aften  could not be
quantified. th 7

- A1l str a-wereleharégterized by unimdqal frequency
distribut{bns with a smqllrrange of density and grain size.
Us;ng the definitions of Greenkurn~$nd Kessler‘ (1969) ea;h
étratdm:is|p5mngenebus and nonuniform. The sﬁali range éf
values:within each stratum is demonstrated at pit CCé6 for
example, where the standard deviation of the density rangeal
from 10 to 26 kg/m* (Figure 3.2) and for the éréin
size_fram'0.07 tbﬁd(13_mm (Figure 3.3). This-indicatés that

the conditions occuring during the deposition aqf each strata

o

were quite uniform. Considering the persistent cold during
winter, it is reasonable that conditions do not vary greatly

during events; or even from event to event. In addition, ény

short{ term changes in 'snow properties that occur during
depds‘ticn are overwhelmed by wind action which breaks the

snp® grains into paFticles of more uniform size and shape. -

+

These strata may mark either individual depositiagal

or changes within a depositional event. Variations
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within events are due to changes in- snowfall rate, crystal
.type, air temperature, or wind. Mellor (1965) found that

N * ’ . - I3 . . -
constant pulsations in wind speed cause variations. in the

-

deposition rate and the particle size deposited; resulting-in

.

distinct layers approximately 1 mm thick. Variations between

individual deposition events are due to the same factors, but

"these variations are normally greater than the within-— event

variatinns.//Seligman (1936) called these major divisions
strata.

Hopizontql extent of strata —;ﬁ;*

Daiiy sampling of the snowpits during the melt perio;
demonstrated that most strata were continuous over a
horiznntél distance of 1.4 to 3.2 m.- Figure 3.1 illustrates
a case where only ane of seéen layers was not continuous.
Similar horizental continuity ofAstfata has been observed in
Dther-areas where blowing snow dcmiﬁétes. Bensoﬁ' (1971)
obser?ed lateral continuity over a 15 m section of., pit Qall
at Byrd statiqn,.ﬁntarcti:é, an& éameron (1971) repn;ted that
497 qf the layers in a i.a m pit were traceable for at least

14 m, 317 for over 7 m, and, only /gQZ\'were discgntinuous.
. . - ’

Other Antarctic studies by Koerner qiéZXr; Rundle (1971),
Koerner (1971), and Taylor (1971) havé rted similar
findings.

Not only are ‘tha.;stratr observed in’ this' study

NG
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continuoﬁs but : (1) they are gene?élly uniform in tﬁickness,

(2) the boundaries are very uniform, and (3) they are rough;y

parallel to the surface. Thig uniformity may be une#pected

considering the e#isfence of unes, sastrugi; and ripples on

the surface. Dqu*\fareiy do ;trata boundaries show any

indication of these surface features, or dip steeply compared

,1{4‘\ to the surface. Simiiar conditions are shown in photographs
- by Seligman (1936), while Shumskii (1968) states that eolian

p SNowW covers have more clearly defined stratification than

- .

other packs. Benscn:(1971) observed thét-although the snaow
surface is rough, t%e s£rata exposegwin pit walls tend to be
'ho}izontal. He was "impressed by. thisg hnrizdhﬁiijty-‘af
strata‘iﬁ --. Breenland, Antarctica, and 'in high altitude
snow fields of Alaska, and ... (was) convinced'thaf this‘ is
generaliy obse?ved, even in are of pronounced surfhcé
:ruggtpess" (Benson - 127%, ‘p. 342?. The existence of
cuntinubus very jsmao h, horizontal strata bounda;ies T in

eolian material has also been. noted in the geological

, T »
literature. Both Bagnn&d.(194}) and-Blennie (1970) observe

a

Cits existence on flat sand éreaé, even though the surface was

coveréd with small ripples and dunes. Processeé;resulting in

this uniformity of strata boundaries are unclear. Glennie
(fg70) 'érgued tha£ as wind speed ipcfeases, ripples
’ eventually disappear and a plane bed forms. Then as wind

speed decreases, sand is deposited on a plane bed. Benson
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]
(1971) proposed that_ﬁimultaneous erosion and deposition are

: responsible for hori@bntal strata in aeolian snow covers.
This process implies considerable erosion and redistribution
_ of snow layers after they were initially ‘depnsited. The

.. reworked snow may then be mixed and redeposited with new

1
SNOoOwW.

“

3.2 Spatial variabiiity of snowcover characteristics.

i

“Variability within a basin f.l

Considerable variabilityj in snowpack depth, layer .

. s ™ . .
thicknesses, and layer densities occur within each

4

topographic unit. However, it 1is Hhypothesized that each

- -
. //(;;::Lin unit will -have significantly different properties.
. ' f:: This hypothesis was tested by using a Kolomogoreov - Smirnov

-

test to compare the‘freauency distributions of ; snow depth,

layer thickness, and layer density at each topographic unit.

. Snow depfhs were significantly different for the four
* »

$apographic units surveyed (Figure 3.4). Convex slopes had a

1Y

" mean dgpth ot 6+22 m, flat areas 0.45 m,vgdn:ave_SIQpegﬁ O;Bé.i:.
%, and gullies weré the deepest witﬁia meén of 1.44 m. AlSngﬂ,iﬁ

- . stcraée on tﬁ? flat and convex slopes was probably cinéé;:gb?}
the maximum snow retention capacity (Tabler 1975), é%ﬁfhéé#lfz..
. : : L VO

noted by lLongley (1960),'while the. concqve slopes andhgullﬁgs

/ T
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Qéfe not. - ) .

" The four tobugrﬁPhic 'units. (Figure 3.4) also had
significantly different strata thicknesses.l CﬁQXSi slopes
~and flats weres characterized by thin layers ( mean c%' 0k 05
and Q.OB m);'but fhe flats aléowhad a few thicker 1ay;rs.
- ' Gullies and concave slopes had szmllar means (0.16 m%sy but

! hadﬁ* different d15tr1but10n5. The modal class’ for the

concave slopes was 0,2 m, while only 0.05 m for the gullies.

These variations in layer thickness indicate | the relative
<a§;%itude of catch efficiency_duriqg individua accumulation

events. Flat and concavVe sInpes had low ficiencies

while the’ gu111es and concave slopes had ¥ high | values. In

- S

terms of the number of strata (Table 3 1) cnnvex Slopes had

‘

‘the fewest (4), followed by f;ats(a) gullxes(?) and concave

slopes(8). Generally the topographic areas with deeper packs

collect snowfall om a large number of events. each of which

,d\_gepngﬁted tmore snow thar over other terra1n types.‘ The small

number of strata in all snowpits, certainly mus?' fewer'.than

the number of blowing snow or snowfall events.' indicated fﬁ//f
- F -
the Resolute weather station data for the winter - of .
. '. 1980—1961, indicates éghat consjderable - erosion and

redistribution\\nf .snﬁh occurs atter it ‘was initially - !

deposi ted.

"
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The layer densities ware divided into two
groups:depth .hpar and all other , layers. Since
densities of different terrain types were not

significantly different, they.were all combined,
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TABLE 3.1
Mean, maxiaus, and miniaus nusber of strata for each topograghic unit (Resclute 1981)
snow topographic nuaber of strata nusber of snow pits .
unit aean aazidur . miniaua

I 3 5
toncave slopes 8 2 - . 4 ' 7
“, . N ) .
gullies -1 8 5 ’

Measuré;;;£ of stratum density showed no depth-density

relffinnship in any of the snowpits, except faor the_ well .

defined, low density depth hoar layer at the base of all

"l

pits. Becauéé,nf the ext;?me aifferehce 'between the upper
lavers Iand  the depth -haak. layer, the - stratum ~ density
measldrements were separated into two distinct= groupé. Fﬁ?
the upper layers, the;é“ were nao sigqificéht differences

between tcpndraphic-unitg and all ldyers werev combined into
one group. The layer densities of|the depth hoar layers were

-

similérly combined. ‘The upper layers had a mean .density_fof

}60 kg/m*  and flhg‘ depth hoa& layer éhly 280
kg/m®) . ' R ) ‘

£

The tempefature at the énbw—grdunq ‘interfac is a

'-'fqnctian of snow depth (Figure 3.5) prior to the begiﬁning of

éﬁd;melt. The temperature at the sndw base decreases  from
~10 to —14 C as the pack depth increases from 0.2 to 0.4 m,

‘but is nearly constant at -14 to -i6 C for all deeper packs.

, .

"l
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Representativeness of premelt data

To ensure that the 297.5nawpits ;n Basi? 1| were
representative of the Resolute area two comparisons were made
with a:large basin snow survey ;arkied cut during tbe same
period (Woo 198Zb). A Kolomogerov - Smirnov test: of the
'weighted mean densitiés for each snowpit (Figq#e 3.6;
compared tu the snow survey densities for similar 'teé;ain
conditions, shows no significant difference between the ' two
samﬁles at -the 95% .level. Snow .stnraée for Basin 1,
calculéted from snowpit survey data of depth ‘and density

gives a value of 113 mm, compared with the 93 mh determined

for McMaster River basin (Wao 1982b). A similar diécrepency

-~ *

was found betweén the results of the MEMéster River basin

snow survey and a detailed \Basin'l snow mapping procedure in

-~

1976 (Marsh 1978).

erence is probably due' to the
dominance of a acing élnpe which accumulates a
deep snowpack {Wpo and Marsh 1@78). . These comparisons .of
shnow density aﬁd basin storage as ‘determined frum the snowpaf
and snow survey suggest that the snowpit survey provides a

representative samplé of the snow conditions found in the

Resolute study area.

_

etk B s A bt ——— ¢ e
'
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FIBURE 3.5 Temperature at the snow-ground interface versus -
snow depth. Measurements were obtained from the
premelt snowpits.
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FIGURE 3.6 6;mparison of frequency distributions of
snowpack density -estimated from snow, pits and

integrat'edg Fahples using an MSC snow’' sampler during
the basin snow survey. Resolute 1981,



. of fewer /layers.

&0

Comparison of Resolute, Eureka., and Mould Bay snowcover
Thickness of individual sﬁrata are similar °~ at
] ,
Resolute, Eureka, and Mould Bay (Figure 3.7). Sinte snow
storage was different at each site (Table 3.2}, this suggests
that strata thickness is not influenced by snowfall amount
but by the catch efficiency oﬁsthe topographic Qnit. When

layer thickness is expressed as a fraction o¥ the total pack,

both Resolute and Mould Bay had mean layer thickness of 17%

df total pack dé@pth, and Eureka a mean layer thickness _of
24%. Tﬁ?g'indi:ates that the sncwpa&k at Eureka wa5 ;nmposed

. L

\

. el TABLE 3.2

Comparison of Resclute, Eureka, and ﬁuufﬂ{hay hourly wind speeds and basin snow storage for the periu&

Septesber 1980 to May 1981

tocation L of tise with wind -
' cale 0-10  over 10 sean speed snow storage
als o/ (n/s) L
Reslute 5 B0 - 15 8.0 %
Mould Bay 14 79 1 4.5 149
fureka 3 59 3 25 o0

The mean layer densities are similar for "all three

sites, but not the distributions. For example, the moadal
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density for Resolute is 400 kg/m?, Mould Bay 350,

&

and Eureka only 300. High layer densities occur- at éach

W

location due to wind packing jdurs blowing snow events, but.
the high frequency of calm conditions (Table 3.2) résults in
an incrgased number of low density layerslat both Eureka and
Mould Bay. . ' \.
';;:‘(l,l’)";pth hoar  development  is depende{ut on  both

temperature gradient and snow type. Variations in depth hoar
\. ' ‘ —- '
development between ResolMate, Eureka, and Mould' Bay : (Tahle

3.3) are probably due to variations in an@“ﬁens;ty priqr to
hoar development, although a différeﬁt/fﬁermal regime might
alén'be.iﬁpnrtant. As noted earligr;_Eureka and Mould Bay-

have'a highér frequency of lnw/déﬁsity snow than Resolute.

" These layers havg a higher’pé}meability and therefore higher

A

account for the tﬁi;ker depth hoar layers at Mould Bay and

vapour moyement.under'a-éiven tempetrature gradient. This'may

e

-Eu?éké. : 7// .-:

/ »

N . o v
.
R -~

TABLE 3.1

-

Coaparison of depth hoar thickness and density‘at Resolute, ﬁnuld Bay, and Eur;ka {Nay 1981) -

Location  #ean thickness ‘ Nean thickness Mean density.
(a) (fraction of snow depth}  kg/a®
Resolute T B .t
Nould By 2k n 330 |
» Eoreka IS4 _ 2% | 2%

’
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CHAPTER FOUR

SNOWPACK MASS BALANCE AND THE REFREEZING OF MELT WATER '
F < : :

. ¥
I

Melt water infiltrating the pack surface may: (1) be

stored as liquid water within the. snowpack, (2) Ffreeze on

snow grains at the wetting front, (3) freeze as ice layers,

+

" columns, or basalvice, or (4) leave the gnowpack as either
s0il infiltration or lateral saturated flow at the snnwpack'

base. The purpose ‘of this chapter is to illustrate the

relative importance of. these ‘Qifkereht staraE:iﬂrjpﬂ to
demonstrate the factors controlling the location freezing
- within the pack. These observations are then incorporated

o

- . . . L. - .
into a snowpack ripening model 'in Chapter F}ve. The first

N

section of the present cffapter describes . the redistribution

“of mass throughout the meit pericd. The second ~section

considers the portion of the melt which freezes within -the

. N ‘

pack in terms of the amount of ‘ergy used to warm the snow

5'and 'soila The final section examines the relationship
between the wetting front, lnremelt'

/"

tratigraphic' hcriénns,
and the freezing of water within the pakk. -;" ' .
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4.1 Snowpack mass¥balance

+

During the melt period, the snowpack is composed of

.~ three separate components. These are defined as: (1) snow -

loose granular ice grains, (2} liguid water - occupies the
pores between the loose ice grains, and (3) ice - ice grains
. :

which ére frozen together and form horizontal ice’ layers

; , within the snuw,-qirtical ice columns, and basal ice.

