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The present thesis describes three years of fieldwork undertaken
on slopewash'processes, one year of which was presented as an M.A. thesis

(Lewkowicz, IQZB). v



"Hill. Yes, that was it. But it is a
hasty word for a thing that has stood
here ever since this part of the
wor[d was shaped,"

J.R.R. Tolklen (1954). The Two Towers.,
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CHAPTER 1

INTRODUCT | ON




Background

The goal of this thesis i; to partially redress*fhe‘imba;ance that
exists between geomorpholog}cal research concerning azonal and "uniﬁue"
aspects of the permafrost environment. The sybjécf of study is a group of
processes known collectively as slopewash, embodying (1) sdrface wash, the
downslope transport of weathered material over the ground surface by running
water, and (2) subsurface wash, the set of processes assocuaTed with water

movemant and sedlmenf transport within the regol!ith (Young, 1872, pp. 62-
70).

Slopewash'pro;esses were studied in the continuous permafros?l
zone, in the vicinity of the Thomsen Rivei, Banks Island, Northwest
Territories f?igureS_I and 2). The study area is IoéaTed'wiThin the

~ Jowlands of centkal Banks Is!and (Flgugé 2) and Is underlain by un[nfhnf:ed
apd poorly Iifhlfled Cretaceous rocks, It was not glaciated durlng the last
"classical™ Wisconsin glaciation, but was covered by ice during at least two
pre-Wisconsin advances (VIncenT,_1978a). Some slopes in the. area?

. unaffected by meltwater discharges or lacustrine Inundation associaféd with.
the 1asT ice sheet, may Kave been subject to uniﬁferrupfed slopewash action

since pre-Wisconsin times.

S

Alm

[P

The aims of the study were twofold.

First, the geomorphological aim was to assess the -frequency and
magnlfude of slopewash processes In a permafrosT area. The values obtained
were to be compared with others from nonpermafro§+ regions. Suggestions
have been made in the literature, that permafrost increases the probability

of surface wash generation by acting as an Impermeable subsurface barrier.
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FIGURE 1 : LOCATION OF BANKS ISLAND WITHIN THE ZONE OF CONTINUOUS PERMAF ROST
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“particularly effective erosional agent in an Arctic tundra environment (e

Furthermore, with higher surface runoff coefticients and the |imited
protection furnished by a sparge vegefafioﬁ cover, slopewash becomes a

oG
French, 1976bifpp. 141—142; Washburn, 1980, p. 244). While tpis claim
appears reasonable, there is‘a severe paucify'of qdanfifafive data either to
confirm‘or deny its veracity (French, 1976b, p. 141). One objective of the
present study was to supply the data needed to evaluate this hypothesis,
Second, the hydrological aim was to examine the slope hydrologiéal
cycle in a permafrost area. This objective was closely |inked to the
geomorphic investigation since both required evaluation of the spatial
distribution and movement of water on slope;. In addition, the hydrological
aim included the assessment of the applicability of podelé of stream runott

generation in nonpermafrost regions, to a permafrost area.

The importance of s!lopewash processes

Slopewash processes are considered important in humid temperate,
hot arid and semiarid climatic zones. They are studied from four main

scientific viewpoints.,

Engineers are concerned with the ability of surface wash 10 cause

accelerated erosion during tand clearance for construction (e.g. Diseker

and Richardson, 1962; Weber and Reed, 1976; Younkin, 1973). The empﬁasis of

their studies is on problem—éolving rather than theory developgent and féw
attempts have been made'fo generalise from épeclfic cases.,

Slopewash processes are central to the work of agricultural
engineers, and the proBlem of scn | toss from agricultural land. In the

U.S.A., the Universal Soil Loss Equation (USLE). has been developed

.

W

& — iy



(Wischmeier, 1959; 1960; 1962; Wischmeier and Smith, 1958; 1965) and used £
]
to predict rates of soil loss. Unfortunately, the USLE is not truly

universal since it cannot be used for s*ee; slopes, in areas ouféide the
conterminous U.S.A., or in areas where snowmelt-induced eroéion is important
(Wischmeier, 1976). At preSenT Therefore, the USLE cannot be used To
predict soil loss rates in permafrost regions, - ‘ '
Hydrologists are concérned with aspects of surface and subsurface
wash, because in a typical caTchme?T these are the processes by which a
major porticn of the precipitation reaches the stream channe!. In recent
years, much research effort has been expended in attempts to generalise
about the routing of water and the position of runoff Qource,areas within
individual drainage basins (e.g} Arnett, 1974; %eTs;n.and Marius, 1969;
Dunne and Black, 1970a; 1970b; 1971; Kirkby, 1969; 1978a; Ragan, 1968;
Weyman, 1974). As a result of these studies, the simple Horton.modal
(Horton, 1933;° 1937; 1945) is no longer accepted as the us;al mode of
runoff production iA-humid temperate and Sther regionsﬁ\gf$ih§s been.‘ o
replaced by the varjable source area concept (e.g. Dunne and Bllack, 1970a;
1970b;. Freeze, 19?4) and by the subsurface rouffng mechan i sm (e.g. Hewlett-
and Hibbert, 1967-} Whipkey, 1965). The major problem evident in
hydrological theory is Thafffhe very complexity of €¥¥//6noff generative
' processes prevents the prediction of the specific disposition .of source

areas without intensive field Tnvestigation. g : -

Géomorpho}ogisfs have conducted numerous studies on natural and
accelerated surface erosion resulting trom wash processes, ralnsplash, or
both. These studies have been undertaken in humid temperate (e.g. Gerlach,

1967} 1976; Kirkby, 1967; Young, 1960), tropical (e.g. Lam, 1977;

-
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Rougerie, 19586), and hot semié}id areas (e.g. Emmeff,'1970; Leopold et dl.,
1966; Schumm, 1956 1964). Few {nvesiigators have considergd adequately
the relationship between sediment Tomsement and.the area! distribution of
surface runoff. As a result, existing models of sediment processes are

based on hydrological assumptions that may be false (Klrkby, 1978b, p. 325).

A notable exception to this statement is the work of A. Yalr and colleagues

. in which both runoff’ and sediment generative processe have been examined

(Yair, 1972; 1973, 1974; Yair and Klein, 1973. Ya!r and Lavee, 1974;
1976) . } ¢

In addition to the field investigations of slopeyash processes,
&xperiments have been undertaken in the laboratory (e. g. Bryan -1974b- 1976;
1979; De Ploey, 1977; Savat, 1975; 1977). The main advanfages of the latter

are (1) the ab:llTy of the |nvesT|gaTor to control input variables and Thus
to examine separately the influence of each factor, ang (2) +hrodgh this
control, to simulate events of |ow fnpquenéy and high magnitude wifﬁbﬂf the
use of tong observa?ion.periods. The main diﬁadvanfage of laboratory |
research‘Tg that natural systems usual ly have to be transformed and
simpl{fied to make them m\anageable. This problem does.(.lo'f invalidate the
laboratory results themselves, but it does create difficulties 1f the
experimental results are to be applied to the natural environment.

In view of the recognition given 10 slopewash processes In other
climatic Zones, it is surprising ThaT they havq{been studied so |ittle in

permafrost environments where they might be expected to be equal ly .

important. |t cannot be claimed that this paucity of studies derives from a

’ ‘ i ‘/\
lack of awareness of the significance of slopewash processes. As early as

the nineteenth cenfury,'if was noted that on Baffln !sland and Greentand,

targer than expected volumes of surface wash and sTreamrow were generated

ﬁ A }
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duFing spring thaw. These were attributed to the impermeabitity of
subsurface frost which alSo‘confribuTed to runoff as it melted (Tarr, 1897).
Numerous other authors mention in passing the efficacy of slopeuash
processes in permafrost afeas (e.g. Bones, 1973; Czéppé, 1965; Czudek and
Demek, 1973; Dutkiewicz, 1967; Dylik, 1972; French, 1976b, pp. 141-145;
Jenness, 1952; Journaux, 1976; Malurie,‘l960; McCann et al., 1972; Pissart,

1967; Rudbéré, 1969; Ryden, 1977; St-Onge, 1965; 1969 ;- Washburn, 1947,

P- 84; 1980, p. 144;: Wedel et al., 1978) but none of them examlnes the -

processes in any detail.

In the permafrost environment, hydrologica! studies eigher
consider limited aspects of the SJOEG hydrologlcal system Eft?' flow roufiﬁg
(Ballantyne, 1978) and snow d:sfribuTion (e.g. Woo and Marsh, 1978)), or
involve water balances of small drainage basins with considerablé black-~
boxing of the internal processes (e.g; Marsﬁ and Woo, 1979). ‘Recenf

’ 'geomorphologlca! work has ignored the slopewash system per se in,permafrosf
areas and has concentrated gn water movement on slopes within the context of

nlvafion (e.g. Bird, 1967, pp. 226-22 ; St-Onge, 1969). Very few

quantitative measurements have been made of sl|opewash sensu stricto,

exceptions belqg Jahn (1961) on Spitsbergen and Wilkinson anq Bunting (1975)
on Devon Island. Only in the |latter paper are both the hydrofogical and v
geomorphological aspects of slopewash consndered yet 1t is clear fhaf ThQSQ‘ /
dual elements must be examined if the system is to be understood.

There are many similarities between slobewash processes in
permafrost and ﬁonpermafrosf environmenfs. At the level of mechanics, the
process by which a particle is enTrained in surface wash is the same in all

climaf:c zones. At.a larger scale, however, the origin of surface wash, “I+s

frequency of occurrence apd magnitude, may be very differenf. These
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differences and the difficulty of reproducing them in a laboratory are the

Justification for a field study in such a remote area.

~

. -
—— % . .

Use of runoff plots

Data collection involved fﬁe measurement of several processes, in
the bellef that the effects of each on surface and subsurface water movement
and sediment discharge could be iQenTified.‘ In theory, sucﬁ an
understanding al lows predictions of the frequency and magnitude of slopewash
processes in ‘other similar areas f}om lim}fedvqafa sets. This approach was
chosen in preference to that of studying slope form. Although wash-
domlnafed slope segments have been discussed for permafrost areas (Jahﬁ,
1972),_d|rec+ field observation of the Processes operating on such slopes
has not been undertaken. In view of problems with equifina;TTQ, ;rocess
measuremenT remains the, obvious solution to determining.the 'importance of
slopewash in The permafros+ zone.

The complexrfy of the slopewash system precluded intensive data
collection over large areas. As a result, four sites, each having a runoff
plot, were selected in the study area to the west of the Thomsen River (see
Chapter 2, pp. 42-56).. Three of the sites were examined during three C:::_
successive'years, while the fourth was studied for only the two later
years,

Site seFeCTion involved three considerations. First, sites had to
be ?easonably accessibl %o the base camp to enable easy and regular |
monitoring. Second, the desfgn of The runoff monitoring equipment meant
that if’couid be used only eﬁ slopes with angles greater than 3°, and on
ThGSe where there existed sufflcnenf level ground (0.4 m2) 4o seal the

‘ collecTor to The surtace. The latter prevented measurements on areas

possessing high concenTraTuons of earth hummocks. Third, the sites needed
L .

/
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“to be representative of the Thomsen Rjver area. Since interfluves form a
high proportion of the slopes in the cafchmenf (approximately 30 - 405), an
interfluve location wiThouT a thick snow accumuiation was chosen for one
plot. The remaining three plots were located on slopes at points where
large snowbanks develop during the winter. |+ was hypothesised that these
were the locations where slopewash would be most effecfivg.

The methodological leve! of the study is set at empirical
generalisation and a combination of deductive and inductive reasoning is
used. There are two reasons for this mefhodology. First, siopewash theory
s inadequate to make accurate quantitative predlcflons of the efficacy of
wash processes in d|fferenT climaflc zones. Second, comparisons with data
currently available are limited by Thé paucity of meésdremenfs which have

been made in the permafrost zone. As ga result, conceptual hypotheses are

both drawn from, and tested with, +he fleld data.



CHAPTER 2

THE - STUDY AREA
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Location

Fieldwork was undertaken in a tundra environment in north-
central Banks_lslan& (Figure 2) during the summers of 1977, 1978 and 1979.
This island, with an area of approximately 70,b00 km2, is the fourth -
I\rgeéf in the Canadian Arcfic Archipelago and is the most wesfern"f the

major islands.

-

Sachs Harbour (populaTion c.150), the only permanenf settlement on
Banks Island, is 5|Tuafed in The extreme south-west. Johnson Point, an oil

company IogisTica] base located on the east coast, was occupied betwasen 1972

and 1976.

The selection of the field location waé bas;d on (1) the argaf
representativeness of.a pofenfiél region; and (2) logistics. The Thpmsen
River study area is reasonably Tyﬁical of the lowlands of cenféal Banks
Island (Fig;re'2) and comparable areas may exjst elsewhere in the western
Arctic, north of the tree-line. Resulié\ﬁfom this study may be applied to
other Ioéafions if climate, Terraiq and vegetation are similar. Logistics

.

for -the study area were good in 1977, and research conTunued at The.same
locaTroo in 1978 and 1979 because. The process studies reqU|red reasonably
long-term measurements in a single locality. =0

The sT;dy area is located 230 km north-east of Sachs Harbour (base
¢émp coordinates, latitude 73“14;N., longitude 119°32'W.). A GeadBgical
Survey of'Canada (é.S.C.) tundra hut was moved to this location in 1975 and

was used as a base for Thq duration of the investigations. Most of the

‘research effort was concentratedyat four runoff plots Ipcated 1.2 - 2.0 km
. &

T Fe o e



13

south of the base camp, but during the study, additional ground observations
were made over an area of approximately 75 kmZ2,

7
Climate

The climate of Banks Island is pplar'con+inenfal, characTerised'by
. >
long cold winters, short cool summers and low but. variable annual

precipitation. Ni%e months of the year exhibit. mean air temperatures below

0°C, and for nearly three months in wirter and summer, coﬁfinuous darkness
and daylight respectively exist. As é cﬁnsequence, the surface energy
budget is dominated by radiative rather than turbutent terms (Vowinckel anﬁ
‘Orvig, 1971) (Figure 3).
Climate data from Banks fsland are limited both in duration and in

*
the number of recording stations. Sachs Harbour possesses the sole lengthy
. . ~

record, dating from November 1955 (Table 1). Climatic records for four

-
years (1972 - 1976) were collected at Johnson Point. G.S.C. parties:
recorded meteorological data from the interior $f the island in the summers

of 1974 and 1975, and the present study provides an additional three summers

2

of information (]977 - 1979).

The summer climate of the Thomsen River study area is one of the

major factors affecting slopewash processes. The mefeoroldglcai data

collected during the present study, however, in themselves are too |imited

to be used in statements concerning long-term ¢limatic.conditions. - Recourse

must be made, therefore, to a comparison with the 25 years of records at

1

. F . ’ -
Sachs Harbour. Two major dlfferences exist between the two locations:

(1) latitude, and (2) distance ffom the coast. Their effects must be

-
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con;idered before the normality or otherwise of the study years can be
asséssgd. . . .

The effects of a change in latitude can bé shown through
comparison of data from Sachs Harbour and Johnson Point (Table 2). The
annual temperature averages 1.6°C lower at the latter location, but
differences are greatest in the monfns of March, April, May and June,
retarding thaw dates by up to 10 days. Thaw dates are crucial at high_

latitudes because albedo changes are great during snowme!t, and up to 40% ot

annual incoming solar radiation is available during the months of June and

~July. If snowmelt is retarded, therefore, much of tMNs potential energy is

“u
reflecfed from the snow surface (Vowinckel and Orvig, 71). Dates of

freezeback which influence the éessa?ion_of slopewash activity are |lkely to
occur earlier at Johnson Point than at Sachs Harbour, resulting in a shorter
Th9w season (Table 2):

Both tatitude and distance from the coast are increased in a
comparison of the 11 summer months of field data and the Sachs Harbour
records (Table 3). Interior locations average 1.7°C warmer than Sachs
Harbour with extreme monjhly differences as high as 4.2°C. QDuring June and
July, temperatures at Johnson Point average 1.3°C lower *than those at Sachs
Harbour suggesting that, with no large variation In relief, summer
temperature differences between the northern interior-of Banks Island and
the coast are usually between 2.5°C and 3.5°C. The temperature differences
between the northern interior an wachs Harbour probably are 1.0 - 2.0°C,

and dates of thaw may be earlier in the more northerly area. This

“Information is important because it suggests, for example, that the

temperatures recorded at Thomsen River in July 1977 (Table 3) were not as
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extreme as they appear if the whole island is assumed ‘to be represented by
the Sachs Harbour mean July temperature.
L. Extreme events of temperature and precipitation may be significant

to slopewash processes. The former may promote a particularly rapid

- .i

. el
snowmelt, while the latter (either heavy rainfall or aparticularly large .

winter snow accumulation) may cause Thrqsholds in surface wash production .to
be exceeded, porenfially résulfiné‘ﬁn surface erosion. Variabifify is an
important element in the Tempera?ure and precipitation regimes at Sachs
Harbour (Table l). In the 25 years of temperature records, differences from
month ly means have éxceeded Two sfandérd deviations on ten occasions. The
maximum,numerj;al monthly difference from the mean in winter was -8.6°C
(January 1975), while in the summer period‘P The maximum was +5.0°C (August
1958). These figures imply that monTth temperatures differing from The
mean by X - 7°C are no+ uncommon. Differeaces of this magqifude

during the May-June and Augusf~Se§?ember periods account for the large
standard deviations in péfes 6? thaw and freezeback (f;éle l).. It is
thought that variability of this order also occurs at Thomsen RIVBF,
resul+|ng in the large differences in nonThly air Temperafures recorded in

The area between 1976 and 1979 (Table 3. T

-

The probablllfy of very heavy storms at Sachs Harbour appears to
be less than at other locations in the Canadian Arc*rc Archlpelago. At this
station; The maximum recorded 24- hour storm was only 21.8 mm (24 years of
records) and standard analysis indicates that on the basis of this
admittedly short record, even the 100-year storm is only 25.8 mm (Figure 4),
The‘value should be treated with caution a; convective storms in Thé-cenfre

of the island may produce greater amounts of rainfalt, but i+ reméins far
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FIGURE 4 : RECURRENCE INTERVAL OF MAXIMUM ANNUAL 24-HOUR
PRECIPITATION EVENT, SACHS HARBOUR, N.W.T.



below the 54.6 Em storm recorded on E!lesmere Istand (goglqy and McCan
1976) which probably has a recurrence interval of 25 - 50 years,
Winds are significant to slopewash processes in a hiPh Arc ic a}eé
in a qumber of ways. Their primary influence is shown in the redistri
of winter snowfall which results in a Qery Thin covers on rifges and
interfluves and deep accumulations on ]ee slopes. The prevéiling winter
wind direction at Sachs Harbour is south-east for all buf;#he months of

October and November when it is east (Monthly Record dafa; 1955 - 1970). it

i; péssible, however, that a different direction dominates at Thomsen River,
Field observations of snow accumulations suggest that the prevailing winter
wind direction is narth-west, causing the greatest snowbanks to develop on
slopes facing south-east.

During the melt period, winds are significant in the energy
balance, but little predictive capacity can be gained from examination of
~the Sachs Harbour data. A general comparison, using wind polygons for the
summer months, reveals obvious differences (Figure 5). These may be the
.result of Iocél conditions (e.g. the north-west - south-east trend of the
Thomsen River data may be the result of funnelling by river val ley) or may
be caused by synoptic variation. It is_in+eresfing to note that there were
considerable differences even between the two years at Thomsen River, with a
more frequent north-east component in 1978.

Wind also'plays an important role as the initiator of aeolian
sediment movement. During the summer months of 1977, wind-borne sediment
was observed on a number of occasions. Only local sediment movement
occurred during lesser winds In 1978 and 1979. The strongest winas
experienced (gusts up to 18 m s~y o;curreg on May 24, 1979 when
sediment. source areas were stil| covered by snow, limiting aeo!lian sediment

transportation.



22

LAY

~

'suondRIIp g Wwouy patdepe sUOf1BAI3SQO JNOY Q IO BIEP JNOGIRH SYIBS

: *SUOMISBIIR 9| PUB SUOIIBAIISQO JNOY Z| WOL) BIep JAAIY Uaswoy |

- ’ 661 NV 861 AINT ANY INNT
"‘HNOBYYH SHOVS ANV HIAIY NISWOHL ‘SNODAT0d ONIM

- G 34NOI4

l W . HNOBYYH SHOVS |
N ’ N N N

H3AIH N3SWOHL

RN,

>_:_. aunr Anp
661 B8.61

ADNIND3IHA ANIM

I

%01

0z




g

- 23

Permafrost

Banks Island.lies within the continuous permafrost zone (Figure
). In the study area, surface evidence of the existence of permafrost is
provided b; a number of disTinc%ive ground ice forms. Beaded streams, |ow
centred ice-wedge polygons, thaw lakes and thermokarst gullies have all been
observed. Pingos and thermo-erosional thaw flow slides have. been sfhdied cn
Banks Istand (e.g. French, 1974; 1975; 1976a; French and Egginton, 1973;

Pissart and French, 1976; 1977) but apparently do not exist in the study’

area.

The Tempera?ure of permafrosf at the level of zero annual ampli-
Tude can be esfimaTed from the mean annual air Temperafure. Thie difference
between the two is approximately 3.3°C in the Afbfic (Brown, 1972), implying
that the temperature of the permafrost at Sachs Harbour is -10.8°C (mean
annual air Temperafure is -14.1°C). Since mean annual air temperatures vary
over the island, permafrost Tempgrafures probably range be{ween -10.0°C and
-12.0°C. The only deep ground temperature data for.Banks Island are from a
borehole at Storkerson Bay, 150 kﬁ wast of Tngsen River. The permaf;bsf
thickness there is-esfimafed'To be 500 m (Taylo; and Judge, 1974), but it is
possible that permafrost is somewhat thicker inland. If ground Tempeﬂéfures
are between —l0.0’C.apd -12.0°C, The‘geofhermal gfaqienfs lie jn the range
of 2.0 x 1072 - 2.4 102 og pe1

Above the permafrost, active Iayer Thlcknesses general ly decrease
wffh ]ncreasing latitude (Brown, 1972). .Local factors, however, such as
aspect, subsTraTe thermal diffusivity, and vegetation cover arq,predominanf

and variation within a single area can be considerable. In the study area,
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for example, a thawed layer ‘thickness in excess of 0.8 m was measured on a
poorly vegetated sandy interfluve in m1d-July 1977 whlle the total active
layer Thlckness of a vegelafed silty- clay terrace lﬂ 1978 was only 0.5 m.

PermafrosT is an Importanf influence on/élope hydrology in three
ways. FlrsT its presence usually prevents the peep percolafloqpof water,

fns

This affects the flow routing and speed o resw nse of a slope subjected to

water inputs from snowmelt or precipifafion.\vﬁecond, the lowerlng of the
frost-table that occurs. during the summer months, results in a daily change
in the hydrological parameters of a slopo, as greater volumes of water are
permitted to move as subsurface flow. Third, disturbance of the ground
thermal regime may cause permafrost degradation and 4he mélling of éround-
fce. If gfound ice thaw Is selective, this may lead to The channeling of

3
surface wash and the initiation of rills and qullies.