_Liquid watkr storage
. Liquid “water. is stored within the pack as both
3 \L_‘._/ '
1rreduc1b1e and - grav1tatxona1 water. Table f}i shows -that
dur:ng the anisothermal periad, SO to 70%Z of the-

is useéft

Far

1 melt

typical snowpack at Resolute or idsbatn; the

-

measured daily total ligquid water content (irreddcible plus

gravitatianal) gradual;y increases as the wetting front moves

(Figu?e 4 a,b). Storage ranges from O toc 45 mm of water.
gpresents a range in water cnntené from 1 tu'fﬁZZ by

weight, with a mean of 8%. The upper limit corresponds to a

0 ] v . .
water content of approximately 14% by pore volume.  AIl
oL - . ' ]

. I , . )
measured values are within the pendular meisture regime
b, S - . . Lo~

character{stiq of freez?/draining'snowcovers (Dénoth‘i?BO).

4

satisfy the calculated irreducible liduid storage.

2

A
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' FIBURE 4.1a Daily changes in the individual.
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. TABLE 4.1

The ancunt of water (am water equivalent) which $#ills the irreducible liquid storage, freezes and is
available for runoff during both the anisotheraal and isothersal periods, Resolute 1981

2 3 ' 5
Site S!ICII1 aelt irreducible freazing4 change in  total aeasured
depth water  wetting ice soil basal pack M.E. . water storage,’ freezing
) 1 inf. i W.E,
{a storzge  front layer in lé and change in W.E -
(1) Anisothermal pericd ¢
It 1,20 &34 - 48 . 30 153 %0 0 .0 55,1
CE? J5 367 IS 1.7 10,6 0 0 0 41.8
.
8. 40 249 148 g 1.2 V’ o 0 - 24.9
.5 459 B0 e 1390 - 0. 0 6,7

R0 D A 8 .9 137 0 o 0 i P

.

{2) isothermal period
L6 1.20 274.2 0 0 0 20.6 735 169.0 22.5

&7 . .75 149.5 .0 0 0 20,0 2.4 113.0 195.4

B . .40 §07 0 0 0.2, 2.0 0.0 - 56.0
M .75 1957 0 0 0 70 Shl 120 TR
FO A0 31 0 0 0 7.0 208 190 4.8 . \

1 - snow depth at each Py
2 - aelt deternined froa|the surface energy balance
3 - calculated irreducib nteigtunqe for the snowpack dlpth N dlnsity, and asmmq an :rredunble vater

tatt | beginning -of selt

content of] .07
4 - freezing - at the'wetling éromt is calculated for a tnplnture iludutely beluu thl front of -1 C.

- ice layers were observed froa the snowpits. . ) ‘.
1l infiltration was seasured I . e
- basal ice was observed from the snowpits.” . ‘ T

o ot e
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Freexing within and beneath the pack

-

Even though the snowpack is very cold at the begining

of melt, the .wetting <front ;;npagates intg snow _Hisp a
temperature between O and -1 C and only 3 to S% 6; melt
during the anisothermal period.freezes at the wetting front
(Table 4.1). Since such freezing adds only a small amount of
mass to the snow portion Df‘ the pack, the snow water

equivalent graduallf decreases (Figure 4.1a,b) from the onset

of melt.

- produce two types of ice &ayers:

Freezing may be concentrated at certain areas to’

(1) Diégayﬁinuuus ice 4ayers are thin (1 mm) :nd exten?
horizonta }y for only 0.1 to 0.2 m. They are nb# relafed to
ahy-ébservable premelt Eoundaries,-ana are prubabiy caused by
hicro;scale variatinns. of snow properties within a
5triﬁi§paphf:Junit. They are not ¢tommon in any of the

snowpits gtudied and do not contribute significantly to the

snowpack mass.: .
- N ..

) Cantinuous‘ice 1ayers are much thicker .(1 tc 40 mm) and

hay be traced for at least 2 or 3 m. The thickest layers are
L4

usually found near the snaowpack base;;7Cantihunus ice lavyers

range from sQlid ice to frozen granular ice. The solid ice
. .

layers appeared to have a low permeabili nd had measured

’ [

h . ! L]

- : _~ : A
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# densities ranging from 630 to 950 kg/m* and a mean of

BOO kg/m*. The frozen granular layers were more penmeableé

and were composed .of loosely frozen ice grains. Only these s
continous ice layers will be considered in ;He es aof this
thesis. o -

The total water equivalent of these cnntinuogs ice

layers increases as new layers  form below the advancing

wetting front, and then decreases as layers near the surface

5 -

decay (Figure 4.1a,b;. At maximum growth they account for 10
to 15% of the tatal,pa¢k water equivélent. During the entire
énisnthermal peri;d,-24.to 44% of all melt freézes into
continuous iCE'layers;(T#blé 4,1y,

" Ice columns may also Aérm Huring the ‘aniéothermal

period. Thesé'columns,are r:rghT@.cylindricgl,ﬂhav a density, ' ¥

similar to that of ice laye s, and are_éenerally located in
' -
the deeper, colder sections of the pack. They range in .size

from 0.02 m in diameter and 0.1 m in length, to 0.1,m by 0.6
. . - ) ' '
m. Bumps on exposed basal ice (Woo.et al 1982) suggest that ’
. - . L}
ice columns are common, but they were dbserved,at only 10 of '

. LI

the ap n$ximately/115 snowpit profiles observed over a two' :
19

year/perziod. They cccur infrequently because,  as will be_ ‘ 5

shown' later, meltwater is seldom able to ﬁeﬁétrate very far

below the O C isotherm. The bumps may represent the

locations of flow channels ﬁhiéh-are formed during increased
s * :

Y -

water flux. Tﬁey‘du not contribute significantly to the

¥
owpack mass. o _ o o
’////fﬁn | ‘\\\// B . - | %

‘ . . . ' Yy
- . : i
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Upon reaching the ground surface, some water may

‘infiltrate the scil and freeze. The mdasured tqtal_féoil
‘infiltration at Resolute ranged from 20 mm for polar desert

éoils to only 7 mm for bog soils. Infiltration at the polar.

desert sites accounted for 8 to 36% (Table 4.1)Y of the melt
dﬁring the isothermal period, while for boglsites 4 to 15% of
the melt apfiltrated the soil.

Once infiltration ceases, basal ice farms ~immediately
above éhe snow—gréund interface and continues to grow
thrﬁughoq; the melt period (Figure 4.lé,b). It is denser
than f;e ice léyers, ranging from 850 to 950 kg/m® and has a
mean of 880 kg¥m3. Vq&ues highé& thap the density'uf ice are

wiBhin the range of, experimental error. ‘Maximum thickness

ranges frnmﬂ§b to 150 mm and accounts for 20 to 3I0% of the

, ¥

initial snowpack water equivalent. PDuring the isothermal

period, 28 éo 447, of all melt is used.to %orm‘ia basal ice
laygf (Tgble 4.1). As a result of both the freezing o&IBOil
infiltration and basal ice formation only 18 to 6&P. of the
melt was available to runnff.. This is unlike warm snowpacks

where once meltwater reaches "the ground surface it is

available for runo#?’éﬁtdgf as overland flow or subsurface

flow. 4n theFHigh ArctiE, basal ice growth may consume a

- significant portion of the surface melt. As a result,‘ the

decréase in snowpack water equivalent is always less than the
v ~ - ] .

ra;e.nf.melt.

[P IR
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. During the anisothermal period,: the total water

equivalent ‘of the snowpacl stays constant. Small Bay to day

variations (Fzgure 4.1a) e poss1b1y related to the sampllng

techniqué rather than to actual changes in water eqguivalent.
\ .

4.2 Eriergy released by refreezing of /meltwater

During .the first day of medt;an—isnthermal zone forms
at the top of the snnwpack,. effeétivel& eliminating l\tha
conduction of heat.from the snow surface. Instead heat- is
trans%erred into the pack by infiltrating melt water whics
freezes and releases latent heat. This heat may then be:
conducted downwards +rom t?_ifree‘1ng location, warming both

@the snaw below the wett:ng front and the ‘underlylng, 5011
(Figure 4.2). . ‘

The proportion of the'lgtent heat used to warm the

snow to O C :ompareé’to that used to. warm the soil varies

considerably. In all cases a szgnlfxcant portion afqrhe heat

is ‘conducted into the soil dur:ng the an sothermal +iod.
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anisothermal period

isothermal period
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F'IG.URE 4.2 Warming of the snow and so0il as a result’' of
freezing within the pack,during the snow anisothermal
. +and isothermal periods at the upper thermistor red,
b JurLF:' 1981. Zero depth marks the snow-soil interface,
. ' . .
I ] , - '
! a4 ’ - L)
1Y . '

<
o
/
Q
L



73

For pits CCé6, FB, and F10 (Table 4.2) the proportion used  to
eliminate the snow cold-content varied from 20 to 902.' From
the limiped sample it appears that more of the heat is
conducted into the soil at the shallow sites. This large

soil heat flux results in an extension of the anisothermal

period. In fact, both the snow and soil must "ripen" befofe

’\t
N

A

the pack becomes isothermal.

) TMBLEA2 - ) o
Amount of heat (H1/a®) released by freezing within the pack campared to changes in snow and soil heat
storage ‘
latent heat sources sensible heat sinks
Site melt wetting ice “soil basal  snow cold change in
front  layer inf, ice content soil heat
4
{1} Anisothersal period
6 2.2 L0 51 0 0 5.5 . )
) 8.3 3 24 90 0 - .9 1.8
Flo 3.9 3 6. 0 0 .o . 39
) !
(2) Isothermal period - # : -
JCth 94 0Or 0 &7 2.5 0 31.2
B 20.3 0 0~67 0.7 0 15.4
(F10 12,5 ¢ 8 23 1.0 ] 9.3

-During the isothermal period, all of the_ heat released

by freezing of soil fnfiltratich»ané—ihe formation of basal

ice is conducted downwards to warm the soil. This accounts
* ' Vg

..
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for approximately 34 to 746% of the total melt enaréy released
during the first few days aof the isothermal pe;icd (Téble
4.2). It is this downwards condﬁcticn of heat which limits
daily-runoff, and extends the melt periad. ’

4.3 The wétting front, stratigraphic horizens, and ice

. _—

layers

The effdct of stratigraphic horizons on the wetting‘

front advance was determined by conducting dve infiltraton

tests and observing ice  layers and columns within ihe

ripening snowpack. In the case of the dye infiltration
. _ J

tests, the dye marks the path ¥ water movement within the

snow, whereas in the ripening sncwpach, the path is marked by
r

the location oi‘ layers and coclumns. Th%se studies
2 the fol 1ng seqﬁence of events ‘as _melt . water

indic -
) x
ove nto a dry snowpack. The wetting front gquickly divides

into two distinct portions; a general wetting front abov"

which there igs no dry snow, and a number of relatively thin

firmgers which transmit w%ﬁer below the wetting front (Figure
4.3). The deepest penetrati of these fingers is referred

to as the finger wetting frnnt‘(Fiéure 4.4). For simplicity,

\

these two wetting €rontélwi11 be referred t?,as the general

S

Qirnnt and thg f:nﬁer fraiﬁ. -When these fingers reé;h~ a

: g!rat}graphic harizon, their downward movement is arreéted,

S

~ 4
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Conduction of heat into the sub—zero snow above and below

(1) wet-isothermal zone - all‘s?QY is wet and isothermaf\at 0

and contindous ice layerﬁ.‘ Figure 4.5 _Shuws five, snowpits

aver a. - -two yeatx;gériod had a

L =
and water spreads horizontally, to form a thin wet layer.

-

L?

this layer results in the formation of an  ice laye;.
water is céﬁtinually added, the wet layer thickens until
number of fingers form below the horizon. I+ the snow is . .

cold enough, incremental freezing of non-saturated watler in

3

the flow fingers results in the growth of ice columéjy

. . The snowpack may be divided into three distinct zones
duFBu;

the ripening period (Figure 4.4)r
[ . . . '\J"

-

€. The base of thisMayer is wel &efined by the gggeral "

front. ' : ' ' :
. . s -

(2) mixed zone - composed of a mixture of wet and dry snow.

Ice layers grow only in this area. The bas

.

the ;;hger front. . . e .

(3 drylﬁong-— snaw is' .sub-zero - and fﬁn liquid water is

present. o ’ ) | P '
During fﬁe\ﬁxe infiltration tests, ‘thin wet layers and = -

fingers deéelnped at all the- stratigraphLE horizqns,"an&’r-_,

tﬁere was a strong relationship: between the pre-melt horizons

.

. A :
from Resolute in 1981 as an example. The 11 snowpits-studigd
L - . - i * . -
total ‘of * 47 premelt

. . ‘ ) N . S
stkatigrapﬁic horizens. 'Of these, 38 or g7 oL - Y

) )

-

~is defined by /\

- e
e e —————— -
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develuﬁéd_cant{nuous ice layers, and only' 9 or 19%4 of all ice

~
(Y

lavers weréﬂgft{related to observed premelt harizons, It
. .

must be rémeqFéhgd that the sampling technique requires the

pit wall +o be\§33>bgck about 0.2 m daily to reveal a new

LY

£y - ’ .
stratigraphic profile. - (Jecasionally a stratigraphic horizon

LY
LY
’

disappears, but is replacéﬁxby a new one at a differént
. “\, ~
level. If measurements could

each day, it is probable ¢t all”“hprizoné would develop

:ontinﬁbug icé layers,:a that cuntinuéﬁs ice layers would
form only at premelt horiz

A -‘relatinnship between ﬁremelt horizons and
ﬁgyelopment o? ice lavyers allowsl'the_ use of premelt
stratigraphy to predict the location af ice layers at a giyen
site and thé mean, maximum, and minimum number of ice layers

for the snowpack of different topographic units (Table ‘4.3).

In these ‘arctic areas, the number

E vertical section does not vafy » ranging from npé to

AN : ,
eleven. The deeper packs ten e more icé layers.

& >
The average width and spacing of flow. fingers

penetrating dry snaow was determined from the Gdye tests and

L3

. I - .
show that the flow fingers are fairly-upiform in size

aveéraging 335 mm in width. The spacing between their edges is

also quite uniform, dveragihé 121 mm (Table 4.3). The ice

columns had a mean width of 44 gom and a'sﬁa;gné of 148 mm. A

) ‘q:"-l.
-

J2. made at the same location.

ontinuous ice layers at .

_urments.of’ice columns. Results from seven dye

e e e v ————
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" t-test of both finger width and spacing revéals no
‘ : - ' o f
significant difference between the mean of the two sets “\of

results at the 95% confidence level. Tese two sample seéts
{ .

-

‘were therefore combined to determine an overall mean finger

-~

TABLE 4.3

* Predicted

x

Snow topographic unit Nuber of continuous ice layers nusber of pits
sean maxises . minisum

. \ i

Rezolute #lat - 4 & 3 2,

convex 3 4 2 5 _
concave ] <1 3 1
qullies & 7 3 - 3
Eidsbotn flat } 2 . 5
\,_ ~ concave 5 8 2 18
valley ' ] 3 s 2
glacier K - b 2 10

Measuraements of flow finger widths from dye tests may

be used to determine the portion of the total horizonﬁal

cross sectional area covered by the -Fz.nger's. From six dye,

.tests, each apprm»':.mately nrie meter im wldth, the total
finger mdth ove" the ent:r’e ’K?t : m.dth m 1.} . be
representat:ve of any random profile. Therefore,. 'the
horizontal area cevered by the fingers may be determined as:

s

~

r\

an, li%n, and aininuaNusber of gdntinuous ice layers for .efch snow tupnqrcphi: unit, from
. preselt stntxgnph Resclute l?Bl and Eidshotn 1980

g

e - em s o
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. ‘ ;
. 8
B
(4,1) Ar = [ ¥ uw,l,_x,)rt L, 1,1 /s B
. S T S ,
- '
"where Ay is the proportfsn of the total area covered by 1

fingers« L is the width of each Section, 1 is the length of

each section, B is the number of sections, and Wy is the

Fl

total width of all fingers across a section of width L. *The

portion of the arga covered by the general wetting front

g
(Aw) is then T
s
. \ *
: . -~
{4,.2) Au =1 - A,

» - - . : &
3 4

'Resu1t5'+rqm the dye tests indicated that the fingers covered

- [ - . . . -
22% of the cross se:tinna{/area and the background front 78%.

TABLE 4.4

Finéer width as determined by dye tests and seasuresents of ice coluans (1980 and £981)

Saaple type ‘ aean (am)  Std, deviation _sanple sjze
dye  width 33 9 o,
spacing 12 M R
ice coluans ;pidth T 2 - 8
spacing. 148 9. 17
all sasples width T % . R : M
\ _ spacing ~ Bl & . 49
At . =22
< o . :
3 1 - _._"_
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Nankiewicz(&??éa) postulated that a simple horizon

(dither a textural or density change) could impede,

accelerate or have no effect on the flow. .The observations -

outlined above suggest that for High Arctic type snow covers,
all snow horizons:. impede flow regardless of whether the
boundary marks a Fine/cnéfse, coarse/fine, dense/less dense,

or less dense/densé transition (Figure 4.5). Fingering may

be caused by either flow instabilities (Hill .and 'Parlange

1972), or they could be triggered by a horizontal variation

"in snow prupeﬁties.\ These two types of flow fingers appear

. . .

.similar and cannaot be distinguished visually. ° For the

purposes of this study, it is not important to - distinguish,

_between the.tws. Since all horizons éppear to be of the

) ) Y
impeding type, the flow fingers and ice columns observed in

the Arctic ére probably caused by variations in the horizon

but not flow instabilities (Wankiewicz 1978a).

v
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CHAPTER FIVE

THE WETTING FRONT AND ICE LAYER GROWTH

5.1 fSnawpack ripening model

——
1]

Based on snowpit obsmervations difcusséd "in  the
pFeviuus chapter - and existing literathre, a matheﬁatical
model was dévelpped to predict when liguid wateri®aould fEach
the s;;wpack base, the change-in énowpacg. water equivalent,

and the warming of the sﬁow and soil. This model combines a

two component wetting front, ice layér growth at premelt .

stkatigraphéc horizons ‘and at the snowpack base,- s0il
in+i1tratinﬁ, and heat conduction. Previous studies have

considered saome of these individual processes, but none have

combined them in, order to investigate the snow ripefing

L] N (Y

phenomena.

.The " following model describes the orgamization

-provided by the simplified flow chart shown in Fidﬂre-s;i and

igesents the basic equatibns gqvékning_its operation.
i r - . . '

-
.-

A
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_mndel.
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Model description

The rate at‘whi:h the wetting froqt advances into dry
sSNow is Cnﬁtrnllgd by (1) the water supply to the front, - (2)
the irreducible liquid water storage to be satisfied and (3)

the need to raise the snow directly below the front to 0O c.

In order toc satisfy the liquid and thermal requirements, the
' \ - -

rate of movement of the front is always less than the rate
which water is supplied to the front.

The reguirement for ligquid water per unit volume of

spow (Vu/Ve) at Epe-wetting front is given

by T8plbeck 197&) _ sy ;

y . Fl
. . .

(S. 1) . Vu/'v'.;l’ {p _Su.)‘+ {Tow po? / ((Le/Ch) pw) N

where p is the porosity after freezing of water onto the snow

qrains, Sut the irreducible water saturation, Te the snow

.t_emperature imr&adiately below the wetting front, p, .the sSNowW

dehsi‘ty,. Le the latent heat of fusion, €, the specific heat

pf ice, and pu the water density. In the calchlations, the
Pcrdsity prior ~to melt ;waé used since the  decrease in -
porosity due tﬁ freeziné was negligible. In 45ct, the liquid *

water content at the front must be raised to Su > S, where

*Sw is the water content required té‘transport the flux W just

above the front. 0On a daily basis however, it is . assumed

that all gravitational.water will reach the wetting front.

r

-
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The da:ly rate of propagat1nn of the front, dWe/dt,

is then (Cnlbeck 1975) -

(5.2) dWe/dt = U /0(p Sw) + (T pa) 7/ ((Le/Ci) pu) 3

Equation 5.2 assumes that' the front advances®

-uniformly. As was shown in the previous chapter' this does

- -

not accur. Instead theré is a rapid movement®of flow fingers

.ahead of the wetting front due to a 1local concentration of

—

water, increasing the flux at-the’#ingers and reducing it _at-

the general wetting front. In this model, therefore, the

wetting frbnt is assumed to have two :nmﬁﬁnehtg: a general‘
- wetting front and a finger wetting front. The general front

defines the bottom of the CBmplet91§ Iwet zone, while the

finger front marks the deepest penetration of liquid water.-

Usinﬁ‘measurementslﬁffprapnrtion of total area covered by the
fingers and propcriiun of faﬁw occurring in the iihgers, the

flunes at the finger front and general front were calculated

as
(5.3) Us = U (Fp/80)
(5.4) Uy = U (Fu/Ae).

where U, and Q. are : ‘flux'alnng the fihger and the

generai yetting frdnt, Fe and Fy are proqprtian of total flow
2

carri by the finger aﬁd general front,. A and Ay are their

: )

85
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respective portion of total area, and U is the mean melt

rate. U, and U.'may then be substituted for U in equation
2.2 to calculate the separate general wett:ng (W) and finger

front (F) advances as

,
- 1
-\f\)
- .

(S5.5) ? dW/dt = Uy / [(p Sw) + (Tw pa) / ((Le/Cs) pu) ]

(5.6) dF/dt = Ur 7/ £(p Sw) + (T pu) /7 ({Le/Cy) pu) 1

Ccntinuoﬁs\ice lavers ére allowed to form at  all
premelt strat1graph;\\layers between the/ﬁwn fronts. At each
horizon the wate spreads terally to form a thin wet  layer
across the combined width. of the- finger and the wetting
f;nnts. This thin layer is assumed to be at O C. The rate
of freézing of each saturated layér will depend on ”the rate
of heat conduction into the cold dry snow abovée and below it.

As lang.as water is not limiting, the rate of. heat released

by freezing equals the rate of heag.éanduction, or

(5,7 ., dH/sdt L, (p, - Pa) = Qyor

and .
(5.8) Bror = (—Kg dTe/dz)ye + (—K, dTe/dZ ) soum

Where dH/dt is the rate bf‘ﬁce growth, Ly is the latent heat

of fusion, p, and p.'thé ice layer and snow density, Gy the

. total heat conduction above and below the ice layer, K. the-

»

N

. .

effective snow thermal :ondu:t:vity, dT./dz the temperature

gradient above and below the layer, and the-negative sign is -

Y
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.required to make the heat .flow positive - and aﬁay from the

growing ice layer. Rearranging equation 5.7 gives the , rate
of ice jyowth

t

(5.9) “dH/dt = Quoy / (L, (pr — pa))

—r

The*change in temperature gradient above and below the

ice layer is determined by

(5.:}6 dT/dt = (Ke/(ps C;)) d2T/dz?

where dT/dt is the :hange‘in temperature with time, K¢ i
\
thermal cnnductivity, Ps is snow density, €, is the specj

the

ic

heat of ice, T 1is temperature and z is the vertf:al
coordinate. This equation was sol ved. using .ap explici£
finite difference approximation (Bzisik 1980) . 'Thi;
teéhk&que has the advantage thét'the.tempergture at a given
time can be determiﬁed direcily from &a knowledge of tﬁe
temperatufe profile 'ét -the previous time step. Its
Jifkadvantage is that for a given éhermal diffusivity and
nadal spaﬁing;_there is a maximum‘ecssible time step wﬁith
cannot be xceeded because of ' instability cohsiaérations.
The temgerature profile at each time step is calculate& by

L]

(5.11)  Tm,n+1)=(r T(m=1,n))+L(1 - 2r) Tim, M) +(r Tim+1i,n)1

where T is temperature, m the number o+ depth incremeﬁts- . of



P

e ..

size z, n the number of time increments of length t, the

Ll

temperature at all nodes above the wetting front and at

.actively g?owing ice layers is set to 0 €, and the

temperature at the depth 9f 2ero annual amplitﬁde is held

cunstant. The parameter r is calculated as

(5.12) r Wti / za? , s ;

The thermal diffusivity (8s) is given by

- .

L (5.13)  Ae = Ke/ (pa €1)

where Ke is the ghow effedtive thermal conductivity, pe is |
[~
snow density and| C, is the specific heat of ice. The

appropriate nodal spacing (zs) and time step (t) mugt be

chosen such that

£§;<4L Q< r < 0.5 >
The time step was set to 30 minutes gnd a nodal spacing of
0.05 m was used in the snow. For compatibility with the

nodal spacing in.the snow, the nodal space in the ground is

(Fertuk et al 1971)

(5.15) 2, = [{zy2 A,)/Be1t2 .
- «

Where z refers  to the nodal spacing,' A tHe thermal
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diffusivity, and g and s refer fo the ground and snow .

/‘\\ respectively. For commonly observed®thermal eonditiuns, and -
“ #Dr theﬂeiven time stee and nodal spacing in .the -snew, .the

i .ground nodal spac1ng var1ed from 0.075 to 0.095 m.

i _ T Advancéhent of thé,wett1ng fronts and ice layer grawth
‘ are interdependent. The. temperature at the node 1mmed1ate1y
aheed nf the wetting. fronts is used in the calculation of the
genera} and f1nger front ad;ance. The general wetting front

! is allowed to advance continucusly, while - the finger front

. may anly advanég if the finger flux is greater than\tne rate

| - ’ » -
\T/ﬁ> of ice layer growth or - _ A

| S | ‘

|

' ) . mi |

(5.18) U > 2 E(dH/dE), (py — pg) 1]
i=1 . ] ’

‘ . ' \J . § -

)‘ where mi is the number of actively growing ice layers-between

the two fronts, dH/dt is the rate of growth of ice layer 3,7
and where Us, the finger flux averghed over the entire i
I .finger plus general front, is calculated from

q‘-

(5.17)  Um = Us (A / (Ar+Au)) : : i

where U, is the‘finger flux, and Ar the f:nger area and Au
the general front area are expressed as a pnrt1en of tntal
; ; area._ If the relaﬂ;unshxp in eguation 5.16 is nat true, then

all water is assumed to freeze at a rate equal to the rate of
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ICQndﬁcted do;nwards. Subst1tut1ng . the ground thermal

. . i
e

. conductivity (K) and the basal ice dens:ty (pmy)

90

water supply. An ice layer-:eases to grow when either the

temperature gradient above and below it reaches zero due. to

heat conduction, or the general wetting front advances past

©

the ice layer. The excess water available (Us) to propagate
the finger downward is the finger flux over tﬁe total area

(Ura) minus the total ice laver growth times a concentration

factor e -

(5.18)  Up = [ Upa ERdH/dt) (py — ped1 (Fe/Ap)
izt

Water reaching the“snowpack base from " the finger or .-

the general front 1s assumed to enter the" soil until the

1nf11tratlnn ceases‘l 4%15 water will freeze wlthzn the soil,
l

but the depth where this‘freezing orcurs is hnknown. Far

sihplicity; the Frsezing depth is assumed to be- neaé the’
/ )

“ground surface. For su1ls with low total 1nf11tratznn, this

prcbably-does not cause large errors.'