Physiography -

(a) Terrain ° .
In terms of its effects on s lopewash processes, terrain is a o 40
significant factor at a number of'scoles. At the macro-scale, the general
form of the Iandscape'- highland, upland and lowland - and its dissection,
affect relief differonces ano slope angles. At the meso-scale, slope . ’3
profiles, and particularly breaks of slope, are dominan; factors in the
develbpment of Iarge snowbanks. At the micro-scale, The formation of

hummocks or soliflucflon stripes can result ln the concenlrallon of surface

flow. -
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The study area lies within the lowlands of central and western
Banks Is!and (Fyles, 1962) (Figure 2) and probably is reasonably T;pical of .
this physiographic region. The maximum elevation is 150 m, compared with
The maximum for the whole of Banks island of 730 m. Typical height
differences between ridge crests and adjofnlné vélley floors aré 20 - 50 m,
‘and the lowest point in the ;?udy area is on the floor of'ﬂQ\Thomsen River
valley at an elevation of 30 m {(Figure 6).

The sfdﬁy-area (Figure 7) consists of an upland’ (Figures 8 and 9)
dissected by a wide (2.0 - 2.5 km) valley that trends south-east to north-
west. The Thomsen River flowg north in ThelsouThern part of the area in a
relaijely narrow (0.8 km wide) valley wi}h poor!ly developed alluvial
Térraces (Figure 10). It enters The;main valley at its confluence with the
"Sarfgrssuk", 1.4 km gouTh of the.base camp. When joined by a second\major
“tributary, Dissection Creek, 4.0 km downgfream of the base camp, its flow
direc;ion is nérth-wesT.

The main valle9 (Figure 11) shows the development of two terraces
abo}e the present flood plaih_(Flgure 12). On the main (second) terrace,
which may date from Wisconsinan times, remnants of former islands are
evident (Figures 7 and\12). as are paf+erned ground phenomena such as low
centred thermal contraction crack polygoﬁs and thermokarst lakes (Figure
11;. A number o; gullies Hissecf the main river' terrace on the west bank of

-

the Thomsen River just south of the base camp, and their form suggests
inITiatjon along lice wedges. lce‘wedge exposures have not been observed }n
the study area, buT-beaded streams and polygonal grpund in The'upland
Indicate thelr presence in colluvial .materials (see Figure 8). Some of the

thaw lakes on the second terrace show forms indlcaflng expansion and

amalgamation (Figures 7 and li), but they are not of the oriented type.

s
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FIGURE 7 : AIR PHOTOGRAPH OF THE STUDY AREA
Enlargement of part of A - 17379 - 40.
Position of base camp marked by circle.
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FIGURE 8 :

; .
EDGE OF THE UPLAND AREA, JULY 3, 1977

- Aerial view south-west with plot 2 centre left, *® -

marked by arrow.  Note ice-contact deposits on
slope crests, nonsorted stripes, ice-wedge polygons
in colluvial materials, and beaded strearn.

A

FIGURE 9

: UPLAND AREA, JUNE 5, 1977
View east towards base camp anfl Thomsen River
valley. Note unvegetated ridgegftrending south-east
to north-west and the presencefof large snowbanks
while interfluves are snow-free.

<
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FIGURE 10 : THOMSEN RIVER SOUTH OF CONFLUENCE WITH THE
- ‘SARFARSSUK'’ \10 DAYS AFTER PEAK DISCHARGE, ) &y
JULY 10, 1878
VIBW from crest of site 3 looking south-east. Note extensive
surface wash downslope of snowbank and aeolian deposition
on snow surface.

FIGURE 11 : THOMSEN RIVER VALLEY, MAIN TERRACE,
JULY 10, 1979
Aerial-view east to base camp showing tundra ponds
and lakes, and low centred polygons. River flow is
from right to left {south to north).
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1 Flood piain
Terrace 1
Terrace 2

Terrace “islands”

NINI©

1

Thomsen River
and lakes

Other major rivers
Ephemeral streams

Mellwater valleys .

ol

] sand plain

Ice contact sand
and gravel deposits

Major breaks of
slope

Q

Inactive mud-slides

Base camp

Runoft plots

Source: Field observations and air
photo interpretation

FIGURE 12 : MORPHOGENETIC MAP OF THE STUDY AREA
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™ through 'rh"

Slope profiles in the study area typically are convex at the

- - * - -
crest, grading into low-angled rectilinear or concave segments. There are

no free-face sections and.slope angles seldom exceed 15 - 20°.: Large breaks

of-slope are not uncommon, but the areas affected by longulasfing snowbanks

constitute ‘only a small percentage of the study regioﬁ.. Because slopes are

relatively short, there are almost no slopes where one large snowbank is
»

upslope oX another.

Other terrain elements that are significant to slopewash processes

include unvegetated areas. These occur on interfluves where moisture inputs

are insufficient to support a closed vegetation cover (see Figure 9), and in

_ the sand plain on }he second terrace where active dunes and blowouts e;isf

(Figures 13 and 14). Both of these sets of barz/gngi: may cohTr[buTe

aeolian sediment to snowbanks, affecting both ablatioh rates and sediment

outputs,

Micro-relief forms in the study area.include earth hummocks and

solifluction stripes. The stripes are nonsorted (see Figure B): cross-

sections show that if channeling of subsurface wash takes place along the

unvegetated lines, it is insufficiént to cause the removal of fines. This

Is in contrast to observations made on Cameron Island, N.W.T. where wash

sorting is apparent (perSonal communication, H.M. Frepch, 1977). Hummocks
g ; e

are consistent features of %powbank locations in the Thomsen River area.
They range in size up to 0.7 m In diameter and to 0.3 m in height, and
]

usually are Ilnked to distinct vegetation assemblages dominated by Cassiope

’Tefraqona or Dryas_integrifolia. The exact mechanism of hummock formation
~

is ndt fully Jhdersfood (for €ontrasting views see Mackay (1979) and

Tarnocai and Zoltai (1978}), but hummocks affect sSurface wash by appeariﬁg

snowpack first, thereby diverting and channel Ing subsequent

meltwater flow.

3t

j
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FIGURE 13 : ACTIVE SURFACE IN THE SAND PLAIN,

JULY 13, 1978 -
Note long ‘tails’ of sand developed in the lee

of small stabilised hummocks, resuliting from
strong northerly winds on July 11, 1978.

(_~) FIGURE 14 : BLOWOUT IN THE SAND PLAIN, 1.5 KM NORTH.WEST

...

+

$

OF THE BASE CAMP, MAY 25, 1978

Snow cover of surrounding area was close to 100%, but early
exposure of sand allowed local aeolian erosion and transport
to occur. Note candling of snow where deposition has taken
place. Rod is 0.75 m‘ong.

32
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(b). Drainage. - :
There are obvious differences between the drainage patterns and

r]

regimes of the upland area and the valleys of the Thomsen River and its

tributaries.

LY

In the upland, sTreams are ephemeral! and follow Typical arcflc‘
nival reglmes (Church, 1974). Many of them are underfi;)and flow iV old
glacial meltwater channels, resulting in a\?oorly :nTegraTed draanage
system. Some of the streams afg beaded and do not follow well-defined: beds
during the spring flood. Lakes are uncommon features in the upland

valleys,

The Thomsen River drainage network ihcludes three rivers that flow

throughout the summer, and fall into the category of large river nival
regimes (Church, 1974), Within the ' river valleys, many shallow lakes a:e
presenT alfhough some of the smaller tundra ponds 02 The second, terrace
contain waTer.only during The spring runoff season. The streams that
dissect the terrace arélwéll-defined guilf"’211he|r lower. reaches and
probably were Lnitiated along ice wedges. In the sand plain, a large lake
(possibly an ox-bow) once existed, but only.remnants remain (Figure 7). A
series of ox-bow lakes are presenf on the flood plain of the "Sarfarssuk"
};iver (Figure 7).

Most surface wash in the study area reaches stream channels
without becoming concentrated into rillg or gull}es, brimarily because of
the relatively génfle slopes and the role of moisture in promoting

proftective vegetatiye growth. Drainage densities (calculated from air

photographs at a scale of 1:13,000) are low In the upland, between

o _, |

-~

= S R TPV,
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Z:E -_3.0-km km'z, ¥nd the avgrage slope length from crest to channel
is 175 - 250 m. The average surface flow travel distance probably is
somewhat less faan this, since muc;—;? the runoff ig produced by large
snowbanks which usually do néf develop at thl watersheds.
The Thomsen River exhibits a low suspended load and through a
‘large part of the study area flows over a bed armoured with cobbles and

boulders. The "Sarfarssuk" River and Dissection Creek are actively eroding

.

!Their channel banks and their sediment concentrations probably are higher

(Anderson and Durrant, 19?6). The small upland streams possess high
turbidities during the melt season but much of their load appears to be
vegetative debris.

The patterns af snowmelt and streamfiow }n the upland area are
closeiy linked. Snowcover is continuous at the end of winter, but
evaporation while air temperatures remain below p°C soon results in the
development of bare areas on the ridges. As air temperatures rise to 0°C
and above, more areas of the upland become snow-free, and water begins to
saturate the snow .in the valley bottoms. Within one or two days, the
safuraTed péTches link up and flow begins within the small streams. In
1979, for examplé, flow began in the headwaters sf the valley between runoff
plots 1 and 2 (Figure 7) during the evening of June 30. The stream reached
the exit of the valley, flowed onto the terrace by mid-day on JuR? 1, and
inte the Thomsen éiver via a deeply ?;cised gully at 2100 h, July 1. . At
this time, the Thoméen River had been flowing over ;edfasf ice for two days.
Estimated peak discharge of the small streams occurred 4 - 5 days after the

inttial flow (i.e. on Ju}x 3 - 4, 1979) and was followed by a relatively
v ' "

rapid decline.

S

LIR- TP IR
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I
Changes in stream discharge can be related to the pattern of ™ _

~

a
379, 15% of the ground within a 7 km2 area of the upland was exposed

2 15A and B). Between June 18 and June 27 (Figure 15C), a further 17%
N\ - .
of the arda becadme clear of snow and water began to collect in the val ley

bofToms. The\ greatest change however, took place during the per|od June 27

- July 6 when aFL\The valley bottoms and most of the valley-side slopes lost
Thelr snow covers, leaV|ng only major snow anks (7% the area) to supply

ssfreanflow (Figure 15D). This period of rapid malt corresponded to the
,fperiod of maximum streamflow in the smal| streams, although the Thomsen

River crested some days. later.

Bedrock geology ‘E

The geologic succession of Banks Island includes rocks of many
ages, but more than 80%_of Thelland surface is underiain by Mesozoic and
Tertiary strata ;Figure 16) (Miall, 1979). With limited exceptions (such as
the Devonian Eeds in the north-east and the Glenelg Formafidn in the south
of the island), most of the bedroék is poorly lithified sands, clays and
shales._ In addition, much of Banks Island is covered by surficial
deposits. ‘ °© ///

There are two main rock Types fn the Thomsen River study araé and
both are of Cretaceous age (Miall, 1979). The Lower Cretaceous Christopher
Formation is a soft, dark grey shale. The Upper Cretaceous Kanguk Formation

- /
lies unconformably on the Christopher, and inrthe area consists of a lower

bituminous member overlain by a silty shale member. The dip of the rocks is

°

approximately west and at a low angle.

snownelt (Figure 15). The ridges became snow-free first, and by June 18, -

I

.
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FIGURE 16 : BEDRQCKsGEOLOGY OF BANKS ISLAND
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The position of the boundary between the Kanguk and Chrlsfopher

o Formaflons is a m/?fer fo ispute. BoTh‘The old standard work !
(Thorsteinsson é;d Tozer, 1962) and, the new (Miall, 1979) place the boundary
of the Christopher on the edge of the upland to the west of the camp. |t is
shown as an approximate edge, however, because the extensive cover of
surficial materials has made acéurafe boundary positioning difficult without
drilling. Field obsefvafions suggest that the contact is actually 0.5 - 1.0
km further west in the sfudy area (Figure 6)7 Surfaqé exposures of
Christopher shale have been observed ;IThin the upland, and old mud slides
on the western edge of the sand plain provide supplemenfaéy evidence (Figure
12). The only definjfe location of an outcrop of the Kanguk Formation is on
the east bank of the Thomsen River 5 km south of the base camp, where the
bituminous shale"EmBér‘has oxidised to its distinctive red colour. »

The bedrbeck geology is relaTivgly unimportant to slopewash
processes in the study area because of the near—comple+e cover of surficial
materials. Slopewash takes place on the g;buﬁd surface and within the
active layer, so that if surficial maferials.éxceed one metre in Thlckness,
the bedrock does not directly affect the processes. Bedreck is more
|mporTanT when consader:ng the relative significance of slopewash and other
processgs. Christopher shale, for example, 15 susceptible to rapid mass

move nts so that the relative importance of slopewash in an area underlain

by fhis rock may be less than in one of more resistant deposits,

kY
-

' Quaternary geology

The Thomsen River region Is shown as an area gléciafed during the

Wisconsinan period on the first Glacial Map of Canada (Geological’



a

Association éf Canada, 1958). Prest et al. (1968) and Yincent (19782} on

the other hand, show the furthest advance of the Wisconsin ice sheet ending
east of the Thomsen River. {All agree, howev;r, that the study area was
glaciated during pre-Wisconsinan advances (Figure 17),
There is little evidence of the earltes? recognized glaciation

(the Banks Glaciation (Vincent, 1978a)) in the study area, but the Thomsen
Glaciation (which pre-dates the Wiscongin) included a lobe that flowed north
down the Thomsen valley. It deposited the ice-contact sandy gravels which
-are To be found on the ridges in the upland area south-west of the base camp
(Figures 8, 12 and 18). During this period, the numerous small meltwater
channels (Figure 9) that trend south to AOFTh in this locality, probably

were eroded, although most of the drainage must have taken place in the

large meltwater valley further to the west (Figure 18}. The ice-contact

deposits contain high/ngggnTages of gravel-sized ﬁarTiclés which are not
easily removed by surface wash and form a lag deposit. On ridges where the

gravel cover. is |ncomp|efe, surface erosion is much more. apparenT.

The study area may have been submerged during a marine
transgression (the Big Sea (Vincent, ,1978a)) following the Thomsen
Glaciation, but no evidence exists for this event with\n the study area

itself. The furthest advance of the Viscount Melville/Glaciation (=Amundsen

v ’

Glaciation é) is marked by morainal deposits characterised by high-centred
polygons 15 ~ 20 km east of the base camp. Melfdéfer from this glacial
episodé pfobably increased the width of the "Sarfarssuk" - Thomsen River
val ley to its current extent and infilled it with fluvioglacial materials.
The sand plain on the second terrace may have been laid down as an oufwash

delfa into Lake lvitaruk. This lake resulted from the blocking of northward
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Area glaciated (defined and assumed)

A Banks Glaciation

B Thomsen Glaciation

C  Amundsen and Viscount Melville
(*Amundsen ?) Glagiations

4 Study area

Source. Modified from Vincent (1978a)

FIGURE 17 :.\BANKS.ISLAND: GLACIAL LIMITS

AN,
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drainage by the M'Clure [obe during the Wisconsinan advance, and the Thomsen
River valley was flooded to an elevation of 90 m (Vincent, 1980,.p. 90).

The sedimentary evidence to support the hypothesis of a delta is |imited

because of reworking of the sand by fluvial and aeolian processes. The sand

(¥

pfain -at present acts as a source of aeolian sediment during high winds in

summer,

The runoff sites

The locations of the intensive study sites ia the Thomsen River
area are shown in Figure 12. The four siTes,.each with a surface runoff
plot are illustrated in Figure£\19 - 26. The criteria for the choice of the
sites areg outlined above'(pp. 9—10).— On each slope the ploT was defined by
a combination of surface flow observaflons tTopographic surveylng,,and in
somebcases by use of plastic edging to dlverf flow into the collector. The
positions of The plots on the slopes remained the same throughout the sTudy

at sites 2 and 4, 5‘? varied between years aT sites 1 and 3.

At site 1, the plot was set up in Th{?e different positions across

the slope during the study years (Figd?e 27). The edges of the plot in 1977

~ were defined by edging, buT‘observaiOns during the melt season suggested

that the boundaries were not parallel to the fléw paths. This problem was

¥ .
confirmed by surveying at the end of the field season which showed that the

edges did not cross the dontours orthegonally, and as a result, the posifioﬂ
+

was debmed unsatisfactory for a second year of measurement. In 1978, the

- surface flow collector was set up at a poin+ ﬁh became snow-free early in

the spriﬁg, but this proved to be a location JiTh a triangular_shéped

contributory area, implying divergent surface flow in the area ubslope.

This did not invalidate the resul+ts obtained, but the collector was moved

4
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FIGURE 19 :

PLAT 1,JUNE 2, 1977
Note break-up of the thin snowpack into discrete pieces and
use of plastic edging to divert surface flow to collector. Thaw

was particularly early this year (compare snow cover with
Figure 20).

FIGURE 20

: PLOT 1, JUNE 29, 1979 -
Location of 1977 pl6t is 15 m west. Notease of V-slot weir .
and Leupold-Stevens water-level recorder to obtain a

continuous record of surface flow.
} N
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FIGURE 21 : PLOT 2, JUNE 30, 1978
Note Honda tricycle at crest of slope for scale. Photo taken
Q:t time of maximum annual water release from the snow on
the plot, resulting in extensive surface flow.
(A more general view of site 2 is shown in Figure 8).

FIGURE 22 : SITE 3,JULY 10, 1979 .
' Aerial view south-west with Thomsen River at high stage in

the foreground. Note absence of snow cover over most
of the upland area while a large snowbank remains at site 3.
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FIGURE 23 .

FIGURE 24 :

SITE 3, MAY 30, 1978
Note thin snow cover on terrace downslope of large snowbank.

The terrace snow was lost by evaporation before air temperatures

rose above 0°C.
k4

PLOT 3, JULY 20, 1979 )

Note depletion of the snowbank in comparison with Figures
22 and 23, and the thick basal ice layer. The continuous cover
of tundra vegetation, developed in response to long-lasting
moisture supply, is clearly shown.

45
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FIGURE 25 : SITE 4, JULY 10, 1979

Aerial view south-west showing the large snowbank that dévelops
in winter below a pre-Wisconsin ice-contact deposit. On this date,
.only 6% of the upland area remained snow-covered.

¥

FIGURE 26 : PLOT 4, JULY 22, 1979

Note continuous meadow tundra vegetation cover and basal ice
layer. Ablation stakes are visible on left of the photograph and
suu:face flow weir on the right.
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again for the 1979 season to a small depression to obtain a greater
contributory area and higher digcharges.

AT site 3, the Ioéafion of the surface flow collector was changed
between the 1977 and 1978 field seasons (Figure 28). This move was
necessary because the 1977 position had beenJEhosen during the summer after
much of the snowbank had ablated. It was too far upslope for monitoring

snowme | + during the early part of the ablation season.

A

,9The posnf:on:ng of the plot at site 2.in 1977 was safusfac?ory and
no changes were made in|subsequent years (Figure 29). The location of the
plot at site ;\was ot dﬁabrTaken until the end of the 1977 season so
measurements are available.only for 1978 and 1979. The position of this
plot remalned unchanged for these two years (Figure 30).

The hydrological inputs and outputs of each of the runoff p)ofs
“are influenced by the plot dimensions, their slope angles, and their
aspects (Table 4). Opher characteristics, such as snow accumulation,
vegetation covér and substrate composition, and particularly any downslope
variation of these factors, are relevant to both the hydrologic and
geomorphic elements of s |lopewash piocesses (see below, Chapter 3). These

site-specific characteristics are summarized in Figures 31-34.
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The slopewash system

Three ;ysfems diagrams can be used to illusfrafe-fhe processes and
factors controlling the slopewash system in a continuous permafrost arga
(Figures 35 - 37), L )

Figure 35 shows the siope hydroldgical system and is divisible --:5#
intfo five component ;hbsysfems. Subsystems A, B gnd C represent ftlie |npuTs
of energy and mass, whrle subsystem D can be either an input or output
depending on meteorologica! conditions (hence its titie "inTerchange“).
Shbsysfem E represents al |l the other variables involved in the outputs of
the slope hydrological sysTem and lncludes surface and subsurface flow.

Figures 36 and 37 identify the factors atfecting suspended
sediment concentrations in surface wash, and dissolved solids in both
surface and subsurface wash. These systems are not as readily divisible
info'subsys+ems since while the principal variables can be easily
distinguished (for example, in Figure 36, these are (1} erodlbilify of the
- surface, (2) éfosivify of the surface flow, (3) erosivity of the rainfall,
and (4) direct aeolian sediment inputs) they are infiuenced by numerous
other factors, some of which affect two or more of the major variables (e.g.
siope angle).

Suspended sediment within subsurface wash is not considered in
Figures 36 or 37. This process may be significant over long periods (e.g.
in forming a soll cafena) but has not been shown to be effective ln the

shorT—Term (Carson and Kirkby, 1972, pp. 232 - 233; Young, 1972, p. 71).
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4

The related processes of "thermo-erosional wash" and "thermo~-planation®

(Dylik, 1972; Kachurin, 1962) await quantitative assessment.

Hydrological theory

With the exceptions of (1) the presence of permafrost itself, and
(2) ground ice thaw, the factors affecting slopewash hydrology in a {’//\
permafrost area (Figure 35) are the same as those acTtng in a2 nonpermafrost
location. Within the permafﬁosf milieu, however, each azonal factor acts
with a different frequency and at a different magnitude retative to its

nonpermafrost counterpart. S

¢

The slope hydrological factors are discussed below, grouped into
the subsystems shown in Figure 35, followiné a ﬁescripﬁion of the
hydrologicaT\effecTs of permafrost.

(a) Hydrologiical effects of pérmafrosf

—HH.,// The presence AF absence of permafrost is crucial to slope

hydrologg, but is little mentioned in standard texts {(e.g.. Kirkby, 1978a). .

Mosf‘hydrologlcal studies assume that permafrosf acts as an impermeabdle -
1

barrier, so that water balance and streamflow calculations can ignore deep
groundwater inputs and losses (e.g. Anderson and MacKay, 1974; Church,

1972; Landals and Gill, 1973; Marsh and Woo, 1977;. McCann et al., 1972).

" on slopes, lateral flow generally is assumed to be confined to the

K}

suFface and to within the active layer. In addition, however, flow may take
place within the permafrost. Some water in the ground remains unfrozen at

' -
.

o

~ i//%
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temperatures below 0°C because of the pﬁesence'of dissolved salts and/or
pore pressures greater than one atmosphere (e.g. Anderson and Morgenstern,
1973; Koopmans and Miller, 1966; Nerseova and Tsytovich, 1966; Tice et al.,
~1978; Williams, 1963; -1964). . Moreover, frozen soils posses; low but
distinct hydraulic conductivities which are Temperafure—debendenf within a
few- degrees of 0°C (Burt and Williams, 1976; Harlan, 1974). |f the acfive‘
Iayer~i5 underlain by "dry" permafrost in which pore ice is absent, movement
of water may take place through a thin upper layer who;e temperature is
close to 0°C (Dingman, 1975). In this case, There-is no disfineT
hydrological boundary between areas_of water movement and sfaTis, but raThe§5
‘a zone in which hydraulic conductivity decreases from some finite value at i

the thawing plane down to zero at depth. If on the other hand, the upper

part of the permafrost is saturated with pore ice or contains excess ice, no

s v

infiltration can take place because Tthe void spaces in the frozen sediments
are already full (Williams and van éverdingen; 1973). In this, the more
common case, infiltration is restricted to the seasonally thawed zone, With
four important consequences for slopewash processes.