L4

When infiltration ceases, a saturated layer formns at

the base of the“snpwpack. The process nf;basal-ige.érowth is

the same as far ice layer growth. Since _osservstions-
indicated that basal ice growth .did not begin until’ “the

\ ! ' . o “ L.
snowpack was isothermal it was assumedJ that heat was ‘only .

. -
H

into equations 5.7 and ‘5.8 allnws the rate of basal ice

growth to be determined. As the basal ice grows, the




“interface
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interface is generally not located at a node. To estimate
the temperature gradient through'the ice 1ayer. a Fictious

temperature was calculated for the node 1mmed1ately above the

1nterface (FertuP et al 1971), assuming a linear temperature

prof1le between nodes and a temperature of 0 C at the ice

£5-19)  Telk+1) = = T(k=1) (zs = H)/(za + h) if h < 2e/2
(S5.200 * Telk#1) = — T(k) (ze ~h)/h  if h > 24/2

'}'. h ) T ~—" .
where Te is the fictious temperature -at the node above the

interface, T is the temperature.at k the first node below the
- ]

basal ice-sncw ihterfaée, h is the distance from node k to

the interface, and z s the nodal BEparatzon in the snow.

L

The assumptxnn ‘that the basal ice-snow interface is

alwa;s at 0 C assumes that "water .supply is neot ‘limiting.
Except fér the. first day of basal ice growth this.is correct
on a daiiy b%éis. . ‘ ‘ ' . {

/Tﬁé tééél snmwpack watér equivalent étayﬁ constant

' : I .
until melt water reaches the snowpack base. Once meltwatel

reaches the base it is assumed to infi;traté the soil until

the infiltrdtion ceases. Once this cccurs, basal ice. groth

limits the amount of melt availahle tao runnfi énd the tatal
b%ck_ﬁater equivalent may be calculated as

}

-

(5.21) . Su(n+1) = Sueln) — M) _+ H(N) (pm = po)




2

where Su is the total snowpack water equivalent on days n
and n+l, and M is daily snowmelt, H daily basal ice growth,

Psi the basal ice density, and ps the snaw density.

5.2 Data requirements C 8

The snowpack ripening model described in thez'previnus

b 2
section requires the following data:

(1) snowpack properties at the beginning of melt”
(a) 'snow-soil temperature profile
(b) snow stratigraphy
(c) snowpack density and depth

(2) daily snowmelt rate

(3) snow and substrate thermal propert:es
' (a) thermal conductivity
(b} specxfxc heat
(4) properties of the wetting front
(a} proportion of area covered by fxngers
. {(b) proportion of. total flow along fingers
(c) 1rreduc1ble liquid water cnntent

.

(3) soil 1nf11tratznn‘capaczty‘

Results cémputed by, the model! were tested against

observations from five snowpits monitored during th

melt period at Resolute. All pits had detailed snow property

measurments whlle two (FB8 and F10) also ‘had  sngw-soil. .

temperature brofiles. +A third snow-soil femperature'rod was
near pit CC6 but since the snow depth at the pit was 0.4 m

shallower than at the temperature rod, the two were treated

198t
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separately. ‘The other two pits (CC7 and F10) did not have

deté?}ed temperature data.

The snow-soil temperature profiles immediately before
the beginning of melt are shown on Figure 5.2. 'These were
measured fréﬁ témperature rods at sites F10, FB; and Upper.
At the other sites (F9, CC?, -EC6)y, snow temperatures were

measyred in the snowpit'walls, and’ soil temperatures,

estimated from (1) temperature measured -at the bsnnw—suil

interface, and (2) the observation that the temperature at'

~0.7 m in the soil was approximately -14.5 ( regardléss T of

the nve?lying_snuw depth. The soil temperature pﬁbfile from

k)

0.7 to '20.0 m (depth of zero annual amplitude) was estimated

from Cook (1958) (Figure S.3).
To simplify calculations, the mean weighted snowpack

¢ N '
density at the beginning of melt was used  for each site

(Table' 5.1). The location of premelt horizons was determinéd

(Figure 3.2) and rounded off to the nearest' 0.05 m interval

ta cnincfde_ with the nodes -used in the temperature

calculations. A mean ice layer density of 600 kg/m®-

was assumed and the héasured mean basal ice deﬁsity of 82920

- kg/m*® was used.

-~

et e 4 -



94

: / —— Temperature
2 I oo Strata horizon

F10 - I

- : cc? F9

F8

Depth m
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FIGURE 5.2 Snow stratxgraphy and temperature profile on
June 7,1981 for’ the six locations used to test thes
snnwpack ripening mndel, Resolute. The zero depth
marks ,the snow-ground 1nterface, and the top of each.
graph marPs the 1n1t1al snow surface.
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FIBURE 5.3 Substrate temperature profiles on the first day

‘measured. . -

of melt at Resolute, June 8 1981, and on' the. first

.day of basal’ ice growth at. Ikkii 8lacier,~ Eidsbotn,

July &, 1979. ‘The Resolute temperature was. estimated
from Cook(1958) and the Eidsbotn temperaturée was
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TABLE 3.1
Snow and substrate thermal properties
: S © Resalute Eidsbatn
€6 €7 F8 © F9 FIO Upper  2-1 2-10 glacier
: ' ' 27 ice .
1-1
snow progerties . . B .
density - 380 350 350 390 3&0 400 - - - kg/n®
thersal cond. .38 34 . .34 42 .3 - A2 - - - LI
- 5 b ) .
substrate properties - ‘
thersal cond. 3,00 3.00 3.0t 233 2.3 1.0 L Ll 220 Wkt
specific heat  916.9 914.9 916.9 998.5 996.5 916.9  894.0 896.0 2,139.50/kgC
infiltration 20 20 20" 7 1 20 5 40 20 0 .o
wetting: fronts
. tinger arealfs) .22
traction of flux . .48 _ . o .
in finger ‘ iy . v

\ ' Sui : W07 ‘ - 1 '

Snow thermal cnnductivfty (Table S.1) was determined
. _ _ e , o

 from equation 2.9 usinguthg'listed.snow densities. &Substrate

thermal conductivity -was calcu%étéd . from equations 2.10,

2.11, and 2.12 using the data, listed in Table 5.2. The

. . ' ° "
fracticnal volume of unfrozen water was estimated from Penner

(1970), who showed that for clay soils its value was nearly

constant at 0.1 for temperatures less than ~2 C. ' For :coarse .

grained soils it is negligable (Penner 1970). Specific ' heat
for the sniLs was determined from equations 2.13. = v

!
LI

-
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TABLE 5.2
- Substrate prnpert:es used to calculate thernal properties P
Bravel Sails Bog so0ils “Eidshotn
{CC&,CC7,F8, Upper) (F9,F10) {gravel)
bulk density 1709 1683 1800 kg/e?
‘porosity . ; 37 .38 - .33 -
fractional vol. 0 - .1 9
unfrozen water - '
volusetric water content .30 .38 .28
degree of saturation .= .g 1.0 .8
vol. fraction of solids  .,&3 462 ' 47
vol. fraction of organics <9 .1 0
vol. fraction of ice .30 .38 ]
soil density - 2009 2063 2060 -

‘Daily ‘sﬁawmelt' &uringe the 1981 study period was
dete mieed frem the surface energy balance (Figure 5.4).
Measurement e+ flow var1ab111ty frem the multl—cempartment
1y51meter (Figure 5, S) on the f:rst measurement day after the
pa551ng of the. wett1ng frent indicates that 48% of the total
daily flnw (Fr) eccurred thrnugh an area egqual in size tao the
proport1on af: tctal[area covered by flnw i:egers (Ap=.22).
The area covered: by the ba:kgreund wetting frent carried the
rest ef the tctal flow. Usin theSe values the flux at the
‘f1nger‘+rnnt was con;entrated by a.factor'fF,/Ar) of 2.18
txmes that ef‘the un1ferm surface melt flux, whxle at the

wett1ng front it was diminished (Fu/A.) by 0.67. tzmes.

w
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FIGURE S.4 Daily snowmelt as determined from the surface

energy balance at Resoclute, . June 8-24 1981..
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. | Fhe infiltratinn;capacities for each substrate are

r
-

summarized in Table 3.1.

In addition, predicted basal ice growth was compared
with measured values for gifes at Eidsbotn Fiord in 1979 and
1980. .In 1979 temperature mgasurements were aﬁtained from
Ikkii _glacier (Figure 5.3), but no ground temperature

measurements were available for 1980. Instead, the measured

temperatures at Resclute (1981) were substituted (Figure 5.2

- and 5.3). The thermal properties for the glacier ice and

soil and flow properties are listed in Table 5.1 and 5.2:

2 - '
5.3 Snowpack ripening - results

esults from the snow pack ripening model were
compared wi, measurements of: (1) generai wetting front
advance, (2) ice layer development, (3) basal ice growth, (4)

sSnow—-soil temperature profile, and (5)‘ changes in snowpack
water equivalent for the five snowpits at Resolute in 1981.
Additional basal ice and ice layer data were used from
Eidsbotn in 1979 and 1980. To defermine the impé;tancé of

various input pdrameters an the snowpack ripening processes,

a sensitivity analysis was carried out.. Sensitivity, defined

‘as the change in aone factor with respect to change in another

factor (McCuen 1973), was determined by the method of

pérameter perfurbation.
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General wetting and finger wétting fronts

The predicted daily 'position of thée géneral front
generally agrees with that Dbservéd at the five Resolute
study'sites in 1981 (Figure 5:6). FD} sites- F8, F9, CC7 tﬁe
predicted general front was within 0.1 m of the measured
value. H;:ever, at CC&é the predicted was ug to 0.2 m too
deep on June 9 and 10, féo'shaLlow on June 12, and'qpmparable
to the measured values on the other dayss, The cglculated
general front was coﬁsistehtly-ton deep at site FiO. This

erraor can be asattributed to the development of a.‘thi:k,

impermeable ice layer which blnckeq.all Qgter movement and

delayed progression of the general- prnt for a few days.

This type of ice layer is very inFreauant. | That the
predictéd general wetting Front‘was .9enerally too deep at
most sites for the first two or three‘aays of melt may be due
to an overestimation of snoﬁ melt. The lag time between lthe
beginning of melt and E?F gene?al front réaching the snowpack

base angéd from tHree'to sevenldays; In every case,' eréept

for site F10, the model - accurately predlcted the txme of the.

general front reachzng the snowpack base to within 24 ‘hours.
|

The model results dempnstrate that the finger front

neverlertends further than 0. v/{gﬂg—?k m below the general

wetting frnnt. This compares favourably with field

obhservations that the deepest.i:e'iayer, which is an E rﬁ/g

. h
. )

e tme——— L e
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iﬁdigaf{nn of tﬁi maximum penetrakdon of liqgid - water, éas
nevér more than 0.2 m below the wetting front, and was
usually much clnser.‘ The predicted finger front reached the
snowpack base bgtween 12 and 24 hours beférq the Qetting
front. A similar result was indicatéd by daily snowpit
observatiaons where water was seldom observed a£.the snowpack
base prior to the arrival of the.general wétting front.

The close proximity of the general. and finger fronts
is related to the strong féedback relétiunship between the
rate of fingek front advaﬁce. ice layer growth, and snow-soil
temper;tures. If the snow 15 5u+f1c1ent1y cold, ice layer
%ormatxon consumes all of the finger flcwi and the finger
front remains stationary. The continuously advancing genera{\\
front gradually catches up to the finger front. As the snow
warms around the ice layer, 1ts rate of growth dé&lines, and
excess watér is ~available to propagate the finger +front
downwards. Thé general pattern,‘ therefore, is for thé
general front to progress. downward steadlly, whxle the f:nger-
front is- character:;ed by altg{n§t1ng advances and halts
(F:gure.S.?); The predicted ice,iayer growth rates rénged-
from 3.3 to 3.6 mm water equivaient per day éveraged over tﬁe
entlre individual ice layer grawth per:ad to a -high of 21,07
mm water equ1va1ent per day +or the fxrst half bour 'of ice
layer growth. This contrasts with water flu) along the

+1nger5 which ranged from 2.5 tu 2.5 mm water equxvalent ‘per

~
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day, with a mean of 5.3 mm. :

‘"Figure 5.8 compares twd snnwpacks which are identical
except that one is initially isuthermal at 0 C and the other
Has a teaperature typicallmf High Arctic snawcovers. ' In fhg

isothermal case, the finger front proceeds guickly, reaching

the snowpack base four days befdre the géneral front.

~However, in the cold snowpack, it reaches the ground surfatce

only 12 hours before the geniral froﬁt. The wet-isothermal

\
zone extends downward at the same rate in both warm and cold

snowpacks, but the mixed zone Behaves differently. In ecold

packs this mixég‘zone is thin due to a rapid growth of ice

layers. Decreased ice layer growth in warmer snowpacks

allows the finger front to advance répidly and. this mixed -

£

zone may he quite large. Under these ~conditions water may

reach the ground surface pefore «the liquid water and thermal

requirements of the pack aFe filled. This type uf./;dne hasg\k\\

been described by studies of mid-latitude snowpacks (U.S
Army 1956)2 but‘is not éigni%acant-in_H{g;‘;::tic snowpacks.
Be:ausg the general ﬁropt lags the finger +front by

only 12 to Sﬁ_huurs in cold snowpacks, indiyiEuaL fingers are

short lived. As a result, large differences in grain size

cannot develop. In warm snowpacks; however, fingers may last

for several days before being caught up by the advanéihg~
- /

general front (Figure 5.8). As a reéu'lt,\"ff‘-eir g”'hs . may

grow considerably larger than thaose in the sureounding snow,

r
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thus increasing their permeability. This may concentrate
more flow within'fhe fingers, thus inducing an accelerated
advancement of the finger front and a greater lag between the
finger front and the general wetting front.

Even though the High Arctic snowpaék is initially very

cold, the conduction of heat from developing ice layers warms

‘the snow temperature immediately below both the general and

Finger‘fronts.' The model showed ‘that this temperature ranged

from 0}0 to -3.0 C with a meén of -0.5 C below the general-

front: and -0.1 to —6.0 C with a mean of -2.6 C below the
finger front.” . Weighting these tempe%atures against the ratio
of the width of the general and finger fronts giyes-a meén of
~1.0 C for the'snow inta which liquid water .enters. fhe
volume‘of water required to raise the snow to 0 C and that
reguired to fill the irfaduciblé water storage at £he wetting
ﬁtont may be coﬁpared as the Fatio of the thermal ﬁo_ liquid

requirements (Rw) (Colbeck 1975):

(5.22) R = € (Tu -Pn)/(Lr‘/Ci Pad] / p Swm

For an irreducible water saturation of 6.07 and & Snow

density of .380 kg/m®, Ry varies from 0 to

0.17 for the general front, from 0 to 0.35 for the fingef_

4ront, andléverages 0.06 for both fronts combined. In other

- words, the thermal portion of the total liquid water

requirement to advance the wetting fronts is only &% of the
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irreducible water storage., even though the snbwpack was- very
cold. For this reason, the rate of the general wetting front

»

movement is préctically the same in both cold and warm packs
(Figuréls.e). The thermal requirements of the snow and soil
in told‘packs are not filled bf freezing at the fronts, but

by“a release of latent heat at the growing ice-layers;
Ice iayer growth
Severalli:e layer conditions play an important role in
snowpack ripening, including
(1) ice layer growing period
(2) the number of ice layers grdwing at any one time
(3) rate of growth, and

(4) total water fraozen.-

- These conditions are interrelated and they control the rate

of/ latent heat release and warming‘of_'the snowcover. They

o a¥tfect the amount of water.abstracted from finger flow

-

the time at ‘which liquid water first reaches the ground.
The predicted beginning of ice layer;'growth at each
Drizon‘ccrfespondé with observations (Fidure S.9). At pit
CC6, for example, the prédicted and obhserved starting times
are within one day for all six ice layers. The ice layers
grow sequentially, starting with the uppermost Aﬁrizon, - but
more than one layer may be growing simul taneously.
Thesé thick ice layefs are ablg to grow during a short

- N -

b 3
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FIGURE 5.9 Predicted ice layer growth and measured daily
ice layer thickness for each horizon in pit CC&,
Resolute. Layer one is closest to the snow surface.
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24 te/§ﬁ hour period. The length af the growing period is
controlled byhthe lag between the finger and general fronts.
In warmer snowpacks, the greater separation between the
general and finger fronts could result in a ilpnger growing
period fcr each ice layer, but the growth ‘rate would be
slower. |

Averaged over the entire ice layer growth period,
predicted growth ratee varied tfrom 3{3> to. 3;6 ;mﬁ qater
equiyalent per day. For sdcrt periods, the predicted rate
attaing a maximum of 21.0 mm water equzvalent per day. The
temperature surrcund;ng these actlvely growing ice ;ayers
decreases with increasing depth below the snow . swface. At
pit cce, for example, the uppermost layer farmed‘in snow with- .
a.predicted temperature between 42.47 and O C,t.ﬁhile the
,buttpm layer developed in enpw with a temperature between
-6.9 and O C." These cplder temperatures are respnn51b1e for
the th:cPer ice layers deeper w:thln the pach (Fxgure 5.9,
Measurements from p:t 2 10 at Eidsbotn Fiord, on June 1&, 17:;‘
and 18 1980 provide one ppportunity tb compare predicted and
measured growth rates. Beteeen'the mornipp of June 16° and
the morning d? June 1%, a 20 me ice layer grew at ‘A horizpd
'0.9 m below the snow surface. Between June 17 and 18 the
'water supply ta th1s layer had apparently been cut off and

ice growth ceased. The sSnow temperature above and beldw this

ite layer on June 18 was still belaw 'O C. The ice layer
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growth model was tested ¥or thxs ice layer, assumingl‘ice

r
|

layer growth began on the mornlng of June 16, continued for

]

23 hnurs, at  whicgh tlme ice ‘layér' growth ceased. ' The

brédicted ice layer water equivalent of 5.1 pm:'fnr the

v

morning of June 17, is similar to the measured value. nf.'b.ﬁ

mm; and the predicted .temperature profile above and below'the

ice layer on June 18 is close tq the meadsured value ‘(Fiéufe

5.10). o )

N '

The pred1cted total water equ1va1ent frnzen at the ice’

. 1ayers (F:gure—ﬁ 11a) for plts CCb CC?,‘ and F9 are 'all

5

;wlth1n 10% of the 1:1 lxne. Focr the two shallcwest pits (FB

-

Fld), the ‘model'.seriously underpred1ct5 tntal ‘ice layEr

]
[

growth. ' This is related to- the general wett1ng frcnt prcblem'

at both Iocatlons (F:gure S.,6). Slnce the predlcted g?neral
front advances tooa gquickly, the‘pred:cteq ice 'layer growth
period is too short, and, therefore the predictéd tata;; water
equivalent +ruign at all icg';ayeks'is tén smalii'

The prediction of individual ice layer thickness is

“

not required _fnf snowpack ripening. However, it does

illustrate some feétures of fthe hydrauiic properties of

strata boundaries and is 1mportant to water mnvement through

the snuwpack. |
. : I !
There are . considerable differences between the

1.

:prédicted and observed individual mean ice layer' thickness

(Figure S.11h), though the general pat;érns agree in'most

.l

+
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cases (Fggure S.11b, Table 5.3). .Variatinns between measured
and predicfed values are due to botg the use of a mean ice
Layer density af 600 kg/m-'; far alk predicted

layers,and errors in the ice layer growing period. When ithe
growing period is accurately predicted, as for lgyers twa;
three, five and six at pit CCé, the predicted and measured
ice layer thicknesses are wifhin +/- 15% (Table S5.4). These

errors are likely due to using an incorrect ice density.

Errors in predicting the general and/or ;:;ger front advance

lead to either cver- or‘under-estimating the 1length of the

ice layer growing period. Since md;t ice _1ayer§' d;;w to
their'maximum thickness in only 24 Haurs,'sm;;r.eﬁfors in the'
growing period may be resposible kaf significang errors in
ice layer thickness., At pit CCé6 for example (Table 5.4),
this problem was responsible for very lérge errors at layers
‘ . § .

Ice layer density j dependent on the water content
immediately above the&;;:ijum bqund?Fy, which in turn depends
on the hydraulic prupertiés of - the Vstratum interface.
Al thaugh ;bst harizons within the ‘High Arctic pack are
impeding, impedance varies -from harizqn to dworizen, and
laterallylalong a single ho?izun; GiQen the present state of
our kpnwledgel it. is not possible to. incorporate these

variabilities in the model. In general, dense ice layers

will form where a completely saturated layer develops above a
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highly iﬁpeding horizon, and less dense ice layers above
horizons with little impedance. However, the total amount of
water freezing at an interface will bé controlled by thermal
conditions, and nof“by the water content. Thus, the effects
of ice layer growth in relationship to sripening may be

predicted by thermal conditions alone.

- Table 5.3

-
- Comparison of predicted and observed ice layer growth of six ice-layers in pit CC4
Layer number depth below  maximue ice layer thickness (ma) di¢ference hetwepn
“surface (m} aeasured predicted seasured and predicted{l)
! . o135 1.3 5.0 ~27
2 .30 8.0 9.2 15
3 . A0 10.7 11.5 T
4 | .60 14,3 27:5 : 92
5 .80 8.8 w3 - g
b 1.0 .2 17.1 o.a' _

Relationship between frontal maovement and ice layer Qronth
The previous sections demonstrated .that the advance of
the general and finger wetting fronts, and ice laYEﬁ( growth

are interdependent. In order to study this interdepen ence,

the sensitivity of the two principle output parameters of the

model ( the time requiredqfnr the general and  finger fronts



to reach 'the snowpack basé, and - the total ice layer
thickness) to changes in four impértant physical properties
of the snowpack (fraction of flow inm the fingers, thRermal
conductivity, snow density, and the irﬁedﬁcible water

content) was carried-out using snowpit CC6 anrd an example:

The snow at this site was l.ﬁjﬁ%,dEEp at the beginning of
melt, and- the finger front covered 22% of the total

horizontal area and the general front the remaining 78%.

<

Figure GS.12 illustrates the relationship between the

important inputs and outputs, and in addition gives the

temperature of the_sn7u;?immeaiat91§' below the’ findér and
i

general fronts. This a-parameter calculated by the model,

and is not’ an important output parameter, but is presented
here because it illustrates the changing thermal lcunditians

affecting wetting front advance and the ice layer 'growﬁh

rate. -This sensitivity analysis also allows an estimate of

thch input parameters need to be accurately measured in

order to ensure accurate predictions of snowpack ripening.

< {i) proportion of flow qccuring in the fingers

The"exgmple in Figure S5.12(i) shows that with a low
ﬁrnpurtinn ﬁf'fatal flow occurring in the finger and a high
E;Dportion at tﬁe general f;ont, the finger front takes about
6.1 days-to‘reach ;he snowpack base, and the general front

6.3 days. Under these flow conditions only 40 mm of ice

o s
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1i§yer5 grow within the snnwpaekﬁ The low total ice layer
groeth is due to a short growing ‘pericd and insufficient
water to satisfy the'ma#imeq potential iee grcwth; As water
is_di?erted away frae the generai front to the finger fraont,

it takes a longer time for both fronts to reach the snowpack
"base. The slower general front advance is due to a decreased
water supé}y, not_increesed thermal requirements. ,Note that
the -temperature‘ below the general front (Figure 5.12i)
attually’increases with iﬁcreeeing finger flow. This is due

to increased heat release by ice layers below the general -
wett1ng front. The 5lower flnger front advance is caused by——”‘nﬁ
increased iEe layer growth as water supply is no lénger
limiting the growth rate. When the proportion of fiuw in the
fiﬁger is between 0.4 and,O.ﬁ af the total, the finger front
lag time reaches a maximum of ; S days, and the general front

lag time :ant1nue5 to- 1ncrea5e to 7.3 days. Under these flow

conditions the ice layers are growing at their maximum rate,
he— -

which is controlled by the rate of heat conduction away from
//ﬁ‘\\\fza\¥:£9 layers, not water supply. ‘The increase in tota} ‘}:e
layer thickqees to 80 mm is due to the dreater separatinn

betwe;n the'twe fronts and thereéore the increased grewkhg

' period +nr 1nd1v1dual.1ce layers, and a decreased temperature
1mmed:ate1y below the fxnger front from -2 ta =3 C (Flgure

S.12iy). This decrease in temperature occurs because the flcw

fingers are extend1ng further belnw the general front. 'Since
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éhe ice iayer‘ growt/$ rate is at a maximum, the extra wat;al:
. -cafried by a fur#ﬁer increase 'in finger flow to 0.6 of the
total is used tojﬁe:rease the finger front lag ‘time._tn b
days. 'The\increasing sgparééicnbbetween the +two .fronts is
responsible for ice layer grcwth reaching a maximum of 120
mm. Over the range of flow conditions discussed, the generai
f?dht fég time increases by 3 days, but the finger frcnt lag
timé never changes more_than 12 hours. In these cold Arctic
snowpacks therefare; increased finger flow is gsed tg grow'

-

] : —_— .
thicker ice layers, not to rapidly .advance water to the S

snowpack base. . . ‘

" The above discussion indicates that finger flow has é‘

significant effect on snowpack ripening. "Unfortunately this

- parameter is difficult to measure, and further work is /f

required to determipe the‘ggnge of values it¢normally covers,

and its dependence On snow properties. L -
. ..'.‘ . - . . -. . r :
& - .
(ii) snow thermal conductivity . o /4

1

Changes in the snow thermal cdhductivity have no
effect on' the general froot advance (Figure 5.12ii). THis is

because the temperature immedgateiy below the general front

. -

s is always very close to 0O (C, ' and théréiore the * frontal -

P v

advance is controlled primarily by liquid requiremﬁhts, not -
- - ‘ . i
thermal requirements. An increase in thermal conductivity, |
from. 0.1 W/m € (low density snow 100 kg/m®) to 0.5 W/m .C

M -
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(high degsity snow 450 kg/m*) results in an increased lag

- ‘ \
time between the beginning of melt and the finger front

7 daws, and the gap

This ingrease in the

_layérrgrnwth from 64 to 94 mm. This increased thickng
caused by a higher heat fluﬁ\causeq’by the increased thermal
ccnductivit}. However, increases in ice graowth are limited
by the decreaséd'growing time since the fronts ' are closer
tnéetﬁér, and inc;eased sSNow temperéturg below the finger
front (Figuée 5.12ii), due.to the greater heat cnnductiuq.
For the range of snow densities commonly observed at

the beginning of melt in the kigh Arctic, . thermal

~

conductivity ranges %rnm 0.2 to 0.4 W/m 'C " (Anderson 1976,

Over this _tahge, thermal conductivity ‘has' little or no

influence on thé total Ece layer growth or wetting front.

advance, and changes the finger front advance by less fhan
‘dn% day (Figure SLLQii); This evidence suggests that.present
methods usifg séai deésity alone to e%timate £herma1
,conductiv?%y (equation.2.9) are sufficiently accurate for

-predicting ‘snow ripening.