First, water movement is confined to a retatively Thin layer of
Thawed ground, which if composed of fine sediments, may possess low
hydraulic conducfivnTy. Surface flo; can be produced under condlfuons of
water inputs (snowmelt or rainféll) which would be insufficient to generate
it in temperate catchments where totally impermeabje subsurface-s}rafa are
rare. Since routing of water to the surface.allows it td pick up and

transport sediment, depending on the other factors in the system (Flgufe

36}, this may have significant erosional effects. | ’
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Second, hydrologic conaifions are not constants in ,a permafrost
area. As the Thawed Iayer becones thicker durlng the summer period, it
allows more water To move as subsurface flow, because the rate of subsurface
dlscharge is proporTlonal'To the cross-~sectional area available (if
conductivity and hydraulic head are constant, Darcy's Law).

Third, in m&sf conTinuoﬁs permgjrosf areas, despite the insulating
effects of the snow cover, the acfive layer freezes completely in winter
and frozen ground exists immediately beneath a snowbank. Any_gpslope
derived subsurface flow is forced to the surface by this barrier of frozen
ground (Ballantyne, 1978; Dutkiewicz, 1967) with consequent effects on

sediment transport.

Fourth, saturation of the substrate by summer rainfall (assuming

rainfall infensify‘does no¥ exceed |nfllfraflon capacnfy) and reSUITanT

—
-

surface flow generation, can be achleved after refpiéxply low precnplfafion
totals in a permafrost environment since only the active layer void spaces
require filling. Summer precipitation in the confinuous permafrost zone,
however, is often éxTremely light. Despite the influence of permafrost,

it may be rare for surface flow 19 be {}rafad bye'fhls process (Lewkowicz
et al., 1978). |

[ .

{b) ﬁydro[ogibal effects of ground ice thaw

(SubsysTém A, Figure 35) . .
‘ \ :
AT an annual time-scale, the effects of ground ice thaw on the
water balance of a catchment can be deemed insignificant (e~g. Marsh and

Woo, 1979; Woo, 1976b). This is permissible because if active layer

~
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thicknesses and soil moisture conditions are similar from one freezeup
season to the next, storage changes are small. The same principle applies
- T

to slope water balance studies, and on a yearly basis ground .ice thaw can 'be

Ignored.

Over time periods of less than a year, the thawing of Qround ice
may have some effect on the slope water balance. The total volume of water
present as ice in the active layer prior to spring thaw is equivalent to, or
less Thdh that present during freezeback the prevuous autumn. Eonsiderable

spaTuaI variation in ground ice distribution is Ilkely,_;hgrefore, with

Jarger amounfs an slopes which have beén supplied with water for most of the_

summer by long-lasting snowbanks, and much smaller auanTiTies on interfluves

where soil moisture deficits exist prior to freezeup. - . v
I

lg addition to variafion_?n plan, ice is unevenly distributed
. 4

vertically within the active layer, as a result of water migration towards

" the freezing planes during {the freezeup period. Ice lenses grow

preferenfially at the top ak? bottom of the active Iayer (e g. Gell 1974;

!
‘Lewellen, 1972; VTyurana, 1973) with a desiccafﬁ?,af/ left in between

-
* (Mackay and MacKay, 1976). This redistribution is parT:cularIy no?uceable

in fine-grained mineral soils and may have geomorphologlcal effects (e.g.

the formation of mud hummocks (Mackay, 1979; Mackay and Ma Kay, 1976)). The

‘process is less imporTanT in coarse—gralned mlneral or orgpfiic soils which
S

possess low unsaturated hydraullc conducflvufues (Slaughfer a?d Kane, 1976).

A fur%her Influence on the ver?ucal distribution of ice in the active layer

. is The potential diffusion of water from the top 10 - 20 mm og?fhe ground

into The overlying snowpack, ‘during the winter.period {Santeford, 1978).

S
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The information concerning the distribution.of ice within the

active layer can be coﬁbined.wifh'knowledge of the near-aSympfsfic nature of
thaw layer developmen?.(Ierzaghi, 1952) to produE:?;; hypothesis concerning
the variation of ground ice hydrological inpuds to a slope during the
summer. It is thought that the thawing of éround ice may be important
during the first one or two days of ac?iy; layer development (Journaux,
1976) when the thawed layer achieves Typiéal thicknesses of 0.10 - 0.15m
and Tﬁe ice lenses close to the grﬁqu surface melt. For much of T;e
remainder of the summer, the desiccated zone within the active fayer thaws .
and ground ice contributions probably are insignificant. Near the end of

. the summér, the second, Iessgr, copcqnfrafion of excess ice is encountered
by the thawing plane, but thaw ra?és aré low and it is likely that only

. !
small quantities of water are released daily.

No field evidence is available to support the hygofhegis of gréunf/’JgL-
I :
ice hydrological inputs at the beginning of active layer thaw, probably
g

because the amounts of water released are small in comparison to those
produced by conTemporanepus'snowmeIT. The small conjribﬁ?ions to svrqamfIOﬂ// |
produced by}the melting of segregated ice at the end of the summer, have

been noted in oné catchment study (Wedel et al., 1978), but not in others

T

‘(e.g. Brown et al., 1968; Dﬁngman, 1971). \

Estimates of the dally inputs of ground ice thaw to a slope can be :

made using predictions of active layer thickness and ground ice . !
distribution. The rate at which the active layer thickens is prédicfable
using a cohpu+er program based on an equilibrium surface Temperafuré;

solution (e.g. Qutcalt, 1972; Smith, 1975; 1977). Most programs are
: - _ be

/'w\ - .
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point-predictive, ho;ever, and until recently Iiffae work ha; been - : A

undertaken on two-d imensiona| mode!ling:of'subsurface heat flow (exceptions

are French and Smith (1980); Hwang ité?p); Smith and Hwang (1973)).. No

mode!l is known that can simulate active léyéﬁ thaw, and fhereby_ground ice

thaw, along a stope transect posse;;f:g varying-SUrface properties and

micro-climatic inputs. A simple equation, howevef, can be derived from

Terzaghi's (1952) formula, and is Suifablérfor predicfidﬁ on slopes

morphologically similar to sites 2, 3 and 4 aT Thomsen River (Figure 38):

vn-Ps.M(cnﬁ5-m,1P5)”+:m-1ﬂ5-m-2wﬁ)5+

((n-21°8.(n-3)95) % .. (0200801008 )c w10 1) .
”
" ¢ where: Vo is the volume of ice in m> thawed on day n,
. ‘ per m of slope width;
P is the average pBDosiTy of the active layer ’//
. (dimensionless); » o
5 is the coefficient of saturation (dimensionless);
B8 is the empirical coefficient from Terzaghi's (1952)

equation, which varies from 0.87 to 0.15 depending on
the type of soil and its moisture content;

Fa is the upsiope distance retreated by the downslope
edge of the snow cover on day n (m).

-’ . , %»
inputs from areas upslope of the snowbank are not considered in :

equation (1) and it is assumed that snow ablation takes place in discrete

steps from the base of the slope, with no active layer development before an

> area Is clear of snow. A uniform distribution of ice through the active

. ‘ N . . ¢
L . .
r . . . : . . ,

v,
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FIGURE 38 : SCHEMATIC DIAGRAM SHOWING TYPICAL SNOWBANK AND
I GROUND THAW PROGRESSION, THOMSEN RIVERAREA
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layer is assumed, although the equation could be adapted to incorpofaTe

',field data on vertical ice distributions.
The d{scussion above cohcerns average conditions‘for ground ice

thaw on a slope. It should be noted, howe&er, fhaTwcaTa§Trophic thermokarst
may qlq contribute to a slope's water balance. The top of the permafrost
Is en ice-rich due to the pregﬁnce of iéé wedges and ice veins (e.g.
Babb, 1977; Mackay, 1971; 1972; 1974; Price et al., 1974; Tarnocai and
Zoltai, 1978; Williams, 1968) and is pér?icularly;vulnerable to thermokarst
following changes in the_ground thermal regime. Inputs to the hydrologic
sysTeSf however, depgnd on site-specific:conditions sucﬁ as the forms of
segregated ice masse¥ and the energy avéilable for ‘elT, so that
generalisations are not possible. Sinée-fhermokarsf was not observed: ™’
operating on the slopes in the Thomsen River aréa during the three field

seasons, the extensive !iterature on thel process is ngt discussely further.

(c) Snow.supply, energy inpu+s and snowmelt

(Subsystem B, Figure 35)

In most non-glacierized basins of the continuous permafrost zone,
snowmelt produces the highest stream discharge of the year. Snowme!t also
is responsible for most of the total annual stream rtinoff and the resultant

typical nival flow regime (e.g. Anderson, 1974; Church, 1972; 1974; Cook,

3 '1%;1f Marsh and Woo, 1979; McCann and Cogley, 1973; Robitaille, 1960; Ryden, f
197, St-Onge, 1965). . "o
('\y The significance of snowmelt to slopewash depends on (1) the:

\ - :
amount and distribution of snow available for~mielt; (2) the energy supplied
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'ﬁl
to the snow; and (3) the timing of water movement through the pack and the

rate of outflow from the “snow.” o

' North of the tree-line, the development of Tﬁé winter snowpack is
determined by interactions beTween‘Topographyland wind. Snow is
redistributed by wind, and drifts buijld up in depressions and behind flow
obstructions. Variations in winter conditions cause only minor changes in
the eiacT posifioﬁ of snowbank faées and in snow quThs. Typical locations
for snow build~up are gullies, valley bottoms and concave segments of
valley-side slopes. Confrar}ly, accumu lation on ridges an; hi!I—Tops_
depends upon the roughness of micro-topography anq vegetation, and in polar
desert areas, interfluves may be swqpf'almosf bare in the w}nfer period.

The total snow accumulation-within a caTchmenf affects slopewash
écfivify. In years of average or below average whnfer snowfall, surfac
wash. may be confined to areas downslope of major snowbanks. .In oTher years,
e wash may be more extensive. Evaluation of the water equtvalent of =
the winter snowpack, however, is a problem.-‘STandard measurements made at
meteorological stations are unreliable, raqging from,dﬁderesghnafes of 25 -
30% in the subarctic and Alaska (Hare and Hay, i97{ Lewellen, 1972), to 65%
in the hlgh Arctic (Marsh and Woo,".1979; WOo and Marsh, 1977; 1978). One
soluflon is The subdivision of catchments or larger areas into landscape
units {such as hilltops, low tlats, long slopes, 'gullieé and val!eys) each

characterised by distinctive average depths and den5|T|es (Gray et al.,

1979; Woo and Marsh, 1978). Other viablé methods of snow accumulation

asa\?smenf involve measurement of ablation. rates and mapping areas as they

become free of ‘Snow (see Chapter 5, PP. 143-144).

i
" .2
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Winter snow density depénds on the initial density of the

particles, the packiné"?;rce (t.e. wind strength), and the amount of snow

" metamorphosis that takes place. The abrasion of snow particles guring

L

a

]

transgr and their small size, results in high densities for The snowpaék

norfh of the tree-line. An empirica!l equation developed by Bitlelo (1969)

relgtes average snow density to air temperature and wind speed:

. e

Ps 0.152 ~ 0.0031 T + 0.019W. L een(2)
where: o is the snow density (Mg m >); )
T° ' is the average seasona alr temperature (°C);
W s the average seasonal wind speed (m s J)

oY S
L

The normal range of w:nTer snow densitles in tundra areas is 0.35 - 0. 40 Mg

m 3 (Slaughter and Crook, 1974) with higher values for snowbanks. .
'SubsfiTuTIng mefeorqlogical datg from Sachs Harbour (Table 1) into equation
(2) gives an average snow densify of 0.323 Mg m3.  In reallfy, a sin- _

-

gle value for show density is an oversimplification since it may vary sph-

* --afially. Moreover,. densufles tend to increase during the winter perlod (e.g.

from 0.320 Mg n™3 o 0.380 Mg m 3 at Rg;olufe Bay; Cornwallls
isfand, N.W.T. (Willfams, 1957)). - | i _ Qﬂf)'

- The energy supnly to The snowpack can be assessed by measurlng or
esflmaflng the sum of all energy inputs and losses. The pack reacts in two

ways to the energy |npu+s f:rsT by warming, and second, by melting.

-

Before melt, the energy absorbed by the pack is used to warm the

SNow surface. Heaf is Transmlﬁfed To the underlylng pack by simple

conduction, vapour dlffusion, and by melTwaTer produced ah the surface
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refreezing at depth and releasing latent heat. The water equivalent of the
snow remains constant except for evaporation losses, or gains from
subiimation.
After the pack becomes isofhermal.aT 0°C, meltwater produced at

the surface is able to leave without refreezing. The heat balance of the

snow is given by:

H, = He *+ He + He + Hy + Hy e d(3))

v
. - where: H_ ig the heat available for melting snow;
.

H- is the net radiative heat flux;
H. is the sensible/feat flux;
Hg is the latent H flux; ‘

p is the heat gained from precipitation;
g is the ground heat flux.

All terms are in W m"2.

In equation (3), Hg may be assumed to be zero (Heron and Woo, 1978;

Male and Gray, 1975; Price and Dunne, 1976; Weller and Holmgren, 1§74) and

s

if rain does not fali during the melt period, Hp also is zero. Thus,
the energy balance simplifies to three Termslr He» He and He?

The net radiative heat flux to the snow surface, Hr’ is the'
S

gajance'of incoming and outgoing radiation: ' ‘ . \“\\5

. ¢
He= @+ @) (1 -e) + L, eeeld)

where: Q is the dire¢t beam solar radiation (W m~2);
q ' is the diffuse solar.radtation (W m-2);
% is-the snow albedo (dimensionless);

Ly is the long~wave radiation balarce (W m 2).

-



with high Q values, for example, the snow albedo may be increaseQ\by

.
The relative contributions of Q and q at any one site and tTime, depend upon
metecrological conditions and are independent of the snow surface. In
comparisons'befween'sifes, however, aspect, slope angle, latitude and solar
declifafion-all influence the amount of ehergy reéeived per unit area and
the timing gf its variation. Moreover, ablation of Sno;E}nks may cause .
changes both in their angles and azimuths relaf[ye to the incoming radiation’

(Peterson, 1974). These changes affect the direct beam componenf and are
important in The subarctic where differences |n aspect can aI;er daily
totals of solar radiation by 13%.(Price and Dunne, 1976). They are,
however, less significant insthe high Arctic (e.g. Heron and Woo, 1978).

The albedo::x , Oof frgsh snow,“gsua!ly ranges between 0.80 and
0.85 (Geiger, [959, p.;129), but as the snow qggergoes metamorphosis the
albedo decreases to a typical range of 0.42 - 0.70. Relationships ex{sf
between « and snow density and grain-size (i.e. snow aging), cloudiness and
sun angle (e.g. Bergen, 1975; Petzold, 1977).. At low sun angles on days
specular reflection, which may account for maximuT « values of 1.0 ;easured“\
at Truelove Lowland, Devon Island, N.wLT. (Courtin and Labfnq, 1977, p. -
88). oo '

~ .

AsAsnoy ablates, any aeolian sediment within the pack appears at
the surface aAE Togefhgr with anf summer sediment input, causes a

substantial reducfion‘[n_surface albedo. The reduction is site-specific and

dependent on the sediment concenTraTions, bup by the end of the ablation

s
season the snow surface may appear quite dark ‘With an o« value as low as

0.24 (Peferson, 1974). .

-
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A further seasonal change in albedo occurs as the snowpack thins.
Studies in Alaska and elsewhere during the melt season, indicate that
approximately 20% of the energy fTransmitted from the snow surface reaches a

depth of 0.15 m (e.g. Gerdel|, 1948; Weller and Holmgren, 1974).

FufThermoFe; the albedo of the underlying terrain has little effect on thi

| ]
-energy absorbed (O'N;’rl and Galbraith, 1979). In the high Arctic,

therefore, radiation penetration is important in the thin snowpacks of

ridges and hillprs, and at the edges of snowbanks where the snow is less

“fhan 0-1,5 - 0-20 m ThiCk.

-

The long-wave radiation balance, Lys s dependent on emission

from the atmosphere and return radiation from the snow. In tundra areas,

Ln is important because of The'magnifude of the terms involved in
equation (4) (Price, 1977, p. 16). -|f absorbad EhorT-ue:j radiation amounts

are low, long-wave terms become relatively large and smal

percent
differences in L  translate into large over- and under—es%:gsfes of
. ‘ ’ /
Hr (/—H

Downward.clear-sky long-wave radiafion can be estimated using

either empirjcal (e.g. Brunt, 195%< Brutsaert, 1975; Swinbank, 1963) or
physically-based equations . (e.g. [dso and Jackson, 1969). These can be

modified for cloudy skies to give the long-wave balance (e.g. Smith, 1975).

i *
An aJTernaTive method is simp[y To measure the all-wave balance with a net

radnome?er linked To a recording deV|ce. Unforfunafely, these lnsTrumenfs

-

are garTucularly dtfflculf to maintain in The field.

The sens:b*e and latent, heat fluxes over sSnow, HC and -

~

He’ depend on The.gradien?s of air temperature, vapour pressure and :

s
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wind speed above the snow surface, and on variations in the surface

roughnéss. These gradients differ-from those normal ly found over ground

. surfaces because conditions over snow usually are stable, rather than

neutral or unstable (Heron and Woo, 1978 Price and‘Dunne, 1976). Changés
in The atmospheric gradienfé occur on both daily and seasonal bases, and
affect snowmelt and slopewash processes at the same time-scales.

Diurnal cycles of‘ai} temperature are "dr{ven" by radiation cycles

) N

wiTh:a lag of 0.5 - 1.5 hours. |f the snow is isothermal, the magnitude of

He is directly related to changes in air temperature. Since air

temperatures tend*to increase during the melt season, ablation also tends Tq
become more rapid.

Wind ads above the snow surface, which inf[uenée the sensible
and latent heat +}ansfer coefficien?s; are related to overal | meteorological
conditions, wind direcTion, and to change§ in'the snow surface. On a lee
slope, for example, wind speeds above the snow tend to decrease as the snow
ablates, reducing energy inputs from senstle heat, but also reducing ratent
heat losses.

The roughness of the snow syrface increases during the melt Season
as the crystal structure changes. ParTicularly rapidxnhdpges occur when

vegeTaT:on begins 'to emerge through the snow (Price, 1977, pp. 77 - 79

“Weller: ‘et al., 1972} and these cause increases in turbulent transfer.

.

<I%" The complexity of the energy balance of snow is revealed in

measurements of H » He and Hae* At Barrow, Aléska, radiation

proved To be' the most important energy- source for snowmelt, provnd!ng 90-

TOO% of the energy |npdfs (Weller et al., 1972; Weller Shd Holmgren, 1974},

“



76
L Y

‘Sensible heat Transfer wés far less amporfanT and contributed 0% durlng the
rlpenlng period and 10% of the :npufs during melt. Evaporation . used up only
- 131 of the available energy and the remainder was used to melt snow
(Weller and Holmgren, 1974j. Figures similar to these were obtained on Axel
.Heiberg Island, N.W.T. (Ohmura and Mul ler, 1976) where H contr;bufed

100% of the energy during mel+. ' Other data from northern areas supporT

These findings, e.g. H_ contributed 90% of the energy for melt in an

alpine catchment in northern British Columbija (Jordan, 1979), and 98% in a

forested area in southern Alaska (Storr, 1978).

, tn one study in a permafrost area, however, the proportions of the
energy balance components recorded are at variance to those outlined above,

At a catchment on Cornwallis island N.W.T., H. cgnffibufed bnly 58% of

the energy to the snowpack and H. supplied 42% (Heron and Woo, 1978).

He was an |mporTanT energy loss prior to ripening of ?he pack, but

became progressively less significant as mel+ continued. Overall, 802 of
the energy*to the snow was used for melt, and 20% for evaporaT|on.' These ‘
data are quite similar to others obtained from IocaTlons in the Canadian

Prairies where H_ is dominant and Ho unimportant when the snow

cover |J'comple+e (93% and 7% respectively) and H is of lesser

significance when the cover becomes paTchy (H : 56%, He 44gj

‘ -
(Gray and O'Nelll ' 1974). Lot

\

It is not clear which of the Two proporfuons of energy balance

components is The more common in a permafr sfsarea. Two generalisations, at

IeasT, appiy. %1‘ in all cases, radiation is ‘the most important energy

® -
input fo the snowpack. Second, ' a change in The energyfbalance occlirs

. | L

L4

*
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between periods when a complete snow cover exists and when it becomes

. as unsaturated flow through a porous medium, and horizontal water movement - ﬁ7

patchy. This latter is problemaflc if a predictive model based on the
energy balance is desired, because of the breakdown in boundary COHleIOﬂS

and the importance of local advecflva*heaf lnpufs (e.g. Heron and Woo, .

1978).

The interaction of the snow present on a slope and the energy
supplied to.it, is revealed in the mbvemenf of water within the snow and
downslope from it, lq‘areas ot conTinuéLs permafrost, infiltration beneath
the snowpack (see abov;, PP §2—64) maxfpe eliminafed by the presgnce of
frozen ground. In this case, the movement of wafef withtn the sno# can he
divided into two phases: (1) verfiéal percolation from Tﬁe show surface,
and (2) downslopé mogemenf at the base of the snowpack.

Measurement of vertical percolation has been attempted using snow
lysimeters (e.g. Anderson, 1968; Fohn, 1973; Jordan, 1979; Price, 19?72 Woo
and Slaymaker, 1975)f but downslope flows have proved more difficult +o }\
measure without desTroYing_The pack. An alternative approach, involving
physical ly-based predictive model ling has been developed by Colbeck (1971
1972; 1973; 1974a; l974b 1975; 1977). His equations have been parflally

. -

tested in an’ alpnne area (Jordan, 1979) and more fully in The subarctic

1

(Dunne et al.,” 1976; Price, 1977).

In essence, Colbeck's model treats the vertical movement of water
. -

through the snow as saturated flow. The assumptions of snow homogeneity *

within the saturated and unsaturated zones are simplifications because ice

layers may be signifiéanT obstacles to flod'(CpIBeck, 1973; Langham, 1974),
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but they are reasonably correct for permafrost. areas where mid-winter thaws

are uncommon. The speed of flow within the saturated zone is generally two

. L orders of magnitude greater than that within the unsaturated Zone, so that

with the excepfion of a very thin pack, the lag befweeq surface melt and

odfflow ié chiefly determined by the Tiﬁe taken for vertical movement

, (Colbeck, 1974a). | . ]

Iﬁ’;ﬁgﬁbnsaTurafedlzone'ui?hin the snow, the rate of vertical ‘
movement of the meltwater uavé depends not only on the initial .
characteristics of the pack, but also on the melt flux. This makes -'¥ﬂ.
prediction complicated since éarly morning flux rates are usually Iéw, and
therefore are slow-moving. .They can be overtaken by afternoon fiuxes which’
v move fasfer, broducing'ﬂ "shock front" (Colbeck, 1971) which 0verrides the
slower-novung f luxes and is in turn overrldden by Iarger, faster fluxes.

. - 7 h The input of water to the sa'rur'a'l'ed Iayer at the base ot& the pack
can be assessed by use of the continuity equaTlon (Colbeck 1974b). The
Thlckness of The saTur;fed layer varies both with d:sfance downslope, and *
Pime, in reSponse ¥o additions. of wafef#from the ugSaTUrqfed zone. Inputs

ﬁ\ afrive in waves, simultaneousiy -if the ;urface melt rate ahd the thickness
of the 6ack are cbnsfanfs for the whole slopa. A wave is tThen generaTed

B within the safyrafed zore and TransmnTT;; downslope. The discharge at The .