(fii) snow density
% _ Encreasing the snow density -frdm 300 to 450
‘ kg/m? results in a decrease in the general front lég
time from 8.é to 7:2 days, and a negligible decrease from 4.8
to 6.6 days for the /finger ~front (Eigure 5.1éiii). ‘The
primary reason for the decreased lag time of the general

front is that an increase in density results in decreased

porosity, and therefore less water is required to fill the
irreducible water storage. As Figuke '5.12{(1ii) shows, the
éemperaturé below the general front.is nearly cbnstant, and
close O C. As a result, the thermal requi;ements are
small. The effect on the finger front is minor because its
advance is dominated by ice léyef growth, not liquid
requirements. The amount of water frozen at the i:e' layers
remains,rélatively unchangéd since thét temperature hetween
_the fronté is eearly'cnnstan; (Figure 5.12ii1).. However, the
ice layer thickness does increase (Figure 5.12iii) due to the -
&ecreased Bnﬁw poraosity, not the-freezing of mntghgcﬁfr.
This analysis suggeéts thgt in terms of snowpack
ripening, sﬁnw density is not very importaﬁf. Considering
\ tha£ snowpack densit* may be meésured to within- &% MGoodison
et al 1981) or 12 tqﬁ27 kg/m*, for commonly observed
densities at the begining nf,melt,.the,cééresbanding error in

estimating snnwpack ripening will be minimal.

~
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(iv)irreducible water content

A change in thé irreducible liquid saturation {(Pm

0.04 tpo O. 10 increases the wetting front lag tlme from 5.2 to -

16 days and the finger front from S ta 7.5 days (Figuré
Sy 12iv), due to the increased 1liquid reguirements at both
fronts. its effectlis not as important on the %iﬁger front
advance, because 6% the dominaqt effect of ice layer growth.
With increasing irreducible water storaée, the +inger front
can advance further ahead of the wetting front, increasing
the ice léyer growth period. The result is to increase total
ice layer'thickﬁess from 63 to 104 mm (Figure 5,12fv); The
small increase in temperature below the finger front plays a
minor i:§e>in this increase in ice grawth.

This analysis suggests .tﬁat the irré&ucible water

5tqrage may play a significant role in snnwback ¥ipening.

Previous work has suggested that its value covers a. narrow
range in cnérse grained, wet snow, but there is cbnflicting
evidence cancerninp itshvaldé in freéhly wetted snow. The
agreement between predicfeég and meas@red wetfing rFrpnf
advance in the-preseﬁf study,.guggests  that an irredqcibie

. . : ._J'I ’
water content of 0.07 is reasonable. But -considering the

magnitude of the possible error, more work is required +to

' Eelate the irreducible uaif:/?égtént to snowpack properties.

1 L. -~

Pkt e B ki romr e i e
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Basal ice growth

Calculations using three vyears of data, and four

different substrates showed that the predicted ~i23/ observed

4

growth rates and maximqﬁ ice thicknesses agree far all 1
sites shown on Figure S5.13. The maximum g;owth rate wvaried
from 2.8 mm/hour for the gféveL sites to 1.5 mm/hqur at Ikkii
glacier to only 1.0 mm/huﬁr for the bog sites. The larger

growth rates at the gravel sites were primarily due to their

higher thermal conductivity (Table S.1).  After 10 days of

grcwtha,growth rates declined to app}oximately Q.4 mm/hour at.

all sites. The lag between water reachiné thérsnowpack‘ base
and the initiation of basal ice, ranged fram zero . aover the

impermeable ice surface of Ikkii giacier,:to approximately B

hours for the bong soils of Resclufe, ta 24 hours for the

Resolute bolar\desert-qgikgfzzﬁ a ﬁaximum of 3 days for the

¢ -~

coarse, high infiltration gravels of Eidsbotn Fiord (Figure

5.13). The predicted lag agrees with the dbséfved values for

.@ost cases. The maximum basal ice thickness at each site

ranged from 50 to 140 mm of ice.

. - _\
& sens1t1v1ty analysis’' was conducted in order to

illustrate the relative importance of. (1) 5011 infiltration,

.(2) soil temperature, (3 5011 thermal conductivity, and (4)

the melt rate and length of the basal ice growing pEFlDd-

.
e bt s e
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FIBURE G.13a Precicted versus observed ‘basal ice growth
Tkkii Glac1er, Eidsbotn 1979.
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This analysis allows an estimate of which parameters need to

be accurately measured in order to predict basal ice growth.

(i)s6il infiltration ' .
Soil infiltration results in a lag between water
reaching the snow base and the start of basal ice growth and

it limits the maximum basal ice thickness. JUsing CC& as an

example fFigure 5.14), varying the soil infiltration from O

to 50 mm causes a decrease ip total basal ice thickness from
186 to 84 mm. If the iﬁfiltration is large enough, no basal
ice forms. This is unlikely for deeﬁ snawcovers, but quite
likely for shalldw packs overlying seoils with a . high
infiltration capacity. Since soil infiltration may vary-aver
.small areas, and it has a very large influence on basal ice
growth, it 'is necessary to includE'aecurgtqustimates of soil
infiltration when‘calculgting basal ice gknwth;

-

(ii)soil temperature
The temperature gradient just belcw the snow-ice
interface is the major factor cohtrnlling the growth rate.

Figure 5.15 is an example of basal ice growth under difFérgnt

temperature regimes. Decreasing the temperature from -1 to
A4 L

=14 C at the 1 m depth, and holding the temperature gradienf
constant from .1 to 10 m (Figure 5.15a), increases® the basal

ice growth over a 15 day period .from 20 to 175 mm. The

L o
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FIGURE 5.14 Effect of s0il infiltration capacity on total
basal ice thickness after 12 days of growth. -
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femperature gradient at depth, hnwever, is of minar

importance. -Decreasing the temperature at 10 m from —-10 to

=22 C while kéeping a constant gradient from the surface to 1

m only .increasés basal ice growth from 122 to 1346 mm {Figure
S5.15b). In mbd&lllng ice growth, therefore, ~ accurate
estimates of the temperature gradient'immediately below the
soil surface are required, but not the 'témperature prnfilg

P .

‘below 1 m depth.

(iii)soil fharmal‘cnnductivity
The rate of heat conduction beldw the interface is
also dependent on the soil thermal conductivity, which can

range from’ 0.5 W/m C to near .4 W/m C. For a given

temperature gradient, doubling the thermalk conductivity

B -

results in a doubling of the basal ice growth rate (Figuré'

R Ve ) : ’ .
S.16). Since thermal conductivity is-dependent on soil  type

'and moisture content  basal ice growth will  vary 'greétly
between  so0il types and between years .depending -oh the
moisture content at fréezefuﬁ. ' Obviously.. an accurate

estipate of the soil thermal conductivity immediately below

the ground surface ‘is required.

+
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K= 40 W/mC

Rate of ice growth -m/hr

2 4 8 8 10
- Temperature gradient  C/cm

FIBURE 5.14 Effect of thermal conductivity on rate of basal

ice growth for different initial temperature
gradients. ; :
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(iv)ice growth peri&d

The-durafion of the basgl ice growth also effects
maxiqum' basal ice thickness. Figure S5.17 shows a
hypothetical.example whérE‘the snow dépth is great.enough to
sustain basal'i:e growth over a 40 day period.' The growtp
rate decreésed'frnm an initial rate of aover 0.05 m per day to
a final valué:cf less ;han 6.01 m per day, with total
thickness ?eaching 0.488 m. .EVen af&e; 6Q days of growfh,
the soil temperature was sitill 'I;telpw l:’) € (Figure 5.17),
indicafing that under very déep 5ho@packs‘ basal #ice could
continue tn grugafnr';bng périnds af time. All other factors
being equél, deeper sﬁnwpagké tend to form thickef basal ‘ice
layersr | | 7

Since melt rates are uéuallx?qreater than the rate  0¥
basal‘ice grnwth,'_the ice growth 'raté ‘is generally not
affected bygthe,meit ?afé, This may not he_corredt for the .
first daylcf basal iue.gfowth'when all meltwater may freeze -
(Tabie S5.4), c; nc;asianal-déys with little melt, but over
the eﬁtire melt périod_tﬁe Arate of ice- érow#h is Eainly
controlléd by the rate of dnwnﬁara heat conducti;n.- cheyer,

the total ice thickness at the end -of melt is dependent on

the melt rate. For example, slow melt rates will extend the
basal ice growth perio&; and increase the maximum icé
' o - .

-

thickness. The magnitude of such an effect is shown in

Al
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Figure 5.18, where the tctalr ice’ growt‘h is calculated
assuming di-F;Ferent melt r.?_ﬁtes;" For a mean melt rate of 15 mm
pe;" day, basalx icé *would grow to a maximum thickness of 0.23
m over a 17 day period. Increasing the mean melt rate to 35

mm 'per' day decreases the ice thickness to 0.13 m during a 7

¥

day gr'ow'_in_g period. Maxi'mum basal ice thickness is found

l'nhen the &aily surfate melt equals the rate of daily ice
gr-c:;:th. In this case the entire water equivalent of the

snowpack would be transformed intoc basal ice. The rate of

-

melt is. ‘important in deter‘mining both the basal ice

-

thickness, and the amount of melt water available +to ' runoff .

during basal icge growth.

] .
TABLE 5.4 St j
e Daily basal ice growth as a percentaye of daily snow aelt
] iune Snow amelt Basal’ ice grnath' ®
e {H1/a2) £cs - F8 F10 ¥ 4
’ . } 1 i I l .
12 00 we .
13 8,1 : 2 - 48 .
1 6. ) 2 | A
’ 15 r - 100 9 90
L % 100 - 8,
.1 - - -
1. b1 4% :
19 . 8.7 b1} : .
20 \ 153 20 -
¥j 133 - 16
2 5.8 30
2 13.7 15
3} 2% 1.2 ) 12

\A

. .
e e
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Snow and soil temperature
| Observed snow temperature at the upper thermistor szte
(Figure '&.19) increases coansiderably * faster than was
“predicted for the period Juné ? to 16, but the observed aﬁd
predicted soil.temperatures were in agreement; The rapid
warming of the snow " was praobably due to a preferential
conduction of botQ/Water ;nd heat along the . thermistor rod.
Since Ehe-soil therméstér rod was situated below unaisturbgd
snow, it was not affected.
'.Gn June 13 and 14 there was a' discrepancy between
: observed and predicted snil temperathe values at the Iupper
thermistor. Most of thlS warm1ng occurred between 146: 20 June
%Lh 12, and Q?:IS on June 13. The discrepancy is unllkely to be
duke to heating of the thermistor" rod, and trﬂﬁ pr‘ed1cted
finger and wettlng fronts were still 0!s&4g and 0.80 m above
the ground  surface. Since the mndel shows that heat
conduction cannot explain this rapia warming,l it is mast
lfkely that an unusual flow finger"was able to penetrate
T3 ‘deeply, releasing latent heat and!ggusing a rapid_in:rease in
< temperéturg. Field data indicateq that some fingérs
occasionally extend quite far ahead of the general wetting
j . front. After June 14, the predicted temperature converged on
| _ . -

the measured value, and during the June 17 to" 24 basal ‘ice

'

i ‘;_“, . g;\Wth period it accurately predicts the temperature prnf;le
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FIBURE 5.19a Predicted versus  observed snow and ground
‘ temperatures at the upper thermistor during the
snowmelt period, Resolute 1981. Snow depths are shown
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down to a depth‘cf 0.7 m.

The other thermistor rods, F10 and FB, were located in
shallow snow which warmed rapidly. In. both cases the
predicted snaow temperatﬁre incéeased more rapidly than the
ocbserved, due to the problem of over predicting the wetting
fraht advan;e as discussed earlier (section S.3). At site
FB, the problem resulted in a maximum errar-of 2 C at some
depths on June 10, after which the predicted graduall&
converged on the measured value with a maximum error of 1 C.
At site F10, a maximum error of 3 C was observed on June - 10.
Because the predicted wetting front éeaches the base two déys
early at thié site, predicted basal ice growth also began

early. * In order to test the basal ice section of the model

~alone, the model operation was interrupted and. restarted

using the measured temperature data on June 12. In this

case, predicted‘ground temperaturaé‘during'basal- ice growth

were in agreement with the observed.

1

-

To determine the 'daily change in snowpack water

“equivalent, the following information must be ubtaihed: (1)

snowpack.canditians at the begiﬁning_df-melt. (2) daily melt

-

rate. (o) the t1me when water fxrst reaches theﬁgsnnwpack
base, (4) the soil infiltration capac1ty, and (S) daily basal

ice growth. The calculated chaqges in pack water eqguivalent

are ‘therefore dependent on all the .processes discussed .

earlier.

-
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In all cases, the model accurately predicts changes in

snowpaclk water equivalent. At pit CCs, for example the

importance of basal ice may by observed (Figure 35.20).

Firstly, the pack’  water equivélent decreases slowly during
the first few days after the pack is isothermal. This is due
to rapid basal ice growth which freezes a large portion .of
total surface melt (Table S.S '). Secondly, if basal ice
growth is not included wﬁen calculating .chdnge in snowback
Qater equivalént, the pack w;tér equivalent-q will be
underestimated by up to 20 %. As a result, runof$ wil; be

cverestimated; and the time when the ground becomes snowfree

will be later than predicted.

I
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CCB *  OBSERVED PACK WATER EQUIVALENT
: ~—— PREDICTED PACK WATER EQUIVALENT
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FIBURE S5.20 Predicted and observed changes in . snowpack -
water equivalent at pit CC& after the pack becnmes
isothermal, and the predicted change if basal 1ce Jis
not 1ncluded. Resolute 1981, - . -
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CHAPTER SIX

. WATER MOVEMENT THROUGH LAYERED SNDWPACKS

Many authors have described flow channels within wet
snowpacks (eg. Gerdel 1954, U.S. Army 1954, Wakahama 1948).

These channels facilitate meltwater flow and their presence

- makes it difficult to predict water movement \ in natural

snowpacks. Little is yet known about their physical

prdberties or the factors responsible for their development,

This thapfgr-will provide quantitative information on fhe,

r

variability of flow wj

-hin a natural isothermal srowpack and

relate this variabili to the degree of metamorphism of the

snowpack and ta the mel rafe, and develop a mulfiple flow

path model faor wateryWovement in layered snowpacks, based on

the hnmugeneous flow theory developed by Colbeck (1978).

L} . 4

. , .
6.1 Vartical, unsaturated flow in homogeneous snow
s * . ) ’ + .

-

The vertical movement oOf water through hnmbgenedus

+

snow is governed by' Daﬁcy’s Law for unsaturated: flow in

porous media (Colbeck 1971, Colbeck and Davidson 1972)
(6.1) U = =(kuya/v) {(dPe/dz - Pw Q)
where U is tHe volume flux of Qa£er per unit area, kw'is

L
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the unsaturated permeability, Pe is the capillary preasure;

z ;s-the depth, pu and v are the density aﬁd dynamic
viscosity of the water, and g is the acceleration of gravity.
Colbeck (1974) ghd Wankiewics }1976) ‘have shown that the
pressure gradient term (chldz)/is sméll coﬁpared to

the gravity term (pu g ). The pressure gradient

term is only important at low values of water saturation and
at the leading front of the melt waterlwave. Colbeck (1978a,
p172)'5u§gested that "nonhomogeneous snow structures such as
ice layerg appear é& distort the features of meltwatér waves
more than tension gradients” and that the teﬁsion éradients_
could bé ignﬁred without significant errors. As a result,

equation«é6.1 reduces to

(65.2) ‘U = (kpa/V) e g

In most pdrous media (Colbeck 1972) unsaturated permeability

(k) is related to the saturated permeability

{ke) by

(5.3) . Kua = kg S%n

and the effective water saturation (5+) is calculated as

-
[ -

8% = (Se - Sw) / (1 - Sw)



content. The lue‘uf\the parameter n in equation &.3 has

’

been determined empirically. Colbeck (1971) postulated that

n=2, while Colbeck and Davidson (1972) found that n=3.2 from
water nginaQé in colgmns. 0+  homogenecus
snow. benoph et al (1978) +uun¢ that n debendé on the stage
of metémorphism. Snow in the early stages of metamorphism
"had a mean n of 1.8, while snnw‘in advanced stages had a mean
value of 3.2. However, Denoth et él .(1979) cnnclude&.‘that
despite this general trend, "no clear relationship exists
- between any snow paraﬁeter and n." A value of n=3 .will be

"used in this study since most previous work (Cblbe:k and

Davidson 1972, Ambach et al 1981) showed tgg% it provides

suf{iciently accurate results . for ripe snuwpacks:
Substituting equation-6.3‘iﬁto 6.2 gives o ’ $¢%r#’ﬂ N
T —— N ) - :
(b6.4) U = a ky Sx?

where @ is a constant given by ' .
a = (pa-g) / v

Colbeck and Davidson {(1972) combined equation 6.4 with the

f

continuity equation . and ‘solved. to obtain the +following

A

relationship ' L

Y - | | : S
(6.5) [dz/dt], = 3.a@%3 (ke'3/py) LFI"a



)

whére Pe is the effe:tigé\QFrnsity. For a given snowpack,
thé rate of movement of thx U (Ldz/dt1y) ‘increases as
ﬁeltwat;r flux increases. As a result, slow moving fluxes in
the morning are overtaken by faster moving afternoon fluxes
and a flow discontinuity or shock front develops . (Colbeck

1978). This shock, which is bcgunded by small fluxes on one

side and larbe fluxes on the other, propagates downwards at a

rate (dSF/dt) given by (Colbeck 1978)

(6.6) - dSF/dt = a1 (ky3/pg) (U4 + Less Lorrs o u-2ss)

where U+ is the larger f1ux éQertaking the shock front and U-
is the smaller flux overtaken by the shaock front.

" The diurnal melt waQe may be routed through a snowpack

uéing equations 4.5 and 6.4, using oanly the surface melt,

,énnw' permeability, and snow .porosity. This * technigue

describes _the general shape of the flux wave at depth, but it
underpredicts the arrival of the melt wave and overpredicts

its peak value (Colbeck 1978a). These problems are generally

attributed to the effects of ice laygrs‘eand £1ow :hahnels

(Colbeck 1979) which redistribute the €1ow within® the pack,

concentrating it in certain areas and dzmznzshlng it in’
others. S1nce larger flures travel more quz:Ply than smaller

flures (equat:on 6.35) the effect of ice layers and flow

channels is to disperse the r1s1ng ‘timb of the flux wave

-
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. Predicted by equations 6.5 and &.6.

6.2 Flow variability in a natural snowpack

Previous work concerning the variability of flow
witﬁin wet snowpacks relied Eﬁtensivel{ on the use of dye
-tracing experiments to follow the path of water movement
“(Gerdel 195&, U.5. Army i@ﬁb). Unfortunately, these
experiments provided little qdantitative inforﬁation about
the variability of «flow withiﬁ a snowpack. Daily monitoring
of the multi—ccmpartment lysimeter \allowed both a direct
measure of tﬁéurange o$-flow conditiéns @ithin the pack, and
the effect of melt metamorphism on flow variability;

The multi—;cmpartmgnt lysimeter shcned large
variations in flow nver°it$ 0.25 m? area. On June

.

15, 1981 for example, the mean flow for all compartments was

9.8 $m/day, but the flow in individual compartments ' ranged

from O to 2&;§ mm/day (Figure &.1a). From June 1S5 te 23 mean

flow tended to increase, the range of flows also increased

and the frequency distribution changed from negatively skewed

to nearly symmetrical,

-

Expressing the déily total +flow captured .by each

compartment as a percentage of the mean daily lysimeter flow,

.

;z?é effect of flow magnitude is-removed and days with

o .
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A\
different melt volumes may, be directly compared. The flow in

individual cnmpertments ranged from 16 to 240 % of the mean

(Figure &4.1b). Over the nine day study period the
disiribution of flows changed significantly. . the, early
peritd, the‘distributiees are negatively skewed. Later, the
distributions beeeme more symmetrical, and the flow becomes

more.uniform with the standard viation decreasing from

-

75.2% to a low of 30.4%. .o
K

" Previous studies {(Wakaham 8) suggelted that grain

S

3caarsening within the flow fingers at the _initial wetting

Front prcdu:es' vertical flow chabnels which are more

permeable than the surreundlng snow and can therefore carry

-

larger volumes of water,~ The implicatioch was that these -

features survive much gf the melt period. However, as  shown

in the previous chapter, flow fingers in. cold snowpacksA are

quickly overtaken by the general wetting ront. r the
small grain sizes common at the beginning af melt " the
rate of grain growth (see Figﬁre 6.9), differences , in/ grain

size between the fingers and non—-finger ;,Eae disappeared
within two or three days after the -passage of the generél

wetting front. It seems unlikeiy 'tﬁefefore, that d1st1nct

flnw channels with larger sQ graxns are respnns:ble for the‘

/

-

abserved variations in.flow.

-

IeE/Lgyers may also’ Hédistribute flow within the

snowpack. Although all ice layers at strata boundaries are

-,

.

-
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"over the 0.5 m width of the snowpit, or
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continuous, their propérties are highly wvariable. In the
daily snow Pit studies, properties of each ice layer observed
across the '0;5_'m snowpit width were described in the
following-general terms:
(1) Sh1id’ice - measured densities rbnged from 630 to 950
ég/m’,.and they appeared to have low permeability,
or
(2) granular ice — composed of loosely frgzén snaw graing of
0.2 to 3.0 mm in diaheﬁer. They were more permeable th;n the
lid ice layers. In terms n% ice laver morphclchx'all ice
lavers were cléssifi?d as: .
()variable ice - properties such as thickness and ice type

varied over the 0.5 miwidth of the snowpit, or

(2) intermittent ice. — small ‘gaps existed in the ice ~layer

[&3) uniform ice.

At a typical snowpit (CCb); approximately S0Z of all the
Sy . » ’

.

ubserQedhlayers were formed df'gfanulér ice and 50% of solid

icé, and S55% wére either variable and/or intermittent ~and

only 45% uniform over the snowpit  width. Note that when

considered over their entire lateral extent, all ice layers

-

wefe-variagle and 'intgrmittent. The properties of these

lgyers'are continuously varying. They do not have uniform

-sections separated by-distinct drains, nor‘gre there distinct

L}

breaks between sections of different properties.. Instead
' | ' 2
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there are gradual transitions from low to high permeability
and vice versa. | i

Depending an ice layer permeability, a ﬁorticn of the
water reaching it may pass directly théough, whiie the rest
will Eand ahcve the ice layer and Flow hnrizﬁntally until it
reaches a more permeablie sgctinh. As a Fesult, the flux
below a reljtively impermeable section will be lower than -
that aboveYit, while below permeable sections, or' gapsi5 the
flux increases. Since ice layer properties are eontinunusly
variable, tﬁa flux bela;’it will also exhibit a wide range of’
values.

The fréquent;accurrence of permeable sections. and gaps
ensures that the water must ‘trével a relatively shu}t
ﬁorizontal distance EFfore- it findg -a vertical pagéage
through the ice layer. “As a resyié, the portion of the lag
time beéween meif'at the surface and t#at water reach;ng. the‘
snow base which is due to vertical movement through the snow
will 4ar exceed the lag dﬁe tu.hqrizcntai flow alénghthe ice
layer (Colbeck 1973).

As the sﬁcwpack undergoes melt metamcrpnism it becomes

more homogeneous (ie._gra;n growth eliminates differences in

] . . * .
grain size and the number of ice layers decreases (Figure

’6.2)).' AS a result, it would be .expected: that the flow

becomes more unifokm through time. Over the period June 15

t® 20 the standard Heviation of the daily compartmeﬁt flaow,
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using flow expressed as a ‘percentage Qi//éﬁe' mean daily
lysimeter f1ow (Figure 6.1b), decreased from 75.2% to 30.4%
(Figure 4.2), but it increased on June.21,‘22, and 23. This
increase cannot be explained by physical changes in the
shoppack structure. Over the‘JunéQIS to 20 pericd when the
flow variability’ décreased steadily, . daily  melt . rate
increased from_a to é? mm/day (Figure 672). On June 21' and
22 the melt rate decrsased and the %law becam; more variabile
(?igure 6.2). It, seems therefofe, that most of tﬁe déy to
day variations inlfiow may be explainéd by changes in the
flow rate. The only exception was the nbseryat;nﬁ for June

24,

Colbeck’s model for ‘water movement through homogeneouﬁ
snowpacks was modified to include the effects of 1ce iayers.

The complex nature of each 1:e layer makes the mndelling of

’ :the interaction of flow with each ice laver impraciical.-

Insteéd,_a simplification was intrnduced'ﬁy considering the
snowpack to cnnsist.of a number of independent flow paths,
each'carrying a different portion of the total flow. Eagh

path consists of uniform homogeneous snow and  the water is

routed directly from the snow surface to its base with no
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direct interactions with the ice layers. The melt wave from

each path may then be summed to determine the mean fluxw at
the snowpack base. The fbllowing abservations_ from the
multircumpaffment lysimeter . suggest that these
simplificatinné are realistic because:

(1) flow variability is insensitive  to the 6qmber of ice

layefs or to snow depth, and therefore the flow -distribution

L

is similar at atf levels within the snowpack

(2) the effect of each ice laver is to redistribute rather

than to alter the flow. For example,_‘each ice layer will.

redistribute the flow én that zones of high flow above it

-

will not necessarily lie immediat above zones of high flow
(Beneath. - However, the distribution of flow conditions will
be the'same, and : o

(3) the lag time due to horizontal flow along the ice layer
. - . . B

is minimal compéred tao the 1lag due to vertical drainage
through unsaturated'snnw‘(Colbeck.1973);

The term multiple flow pafh'mqqﬁl was lfirsf used by
-Qoiﬁeck (1979). The model presented.in this paper (Figure

6.3)%is simildar in that it routes’ water down a number of

independent flow paths, but it is considerably different in
its conceptualization of the fiow paths, particﬁkarly the
distribution of flow among the different paths. . .The model

S .
.

enfpl oys the computer solution of Equat:;’, DI'IS' B..E,‘ and Ty &

‘ l } . ..'.'.1!'“ :.' ': : o
developed by Tucker and Colbeck (1977) to routg melt watgn
. : R T
* 7

. A
- N *
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through a number of independent flow égths. Each flow ~path

. p— .
was assumed to have the same snow properties.