' base é; the hqllslope can be derived by |nTegFaTing the lnpuTs from the

unsatirated Iayer to the saturated zone, ovefl a period equivalenf to the

time taken. for The wave to travel through The saturated [ayer. The flux

. o rgfe and the snowmelT hydrograph can be’ pred}cfed by dividing The dlscharge

-

. ' :by the slope area. ' .

Tt

3
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One of the fey studies to examfne the snowmelt inputs to the slobe
hydrologic system using Co]beck's equafions;_uas undertaken at .
Schefferville, Quebec (Dunne et al., 1976; Pri?e, 1977).- Predihfed and
measured hydrographs showed reasonable correspondence, inbica+ing that if

-

L)
the assumptjons of the model are met (particularly snow homcgeneity,
\ .~ . . .

constant snow thickness and slope ahgle), quitegaccurafe predictions can be

made,

(d) Summer precipitation

,(Subsysfeﬁ'c, Figure 35) | ’

* Rainfald occu,(]ng during the summer period Jin the Canadian Arctic

a

Arch|pelago has been +hough+ to constitute as much as 50% of the total

annual precipifafiqg (Thompson, 1967). This figure may be <an overestimate,

however, because of the under -measurement of snow accumulation (ses above,
p. 70). For example, at Truelove Lowland, Dé;on is!and,.rainfall formed
only 26% fot the total precfpiTaTion over a three year period (Ryden, 1977),

and at Resolute Bay, Coﬁnwallis Isiand, it constituted 15 - 20% of the Tofal

/'
dur:ng two years of study (Marsh and Woo, 1979).
. In addlflon fo its re[aTuvely low overall hydrological .

5|gn|f|cance the |npor+ance of raldTaII to slopewash is further reducedJaiy

4

~aresult of its distribution Throughouf the summer. The répidiTy of

v

snowmelt in the continuous permafrost zone means that approximately 70-80%

"of the total annual precipitation is released in 7-10 days, while the

remainder falls over a number of months. Moreover, summer rainfall may énly
| - x5

JusT,balance evapofranspirafidn-losses (e.g. Marsh and Woo, 1977) or may be

greatly exceeded by them (e.g. Moo, 1976a) further reducang its signitficance

to slopewash, B ..

—
-



Most rain falls as light showers in the high Arctic, with typical
intensities of less than 0.5 mm h=17 Usual ly these rates are too low -

to produce surface fiow, notwithstanding the effect of permafrost which may

-

permit the generation-of surface flow at rainfall intensities lower than
. " - . -
those necessary in nonpernafrost regions (Newbury, 1974 . The perennial

seeps found in valley bottoms in temperate catchments an 'ip the

discontinuous zone {Dingman, 1971) which permit saturated over!and flow o

. !
develop after long periods of low intfensity precipifation, are rare in the _J/K

-
high Arctic because the active layer generally~prains rapidly immediately

followinng\e cessation-of s It. As a resu[f of these factors, it is
likely that sué?ace flow ié generated by rainfa[l only if it occurs during
or immediately following the ablation period. Under these circuméfances,
locations downslope from long-lasting snowbanks‘ére the probable source

areas for runoff. Dry areas possessing thick active layers (e.q. sandy

interfluves) are unlikely to generate flow. ‘ ’

The preceding assessment of the importance of summer rainfall to
slopewash applies tc the majority of years but not to those containing

rare, extreme evqnfs. The variability of Arctic precipitation has been

widely noted (e.g. Church, 1972; Pissart, 1967; Rudberg, 1963) ~and alfhough
i

: mefeorologlcal records are of relatively short duration, storms greater than

50 mm in 24 hours have been recorded' aT Pond lnlef Baffin Island (58.4 mm
‘(6Tmospher|c EQV|ronmen+ Service, 1971)) anq ?f Vendom Fiord, Ellesmere

island (54.6 mm (Cogley and McCann, 1976)). During the latter storm, the.-
maximum one-hour precipifafion was 6.5 ﬁm. An inTensiTY of. this magnitude

is sufficient to exceed the infiltration capacities of some fiﬁe—grained

.materials’ (typically 2.5 - 5.0,mm h=1 (Gregory and Walling, 1973, p.

284)) and could potential by cause widespread surface flow.
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The magnitude of high recurrence interval storms at Sachs Harbour
. - LY i .
1 .
appears to be less than in other areas of the Arctic Archipelago (see Figure .
4), so that it is not certain that even a rare event would have significant

-

geomorphic and hydrologic effecTs in the study area at, Thomsen River, |+
should also be noted that while a 40 mm storm at Longyeardalen Spitsbergen
in 1972, produced wldesp;pad wash which was concen?rafed in gullles, its

geomorph:c effecTs only ngpresenfed modification of existing forms produced
LN, )

by annual smowmelt (Jahn, 1975;1976). ¢ ) o
(e} Subaerial interchange '

(Subsysfeﬁ D, Figure 35)

Depending upon vapour pressure gradients, nef moisture movement
befween'ground and snow surfaces and the atmosphere can be in either
direction. For the most part, however, water |; lost by evaporaf:on from )
the snow and by evapofranSplrafnon from the ground. The hydrological effect

ot evaporaflve loss .from the snow is to reduce The amount of water available

for the' recharge of the active layer and for runoff processss.
Evapotranspiration takes place throughout the summer months, diminishing the
imporTéﬁce pf the summer rainfal! and creating soil moisture de{icifs.
Evaporaflon from Snow is relatively difficult to measure
accurafely and usually it has been calculated with 3n energy balance
_apprqach. This method is valid pricr to melt, but it may underestimate
values when the snow co&er is discontinuous. The proporTnon of the snowpack
which is lost by evaporaflon is estimated to be 2% for Barrow Alaska i

(Weller and Holmgren, 1974), with pre—melT rates of 0.2 mm d~ 1.

Similar calculations for Truelove Lowland, Devon Is and, give lower rates of
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total evaporation of_20 mm p}ior to melf, representing 15% of the snowpack

water eqdivalenf. On Cornwallis Island Heron and Woo (1978) estimate that

20% of the energy avallable for melt is used for evaporaf:on from Snow,

which may equal oniy 3% of the water equivalent of a snowbank. ‘ ‘
Evaporation from snow usually |s no+ an important part of the '

water losses during the melT period and has been ignored in some.sfudles _
’
(e.g. Marsh and Woo, 1979). SpaTiaIly, however, losses may be/ significant

_ /
in areas where the winter snow accumulation is only a *éﬂ &:IITEE? 5.

Evaporation from these localities, caused particularly by radiation

-

penetraticn of the snow and warming from below, may be-sufficient{}o reducse

. s
. to zero the amount of water available for infil?rafion or runoff.

__‘/////,r ' The importance of evapofrangbiraTion to permafrost slope hydrology

lies in its magnitude relative to the total water balance.

-

. Evapotranspiration rates are surprisingly high'in Arcfic locations north of
the Tree~tine'(Table'5). In some cases, total evapotranspiration
s approximately equals summer precipifaTion (e.g. Marsh and Woo, 1977), and in
' oThefs, greatly exceeds it (150 mm compared with 13 mm (Woo; 1976a) ). In
, this latter case, evapofr;nspirafion causes drying of the active layer after
the end ofﬂsnowmelg and a‘rapid cessation of streamflow. In terms of the
total water balance;‘estlmafes‘of evapofransblrafion losses range from 13 -

23% (Marsh and Woo, 1979) to 44% (Ryden, 1977).

Evapotranspiration can be determined w:Th Iysnmefers and ofher
rl

water balance approaches, by energy budget and aerodynamic approaches, and

by combination formulae. For example, lysimeters were used by Addison s
(1977) to separate the inf[uences of transpiration and evapérafion at micro-
sites in the Truslove Lowland, Devon Island. The energy budget approach has

been used In Alaska (Weller and Holmgren, 1974) 1n conjunction with

- ~evaporation pan measurghents. In #hls method, evapotranspiration rates are

t
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calculated from the residual in the energy. balance (H,) divided by the
latent héaj of vaporization of water. The two measurement techniques
corresponded satisfactorily. An aTTempT to use The aerodynamac approach

near Tukfoyakfuk N.W. T., however, (Gray et al., 1974) was unsuccessful

because well-developed temperature and humtdlfy profiles did not exns?. The |

absence of profiles was aTTrlbuTed o undulating topography; local water
bodies, and the existence of a layer of stagnant air equal to¢ the height of

the vegefa+§6n, which reduced vapour fransfer. éinée this combinafion of
terrain characTerisTics is common in tundra areas, it is Ilkely that fhe
same Jlfflculfles would be experienced |A other localities.

One of the more 5ucce§sful methods of detefmining actual
evapotranspiration nges in high latitudes is the combination model, yhich
incorporates ‘both the aerodynahic and energy balance approaches (Wilson,
1971). In this model, the evapotranspiration raTg is a function of The‘
available radiadt energy, the ground heat flux, and the air Temperafure. It
. may be used when the surfaéé and overlyin§=air ad just +é one another and
produée conditions known as "equilibrium" evapotranspiration (S]afyer and
Mcllroy, 1961). In order to extend the concept of equilibrium evapotrans—
piration b%yond middle values of m0|sfure, however, a coeff;cuenf must be
introduced. Its value is 1.26 for'safurafed surfaces (Davies and Allen,
19?3; Priestley and Taylor, 1972) including wet tundra. meadows (Stewart and

Rouse, 1976a; 1976b), and decreases as a fpncfion of soil moisture content

3

To an average of 0.95 for non-trapspiring upland tundra surfaces (Rouse and
Stewart, 19q2). For pﬁlar deserts and !ithosals, it may; t#.as fow as 0.10
during dry periods (Marsh and Woo, 1979). The combination.mode! has_proved -
particularly useful in high latitudes because of its robgéfness (Rouse et

al., 1977), but with the exception of the aerodynamic ébproach,-all'ofhecaé
outlingd above appear suitable for use in permaerST areas.

L——m-,_w__ ‘.
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(f) Sirface and subsurface water movement
" (Subsystem E, Figure 35) o e
) .n confrasT To The other hydrologlc subsystems, little attention

has been pald To the movement of surface and subsurface water on slopes in

permafrost areas. Theory is poorly developed partly because fdeas

1
1

concerning stream runoff production in nonpermafrost areas have not been

rigorously applied to catchments in the continucus permpfresf zZone. :

»

FurTher,‘unTil recently, rela?ively fow quan+i?a+ive‘heasyréﬁenfs existed,

either of stope or stream d:scharge. Church (1974), for example, provides

dlscharge dafa for less than 10 rivers in the conflnuous Zone.

(1) in terms of total slope discharge, and (2) as a system divisible by
intiltration, which determines the proportions of flow that take place on

and beneath the ground surface.

a Tt

. In most areas of continuous permafrosf deep groundwater |npufs

'can be assumed to be zero. As a result, streams are fed only by dlrec+
channe! precipitation and by surface and subsurface tlow from slopes.
Streamflow In high Arctié areas usually is the )qQoe-hydrologlc output, so
surface and subsurface flow volumes can be inferred fo be very sugnlfican+.

Their magn i tude can be assessed by:

Qg = 0 ' . eea(5)

is the annual average unit slope discharge
(surface and subsur ace flow) aT the base

of a slope (M m~! a- )
. Q Is the apnual sfream dlscharge (md 2=y,
9L is the average channei length (m).

It is convenient to descrtbe water movement on slopes im two ways:

S - e e e e —— S+

- aa - e
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Use of this equation.is possible if ?nnua{lsfreém'discharge and average

drainage density are known for a dfainbée'basin. It will noT be completely

accuraTe, however, since it omits consnderafton of leBCT channel

preC|p|TaTaon (elTher as snow accumulafuoﬁ or ralnfall), supra-nival flow on

(N

slopes, and subsurface flow in the Thawed Iayer beneath the stream bed (e.g.

) Church, 1972). At leasT Two publ ished sfudles of streamflow in the

r

continuous permafrost zone supply 5uff|c:aqf |nformaf|on to calculate

' Ll

Qg+ At d'lberville Fiord, El lesmere Island, qS in 1973 was 63:;1
m3

m~! (see Ambler (1974) and Church (1974)), while on Bathurst .

lefland in 1976 it varied between 23.9 and 33.6 m3 m~! for a sub-

bpsin ﬁHd a main stin, respectively (see Wedel et al. (1978)7. All Three

figures lmply that only small sediment concentrations are neCessary in
_ slopewasb to remove relatively large amounts from slopes. s ’

An alternative method of calculating 45 for a particular slope

'S

is to evaluate the upslope water balance. |f the overal |l moisture content :

of the active layer is assumed to be the' same at thaw and freezeup:

dg = M+ R = (E + Ey) _ A Leel6)

where: q_ is the annual unit slope discharge; . . )
M™ Ts the upsiope snow volume (water. equlvalenT)
R is the upslope summer precipitation; K
E 1s the upslope snow evaporation;

E; is the, upsiope evapotranspiration. ' - .\

All terms are in m3 m= 131, )

g . : ’ . '



' irregular, slope whereh snow is the prnnclpal precup:fa‘hon input.
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- Equation (&)

and oufpu?s are caIcuIaTed but it does not describe the spatial varlaflon

is valid for any point on a slope if upslope 'Hpufs

LY
from slope base to ridge crest. A concéptual model, however, can be

“ Jenerated to consider this variafion (Figure 39).

In the snmpllfled case-.of a catchment uﬁderlaln by permatrost
recenvang only spaTlally uniform ra:nfarl inputs, qg increases from zero
at the watershed ;dge to a maxamum at the sfream bank (Figdre 39Af. £
fnflITraTlon capacities are exceeded by rainfall intensities, all of this
increase wil | be absorbed by 5urface flow (as in Harton's model (1945)).
The linsar augmentation of 95 occurs because each point on the slode

recgi{gs not only its own rainfall, but the sum of all upsfope inpu

The conceptual model behaves differently for a more realis+

Snow i
L ]
dlsTrlbuTed unevenly on the slope, generally with a thin cover close to he

'
i

crest and deep snowbanks on the valley floors and/or v?lley—sude segmenfs

(Figure 39B). |n-+h|5 case, overall increases in 95 between cresf and

streambank do occur, but. They are-not related Iinear!y to distance from

-~

slope crest, Snowbanks reduce qg values by delaying the penetration of

o

seasonal thaw, and thus diverting any flow from upstope areas into the snow

(BaLIanTyne,'I978; Wilkinson and Bunting, 1975). Immediately downslope of

' snowbanks, there is a dramatic increase in q

s as these areas receive

both upslope contributions and water from melting snow., -Eurfher downslope,

dy varies in relaflon to the Thickness of the snow cover present at the .

beglnntng of the season, |f slopes are shor+ It is probable that Qe

increases To a maximum value at the stream bank.
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FIGURE 39 : CONCEPTUAL MODELS OF THE DOWI'(SLOPE VARIATION
OF UNIT SLOPE DISCHARGE
A - Permafrost area, qq produced by rainfall;
- B - Permafrost area, q, produced by snowmeit,
L \/ *
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It is relaTnver easy to concepTualise the spa?lal dlSTFIbUTIOﬂ of
comblned surface and sdbsur?ace discharge. |f each is treated as a separate
entity, however, and watqr supplies are constant, an increase in one

involves a decrease in the other and vice versa. The division of flow is

dependent on Tﬁe interrela ionships of infil;rafion rate, anfeced;ﬁf
moisture conditions, water supply and thawed layer thickness. For example,
in one.s?udy in the dusc ntinucus permafrosf zoqp{\near Yellowknife, N.W.T.,
eight runoff plots were monitored.during the snowmelt period (Landals and
Gill, 1973). Surface #unoff coeffi?ienfs of the plots, whose suhstrates
iﬁcluded bedrock, veggtated u&consof+da+ed deposits, and musk ,‘ranged trom
1.0% to 81.7%. The tho major variableé controlling the surface kynoff
"coefficients ware idgntified asf*hé aspgcf of the plpfs, in relafien to snow

distribution and en

.

gy inpufs; and the ;ubsfraTe material. Included in the
latter was-the effect of the degree. of soi] saturation prior to the previous

- year's freezeup.-’ (‘

;
)

; In nonpermafrost areas, the theory of partial area.contribution.to

‘
V
{

sfre?m runoff describes the spatial variation of surface and subsﬁrface
slopé discharge. Storm runoff in streams is ascribed to direct channel
precipitation, to rain falling on small, perennially saturated areas ;f the
catchnent generally contiguous with the channel itself, and in some cases to
rapid subsurféqg flow. The runoff source areas are kept at..or near
saturation by a ﬁlgh'wafer—fable.' Rain, while not able to exceed ~

infiltration capacl+ies in the strict Hortonian sense, cannot infiltrate

because the ground is already saturated. The same mechanism has been
T
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hypothesised for a sMarctic catchment in the discontinuous permafrost zone*

(Dingman, 1971). The possibility exists, however,- that runoff generation
{

does not operate .in the same way in the continuous permafrost zona. Because

- 1

of the rapid depletion of active layer moisture following the hessafion of

snowmeIT the conditions necessary tor the formation of perenn:al seeps may

.

be rare. AT present, evidence to confirm or deny this hypothesis is net

extant (Dlngman, 1975). Even if parTsaI area conTrlbufuon does opera?e |n a

-caTchmenf undertain by permafrosf it is likely that the source areas vary

from jrc period of initial snowmelt Through to freezeup,
?

At the start of snowmelt, infiltrationis prevented by the

presence of frozen ground. The process by which frozen ground,is thawed by

. ’
meltwater has begn inves?igafeﬁ in nonpermafrost areas. In these

environments, infiltration can be described as four successive stages

(Alexeev et al., 1972): (1) infiltration rates decrease as percolating

L]

water freezes in the pore spaces; (2) infiltration is zero as the soil

becomes saturated above the blocking layer; (3) infiltration increases as

the blocking layer is gradually destroyed; (4) steady infiltration oceurs
with no obstacles to flow. Clearly, stage (4) does not exist in the
. {

permafrost zone, but it can be hypothesised that stages (1) - (3) recur

cyclically as the ground thaws by refreezing of meltwater aT depth, and

Through fhe absorpflon of radiative and sensible heat fluxes.
. ﬂ

In general terms, surface flow is promoted in areas which have

Just become snow-free since'The thawed layer is thin or nonexistent and the
, H



underlying ground is imﬁermeable following stage (1). In areas possessing

relafively thick active layers, surface flow is reduced. Theraefore, two

dlSTlncT slope hydrologic reglmes can be recognised (Woo, 1976b). First, on

slopas with Iarge snowbanks, the water-table in the active layer remains
high, and surface’detention and flow are promoted in the area downs|ope from

the snow. Second, on slopes without a snowbank or on segments upsiope of

one, the water-table within the active layer declines in response to
evapofranspirgtion and subsurface flow. Clearly, if rdin occurs, it is more

!ike]y to generate surface flow in those areas at or near saturation, i.e.

" those with high water-tables. The partial or variable source area’ concept,

therefore, appears to . be viable for permafrost: areas. However, it is not
!

f ~ . -
’

related to stream-bank seeps, but rathgr to the topographic control of
snowbank disféibufion.' Only if a rainstorm occurs when large areas of the

rJ .
catchment are f en (before widespread snowmelt) or in extreme storm

events, is genuine Horfonian runoff generation Inkely to occur.

The d|s+|nc+|on between surface and subsurface flow is significant

in terms of slope hydrology because of the dlfferences in confrolllng

variables and flow velocities. These factors also are significant

geomorphological ly because of their effects on thse erosivify of flow. In

r

2 .
temperate areas, surface flow velocities commonly exceed subsurface flow

speeds by ‘three orders of magnlfude (Klrkby, 1969). The only reported .

velocities of both flow types in a permat(osf area are for Devon island

<

where interflow velocities were measured as 0.006 - 0.055 m 5= and

-

surface flow in rilis as 0.40 — 0.60 m s™1 (Wilkinson and Bunting,
‘

e
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1975} + The differences in this case are one to two orders of magna+ude

-

probably because the snTerfrow was Through an exTremely permaable matrix (a

[
~

talus slope). In aréas where a thick vegetation mat exists,-even the high
permeabjlity of sbhagnum moss retards fiow considerably and results in
delayed responses in streamflow "and long recessions (Dingman, 1971). <:T .

Surface flow can be laminar, transitional orlfurbulenf, and

tranquil or rapid. The flow type that prevails depends on the relative

-magnitudes of viscous, inertial and gravity forces, and can be described

-

quantitatively by Reynolds' and Froude numbers. Despite a number of
experiments, (e.g. Emmett, 1970; Horton et al., 193&), the cr}fical values
for the Reynalds! number have not been determined accurateiy for thin flows,
and information concerning Theié values in permafrost areas is ‘not
available. |

One sfudyzgf surface flow in a nénpermafrosf area suggests that .
rapid flow does_pdf-bccur on nafg;al glopes since the maximum Froude number -
recorded was 0.2 (Emmett, 1970). Carson and Kirkby (1972, p. 38), however,
indicate that taminar rapid flow is quifé common on smooth, steep slopes.
Schumm (1956) d95crj5es a type of pulsating flow due to Thg-formafion and
break-up of microidamst and this méy account for Emmett's low Froude

numbers, since average velocities would remain low while rapid flow still

-

occurred.

Subsﬁffacp flow is a response to a gradient of hydraulic

: poTenTIaI. Moisture within the soil matrix primarily posseses po?enfial

energy, made up of graviTaTional potential and pressure potential. Rate of -
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flow in a porous medium depends on the gradient of hydrau!ic potential and'

on the permeability of the meaium (Darcy_s Law). Permeability varies from

zero when a soil is dry to a maximum at saturation. The relationship is

nonlinear because it is affected not only by the proportion of pore spaces

tilled with water, but also by the sizes of the water-filled pores.

Furthermore, the relationship between moisture content and per gability is

hysteretic and depends partly on the previous history of wetting and drying

(e.g. Atkinson, 1978).
. .’
Subsurface flow in the soil matrix is assumed to be laminar

" because the permeabi | ity of soil materials is low (élg. for silt, between

107 and 10~4 m s=! (Gregory and Walling, 1973, p: 62)).

Even in the case of sphagnum moss-who#e permeabilify is much greater .and -
within the range of gravels (>10-3 m s-1 (Dingman, 1971){, flow is -
laminar. Flow within frozen soil materials depends on the thickness of the

unfrozen water films, and is several orders of magnitude siower (e.g.

10710 - 10-9 m s=1 THoekstra, 1966)).

Sed iment movement

(al Suspended sediment in surface wash

(Figure 36)

Sediment concentrations in surface wash are determined by the

]
-

forces acting on the ground surface and the resistance of the surface to *©
=F .

., those forces. Permafrost has no direct 1%fluence ovér sediment detachment

}
and transportation in surface wash, but it does influence the frequency and

efficacy of the processes through its effects on Tre slope hydrological

system. S e °
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Sediment can be entrained in 5urfaée'wash producgg by (1)
snowmelt, (2) rainfal I, or (3) a combination of the twd®™ In the nigh
Arctic, snownelt is ?hé source of the majori}y of surface runoff (see above,
PP. 34-35). In temperate and tropical Zones, raindrop impact is regarded as

0

the major agent of sediment de+achmen? (Ekern, 1950 Ellison, 1945; .
Feodoroff 1965; Gerlach, 1976; Hudson, 1971, Mutchler aﬁd Young, 1975) énd
its absence durihg most of the surface wash production in tundra and poiar
desert areas reduces the potential erosivify'of-fhe flow. When rainfall
does occur, as Jenness (1952, p. 239) notes, its intensity usually is too
low,to increase sediment concenTraTlons Through rainspiash processéé.
Geomorphologlcally, The action of an extreme summer rainfall event (e. g.
Jahn, 19763 Rudberg, 1963) involving splash as well as wash, can be viewed
as a mod:fier of pre-existing wash features produced by more frequent
meltwater erosion. However, in-view of the low f}equency of such an event
~and its absence during +he‘Three years of the present study, the extensive’
literature on rainsplash is not discussed further.

In general, there is a paucity of work treating the concepfs of
erodibility angd erosivity in response to surface flow, without ralnsplash.
Moreover, simple empirically-derived equations relating overall sediment
discharg@ to overland fléw (e.g. Kirkby, 1978b, p. 338) cannot be utilised
for meltwater flow because Tﬁéy inclgde Tﬁé_érosive effects of rainsplash.
Attempts have been made to separate the effects of wash and splash in some
laboratory experiments (e.g. Bryan, 1969; 1974a; 1974b; 1976; 1979; Méyer
and Manﬁe, 1965; Moeyersons and De Ploey, 1976; Poesen and Savat, 1978;

Savat, 1975; Savat and Poesen, 1977; Young and Wiersma, 1973), while In
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others, wash Elone has been examined {e.g. Bubenzer et al.,‘1966; Lyle and
Smerdon, 1965; Savat, ]977;. Certain generalisations concerning erodibility.
and erosivity in permafrost areas may be qgrived from these papers.

The concentration of sediment in snowmelt-derived surface wash
(Figure 36) is a function of: (1) the erodibility of the surface in

relation to wash (sensu stricto, the inherent susceptibility of TLn.soii to

erosion as influenced by its physical properties (Hudson, 1976)); (2) the
resistance of the vegetation cover; (3) the erosivity of the surface flow;
and (4) fh; occurrence, if any, of direct aeolian sediment inputs. These
factors are considered beléw. -

The erodibility of sqil is not necessarily equal! with respecf;fo
both splash and wash (Ellison, 1947; 1948). Erodibility is affected by the
soil properties which influence infiITfaTion rates and therefore surface
flow discha#ge;, and by Th?se properties which affecf rates of dispersion, -
splashing, abrasion and Trénspor?éfion in rainfall and runoff (Wischmeler

*
and Smith, 1965). In relation %o wash alone, only the resistance to

T . 14 . :
dispersion and the shearing force of surface flow need be considered.

The establishment of an erodibility index in terms of a soills

physical characteristics has been. the aim of many laboratory tests. Bryan

(1968) has reviewed more than 30 indices, most of which use textural or

chemical attributes, with either one or several parameters. In terms of
surtace wash, the most erodible grain size is said 1o be silt (0.002 - 0.05

mm) (Ellison, 1948), but Bryan (1974b} argues that this is an

oversimplification because it places too much emphasis on textural separates

3

(as do many indices (e.g. Wischmeler et.al., 1971)) and not enough on

LO PRI
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aggregafes._ FurTher, it has been shown that in ‘some cases, particles- larger
" than silt may be The most erodlble (e. g. Poesen and Savat, 1978; Savat and,

Poesen, 1977).

-
-

* .
Brzpn's (1974a; 1974b; 1976) experlmenTs |nd|caTe that the water-
stability of aggregates is an important, buT nof straightforward, influence

on erodibility. Aggregates affect infiltration rates if they disperse and
fill pores, reducing infiltration é;d increasing AepTh of surface flow and
shearing force. Further, aggregates are larger than separates of which they
are composed, and in most flow types, require greater velocities to move
them. Thus water-stability Is negatively correlated with wash erosion.

-

Aggregation is prbmofed by organic‘maffer (Robinson and Page, 1950), fine
gr?in sizes; and-;; resisTancé o slakfng {(Yoder, 1936) and frost action
(Bryan, 1971b). Aggregate water-stability is not a constant, and the
~erodibility of soil may vary seasonally, particularly in response to frost
action. This dynamic view of erodibility makes its effects pahficularly
difficult to isolate in the field;

The additional resistance to surface wash erosion provided by
vagetation is rela+ively obvious. Root mats tend to bind the soil Together
so that a greater shear stress is necessary to induce particle movement
(e.g. Waldron, 1977; Weaver, 1937). Roots which die and decay promote
infiifrafhmhband transpiration by plants also dimishes surfgce flow
volumes. Plant shoots tend to reduce flow velocity and consequently its
erosivity.. As a'resul+, and aiso because a vegetation cover is effective in
breaking the impact of raindrops, it Is a cruclal factor in wischmeiér and

Smith's (1965) Universal Soil Loss Equation. ’
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Wor'ld vegetation communities can be ranked according to, the usual
resistance they otfer to surface wash and rainsplash. According to Young
(1972, p. 225), polar desert and tundra communities are respectivély, the

¥
second and third least protective.. Despite this proximity in the list, the

=

difference in the éugmenfa?ion o? resistance fo erosion achieved by these
vegetation Typé; is important. éor example, iﬁ the Thomsen River area,
there is an obvious difference in the erodibility (sensu iargo) of
interfluves, possessing low percentage covers.of polaﬂﬁhéser+ ébecies, and
tundra meadows, completely covered by mosses, [ichens and vascular plants.
This var.kation correlates with moisture.supply (i.e. snow distribution) so
that the surfaces subjected to the greatest uhif discharges are also the
best protected. : : \\

The erosivity of surface flow depends on forces acting on
bar+ic|es at its base or ProTruding into the flow. These forces are: (1)
dynamic pressure, exerted by the speed of the current, (2) Bernoulli
hydrodynamic lift, resulfing.from the difference in mean downstream velocity

. -

beftween the top and bottom of the particie, and (3) in turbulent flow, ' -
randomly directed forces provlided by eddies which Iift some particles into
the flow (Carsoq and Kirkby, 1972, p. 38). The parameters determining the
magnitude of fﬁeée forces, and consequently the flow e;osivif;, are average
flow velocity and velocity gradient, flow depth and slope, dl1scharge anq . i

friction. These are not completely independéhf variables and their

interaction prohiblits easy determination of their quantitative influence on

: »
flow erosivity.

PP U LS SV S
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[n the laboratory, it is possible to describe surface flow’
numericélly in terms of Reynolds' and F#ﬁude numbers. This is a more
difficult fa;k in the field because sur{ace flow is often unsteady and
spatial ly concentrated ("subdivided" f|ow (Horton, 1945)), in response to
-particles which exceed its depth (Emmett, 1978) and topographic
irregularities which need be no greater than 1 mm in size (Bryan,. 1979).
Flow may also be affécfad by surtface tension forces (Young and Mutchler,
1969). Thin surface wash is far more complicated than channel flow for
which most discharge equations (e.g. Manning, Chezy, and.Darcy-Weisbach) and
sediment transport equations (e.g. Bagnold, 1956; Meyer-Peter and Mul ler,

. 1948; Yalin, 1963) have been developed. Modifications of the flow for%ulae
. 5

have besen undertaken (e.g. Emmett,” 1970; 1978; Savat, 1975; 1977) and the
methods Tnvolved can be emhloyed in the field to a certain extent. However,
the accurate determination of particular parameters (e.é. flow gepfh) is
difficult, and their application in vaegetated areas quesfidnable {Ounne,
1978). ‘ *

‘ Sediment fransport equaticons are sTiI; harder to adapt to thin
flow problems because the fundamental processes are inadequately understood.
Slope angle can Be used as an example of this problem. Infui+iveJy, it

seems |ikely that the erosivity of surface flow increases with slope angle,

but the form of the relationship Is not obvious. Most researchers ‘have

found that the relationship between soil loss ' (in this case, an analogue of

flow erosivity) and slope angle-ls a power equation:



E = C-Sm ---(7)
where: E  is. the rate of soil loss; )
S, is the slope {percent); . *
¢, m are constants. :

Kirkby-(1969), Musgrave (1947) and Zingg (1940) found the exponent m in
equation (7) to be 1.4, buf—ofhérs suggest a value of 2.0 (e.g. Hudson and
Jackson, 1959). STiII.oTher studies shoy, no definiTe‘relaTionship between
slope angle and soil loss (e.g. Lal, 1976; Leopold et al., 1966).
Wischmeier and Smith ({1965) suggest a guadratic form, ahd Bryan (1979) found
that a polynomial equation best predicted the rates of soil loss.

It is ¢)Jear that The establ ishment of a unlfyung and generally
accepted suﬂface»wash equa+|on is unl;ke}y. IT is rendered still more so by

-

problems associated with flows that do not transport at capdity. The Yalin

-

(1963) equation, for example, is a relatively simple mode! tha can predlcf
sediment transport within a factor of two in the field (Foster and Meyer

1972), but only when wash is transporting at its capacity. In the case of
snowmelt on slopes, the flow transport capacity is likely to exceed the

amount of sedlmenf in suspepsion because the absence of raundrop |mpacTs

A
reduces the. probabllsTy of detachment. The problems associated with

evaluafing'jhe erosivity of thin surtace flows, together with those
concerning ‘soil erodibility, justify a field spproach to the study of

surface wash erosion, but render generalisations from specific measuréments

more difficult.

Durecf aeol ian |npu+ to suspended sediment in surface wash is

"dependent on srTe-specific conditions and there is little Theory to discuss.
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Input can occur during the ablation period directly fnTo the surface flow,
or can result from the nelflng ot snow contalning sediment deposnTed during
The ulnfer. In the IaTTer case, some particles subseguently may be
depos:Ted onto the ground (Warren’ Wilson, 1958), 50 fha¢ a parTuquar
sediment concenTraT:on in The SNow does not |mply The same anounf in derived
meltwater wash, HIThIn The permafrost zone, measured concenfrafuons of -

sediment in snow range from 274 - 607,mg L.=! on BafhursT Island {Wedel

- et al,, 1978} to 2000 mg L™ on Spitsbergen (Czeppe, 1965). In the
-basal layers of snowpafcheg at Radstock Baf, Devon Island, sediment
concentrations varied between 2000 mg L~=! and 27000 mg L~

(Wi Ikinson and Bunfing, 1973}, while up to 23 g'h'z of material

(largely organtc) was col lected from the snow surfdce at Truelove Lowiand

»
r

" Devon Island (Teer+ and Barrett, 1975).

‘!‘

"Despite the gaps inherent in s lopewash theory, only two studies
attempt to provide quantitative data on the efficacy and magnifuhe of
surféce Wash_erosion in peﬁmafrosf areas.

A. Jahn meashred surface wash transport during Two-summers on
seven unvegetated slopes-at Horbéund, southern Spitsbergen ‘(Jahn, 1960:
"1961). Sedime&f Traps.dére used so sediment concentrations in the surface
flow are not k;own. Two main conclusions were.reached. First, although
sediment removal was low on short Slopes (average of 1 g ﬁ'?
6"1), wash was capable of removing at least 18 g m"2 a~) at a
‘snowbank location. This figure corresponds to a Qurface towering of
approximately 7 x‘IC'3 mm a'l.which is lower than many others

~.obtained for nonpermafrost areas (Young, f974, p. 69). Second, most

sediment was" transported by meltwater, not rainfall. These data can be

/////

bt
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contrasted with snowmelt-induced wash erosion measured near Sudbury,
e

OnTario, whlch produced two orders of magnitude more sediment. Howaver,
this consflfufed only 17 £ of the annua! erosion (Pearce 1976a; 1976b),"

in Tlng ¢he anorTance of ralnfall in temperate areas in promoting

erosion.

;
.[ ’

T. Wilkinson measured the movement of sediment for two years in a
series of rills on a low-angled slope at éadsfock Bay, south~west Devon ’
Island (Wilkinson and Bunting, 1975)., As™in Jahn's study, sediment was

trapped, but direct comparisons between the two are not possible because

. w@rosion rates were not calculated in the Devon Tsland study. Sediment

concentrations of ‘up to 1700 mg'L'] were measured, but both these and

flow velocities declined downslope. Some rills carried very low

éoncenfréfions of sediment and appeared clear, ;E}le others were turbid.

:

jAverage f}anspofT was 65 g m= 1 slope width (30 kg acﬁ%és a slope 450 m
i ‘ g

The work of Jahn (1960; 1961) and Wilkinson and Bunting (1975) can
be regarded as the first sTeps towards.assessing the quanflfaflve importance

of surface wash as an erosional and transportational agent in a permafrost -

region. h

(b) Dissolved solids in surface and subsurface wash
(Figure 37)
Disso[ved solids are discussed in reference to wash as a whole

rather than to its constituents, because the processes of chemlcal soluflon R

are the same for boTh types of flow. ‘ o

>



Solution operates when water comes in contact with the products of
weathering, either at the surface or within the regolith. A number of key
variablea‘govern the rates and Type‘of chemical reactions that occur (see
Figure 37): . (1) the composition of The soil and the solubility of its
constituents; (2) the concenfraflons of solutes within +he water; (3) the
temperature of the solvent; (4) the duration of the contact. These
variables in turn are‘influenced by factors such as vegetation growth, water
source, and flow routing. -

The solution process is azonal and variations between permafrost

and nonpermafrost areas are a matter of degree, rather 4han the result of

the introduction of éew factors. The existence of permafrost, for example,
usual ly prevents deep percolation and long resndance Tlmes, and Therefore
can be expected to reduce the probabiiity of very high dissolved solids
concen?raflons in subsurface water. Further, most rates of chemical
reactions are reduced at low temperatures, so that if ail other factors are
equal, to achieve the same solute concentratiacns, residence times must be
gr;afer in permafrost reglons than in lower latitudes. [n areas where
grounawaTer spr-ings occur, however, concentrations of salts can be high
(e.g. Anisimova, 1978; _Plsarkskiy, et al., 1978; van Everdingen, 1974),
Substantial differences exist in the chemical composition of high

AFCTIC soil Types (Tedrow, 1966; 1974) but theifr effects on solution have

nat been investigated. FPolar desert soils commpn Yy are alkaline, hummocky
soils near-neutral, and tundra soils acidic, but there are excepTions

y
dependlng on the composifion of the underiying unweathered maTerlal._ th

some areas on thd®margins of the true high Arctic, such as cenfral Banks

AT
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Island, a quasi-catena of soil types develops. Polar desert soils exist on
interfluves, hummocky soils on slopes, leading through transitional soils of
the polar desert-tundra lnferJacence to tundra soils in the valleys (French
1971; Tedrow, 1974). These changes are linked to moisture supply and

vegetation distribution and are likely To be significant to solution

processes,

The distribution of wash on any slope is linked to the pattern of

" snow accumulation (see Figure 39B). On the upper convexity, unit discharges

are low and solution Transpor? pHfocesses correspondlngly |n5|gn:frcanT

Materials leached down the soi | profile by snowmelt and rainfall, are

Precipitated as efflorescences during evaporation. The snowbank location
itself, also is subjected to 1itt|e solutional activity. First, the
concentration of dissolved solids in snow is low (e.g. total hardness was
measured as 12 - 13 mg L1 as CaC0y by McCann ad Cogley (1971) and
less than 5 mg L™ by Thorn (1974, P. 159)}. These data indicate that
snow does not react strongly eiTher with the substrate or with sediment

trapped within it. Second, unit discharges are low along the snowbed,

because snowme |t and upslope subsurface flow contributions trave! within the

snow itself and not along the ground surface (see above, p. 64),

The downslope margin of the snowbank is affected by high uni+t
discharges (see ?igure 398) and may be the area of maximum solutional -

activity because of the presence of dissolved carbon dioxide (002) in

the meltwater. Concentrations of CO2 within a snowbank and in

meltwater, however, are matters for discussion. Williams (1949) measured

percentages in a snowbank which were greater than in the atmosphere, and



this incpbase was af?ributfd © melting and refreezing of the snow.

Further, the CO, coutld be absorbed by the meltwater because the

saturation concentration of €O, is highest at 015; The hypothesis that
meltwater is a very aggressive soluticnal agent was suppgrted by Corbel
(1959a; 1959b). Subsequent research, however, indicates that this
conclusion may have been premature. First, measurement of the PH of N

snowbanks shows that it increases as show ages, and meltwater consequent|y

becomes less aggressive towards carbonates {Cogley, 1972; Thorn, 1974, p.

159). Second, fhe temperature of the rea ionsjand the lack of biogenic

COZ production in many polar areas, appfar to Just as significant as

Ny

saTuraTton values (Smith, 1972; Woo and Marsh, 1977).

At the margin of a snowbank, when vegetation and soil are present,

water takes material into solution either at the surface or from within the
downs(ope~thickening active layer. As the flow stays in contact with the

acidic tundra soil, the former becomes more acidic and more aggressive

- - - - ‘-
towards carbonates. Thus there s a rapid increase in solute concentrations

away from the snowbank edge. For example, at one location, Cogley (1971)
measured an incresse in total hardness of 60 mg 1 ina distance of
25 m, S -
- The residence time and routing of flow ultimately determine
’_ﬁa////;:efher solute saturations are reached betore the slopewash arrives at the

stream channel. Experiments indicate that in some cases equilibirum with

soil is reached in a matter of hours (Bricker et al., 1968). The

L}
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predominancé of rapid runoff during the éelt period is indicated Qy the low
solute concentrations in streamflow at this Tiﬁe (Woo and Marsh, 1977).
Following meff, sfaéé dﬁif‘discharges progressively decrease
except after summer rainfall events, mére water is routed as subsurtace
flow, and solute concentrations have a greater chance to reach saturation,
values. The routing factor is exempli}ied in the diurnal pattern of calcium

and magnesium concentraid s ,observed in rills an Deven island (Wi lkinson

and Bunting, 19755. Concentrations were lower during the "da&*ime" hours

when nost flow was being produced by snowmelf,oand higher at "night" when

mdch of the flow was derived from subsurface flaw through a talus slope.
The effects of summer rainfall on solutional activity afe not ‘ '

definitaly known, but the processes oﬁflined above indicate that high

concenTraTions‘éf solutés could be expected in any rain-induced slopewash. q[;

This is particutarly likely since rainfajd offén_merely displaces water that

has been in contact with the soil for some time and has reaéhed equil{brrum

(Carsén an& Kirkby, 1972, p. 256). The relative importance of snowmelt and

rainfall in solution transport is not known, but in view of the small

volumes of rainfall-derived wesh in normal years, it is likely {that meit is

the more important.

Few studies examine solution from the s;andpoinf of AT being a
geomorphic process, or consider its effect on slope form (Carsoﬁ and Kirkby,
1972, p. 238). Still fgwer have been und;rTaken inrfhe permafro§f zone;"
The near-comprehensivéd, long-term process study of A. Rapp (1960) in tha
Karkevagge, nqupern Lappand, an area of discontinuous permafrost, assessed

-

solution as™he most active erasional process operating in the valley. The
- ~ ” .

-
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calculated ToTal of sediment remd&ed, however, was based on relatively few
concentration aafa-and Thus the absolute accuracy of the figure is open to
question. MoFeover; the value cannot be related to slopewash acfivi?f
bécguse'if includes the effects of fluvial-solution. OTher'sTudfes of the
solute load in Arctic rivers have Shown fhaT its importance varies éuriné
the éummer, but is generally less Thaﬁ that of the suspended load {Chyurlia,
1978; Guilbault and Chacko, 19.78; Wedel et al., 1978). 'Since these studies
were short-term, however, more data are needed before these findings or
those of Rapp can be accepted as a general Fule tor polar areas.

Available solute concentration data in slopewash in tHe continucus
permafrost zone illustrate some of the ponnfs outlined above (;;ble 6).

PaFT:cularly notable are downslope increases and the effects of biogenic

activity in 1ncreas:ng concentrations in vegetated areas. A need remains,

'however, for information concerning the relaflve proportions of suspended

and. dlssolved material. in surface wash in a permafrosf area, and“more
generally, for a comparison of the efficacy of surface and subsurface wash

as erosional and transportational agents.

“« *
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o . Author | Location | Material Flow Type Total Hardness
e ' (as mg L~
o calcium carbonate)
r 4
’ McCann and |Devon Limestone Rillflow Increases downslope
Cogley Island, (mainly . from snowbank edge:
(1971) N.W.T. unvegetated) _ In 15m, from 26 to 64
Im 25m, from 13 to 82
Talus 69 - 116
interf|ow
4 .
Pool ’ 126 - 144
overlying
vegetation
Smith Somerset |Limestone Rill and |Range: 18-95
(1972) Island, (mainly sheet flow|Average: 60
. CINW.T. unvegetated)
Pool cver—|Maximum: >130 -
lying Average: 106
vegetation -
Wilkinson |Devon - 125-35% Rillflow [Diurnal variation:
and Island, Calcareous 30-70 i
Bunting N.W.T. rocks X ‘
{1975) (unvegetated) |Talus - |Range: 712-97
interflow
) : : A
Woo El lesmere [Limestone Seepage Average: 180 )
and Island, and” Maximum: 235 : !
Marsh N.W.T. Qutwash -
. (1977) {vegetated) Soil water|Average: 227
: (in pit) Maximum: 312
TABLE 6: Some tota! hardness values measured in surface and subsurface
wash in the continuous permafrost zone
i
. -
N -
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_ FIELD TECHNIQUES
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Errors

In addition to the potential methodological problems of a process
approach, there are errors of the precision and accuracy types (Schenck,
1961) inherent in all of the measurement techniques used in this study.
Assessment of thesa inaccyracies is important becagée'much of the analysis
is comparative and errors may accumulate. Some check can be made of errors
fn water balance studies, but only it ;Il factors are quantified. The risk

of drawing incorrect conclusions is increased where residual estimates are

employed.

The original aim was to keep accuracy within ¥ 10% for all
measurements. |n practice, a more realistic figure for .certain data
collected is 2204 and in some cases errors may exceed even this

estimate. .lnaccuracies are attributable 1o a numbertof problems: (1)

] observer error (more probable in rigorous wéaiper conditions); (2)

equipment design (e.g. leaks beneath the surface flow collectors); (3}
disturbance of the natural system (e.g. during snow ablation measurements) ;

(4) limited time (e.g. between samples of continuously varying factors,

such as evapotranspiration); * (5) inadequate theory }e.g. the assumption

that the snowpack contributory area is the same as that of the underlying
terrain); (6) transformation of data (e.g. as in residual analysis}. These

difficulties are examined in more detai! below, for each of the measurement

techniques employed.

Energy measurement techn igues

During the three sTudy seasons, the following factors relating: +o

the energy balance were recorded e§;;;>jaf the runoff sites or at the basg

camp :
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(1) radiation; .
(2) 'asr‘/fe;pera‘rurg; )
(3) wind speed and direction;

(4) cloud cover, level and type;

(5) barometric pressure.

Net all-wave radi9¢ion (H. in equation (3)) was measured at the

1 m level during 1977 with a single Swissteco type S-1 net radiometer

mounted on a tripod and |inked tc a Rustrack millivolt recorder. The
radiometer was moved Befween the runpff sites during }he éﬁTation period in
order to obtain comparative measurements reIaTing to the influence of slope
and aspect. D;ring the 13J8& field season, similar procedures were followed
but two radiomefers'were used, The second measuring net short-wave
radiation. In 1979, the radiometers were set up over the base camp terrace
and remained over horizontal érpund Throughout the seasSn.