U51ng measured dry SNOW dens:ty(p.) and grain size{qgs)

- -

the snow permeabllltytr.) was determxned from Shimizu (1970)

(6.7) ke = .077 ge* exp(~7.8 pu/pa)
" . ' M B

where ps is the pensify;of‘ﬂweter. The -houryﬁf-’
values of snow melt (V) determined from the surface ene Y

balance were adjusted to give fhe volume flux in‘ each flow

path «(Us) by B | .‘

' (6.8) U = U (val 7 siz)

and siz = 1/ne

.the flow path sizéitsiz)‘ie expressed as the ifraEtion
of unit area, and each flow path is the eeme 51ze.~ Each path
cakries a dlfferent {ractlcn of the tatal flow (vol) and
ne is the number of’ flaow paths. Increaeine the

number of flow paths increases the accurecy.ef fee model,”bqt
also increases the computational time. In this stu&y all
computations use ten flow paths. The flux'values at the base
of each flow Eath, +of each hour j, ﬁwere then 7eummed to

obtain the average flux for all flow paths (Uy)
., . " . ¥ \

=



nx
(6.9) Ur ;= Z (U, siz) ],
i=1 '

where n is the number of flow piipsﬁh,:;gﬁ

6.4’Model results

- The multiple flaow path modellwas tested for the periad

4 S June _;B to 24, ~1981.* During this period ‘Eh;re were
continuous measurements qf-flow from the reco?ding lysimeters

antd c nt;numus prediction of surface. melt from the energy
balance. .The total daily flow méésured by bath .r;cording

lysimeters was consistently 10 ta 20% smaller‘fthan.rtha;

estimated from the-surface_energy balance. It is not known

H . .
if this problem was due to over-estimating surface melt, oar

an undercatch by the lysimeters due to either hydraulic
factors or flow variébrlity on a scale lérgem than the size
of the lysimeters. But, the daily flow from each of the

st of the error was due to

' thrée lysimeters was aj:ays within +/= 10% of each Jather.

This suggests that
'pvernstimatiﬁn of) surface m§;£ by- fhe energy balance.
. Because the flow model is sensitive to the surface inpUts,
melt was adjusted so that da;lyimelt equalled daily lysimeter
_";_ilgur The otﬁer data requifed afe SNow d;ﬁfb, density, and

grain size: values measured at pit CC&6 were used. The



5
i
*
]
1
i

pércentage of flow along each of the ten flow paths, was
estimated from cumulative curves of percent of flow- versus
percent of area (Figure &6.4), *

If the flow is assumed to be uniform (ie. along oane
flow path 100%Z of the area), the rising limb of the
hydragraph occurs too late and is too steep (Figure 6.5).
The multzple flow path model improves the pred:ct1an of the
rising 11mb\\because the flow paths carrying a high fraétion
of the total watEﬁ reach the snow base before those -carrying
smaller fluxes: On June éo for example, the path carrying
the largestAfractiDn df tbe total flaw reaches the‘s%aw base
approximately three. hcursl before the path carryving  the
smallest flux (Figufg'b.S). The overall effect is to diffuse
tﬁe rising limb of the hydrog?éﬁh, so its Eise occurs earlier

and is not as rapid.

This effect is illustrated for three

days chosen 7 ent a wide range of depth and melt

conditions (Figlre 6.&). In all cases, the predicted time of
the hydrograph rise'is accurate to‘withiﬁ one hour without
any systeﬁatic rror in flow magni@ud;. Iﬁ agdi tion, e
rate of rise to the'peak, the peak +lux, and the recession of
the hydrugraph are in agreement w1th measured results.

The 1ndependence of flow var1ab111ty, and snowl depth
or the number of ice layers 5ugqsiiiathat the multiple flow

path model and the flow variability Measured at Resolute may

be exéende& to other environments. . The model was tested

‘/f o .
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using the mel t and lysimeter data from the Central Sierra
Snow Laboratory in California; (Colkg€k 1977), and the +low

paradeterélobtained on the highest melt day at Resolute. The

mdltiple flow path model predicts tﬁe flux sigmificantly

better than if uniform conditions are assumed (F§q$re 6.7).

The predi&ted time of - arrival of the melt wave is

‘approximately one hour later than measured, but the rate of
. . . . .____/ - . .

-

rise of the gélt wave, peak flow{‘énd fﬁg'récession lfmbr are
predicfed‘“aCCQrately.'_ These resdéts indicate fhat the
multipie flow géth Tndel, using mé sured flow vgriability at
ResolLte,.m pe applied to differeﬁt qnviroﬁments without
requiting too much additioéal data. ) —_—

The sénsitivity of the mu&tiple flow path mqgel to

changes in: (1) flow va?iabili,ty, (2) -grain size, (3)

) density, and-£4)'snuw;~depth ‘were tgqﬁed. by va?&ing each

.parameter while holding all othersf&onstant.' : f

}

The importance of the day to day changes in flow
variability were tested using _both the most and 1eaS£.
variable flow over the peridd June 15 *to 23. “Bnth cases

provide sjignificantly better. predictions than tﬁé uniform -

flow model (Figure 4.8a).  The melt wave reaches ﬁhej'bhse

later, rises more stéeply and peaks higher as the tfléw‘u

t o
becomes progressivily more unifnrp. ,Since days with . lower

melt have more variable flow (Figure 6.2)'they have é mofe_

it fuse Lising limb than days with higher melt.

P
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Inc?easing the grain size from 0.2 to 1.0 mm, a range
commbnly‘fcund in melting snowpacks, 1ncrr;§?s the _SNowW
permeab111ty from 0.13 % 10" tg 2.0 # 10°" m2, This increase-
in permeability has.a significant effect an ¢low within the
'pack. It decreases the loﬁ flaows, increases the high flows,
decreases the lag time to fhe hydrograph rise, steepens the
rising limb, and"increéses the Peak flow {Figure. 6.8b).
Since grain-growth continues thrcughaut the melt period, ii
is necessary é;)estxmate grain size in order :to accurétely
pred{ct water flux in the snowpack. Thig requires a
LE?owledge of the rate of grain grnwﬁh and the #ime when the

grains become qet. Colbeck (1975) estimated the rate of grain

growth once the grains were wet by fitting the %ollcw{ng

curve to,dﬁ;:;i;ruwth measured in the laboratory by N@E;;;EE

1
{1948)

(6.10) Qs = {(galg + b t1’2

Iy

where gs is grain diameter, (g, the ‘initial grain diameter,
1 ' v

t_time? in . days, and b Tis dependent on .the degree of

saturatiun. Colbeck (1975) estimated. b=0, 1 wauld appiy to
the narruw range of water contents Fuund LG freely dra1n1ng
snowpacks, though it was never tested en grain growth under
, _

natural conditions. By using the predicted general wetting

Ffront at pit CC6 to determine when grains  begin to grow,
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10 provides a reasonable estimate of . ,grain size
(Figure 6.9). Grains within individual .layers

h.

gro However, equation 6.10 over-predicts growth early in

-

the gryin growth period and under—predicts latér on  (Figure
&.9). ossible explanatibﬁ is that radiation incréases;
the growth of snow grains near thél snow surface. This
‘appears un}ikely‘huwevé;, since the period of rapid ‘growth
(i.e. five to  six dayé} after the beginniﬁé of growth}
occurred when layer Six was only ‘0.1 m- Séiow the snow
sur+acg, but wh%n layer Two was still' 0.5 m bhelow the.
.surface._ This analysis show; that the mean.pack grain size
increases from 0.2 mm to.nearly 0.6 mm over a 16 day period.
7 As indicated by Figure 6;8(b) this makes a significant
//,‘\\\differencé, wi£h the meltwave arriving at‘fhe snowpack base
approximately two hours earlier, the péak flow is higher, and: 457

EheLlow flow lower. . r

CL Snow density also affects water mavement through the

snowpack. Increasing the density from 250 to 450 kg/m?

decreases the permeability from 2.6 * 10 *¥ tp 0.4 * 10™* m?,
- . » . R

and decreases the bcrnsit} fng@ 0.73 to 0.51. As a result
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very iﬁﬁsitive to changes in density (Figure &4.8c). For
example, ’ increasing the density from 2350 to 450'
kg/m® delays the arrival of the shock front by only

one hour, and has a minor effect nn'the peak and low flows,
Snow degED/&s an important parameter controlling fhe
mel t water.fiux at’/ the snowpack bhase. 'Qﬁf,the barémeters
discussed in this section it has the greatést effect on flow.
(. With increasing snow depth, the arrival of the melt wave is
| delayed, the rising limb flattens, the peak fiow is lowerea,
and the minimum flnw'is increased (Figure &.7d). Increasxng
the snow depth from nnly 0.2 to 0.6 m delays the peak flnw by

five hours and lowers the magnltude from - 1.42 to 1.22

mm/hour\ . .

Each qfithe four snowpack properties required to run

<37?the multxple flow path model change co%t:nuously thiroughout

the melt seasan. The previous discussion however,
\

. ] 111u5trates that over; the range of conditions wh:ch Enmmonly

occur, both flow varzabzl;ty and snow denszty are relatively

A ?Py" unimportant. ' If insufficient "in¥ormation is available,
.single mean values may be used for ﬁhe entire melt period

) without significant loss in aEcuracy. The other two snowpack
‘ : . ’ . ,
properties, grain size and enow depth, are more important and

their chénges over the melt period must be included.

Considering the large spatial and temporal variation in snow

derth, changes in this parameter are éxtremly important when

"
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considering the effects of vertical unsaturated

-

through the snowpack on meltwater runoff.

1687

percolation
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CHAPTER SEVEN

"' ‘cancLOSIONS

-

This study emphasizes the - processes  controlling the
ripening of cold snowpacks underla{n by a frozen substrate,

and the imhlications of these ripening processes on the

- mavement of water through wet, isothermal - snowpacks.

>
The growth of ice layers Plays an important role in

[ N e ntas . - ;l‘.'j
snowpack ripening, controlling>both-theé Fats of advance of

water into the dry snowcover, and the @arming.of the snow and
. N T -
ground during the ripeqing perind.‘.During ripening, 25 +to

45% of all maltwater freezes within the snowpack, while the

remainder is stored as iiquid water. " 0f the water which

. kefreezes, BS to 90% of it freezes at premelt dratigraphic

horizons to form continuous ice layers. Water is c%g?ucteq

. . ,
below the general wetting front by vertical flow fingers.

Ice layers only grow within the zone bounisd by the deepest
penetration of the finger wetting front and the general

wetting front. Below the fingers, 'liquid water is not

available, ahd above the general front the snow is isothermal
\,-‘/'- 2 LI

and thereforeno freezing can occur. The rate of ice 1a¥gf ‘

f . ‘ ) :
grdwth is controlled by the rate of heat conduction ipto the

cold spow both above and below the ice. The period of ice

+ : _ .
growth s centrolled by the time difference between- the

= T 167
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arrival of the finger front Q?dhthe general wetting frent at
a.given horizon. The growth rate M?FiES from 3.3 to 3.4 mm
.water-equfvalent per day and they only. grow for 24 to 34
hﬁufs. .In thhis short period ice léyers may ré;ch up to 20 mm
in thickness. While actively growing, ice layers remove
wate; from the finger front, and ig the| cold Arctic snowpacks
their rate of grow an retard the rate of finger <front
advance. As a result, the fingers may on y advance 0.1 to
0.13 m ahead of the general: wetting 'fraht. In warmer

\'~
snowpacks, however, the ice lavers grow more slowly and the

finger front could quickly reach the snowpack bas;, and
runoff may begin befdre the entire pack is isecthermal.

The %ormation of ice lavers release; lateﬁt heat which
warms the surrounding areaé, thus providing the primary
“mechanism by whiegj energy is transferred from “the snow
surface inta the unqerlyiné snow and soil. Since tﬁis heat
is conducted ahead of the wetting front, i;e la;ers grow in
réiatively warm snow ( 0 to -6 €)Y, and much of the latent_
heat thus released (20 to 90%) is ﬁse& to wérm the scilz In
order tao raise the snowpack tp an o her‘n;al ' state,

LI

i's necessary to

‘thérefnré, more energy ' is required  than

‘ satisfy the initial cold content of the sno pack. 'Ev'en atter

q the snowpack ‘is isothermal, considerable freezing of

el

meltwater'may occur at the snowpack base because there is a

.

large ground heat flux into the frozen soil. This basal ice
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. growth ﬁay consume anywhere from 100% ‘of the daily melt
\\ during its initié:’ﬂ;owth, to a low of 107 &fter ceven to ten
‘ days of growth. ‘As a result, daily runoff is a{ways less
than the'daify melt, and the melt period is extended. N
Modeiling of the snowpack ripening - shows an
interdependence of the wetting front advance, ice layer
growth, and the thermal ;undit;uns of cobld snowpacks. Thus,
Sthe rate of ripehing aﬁd the daily ‘iunofF volume can be
%\\\_,f-—ﬁ?gdictedznnly if all the processes are cnn%idered. A simple
celd content approach ;s devel oped ¥or‘w£rm snoWwpacks - is not
applicable for cold snowpacks ;nderlain by a frozen
substrate. ' o : - W
Continuous ice la*ers alsc control water movement
through the ripe snowpack.  The properties of tﬁese' ice
layers are highly variable uQer shart horizontal distances.
~For éxamplé, the permeabili%& may vary from low to high
within a hurizontalddistan:e of less than 0.5.m, leading to a
concentration of flow below 'Bermeable Tareas. . Instead of
distinct flow channels carrying .large fluxes separated b;
zones carryiﬁg smaller fldﬁés, there is a continuum of flow
conditions. $iéée larger fluxes travel more quiﬁkly thfn
smaller ones, a combination o# various fluxes disperses the.’
-riéing limb of the hydrograph. Measurements of water

movement within the pack suggest that variations in flow are

caused by ice layers, rather\than by flow ’instabilities at

8 -

N N

- .
. - ‘ﬂ
L . .
. . . - L
. .
.
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bhoundaries or by vertical flow channel along zones with
Coarser snaw grains. Comparison of the asured flow and the,

predicted meltwave at dépth using a multiplé\ilaw path model
showed that the rédistriﬁytion of flow by thé ice lavers,
adequately expl&{ned the diséer%iun of the rising limb of the
melt‘wave.. This model was successfully applied to watgr fluo
data from California, suggesting that itfmay  be applied’ fd
dif#erent_envifcnmenté‘using th ) easued Flow var;ability
from Resolute. This study.there%n e provides a simple model
wh;gsj by taking into accoynt tHe variability in flow due to
ice layers, significantly improves ‘the prediction of melg

water flux at the snowpack base.

2et

—
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