Radiation proved to be one of the most difficult factors to
measure accurately. Although changes in radiation balances were recorded on
the Rustrack, the timing of the recorder had to be checked continual ly, and
the values recorded were less than the true figures. Comﬁgrisons were made
between the Rustrack and an accurate millivoltmeter and the results
corrected. However, these problems meant that considerable transformation
of the data was necessary before they could be used for analysis, and
results are considered accurate to I 20%. )

Air temperature was moniféred with a Weathermeasure
hygroThermograbh inside an instrument screen at a height of 1.55 M .During
1977, This'apparafus was located at site 1, while for the two other years.if

was'situated on the base camp terrace. The hygrothermograph was cal ibrated

weekly against an accurate o Otgg‘C) thermometer, and the chart for

4 -
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the week was corrected. : Tests comparing chart-recorded maxima and m‘nhmq
. \'\‘-—_" —— -

and those obtained from accurate thermometers indic&?e that the corrected o
Th;rmograph trace is accurafelfo to.7°C.

ﬁind speeds were measured in 1978 and 1579 with a Cassela cup-type
totalising anemometer. The instrument was mounted on a'pole at the 1.75 m
level, 75 m from all obstructions, and measured wind-run over 12-hour
periods. In addition, spot r;;dings {accurate to ¥ 5%) of wind
speeds were Takeﬁ at the same intervals, and wind directions assessed using
a flag and marked ground. )

Cloud observations were recorded bi-daily during 1978 and 1979.
Siéniflcanf changes in conditions during the day were also noted. The
accuracy of these observafions depend on observer experience and error is
difficult to estimate. Cloud types probably were identified correctly,
cloud cover data likely are accurate to ¥ 5%, and cloud levels to
: 10% for low clouds and * 20% for middle and high clouds.

- Barometric pressure was measured.aT 12 hour in+érvals in 1979
only, with a Fuess aneroid barometer located at the base camp. Accuracy of

this instrument, which was transported in an airtight container following

calibration at Resolute Bay, was ¥ 0.01 kPa.

Water measurement tTechniques

-

The following factors relating to the slope water balance were

measured during the study:

(1) snow density, depth, ablation, areal change and temperature;

a

(2) summer'precipifafion;

(3} evaporation from snow;

i
(4) evapotranspiration from the ground; °
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(5) surface flow;
(6} subsurface flow.

Snow measurements were made in a number of ditferent ways. The

data required concerned the ripening process and subsequent changes in the
water equivalénfs of the snow at the runoff sites. [n addition in 1979,
successive surveys of snow-free areas over 7 kmz.of the study area were
undertaken to examine the pattern of snow ablation (ﬁee Figure 15).
Snow denéify was measured doring 1977 and 1978 with U.S. Army Cold
Regions Research and Engineering Laboratory (CRREL) type Q.5 L snow tubes,
in conjunction wifﬁ an Ohaus-pSrTab!e triple-beam balance accurate to
z 0.1 g. Densities were measured in snow-pits dug in the snow beside
the runqff plots (Figure 40). Thé number of pits used varied with changing
snow conditions and f;om one plot to another, but usually there were 4 or 5
at each site, Ioca+ed 10 - 30 m apart. Measurements within the piTslwere
made wherever distinct changes in the snow crystallography were observed, ér
at depths of 0.5 m , 0.10 m, 0.20 m, and ?hen at 0.2 m intervals down to
the sﬁowpack base. As a resulT of the time-consuming nature of this type of
density measurement, parficularly when the triple beam balance was affected
by.wind, densities general |y were measured at intervals of 3 -~ 7 days
throughout the ablation period.
.During the 1979 field season, snow densities were measured with a
2 m Mount Rose snow sampler, in conjunction with 5 spring balance (tested
accuracy of £2¢) and weighing cradle. This methdd allowed integra-
“tion of snow densities over the complete snowpack thickness at sites 1 and

-2, bQT only the top portions of the deep packs at. sites 3 and 4 could be

sampled. The Mount Rose ;ampler was easier to operate than the CRREL tubes

.



FIGURE 40 :

CRREL SNOW MEASUREMENT EQUIPMENT

Snow density tube and snow thermometer are visible ina
shallow snow pit, site 2, June 5, 1977. Note low albedo of
snow surface in contrast to clean snow at depth.

e,
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excepT during the ripening.period, and measurements were.made more frequent-
ly Than Wwith the snow-plf method.

Both the Mount Rose and fhe CRREL tubes were unable to apmple the
ice layer whiﬁh devaeloped at Thé base of all snowpacks. As a result,
neifher.mefbod brovided comp letely accdrafe results. A greater problen,
however, was the representativeness of the sampled snow since the CRREL tube
cores sometimes contained air spaces. A comparison of the two methods
(Table 7) indicates that: (1) neither method is compléfely consistent, but
that the Mount Rose sampler gives results with a low degree of variability .
in deep packs; and (2)_since the larger samples obtained with the Mount
Rose kit are-likely to be more accurate, the small ¥ubes probably under-

-;s?imafe density by 10 - 20%. [n view of this flndlng, dens:fy figures
obfalned using the CRREL tubes in 1977 and 1978 were increased by 15¢. The
overal | accuracy of the corrected snow density data is thought to be

+

T103.

- ’

Snow ablation was measured, usualiy daily, with a calibrated metal
pfobe in 1977 and 1978, and downwards from a fixed rope in 1979. A number
of problems were experibnced wjfh both mefhods. ! r

Use of a metal rod to measure changes in snow depths at fixed
points on a snow course inevitahly results in di§turbance of the snow
surface, with probable concomitant changes in snow albedo. Further, The
task is fairly ardudus, particularly when ice layers are encountered by the
probe. Inaccuracies were introduced by the basal ice layer in the snowbank,
which prevented measurement down to the ground surface. Normal efrors were &
of the precision type (equal to %3g mm), and while these were
relatively unimportant (<!0%)<on déys of rapid ablation, they could '

constitute significant percentages on days'pf-low melt.

21 e Mileam s . et ——
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As a result of the broblems aexperienced with Tﬁe probing method,
an alternative was employed in 1979, Poles, 2'm in lengfh; were inserted
down to the ground surface, and held upright by ropes tied ;o pegs embedded
in the show or the ground beneath (Figures 41 and 42)., A third pole,
secured in between the other twd, acted as a benchéark. ‘The rope slung
between the two .ocuter poles was tightened to fhé lavel of the benchmark for
the purpose of ablation readings, and the distances between fixed poinTs-dn'

the rope and the snow surface measured. The overal | accuracy of this method

was checked by .comparing total measured ablation and initial snow depths
(Table 8). On average, rope measurements underestimated true ablation by

less than 10%, with absolute differences after 29 measurements averaging

only 0.07 m. (/
: N o

The areal change of the snowbank is an important factor in water (
equivalent chénge,‘so the surface flow collector (see p. 125) was positioned
so that it was possible to determine fhé topographic area of the slope which
it drained. The edges of the snowbank within this area were marked, usually .
daily, with colour—coded_dowals. These Qere surveyed a?.The end of the QW’/h
field season with a Wild NK2 level and stadia rod, to a spatial accurécy of
tO.lO m and an elevation accuracy of £ 1 mm. Maps of the
plots (e.g. Figure 43) were constructed from these surveys, and areal N
changes subsequent|y were measured with a polar planimeter.

'

The major error in assessing changes in the snowpack water

equivalent is the assumption that the snowme |t contributory area is the same

as the underlying slope drainage area. This error depends on the fOCT/S;H\
Vg
ice layers In the snow, on the shape of the basal ice layer, and on’ the

, {
thickness of the saturated zone within the snow, so that it need not be.

constant, even during a'single day. It is hypothesised ThaE in some cases

e _‘,‘_.J_l
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Support (Not to scale)
Measurin
/ pole g Benchmark ,

rope
e

Snow :
surface Support
- rope

f ——
L

10-15m

1
Lol |

FIGURE 41 . APPARATUS USED TO MEASURE SNOW ABLATION, 1979

~

FIGURE 42 : ABLATION MEASURING DEVICE, SITE 4, JUNE 1, 1979

Note absence of disturbance to snow surface immediately
below measuring rope.
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This error may cause accuracy to decrease to ts50 f and outweighs all

(DD- 180_ 81).

. other Tei$hical problems. This point is discussed further in Chapter 5
Snow Temperature profiies were monitored in 1977 and 1978 with
CRREL snow thermometers (see Figure 40) accurate to i0.1°C, and in
1979 with a YS! tele-thermometer and thermistor probe (accurate to
lL0.5°C) (Figure 44). The latter was easier to use siﬁcé it did not
requiré the creation of snow pits except in areas where the snow was more
than 1 m thick., The temperature data obfalned, were useful adJunc?s to

observations on the ripening process, and rdﬁpaled when the snowpacks became
Isottiermal at 0°C. ‘ ' . e

Precipitation was recorded w*.h a number of raingauges during the
+hrae fleld seasons. A Weathermeasure automatic tipping-buckefr raingauge
(0. 20 m diamgte™ oritfice) and recorder were stationed at site 1 Throughouf
the whele period. This apparatus opera*ed with increments of 0.25 mm of
precipi?afibn, so the maximum possible error is jusT less than fhis figure.
Up to eight nonrecording gauges (0.15 m diameter standard and Téylor Clear-'
View Types) were deployed at the study sites and at the base camp, and
readings of these were completed within an hour of Th;\EessaTion of
rainfall. The usual problems of evapofation and gauge undercatch (Rodda, i
1969) spply To these rainfall data, but results may also reflect spatial

»

variation in rainfall amounts.

-

The method used to determine evaporation from snow in 1977 °
apparently incorporated substantial error. Twé‘fwo-level, white
polyurethane containers, 200 mm In diameter, and 150 mm deep, were filled
with snow, weighed and embeddgd in the snowbank at site 2 (Figure 45A),

Reweighing the followfng day allowed evaluation of the balance between .

L Y R L X LYW LU ST RSP - e L. e e T e U Wit £ Y e R



FIGURE 44 : YSI TELE-THERMOMETER
This device enabled measurement of snow temperatures
. to depths of 0.8 m without disturbance of the snowpack.
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-FIGURE 45 : SNOW LYSIMETERS
A - Large type, 1977: _
B - Small type, 1978 and 1979.
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evaporative losses and sublimation gains. The two levels in the containers
were connected by holes which permitted drainage of meltwater from the

exposed saow. The lower level, nowever, proved to be toc smal!l to hold all

AN
]

the water, and by the time of next measurement, a mixture of snow and ice <f

offen was floating within the container. Clearly, this surface differed

considerably from that of the surrounding snowpack. Furthermore, the

L4
triple-béam balance was qifficul+ to operate in the field with such large ‘*\
weights and most ﬁgsulTs had to be discarded as too inaccurate to be useful.

~

In 1978 and 1979, the two large contajiners were replaced with five smaller ;

~
-

cnes, 100 mm in diameter and 200 mm deqp (Figure 458). The separator
between the two levels was half-way up'TLe container, so THaT sufficient .
volume was always available for meltwater to drain freely. Weighing was
carried ouflinside tThe base camp, eliminating problems with wind. Despite
these precautions, results sometimes differed by 100%, but figures averaged
from all five lysimeters are thought to be accurate to approximafely

I0g. . . ’

Evapotranspiration was measured directly oniy in 1978 and 1979.
Lysimeters of two ditferent sizes were used: small, 73 mm in diameter and
'108 mm %eep, and large, 84 mm in diameter and 110 mm deep (Figures 46 and
47). Groups of three lysimeters were deployed at the runoff sites, one
lysimeter In the unsaturated zone upslope of the snowbank, and the ofhér two
downslope ‘in the safurafeﬁ.zone. The unsaturated lysimeter was allowed to .
dry naturally while The others were kept near saturation through-the
addition of water approximately equal to the weight lost the 5revlous day.
Most readings were méde at intervals of.-24 hours, but in some cases, longer )
Times elapsed. .

bl

kN
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Handle .
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FIGURE 46.: LARGE AND SMALL SOIL LYSIMETERS
¥

FIGURE 47 : SMALL SOIL LYSIMETERS IN USE, SITE 3, JULY 3, 1978

Note saturated condition of surrounding surface caused by
upslope ablating snowbank.
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The lysimeters contained reconstructed cores ot soil or

undisturbed cores of soil and growing vegetation. A null hypothesis, that

no significant differences existed between data collected from saturated

lysimeters at the same location was proposed and tested with a Student t-
test on the standard error of the difference. Data pairs (n=4C) from the

lysimeters at plot 2 in 1978 weré‘compared, and the nu!l hypothesis could

not be rejected at the 99% confidence level.

e — Surface flow was monitored simply in 1977. ater flowing over a
runo;?\p{?T entered a copﬁér box sealed to the groui;{Zur¥ace with silicon
sealant (F}gures 19 aqq 48). The wafer.fravelled down a 25 mm diameter
rubber pipe ;R*Q a col?écfing container (60 L capacity). The collecting
vesse! had been éh4ibra?ed, so that the depth of water within, measured with

o 3 metal metre rule, could be used to calculate volumes to i'0.0] L.

*

The time between emptying the container or between taking successivéﬂaepfh

readings was recorded, allowing direct calculation of discharge rates. This
~

method was accurate but unsatisfactory because manual monitoring. was

required and it proved impossible to record "night-time" data, or flow at -

L

more than one siTq‘af a time.

) i During 1978 and 1979, the collecting method remained the same, but
the pipe and,water ;ere led into a smali weir, consdsting of a wooden frame
with polythene sides and base, and a narrow V-shaped copper weir slot. A
stilling well and Leupold-Stevens Type-F water-level recorder (1:1 ratio and
24-hour movement) were Installed in each weir (Figures 20 .and 49). The weir
slot (1;’) was hand-cut and.discharge was determined empirically with a
stage~discharge curve (e.g. Figure 56). )

The stage-dlscharge curve was plotted from numerous measurements .

"+ made of the volumes of water issuing from the welr in short time periods.

- -
. Y
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FIGURE 48 SURFACE FLOW COLLECTION APPARATUS 1977

A - Cross-slope elevation; . v
B - Plan view.
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FIGURE 49 : SURFACE FLOW WEIR, 1978-1979
' A - Crossslope elevation: ) ;

B - Up-slope elevation;

C - Plan view. '

-

4
L]




O Surface flow (L min-"

S Stage (mm above base of weir slot}

128 -

4

R S

L A

[t U TR AT X R



129

At high discharges (20 - 30 L min=1), the container utilised to ‘collect
the flow f{Iled inonly five or six seconds, so errors associated with
V*Eming are greatest at high flows. Moreover, the nature of the stage-
discharge relationship fgr a V-notch weir means that at high stages, small

1

errors in reading the chart record are Transformgd into substantial errors
‘in the discharge record. These problems can be overcome in part by taking a
greater number of samples at highér discharges. For example on Figure 50,
the points &t the lower énd of the graph re‘:;EERI éne sample of thirty-
seconds of flow, while the upper points are an agerage of five or six
samples of six se¢onds each. A further accuracy problem also was
encountered. The sTFaighfening of the line at the upper end of the stage-
discharge curve (Figure 50) is the result of temporary subsidence of
vegetation underlying the stilling well as the water level within the weir
(and consequent downward pressure) increased at higher discharges. For this
reason, the curve Was constructed as an eye—-determined !ine of besT;fiT.
Additional problems in the use of weirs were small [eaks 'from the

polythene, estimated at 0.1 - 0.2 L min-! a+ al] sites, which rgpresent

less than 5¢ |osses for most discharges, and less than 1% of the seasonal
 Total. Further, icing of the weir siots oﬁcasionally occurred ddring the

ear ly part of the ablation season in 1978, causing spurious rises in the

stage curves. L

In addition to’'surface discharge monitoring, the velocities of
flow and its depth were recorded on a number of occasions. Average velocity

on the runoff plots was measured with Rhodamine B dye, and spot measurements

ﬁece made bY'Timed photography of very thin (<1 m) sitver foil tracers, a
J

method developed by Savat (1975). The foil tracers were inserted into the

fléw upstream of'The area to be photographed and as they entered the frame,

L
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the shutter was.opened for 0.25 or 0.50 seconds. Stripes were leff on the
film, correspondlng to the dlsfance moved by the tracers, and these were
compared with a scale, also within The frame (Figure 51). The velogcity of
tracer movement corresponds fu surtace flow velocity. Problems derived from
camera shake on the tripod during periods of hlgh winds which prevenTed the
use ‘of some photographs for analysis.

Subsurface discharge was measured in the same way during all three -
field seasons. Monitoring was undertaken at runoff sites 1 and 3 in 1977,
and 'at 3 and 4 in 1978 and 1979. The apparatus consisted of copper
guttering welded to a brass frame and inserted into the ground écross the
stope (Figures 52-54). Flow was diverted by.méans of a polythene sheet in
centact with the rear of.the guttering, into plastic pipes which led
downslope into storage containers (Figure 54). Discharge rates were
calculated either by collecting and measuring ail the flow, or by Taking'
instantaneous discharge measurements for 3 - 5 minutes at intervals of
approximately one hour.

In 1977, the subsurface flow épparafus was instalied at site |
during the ablation period, and a number of problems resulted. In
parTicu]ar, surface qiSTurbance produced during initial excavation of the
frozen ground reduceu the pofenTiaI.validiTy of fhelgesulfs. More care was
taken at site 3 and most disturbance was avuided by covering the area around
the pit with boards before digging. At site 3, only three guTTers ware
?nsfalleu at the base of the slope, and the fourth was installed separafely
within the runoff ploT 0.06 m below the surtface. The most successful
installation, however, was at site 4 at the end of the 1977 field season
(ELQEEE 53). The pit was excavated in thawed, dry ground, and problems

assoc}afed_wifh pit collapse were avoided. In addition to installation

@
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FIGURE 51 : SURFACE FLOW VELOCITY MEASUREMENT TECHNIQUE
USING THIN SILVER FOIL
Arrowed foil travelled 55 mm in 0.25 seconds, indicating a
velocity of 0.22 m 571, Other, shorter streaks in the photograph
indicate lower surface velocities.
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FIGURE 5‘3‘ SUBSURFACE FLOW COLLECTOR DURING INSTALLATION.

-~ .. ATPLOT 4, JULY 1977

"' Note lack of disturbance to upslope area, made possible by
instal!atior.late in the field season.

(4]

FIGURE 54 : COLLECTION CONTAINERS FOR SUBSURFACE FLO
. SITE 3, JULY 23, 1979

Arrow indicates position of buried collector.
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prablems, however, other difficulties made Themselvgs)ﬁﬁzﬁn.larer. Twists
in pipes and shallow gradients prevented some of the gutters from

- functioning. Moreover, during thaw it was possible for flow to occur at the

level of the guttering, but be prevented from collection by ice within the

J which was set approximately 0.10 m lower in the ground.

The major problen réIaTing to the accuracy of *the subsurface flow
heasurements involves the estimation of the confributory area. N active
{ayer water-tables are low, it may be possible to use frost-table elevations

" as an indicéfion of.flow directions, but this is less likely to be accurate
- in an acfi;e layer close to saturation. Distortions of flow are known to
occur in the vicinity of“open‘pifs {(Knapp, 1973; 1974) but they have not
been examined in the area around the type of apparatus used. In the absence
of piezometric data, initially it must be assumed that the contributory area '
. on a‘planar slope is'directly upslope. Errors in Thisrassumpfion can be .

. assessed using data from site 4 where surface and subsurface discharge were

investigated at the same position on the slope (see p. Y&B).

Sed iment measurement techniques
The following types of sediment movement were examined:
(1) aeclian sediment inputs;

(2) suspended sediment in surface wash; . . i

(3) dissolved sediment in surface and subsurface wash.
Aeolian sediment concentrations were observed of the snow at all

~sites during the three field seasons, but concentrations varied considerabl
. !

————— »
from one year to the next. Two sampling techniques were emp|oyed. The
g?\

first method examined the surface concentrations in g_mjz Y o

.
’ I’

y - délimiting 1 m2 of snow_and scraping approximafaly;IO mm of snow and

sediment from it Info polythene storage bags.’ General.ly, the'maximum

P It s e S R P PN N B L T i P A N TS TP R ~
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concentration close to the runoff plof was sampled. Affer returning to the

- X (/fpase camp, the snow was neITed and the sediment was filtefed out through

/

pre-weighed filter papers (see below). Overall accuracy is estimated to be

-+ ~10¢§. This method was used most frequently because.the majorifﬁaof

aeolian particles appeared to be on the snow surface. The second method
involved sfraTi{ied sampling within the pack, ?rwinfegraféd core sampling.
Used in conjunction with the first method, Thcse two enable assessment of
the Timing of aeclian activiky during the snow accumulation period. Core
éamples were treated in the same way as those from the surface snow, but
prior to filtering, the volume of each was measured to give the volumetric
concentration ot particles within the snow. A both mathods, accuracy was
limited by the filtration method {see pp. 137-138) so that concentrations of

less than 4 mg L™! could not be determined. .

The measurement technigue employed for suspended sediment in

surtface wash was derived from studies in fluvial geomorpholiogy. It involved

filtration of a 1 L sample Throhgh a pre-weighed filter paper using an
@strem filter pump (Figure 55). After drying in the laboratory, the filter

paper was reweighed and the additional weight due “to The sediment

ry
calculated.

’

The basic assumpfion of this method is that the weight of the
%ij+er paper remains constant. This was not Thc case. Pﬁoblems‘arose from
the extremely low levels of sediment concentratfon in surface wash, below
the level of discrimination of the Téchnique. -, .

During the 1977 and 1978 experiments, fllters were weiéhed before
use, and atter return.to the laboratory they were dried and reweighed. Of

necessity, a correction factor had to be applied relafing‘To (1} changes in

the moisture content of the filter paper, (2) potential loss of fibres

C,
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ST

OSTREM FILTER PUMP, 1977 '
Chemtrix_conductivity meter is visible in background.

Note, most filtration was undertaken at.the base camp,
not at the runoff plots,
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during the filtration process, and (3) potential changes in the composition

of the paper during drying at 105°C. The correction factor of 0.250 g was

..

derived from a sample of five unused papers in 1977. After the 1978 field
season, however, 24 filter papers used as controls showed a wide degree of
variation, with a mean weight loss following drying ;f 0.093 g and a
standard deviation of 0.030 9. \Using the mean correction tactor, many of
the flITer papers appeared to have "|ost" weight during use._ Clearly this
was incorrect and the problem was pﬁesumed to i:; in the cérrec+ion
estimate. It was considered too inaccﬁrafe for The very small amounts of
sediment involvedf This cast doubt on the validity of Thé ear[iér results
which might have shown a similar variation had a larger control sample been
, used. .

Tests subsequently were run in whiéh 25 filter ‘papers were drieq
fér 48 hours at 105°C before weighing, then were dipped in dis?illéd water,
redried for,48 hours and reweighed. In_bofh.weighings a balance accurate to
i‘0.005 g was used, and the papers were weighed w}fhin 10 seconds of
theif removal from the oven.: This control group showed losses of 0.002 -
0.019 g with a mean of 0.007 g and a standard deviation of Q. 002 g. The
losses wege ascribed partly to losses dur:ng washing when some fibres came
Ioose from the filter paper, and partly to slight oxidation during the
drying .process.

In 1975, alr filter papérs were subjected to pre-drying and pre-
welghing before use, and a correction factor of-0.007 g was applied. Some
filters still showed stight "negative" sediment loads bu+ this was to be g_}
expected. |f concentrations of less than 4 mg L™ exist in the sample,

it is'prdbable-+haf a small- percentage of the filter papers will experience

Iosses‘greater than 2 standard deviations of 0.002 g, causing ﬁegafive

-
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results. The measureménf process, therefore, is acturate to approximately
Is mg L"! and loads which appear negative are classed with
others in a group of <4 mg L™, . 9.

Dissolved solids in ;urface and subsurface wash were monitored
using three techniques. A Chemfr;x Type-70 conductivity meter with -
automatic temperature compensation was.used to measure the conqucTivify of‘
samples in  psiemens cm ~ ! compensated to 25°C. A factor of 0.65 was

’ 1
used to convert u siemens em~! pto total dissolved solids, expressed
as mg Tl (Rainwater and Thatcher, 1960). Error in the instrument can
be assumad to be less than 1% full scale deflaction, which a+ most
concentration levels is ¥2 ps em™ ). The second method measured
total, calcium, and magnesium hardness (expresséd in mg L-! CaC04),
using the Schwarzenbach titration procedure on 50 mL sampl%s which were less
Than 24 hours old. Accuracy i this method normally is ¥ 0.1 mg
L'I, but under field conditions more realistically is
il.O'mg -7, The third method involved jaborafory analysis of
selected samples (undertaken by T. Gal!ie,‘DeparTmenT of Geography,
University of British Columbla), using a Pérkin-Elmer 373 atomic ab;orpfion
spectrophotometer with an acetylene-oxygen flame for Mg, Na and K, and
NO, flame for Ca. Si0, was analysed colormetrically on a Bausch and
Lamb Specfrﬁnic—70 using the standard "moly-blue" method (Rainwafer and
Thatcher, 1950). Cémparison of the three methods is shown below (Table 29,

P . 226). .
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Annual water balance

(@) General characteristics

/ The importance of each of the hydrolegic processes operafing at

the four runoff plots gan be assessed better if it is examined first within
a regional context. The water balance of the Thomsen River upland areaf can
be estimated using snow and evaparative data, with stream runoft cal ulated

a5 a residual.

The basis of the water balance assessment is the successive
_ mappfﬁ;h;f snow-free areas during the summer of 1979 (see Figure 15). This
was accompllshed by 15 km ground traverses of the upiand (covering an area
of 7 km), during which Th;—;dges of snow-free arsas were marked on air
pho+ographs (scale 1:13,000). Errors in the method are thought to be within
5% of Thercalculéfed snow~-free area since checkslwere possible by comparison
of successfve maps. Snow cover was complete on May 29, 1979, and maps were
produced.for June 10, Jyﬁe 12, June 18, June 27, and July 6. Baspd on
observations of the snow cover remaining on July 25, it is estimated that
the upland was complefely i:ee of snow 6n August 5, 1979, , 3

For each date, the upland area can be divided into three zones:

(1) snow-covered.are%;; prééﬁ;ably subject to evaporative losses;
(2) snow-free areas located upslope of snow-covered areas (e.g. ridges and
InTerfluves)w.presumébly experiencfng low ra+es of evapotranspiration;
(3) snow-free areas downslope of snowbanks (e.g. valley floors), présumably
experiencing high evapotranspiration rates. The changes in the proporflons
of the upland area that fall within these divisions are shown in Figure 56.

Estimates are made for an additional day, July 3, on Tha assumption that the
{

saturated aroas reaéhed a maximum on that date (Table 9.

3
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/

Percent Percent Percent -~
snow-covered unsaturated ' near-saturated Average
Date (evaporation -1 (evaporation -1 (evaporation -1 evaporation rate
/ rate:0.56 mm d )| rate:1.04 mm d” )| rate:3.24 mm d ) (mm d )
May 29 100.0 0.0 0.0
0.56
June 10 98.9 Ta1 0.0
A 0.59
June 12 - 92.8 6.7 0.6
. 0.64
June 18 B84.9 13.0 ., 2.1
/’“\> o 0.77
June 27 67.9 5.2 - 6.7 "
1.31
July 3 2&.0° 33.02 39.02
. 1.63
July 6 6.9 70.7 22.4
1.27
August 5 0.0 100.02 0.0 -

@ Estimated data:

TABLE 9: Evaporative area changes

K.Y

in_the Thomsen River upland, May 29-August 5, 1979
AN
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The three designated zones are assigned average evaporation rates
based on lysimetric data. In reality a continuum of rates exists between
l ground d‘nofed saturated and unsafufafed, but for pracTigaI‘purpOSGs a
single valuefor each state, established over a wide range of meteorological

condiE&ons c be used. The SnOW“evaporafnve rate applied is 0. 56 mm

\/—‘\
d-f, being tHe average of 245 Iysnmefer days, derived mainly from pre-

isothermal
L.

recorded in Apctic areas (see P. 81). It is possjble that additional

now-during 1978 and 1979. This value is gréafer than others

evaboraf was promoted by the Iysimefgrs themselves, following radiation

absorption. The rates of ground evapotranspiration used in Table 9 are ]

1.04 mm d~! for unsaturated areas; and 3.24 mm ¢~! for areas at or

near saturation. These values are derived fron 395 and 74 days of

lySimetric data respectively, recorded during melt and post-melft periods in
8 and 1979. These figures lie within The range of evapotranspiration

-

rates mentioned earlier (see Table 5, p. 83) and suggest that small.
Iysnme?ers are an accepTable measurement technique for Thls pro;ess.

Equally, it is clear that the division of the upland into three areas is

Justified by the considerable differences in values for the three rates.

Average evaporation rates, weightet—for Tﬁe areas falling into each
category, are shown for the pericds between snow mapping in Table 9.

. The snow-free area mapping, fin comsinafion with measured ablation

and density data, permits an estimate to be made of the initial water

equivalent of the snow in the upiand. Average total ablatioh at the four

sites between successive map dates, is multiplied by average upland snow-
covered area for the same time periods. The sum of these volumes,
multiplied by average initial snow density at sites 1 and 3 (represen*lng

interfiuve and snowbank JJocations reSpecfhngyJ,-resulfs in an approximate

kS
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value for the initial water equivélenf of the upland snowpack. This is
estimated to be 174 mm for 1979 (Table 10}. Since rain during the melt
season was 3.6 mm, and assuming no chaﬁge in soil moisture content between
the pre-melt period and after the cessation of melt, stream runoff can be
calcuIaTed‘as a residual. For 1979, stream runéff is estimated to be

107.4 mm (Table 10), representing 60% of the total preci%i?afion. This is
less than the "typical" value of 150 mm for stream runoff.in polar desert
areas suggested byﬂwedel (1979). Since the drainage density of the upland
is approximately 2.75 km km~2 (see p. 34), uniT;sIopeldischarge_

calculated with equation (5) (p. 85), is 19.5 m3 m~! a=1,

The estimated percentage of precipitation leaving the upland as
runoff (Table 10) is less than that recordeé on Cérnwallis Island where it~
varies between 67% and 81% ‘(Marsh and Woo, 1979). This may be partly the
result of (li the low rainfall total, and'(2) the particularly lengthy
ablation séason in 1979, which sustained high evapotranspiration losses.
For these reasons, a second set of water balance data was genera{ed{using
the same snow input data, but increasing rainfall to 14.5 mm (the average

.

during the 1977 - 1979 ablation seasons) and setting the date when the

area became snowfree to July 28. This date was obtained by averaging the
number of days between site | énd the rest of the upland becoming snow-free
for 1977 - 1979, and adding ithis to the 1979 date for site 1. Evapotrans-
piration totals are reduced by these changes, and runoff incrgases'TO

130.1 mm, 69% of total precipitation (Table 10). Unit slope discharge
‘Increases to 23.6 m> m~! a~!, a figure reasonably similar to

others calculated for Bathyrst Island (see p. 86). -

Unfortu ly, it.is not possible to assess +the probability of -

occurrence of the Ahow-sover used for }he calculations. A compariébn of the

water equivalents of snow accumulated at sites 1 and 2 (derived from snow
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INPUTS OUTPUTS Unit Slope
. discharg
(mm) ¢3) () (%) (m3m—?a_?)
Evaporation
Snow: 174.1 98 trom snow: 16.5 9
1979 Evapotrans-
Rain: ~ 3.6 2 piration: 53.8 31 19.5
//f- Total: " 177.7 Stream runoff: 107.4 .60
. Evaporation
Snow: 174.1 92 from snow: 16.4 9
Average -
1977- Evapotrans-
1979 Rain: 14.5 8 piration: 42.1 - 22 23.6
Total: 188.6 Stream runoff: 130.1 [~ 69
=
“ .
TABLE 10: Water balance components, Thomsen River upland

L]

R el
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. s
course and density measurements) with winter snowfall totals at Sachs

Harbour reveals no obvious correlation. |1 appears that more. Snow accumu-
lated in The Thomsen River area during the wintems of 1977 - 1978 and 1978~

1979, than in 1976 - 1977, but it is not possible to state which, if any, of

these was an average season. .

£
{(b) Runoff plots and inter~year variability

The water balance of a runoff plot is obtained by equating inputs

of snow and rainfall over a fixedwarea, with outputs of evaporatioa ‘and

-

water passing downslope Through a vertical plane at the exit of the plot.
Plot 2 remained in the same‘ﬁosifion‘for atl Th?ee gfudy years anqa
™ provides the best data set for analysis of the inter-year variabiri+y of the
water balance comppnenfs. In addition; it is typical of many‘gnowbank
locations in the Thomsen River area. Initial snow data Qare.cgllecfed at
The site either at the end of May or at the beginning of June, and data
collection continued until the cessation of snowme!+ (Table-lH) To ~
standardize the co!lection periods and render them comparable, the dafes
when the sngw became |soThermaI at 0°C are used to divide the data. In
1977, for example, snow data collection commenced on the same day that the

*i” snow became isothermal IQ¢J978 colleqﬁﬂon began one monfh before the \\\
snowbank reached (°C.

The values of water lnpuTs and Iosses shown in Table II are
cailculated-in a number of ways._ The initial and isothermal snow water
equivalents are derived by mu[tiplying the volume.of snow on the plot by
average density values for the respective dates. The rainfall data are
abstractions from the gauge records. The evaporative losses are calculated

M from the average evaporation rates for snow, unsaturated and near-saturated

~ .
ground (see p. 143), weighted for the areas of the plot falling into these ’

~

'

-



147

| S
6L6l-LL61 "¢ 40|d Teouefeg “J8leM || 37@vl
B i L 14 2z z ' t ! 66 : ’ pojiad
! lewlayiost-ysod 6e6]
A - *
114 N © 0l b 001 ' poyJad {161
' o SleuleyLos) -eug| cay
gL Almr :
$  g°99 ¢ 'L |69 0T 102 [A 6°¢ 4 rAd Y | L1 9°C |66 1*¢gz - po}Jed
HE eunf |ewaeylos)-ts0y
6L61
) . 0g euny
6 Ltz 0 00 I S ¢ 0s ¢€*91{0 0*0 (001 9°/i1¢ -- poraad |
: . ' 6Z Aey | ewaey os| -0y
. . v Alnr
£ o'9ln ¥ZZl o 00 € 0'g Z §°¢ I 21zl [66 0951 == po| Jad
SZ eunf | jewioyyos|-gsoy
8L61
. GZ eunp .
ir (°91 ' £ 0 & [ It 8*r1{0 0°0 [001 6°¢cz = po|sed
: SZ Aoy | jewssyios)-a.y
6| eunr
69  6'vB1[9Z 19| o 00 4 9y P4 L's | 0°v (Z 5°9 | Z'00Z - po)sad LL6l
G eunf | |ewssyjos)-isoy
5 iy f w £ oy 4 Ly w wy S w g ww 1 uny
. uojledyd : .
anus | -suelgodeae uotjerpd "
nO| § ybnouyy Pojeunies|-suesodean uo| jeand ! $01d S3ivg
- @ov)ang nojg ~Jdeoty | pojeangesun [-ecas Mous [« ujey | uo moug
WNOIS Y 535501 S1NaNI

n



-L‘

possibly, measurement grror.

148
) ~/ - 3 s

- . .
-

divisiéns. Flow through the snow is shown if the snow is isothermal and tye
plot exit still possesses a snow cover. |t is calculated as the residual of

water equivalent changes in the snowpack minus evaporative losses. Al though

surface flow was’moni+ofed continuously in 1978 and 1979, the figure for \\-"

1977 includes estimates for gdps in the record. Data to fil! these
AY

omissions-were predicted using simple-regression of surface flow against

lagged net radiation (see Lewkowicz, 1978, pp. 73 -~ 76). The residuals
shown in Table 11 are calculated from total inputs minus total known losses

for the pre-isothermal and post-isothermal periods.

Known losses during the pre-isothermal period are chiefly from

snow evaporation. Ground evapotranspiration is of lesser significance

N .
. because of the small areas that are snow-free. . A major residual exists,

averaging over 40%, and requires explanation. It is hypothesised that some
parts of the snowpack reach 0°C befﬁre oTheﬁéﬁanq fhg;“wafer can issue from
the snowbank aven 5efore ;he sfated isothermal dafe.- The values of flow
through the snow, however, are calculated only for the post-isothermal
period. These figures, therefore, probably are-conservafivé estimates and
much of the pre-isoThermaI.reéiduél is likely to be.flow Through the snow.-
Average losses after the isothermal date are dominated not only by
f!ow through “the snow, but also by surface flow and a second large residual,
Evaporative losses during the actual ablation period are relatively
unimportant. 'Sur'f;‘::ce' flow averéges <;n ly TSS‘;& the posf«-iso?hermal losses,
despite its apparent signlficance in visual terms at_ The runoff plot. The
large residual Ilkely Tesult from a combination of_ﬁubsurface flow, storage

within the active layer in pramaration for subsequenf evaporation, and
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~

The degree of inTer;year variability in the absolute and
- -

© percentage values of the compeonents shbwn in Tablgall is striking. There is
little relative varfbfion'in snow accumulation and rain?all values, but .
there are great chaﬁags tn output values.

For example: flow through snow was zero in 1977 and 1978, but
reached 201.0 mm in 1959, accounting for 69% of the post-isothermal losses.

These and other variations are Thought to be the results of differing

meTeorolégicaI conditions during both the snow accumulation-and ablation
-3

periods.
In 1977, the first year of study, a particylarly early thaw
occurred (see Tabie 3, p. 18) and only a few hours of records exist for the

period prior to the snow becoming isofherqal at plot 2. The snowbank at
this time was thin both at IE:}rne crest and at the base of the slop‘. A
maximum thickness of 1.2 m was reached in its central area (Fligure 57). The
surface flow collector was sited at the lower end of {;é snow profile and
collected dlscharges as the snow ablated. .Be?ween June 9 and June 14, 1977,
aboye-average a}r temperatures and near-continuous sunshine caused rapid
ablation. The rate of meltyafer producfién exceeded the threshold necessary
to overcome subsurface qnﬁ evépora*ive.losses And generate surface flow.
The surtface runo;f coefficient following Isofhérmal conditions was 26%.

In contrast, the 1978 and 1979 thaw seasons commencedtygry late.
Moreover, the snow distributions on ﬁlof 2 d}ffered considerably from that
df 1977 (Figure 57). , Snow depths of 0.4 m and 0.9 m existed at the location

S

of the surface flow collector in 1978 and 1979 ?especfively; so that These
amounts of ablation were required before the collector position was cléa} of

snow. In 1978, the necessary clearance occurred by evaporation and settlling

) ¢ -

4
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I

before the isothermal date, but in 1979, a large volume of water is thought

To have left the plot as dawnslope flow through the snow (Table 11).

An additional! variation attributed to the changes in snow

distribution concerns the amount Qf snow remaining on the blo+Lwhen surface

flow was first generated. This volume varied by a factor of three, from

79.8 mm in 1979 to 260.2 mm in*1977. The post-isothermal residval values

also illustrate the effect of the greater accumulation in the lower area of

the plot in 1979. Those for 1977 and 1978 are quite similar, both in

magnitude and percentage value, while that for 1979 is much less, as a

result of the loss of water through the snow.

To summarize, it is clear that not only the volume of winter snow

accumulated at a snowbank site is important, but also the distribution of

snow on the slope. In the limiting case, a uniform thickness of snow will

produce no surface and subsurface wash per se, but will be depleted solely

by evaporation and flow through the snow.

it is also instructive to consider the inter-year contrasts and

the general characteristics.of the water balance at an interfluve site,

Site 1 is of this type. CompTeTe data sets exist only for 1977 and 1979, so

a three-year average has not been calculated (Table.12). No rain was .

.

recorded during either of the two ablation periods and snow is the only

sinput. In both years, the snowpack was of variable thickness (Figure 57) -

and disintegrated into discrete units as i+ melted. This led to relatively

large values for neér—sa?urafed evapotranspiration since much of the snow-.
free ground on the plot was affected by melfingkénow upslope.

At site 1, surface flow was generéfed only during two short 3 - 4
day periods.

The amcunt of snow present on the plot when generatian first

occurred varied by a'facfor of three, but the pattern displayed was the

e i = o A B A mwr— e

e i ) WU B i e e

B
B
o
a
3
‘-I
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éppbsiTe of that shown at plot 2 (i.e. the smaller amount remained in 19%7).
In 1977, surface flow generation began three days after the pack became
isoThermaI."During Theée three days, &ir +empera?ures remgined positiva,
but radiation inputs were low. Sﬁbwmelf proceeded too slowly to exceed -
5ubsurfacé and evaporative losses and thereby generate surface flow. LiTT}e'
SNOW Was I;?+ when weather conditions changed and sunshine became continuous
for the period June 1 - 3, 1977. in contrast, whilé standing water was
visible on the plet for seven days before runoff‘was generated on June 29, .
1979, continuous water loss was prevented by heat def}cifs in the snow at
"ni%ijﬁ;as air Temperqfurgs fell below 0°C. As in 1?77, ﬁowever. surface
flow finally was generated during a period of High radiaTioé inputs
coincident with increased air temperatures. The large residuals in Table 12
in both Thé pre—isofhermal and posf-isofhermal periods are attributed to
subsurface flow and active layer recharge in the periods prior to and during
surface flow producticn.

In summé;y, data from plot | indicate that surface flow production
at an interfluve site is dependent-on a combination of high air temperatures
and radiation.inputs. Had the meteorological conditions observed during the
initial part of the isothermal periods prevailed, the melt thresholds
necessary to generate surface flow would not have been exceeded.

The magnitude of water volumes leaving plofé 1 and 2 as supsufface
flow during snowmelt can be estimated by comparing the residuals shown In
Tables 11 and 12 with lysimetric data for the period following ablation at
the sites. This qomparisoé is accurate, however, only if evapotranspiration
data are available up to the freezpback period, and if it is assumed that,

The overall water content of the active layer does not change between thaw

and freezeback. This length of record is available oftly for site 2 in 1978.
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<

1

The residual in the post-isothermal water balance for 1978 at plot’

2 is 166.0 mm (Table 11). ~Total water loss from near-saturated lysimeters
after the end of snowmelt (July 4) to new snow cover (August 14) was 22.2
mm, but unsaturated lysimeters actually gained water (4.8 mm) ove; this
period as a result of rain ig July and light snow on every day in August.

The overall loss from the plot, weighted for the aresas fal'ling into the two
categories is 5.1 mm. In this case, therefore, evapb{ranspirafion axplains
little of The residual figure, and assuming small measurement errors, the

great majarify_of the 166.0 mm must have left the plot by subsurface flow.

This is a distinct possibility at plot 2 since the surface flow collector- is

(:;f:{%:if d on moss, and presumably water |eaves the plot through the vegetation

at.

While exact figures cannot be calculated, it is usefu! to compare
the partial evapo;afion records for 1979 with the residuals in the water
balances. Jhe resigual at plot 2 for 1979 is 66.5 mm. Using the weighting
fechniﬁue ;:;T?:gd above, only 7.6 mm of water evaporated from the plot

between July 13 - July 20. Similarly, at plot 1 in 1979, 14.1 mm of water

-evaporated from the surface between July S5 - July 20. The post-isothermal

residual for this plot, however, is only 18.1 mm (Table 12). At first

sight, this implies that only 4.0 mm of water could have |eft +he plot as

subsurface flow, a great contrast to the plot 2 figures. Because this is

onl9 a partial summer-record, however, this implication may be incorrect.

At is possible for additional water to have left the pleot as subsurface flow

during and immediately following melt i; The subsequent evaporation is the

result of ground ice thaw. . .
In-summary, it appears that the greater part of ea;h post- |

fsofherméi residual shown for piot 2 (Table 11 _is the result-of subsurface

flow, and not ‘evapotranspiration. At site 1, where |imited data indicate

-
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-
smaller residuals, a larger proportion may be the resuit of post-snowmel't
evapofranspira?ion.

(c) Inter-site variability

)
Data from plot 2 enable examination of inTer—yeargC;;iability. it

is pertinent to consider, however, the degree to which %gis sife\if

representative of other snowbank tocations in the study fAarea.

- Table 13 éhows the water balances of plots 3 and 4 for 1978 and

1979. They may be compared with the data for plot 2 (Table 11). In all

cases, snow is the most important hydrologidal input, but there are large )

differences among the winter accumulations

runcff plots. One effect
of these is the duration of the snow-ablation pericd, For exampié, the snow
on plot 2 ablated eight days earlfer +haﬁ on plot 3 ipnN 1977, and a similar
pattern ‘was displayed in 1978. IThis difference can hgve\important ef%ecfs
‘o the water balance figures if a longer-lasting spowbank \is subject to a
- period of particulariy high, or low, energy inpdts after dther ;nowbanks
have ablated. A second difference in the data Tables 11 and 13,
concerns the apparent increases in water on the plot between pre-isothermal
and isothermal séow conditions shown in the latter. The increases at plot 4
can be.explained as flow downslope from the upper parts of the snowbank, -
since This plot does not run al |l Thé way to the slope crest. The increase
aT‘pIoT 3 in 1979, however, cééhof be attributed to this process, and may QQ
measurement error: In this case, the earlier figure may be an under-
© estimate, the result of an inability to sample the snow density at the base
of the site 3 snowpack with only a 2 m snow tube.
Figures in Table 13 indicate that foTal evaporative |losses

constitute only a small percentage of total water outputs at a snowbank
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location. Moreover, percentage loss appears to be larger at small snowbank
sites (up to 13% at plot é) and smaller at large snowbank sites (3 - 6% at
plots 3 and 4). . | . l

The 1978 results for the Thfeé showbank sites show that surface
flow was least Impor+anf in absolute and percentage terms at plot 2, and
most important at plot 3 where it made up 81% of the water equivalent of the
post-isothermal snéw. Although incomplete, since monitoring ended before

\ .
all snow had ablated, the 1979 data display similar trends.

- The post-isothermal residuals shown in Tables 11 and 13 generally

exhibit a trend opﬁosing that of the surface flow figures. The highest

percentage value in 1978 is for plot 2, while the lowest is for plot 3,
¥

v

although .the absolute value is higher at plot 3. These characteristics
suggest that, larger amounts of waTér.may be lost to subsurface flow apd

+ active layer recharge at large snowbank siTe;,“but that percentages lost by
this route are lower. Presumably, Tﬁé threshold ablation rate necessary to
ekcee&‘subsurfaée flow losses is reached more frequethy, or exceeded by
higher margins at large snowbank locations.

In terms of the upland water batance (pp. 144-145), the data foé
the four runoff plots indicate that all contribute above averagé quantities
of water to streams (surface And sﬁbsurface flow, calculated as inputs minus
all evaporafive losses). As expected intuitively, the largest snowbank
sites produce higher proportions of total runoff (up to 96% of the original
inputs) while plof 1 produces the lowest value (as low as 68%). Since the -
average stream runoff coefficient for the uptand as a whole is between 60
and 69% (Table 10, p. 145), these figures support the hypothesis t?af maﬁy
parts of the upland contribute |ittie or no water To tThe streams afd +ha¥

they lose their snow cover directly to the atmosphers.
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At a-still larger areal scale it is instructive to compare the
plot surface runoff coefficients with others obtained in the disconT}nuous
permafrost zone (Landals and Gill, 1973). Table 14 shows that a wide raﬁge
of values were obtained in both areas, but that those from Thomsen River sﬁé

‘
generally lower than those farther south, f& spite of higher snowpack water
;Luivalenfs. This trend is probably the result of moce rapid melt rates in
thea Ye!lowkang area, which allow greater excééqsnce of fhreshold;safurafion
values.” For example, Landals and Gill (1973} recorded more than 30% of '
total annual surface runoff on a single day at Iong-lasTiﬁg snowbanks. In
contrast, the day with the maximum runoff volume at plot 3 in 1978, (July 1-
2, see below, Table 18, p. 177) produced\Bniy 16§ of the surface runoff for
that year. |f the reasons for these differences have been correctly
,idenf%fied it can be hypofhgsisedlfhaf at latitudes greater than those of
Th; Thomsen RiQer area, still lower surface runoff coefficients are
produced. In such areas, potential daily energy inputs are |likely fo be
lower, the probability of exceeding the ablation rate necessary to generate
surface runofg is'rﬁﬂuced, and wh®h the Threshold is exceeded, the marginal
value is less.

In summary, it appears that: (1) at interfluve sites and small
snowbanks surface flow may constitute a relatively unimportant form of®water
loss; (2) large snowbank sites experienée greater loss b; surface flow than
small snowbank sites; (3) the actual conéT;:;aTion of the snowbank plays an
Jimportant role in determining the amount of snow |left on-;he plots when the

collector position becomes snow-free; (4) increased winter snow .

accumu lation does not hecessarily correspond to greater volumes of surface
flow; and (5) runoff coefficients in the study area are lower Than'ﬂn'a

subarctic area, but may be higher tham in locations further north,

v . .(,
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The snowmelt pericd

-
i

The dominance of snowmelt as the source of slopewash justifies a

more detailed investigation of snow ablation processes.

= (a) Snow metamorphism

Snow metamorphism encompasses changes in temperature, structure
and density of Mhe snowpack, both before and during the lsgfhermallperlod.
An understanding of these changes is Important since they influence t
amount of water left on the plot when tHe collector position is exposed, the
tTiming and duration of surface flow, lag times between Séowmel* and surface
flow discharge, ana many ther tactors. |In this section, dLécusslon is

confined to (1) snow temperature changes, (2) snow density changes, and °

-

(3) the formation of ice layers. ) : :

Late-winter minimum TemperaTUQeg“ngcorded at the base of the.

.

snowpack in 1978 and 1979 were -15°C.- During fhese years, the "ch,anges

towards isothermal conditions could be fully observed.

The time taken for snow to reach 0°C depends both on specific site

factors, such as snow thickness, albedo, and surface slope, and on seasonal
s -
meteorological factors, notably incoming radiation and air temperature.

Hea? is Transferred"verTically in the snowpack by the propagation of a

surface melt-wave and iTs'refreezing at depth. Examples of some of the

s

influences on snow warming can be seen In the progress of the snow on the

upper part of site 3 towards the'isothermal condifldn in 1978 and 1979
(Figure 58).

In Figure 58, there is a clear correlation between increases In
alr temperature and snow Teﬁpefafure, but the graphs reveal an exaggerated
FeSponse Jn 1978 compared with 1979. For example, the change in mean dally

b g

air temperature between June 10 and June 11, f978, from ~-3°C to +1°C,

correlates with a 0.45 m penetration of the 0°C isotherm into the snow. In

i
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FIGURE 58 : SNOW ISOTHERMS, UPPER PART OF SITE 3, 1978 AND 1979



contrast, a similar change between June 11 and June 12, 1939 is<linked with

“only 3“0.20 m isotherm penetration (Figure 58). The heightened response in
1978 is thought to be the result of exfénslve aeolian sediment concen-
Trati§n5 on the snow surface that were not present in 1979. Presumably, the
sediéenf lowered the albedo of the snow surface, éllowlng greater change In
snow temperature as the response to similar energy inputs,

. ‘ ‘The unpredictability of the progfess of snow warming also is
iIllustrated by Figure 58. On May 30, 1579, all Indications were that Thg h
snow was beginning a rapid warming. A cH;=;E in meteorological conditions,

- howev;r,‘caused the snoa'surface to retreeze and remain at temperatures
below 0°C fo; a further 10 days.’ ’ ’
Tabte 15 sh?ws average snow temperature gra#llents at all four’

® sites in 1978. V?lfés range from 4 to 55 m 1 and are consistently

greater for The-shalIoQ pits, prcbably as a result of lower thermal

. conducfivif(}é associated with lower snow densities. The changes In .

temperature éradlenfs can' be linked to the warming of the snow (TabléQfS).

As a ﬁesul{ ;?ﬁrherial conﬂf?fivlfy differences, and qgfiablgfsnow
thicknesses and slope angbﬁg, snow temperature profrles at the runoff sites
vary both within a‘slnéﬁe'slfe an bqfween ]ocafions (Figure 59). At site 2
on June 19, 1979, for example, the snow was isothermal 1o a depth of 0.2 ﬁ
af the top of the slope, but to.a depfh ot 4.4 m (n_the midd¢le and lower -
parfs df *he snowbank. As discus edrébove (p.;148}, this variability may
have consequences_relafing to the water balanée.of the runoff plots.
Assoclated with Tempe;afure cﬁangé;‘;ﬁ jhe snowpack are increases
fn snow density, Densiffes méésured at the runoff sites in 1979 are shown
in Table 16, and sfmilar péf+erns weré observed in the ;1her Tﬁo years. In,

general, densities increase from 'the end of w1nTer‘?hrough to the final

disappearance of the snowbank.” Linear regression of snow densities at sitds

.e R . o

“
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SNOW TEMPERATURE ;

[ ]
»

DATE GRADIENTS (°C m’
Shal low Deep TEMPERATURE CHANGES
Pits . Pits -
(<0.5m) . (>0.5m)
May 25 23 16 Surface becomes colder or is
stable; base warms
May 28 18 » 9
Surface cools; base stable
May 30 13 10
Surface warms faster than base)
June 1 23 . 14
A5 Surface colder; base warmer
June 4 \19 , 10
Little change in gradient,
\ : but pack warms by 2-3°C
June 8 20 : 12
’ Little change Ip gradient, sur-
face of snow becow‘rhermal
ne 11 20 9 =
; : Surface of snow isothermal; /
June 14 6 4 gradients decrease as base
-~ ' ‘nears ‘Q0°C N
[
JABLE 15: Average snow temperature gradients, 1978
E 14
r—
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Snow temperature (‘C)

LY

Snow o8
depth
{m)

Pl KEY .
15 S il . === Upper slope

18 L e Middle slope
1.7 ) . — Lower s!ﬂae

Site2 Site 3 Site 4

! ‘ v
FIGURE 59 : VERTICAL SNOW TEMPERATURE'PROFILES, JUNE 14 1979

.
-



SNOW DENSITY (Mg m=)
DATE Site 1 Site 2 Site 3 Site 4
May 26 0.397 (12)
June 1 B.359 (4) 0.406 (3) 0.374 (6) 1?:400 tmn
June 6 0.336 (9) 0.367 (12} 0.440 ta),,9f0.433 {12)
June 17 0.347 (10) 0.431 (8) 0.447 (14)| 0.432 A1)
June 26 0.348 (6}
June 27 | 0432 (6) | 0.490 (8) | 0.491 (9)
July 6 0.534  (12) )
July 12 0.589 (15)
Jmy 20 | , o : 0.625 (12)
July 21 4 0.627 (12)| 0.593 (9
July 22 T0.623 (13)] 0.623 (9)
Sample size in brackgts

TABLE 16: Snow density changes, 1979
. - . -‘,h
' o/
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3 and 4 agafnsf time (Fiéuré 60) shows a rela}ionship significantly
different from zero at less than the 0.1¢ ?ejec+ion level (HO is that
£=0; n=139.~r =+0.73; t = 12.59; * from tables = 1.98 so Hy

rejected). Since densities weré not measured at thesé sites late in the
L]

- 1978 field season, the density - jime're]a?ionship was used in ablation and

R water balance casFuIaTions.

-

In the month of May in both 1978 and 1979, snow pits at the plots

revealed no visible ice layers, presumably indicating the absence of mid-

winter thaws. |ce Iayers develop during warmtng, however, when the snow

SJ surfae?/Feaches 0°C and The underlying snow remains at lower Temperafures{
Un **Efse conditions, meITwafe:’ljperaied at the surface percolates t
dowpwards and refreezes. |ce layers form when the daily surface melt-wave "

g C
! eaches its greatest downwdrd penetration and is in contact with the snow

beneath for some hours. f

. L _ . .
Usually, ice layers at the runoff sifel were only 5 - 10 mm thick
"’ . “'
and occurred as a series of bands within a S|ngle Pit. The meximeh - \\

- - ~ thickness recorded for a single ice layer was 80 mm. The snow temperature

~\ -

above fgg‘lowesT ice layer Typica]fy was b°C, but a sfeep temperature N

gradient (20 - 30°C m~ 1) existed immediately below the ice.
Ilce layers within snow may divert 'meltwater, but their effecfs are

limited since they are progressively destroyed by conf:nU|ng surface meIT-

'\\F; water producflon and peresl//)on. Howaver, a 5|ngle major |ce Iayer widely

observed in Iong-las+|ng snowbanks in the Thomsen Rsver areg

. Bvelops af fhe
- ‘ . - :

-

. base of.the snow and is Thoughf S|gn|f|canT. This layer, f§sually beTween

«1 mand 0.2 m Thlck may have upseT wafer batance calcutatlions, either by

channeling adduTional mel?wafer towards. the runoff cdﬂlecfor or by dgverfing

* -

flow away from the prof (Figures Bljﬂ{/GZ). Presumably, the layer JTself

v

[ 4 . ) -

e~

i
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density
at sites
S'and 4

{Mg m3)

!

2 4 ] 8 10 12 14 16 18 20

Days after isothermal date

FIGURE 60 : CHANGES IN SNOW DENSITY WITH TIME,
SITES 3 AND 4, 1978 AND 1979
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.:..‘:
) : : - “ :-h
FIGURE 61 : SITE 3 SNOWBANK, UPSLOPE VIEW, JULY 23, 1979
- Basal ice layer is exposed at edge of snowbank. )
¢
S S St ' : ‘ .
"‘i P 7_' . . R “ .. . - o

FIGURE 62 : SITE 3 SNOWBANK, DOWNSLGPE VIEW, JULY 23, 19Y9

Basal ice layer in foreground. Note drainage over the ice and
extensive surface flow on the slope.

-~
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forms as the result of refreezing of some part of the daily melt-wave, but
/ ’ .
whether the water is derived from vertical percolationy] downsiope basal
flow, or both, is uncertain. The presence of the Sasa! ice lifbr also has
important implications in relation to the geomorphic effectiveness of

5 lopewash,

{(b) Ablation rates

Three parameters of snow ablation can be distinguished. First,
surface melt (§+) is The mean «change in elevation of the snow surface
[

from one day to the next. It is expressed in water equivalent terms, i.e.

X =n {/. . V"
(Hy , "Hx 1 (D +D ) ‘
st-x:z] t-1 t . . - (8)
n 2 V s
. A '

where: St is the mean surface melt rate on day t (mm d~'); )

HxT is the elevation of a point x on the snow surface

on day t (mm); ‘. ’
n is the number of points sampled; :

Dy is fthe mean snow density on day t (Mg m™3).
Equation (8) does not quanfifi the depth.of waTer released from the snow,

however, if D, is much greafeé than D4 . In this case, aff- N\

additional term (H}) must be introduced to acgbah+ for snowpack

: i /
densification. . * .
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W, = S,-(D,-Dy,).H, L9,

’» Q\“-—«/

wheré: . W. g the mean depth of waf?r released from the-
snowbank on day + (mm d~

HT _is the-mean.remaining snow thickness on day * (mm);
all other terms are as ‘defined in equation (8).

%

The third snow ablation paramefg? Is The pctual volume of water releaged

(Q4) at a runoff plot on a particular day:

1Y
, '
% -

-2 Qh"‘ﬁa

Qp = W (A +AL, )x05%10 L 10) . ‘f
.’ -t
where: 01. is the'volume of water rele&ed from 'rhe s?ow,

’ available fpg evaporation or runoff (m3 d
At is the area of snow on the plot on dax t (m2)

Wy is as defined in equation (11) (mm d
TR I

The first parameter, 5., reflects energy exchange and no?(// -

intfernal snowpack prdcesses. Rates for 1978 and 1979 vary from 4.2 mmn
4™} 103161.3 nm ¢™! (Figure 63). In 1978, surfacf melt rates
paralleled the meteorological changes without obvious lags at a daily time

- . -

scale. Peak rates at s'ites 2, 3 and 4 occurred between July 1 and July 4,

several days prior to a marked air temperature increase. Sidé; incoming

radiation valuef were simitar during both July 1-4 and July 6-7, the later,

ower wind velocities averaging B.ﬁ’m s™! on .

July 2.- 3 and only 2.8 ms™on July 6-7.

IEUTBTQ max i mum recordad surface melt rates. were noT as greaT as o
in 1978, and a sungle period high values is not apparent (Figure 63). gf\
- f - ,\ ‘ ’ - -
] A .
o l-" . ]
- _. - o
! ) ' '
. Y-
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Yalues equal to the 1978 maxima may have recurred after the end of the
ablation records since air TemperaT;res reached a three-season maximum of
‘19.6°C on Ju}y 25, 1979. Later maxima are not considered Iikely,.hpwever,
for a number of reasons. Eirsf,.due To reduced solar declination, radiation

is not as effective in inducing melt in late July as it is earldier in the
month, Second, aé_a resuif of.The preéence of sediment at the surféée, The .
Snow albedos at sites 3 and 4 were Iawer in 1978 than in 1979. Third, the
highest air Témperafures in 1979 were accompanied by near-calm wina\
conditions, which redgFed the potential effects of warm air in TurBuIenT . 1
enefﬁy exchange. [t is hypofhesi;ed, therefore, Thaf'fhe'perio% of
cloudless and warm weather hecessary to produce high melt ra#es; occurrgal'
too frate in 1979 to induce rates matching Those';f 1978, ’ '
\_ The rates of meIT recorded at the runoff SITGS on any particular,
date are similar but not equal (Figure 63). 1In 1978, surface melt aT\\\Te 2 .
.on most days pnoceeded more slowly Than Tha? at site 3 srTe 4 experienced
greater value;._ The reqetgfls less complefe for 1979 and ihe.bnly obviou§
generalisation is that melt a+'sife 1 was slower than elsewhere. Inter-site
differences Iikely are caused by variations in slope.;specf, snow surface
angle, and snow albado. g . ~
. - ~——

Using *the thresHold concept of surface flow production, the most

important ablation evéhfs are the annual méxima. Table 17 shows that

wmax (the maximum depth of water released) always occurred on the same

i

day as Sh ax (Maximum surface melt). qma&i however, did not

3. .
+necessarily coincide With Q .x (maximum water.produced by Thev

snowbank),,because‘fhe snowbank area had bqume depleted. Examples of the
two- posslblliTIBS of non—conncidence and colncidence occurred at plot 2, i

1978 and’ 1979 respecflvely (Figure 64).° Slmulfanelfy, or ifs absence among

otk 2a

—
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LOCATION MAX [MUM SURFACE MAXIMUM WATER MAX IMUM VOLUME COINCIDENCE]| -
AND MELT RATE RELEASE RATE OF WATER RELEASED - '
YEAR (S .. (W) (Q 0y ,
f)a'res mm d-] ﬁl)afes' mm d—] : Dates m3 d-1
- ——
: 1977 | 3/6-4/6 | 53.2 3/6-4/6 | 53.2°  [30/5-31/5 | 3.21 No
Plot 1
1979 [30/6-1/7 | 2B.2 30/6~1/7 | 28.2 30/6-1/7 9.17 Yes ,;’
1977 (13/6-14/6| 70.5 13/6-14/6] 70.5 11/6-12/6 {19.14 No
Plot 211978 | 1/7-2/7 |117.3 1/7-277 |117.3 30/6-1/7 [26.53 No
11979 | 3/7-a77 | 65.9 | 3/7-a77. | 62.4 3/7-4/7 23.65 Yes
1978 | 2/7-3/7 131)b' 2/7-3/7. 1128.8 30/6-1/7  |21.09 ‘No
Plot 3 -
© 11979 (117751277 aok€ 1/7-12/71 73.6  |[11/7-12/7 {12.90 Yes
1978 | 3/7-4/7 |161.3 | 3/7-4/7 |{58.4 3/7-4/7 | 8.40 Yes
Plot 4 . ‘
. 1979 [23/7-24/7{121.1 23/7-24/71119.0 23/7-24/7 | 4.97 Yes
TABLE 17: Maximum dai ly ablation parameters, 1977-1979
-
\' -
- )
o
]
15'; ° = ) Py .
s . ‘ : . . . <
Ty 9/
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~the three ablation paramefers, is largefy a matter of cﬁance, depending on

thaw. season weather conditions, If high radiation and turbulent energy

inputs are received soon after the snow hecomes isotherma!, peak melt rafes

<
and water production may coincide. |f a greater amount of time elapses say -
. , . ~ i
10 ~ 15 days, coincidence remains possible, but is less likely 5|nce area N

-

reducfnon conTlnues even at slow rates of surface mel+t. I - .
o . 2. ‘ .
(c) Surface runoff coefficienfs ~ !

Surface runoff coefficients are calculafed by conparang the volume
of surface flow leavung the runoff plo? wlfh the water produchon of the

snowbank on it. These two sets of dafa are not femporally in phase,

AR
however and a correction factor must be applied.

The-lag time between melt and surface flow is the time %aken for

~

meltwater to percolate verflcally through the snowpack and then move -

downslope te the collector. The optimun lag for a Rerticular day's flow can

be assessed by regressing surface flow discharge rates against a ragged

index of energy inputs (e.g. net radlafnon) and max:mns:ng fhe value of the
g . .

correlation coefftcnenf. LThe value ob*anned using this method is a

compromlse, however, bacause the Iag varies during The day (see pp.'77 -

78), beipg greatest a1' log ra'l'es of me!lt and least af the time of peak mel1'.

ﬂT plot 3 on June 25, 1978, for example +hese lag flmes werae 8 hours and

2.75 hours respectively. Thé‘s:mpresf-soluTion is To make an esfimaTe of

the lag for each particular ablaflon measuremenT by vnsually camparlng

graphs of recorded net radiation and surface flow. On days with varynng

el

1npu+s of radiatjon resuITnng from changlng cioud cover, the rlses and falls
of energy inpuTs are assumed To occur SIquTaneously at The runoff plots. W

On'cloudless days,.however, site fqpography and orientation become

* i
~ ) . . . . *re

« < . . - . ’ v
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.imporTanT, and the times of rise and peak are as;essed using output values
from a computer model (Fuggle, 1970; Gar.'nielr and Ohmura, 196B).

. The_periods for which sbrface runoff coefficients can be
. calculated are determined by the frequency of ablation da}a collection
(usually daily), since a_coqziggpab record of sur;ace flow exists. Surface
runotf coefficients calculated from the 1978 field data are réasonably
typical and are presented in Table 18. Values range from 0 - 100%, and some
apparéntly excee’d‘ the llaﬁ"er figure‘. Ni‘Th few exceptions, The'higher .
coeffiéipnTs occur on days with higher meltwater production. This supporT;
the concept THaT ;urface flow generafion ocggbs only after certain thresho!ld
valres ;f snowbank wa*er péoducfion are exceeded {(see p. 157).

Further informati®n concerning the nature of surfacé runoff
generation is obtained by regressing daily surfage runoff against meltwater
production at the plots (Figﬁre 65). There'is a strong relationship between
the ftwo, with correlafioﬁ coefficients ranging from +0.747 (plot 2) to
+0.942 (proT 15 (Table 19). T—fesTQ reject the null hypothesis that these
values are not s:gn|f|canfiy dnfferenf from zero at less than the 0.1% level
gﬂable 19). The regressaon Ilnes apparently explaln between 55.8% and ’
88 8% of the variance of the dependenfr_§r|able. These may be |nf|a+ed
values, however, since calculation of the Durbln-NaTson 'd! statistic
(Durbin and WaTson, 1950; 1951) results-in a rejecfion of the nul!l - C:::;/,_'

hypoThesis of no positive serial autocorrelation in The daTa (i.e. d <

@_

s)) to less Than 12 sngnaficance fevel (Table 19). For this
,P

.
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Plot 1, 1979

n-29
r-+0.888
r2.0788
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16

Plot 2, 1977 -'79

16

Plot 4, 1978 -'79

Water released (m3g-")
Surface runoff {m3d-1)
Least squares regression line

95% confidence limits

MELTWATER PRODUCTION, PLOTS 1-4

*
FIGURE GSS“REGRESSION OF DAILY SURFACE RUNOFF VS. DAILY
N

ote: runoff coefficients greater than 100% not included.
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Regression Iine.infercepfé on the x-axe; (Téble 19) are the’
average levels of daily meltwater production required totgenerate surface
flow.. These "threshold" values range from 0.77 m> (Plot 4) to 4.06 m>
(Plot 2). THe‘gradiénTs of the reéress[on lines represent the average

- surface runoff coefficients for meltwater production in excess ofhfhe
threshold values. Those fof'plofs 3 and 4 are close to unity, While those
for plots 1 and 2 are considerably lower (Table 19). The tormer suggest

.
that once the threshold values are exceeded, increased water loss to

-~

subsurface flow and evapotranspiration is-sligh+..
While the regression lines describe the major trends, a number of
other factors may influence the relationships since a considerable portion

)

of the variance in the data remains unexplained.

o First, some of the variance in the regression residuals is
probably the result of the time-scale enfdrced by the abfafion measurements.,.

~ The relationship between snowmelt and surface flow can change over the

.. course of a few hours in response to changing energy inputs, but the time-
scale used is a dally one. hypofhefical example illustrates the polnt.
A day with continual melt at relatively low rates contrasts with another day
In which very low melt rates are interrupted by a period of rapid meltwater
release. The meltwater production totals are sfmilar In both cases (i.e. x-
axts vatues constant), but in the first, subsurface flow and evapotrans-
piration remove all water produced, while in fhe second some surface flow Is
generated (l.e. y-axis values vary).

. Second, measurement errors may introduce™variation about the

. regression line. Coefficienfs greater than HOOZ were pof included in the

sfaTIsTical:analysis but provide some clues as to the ﬁofan?!al-squrces of

-

errors In the data that were used. The runoff coefflicients which exceed
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100% at plot 3 in 1978 (Table 18) may be separated by the July 7 date. The’

existence of the earlier group may relate to inaccurate assessment of lag

times, and long snow storage recessions, éincerfhe overall runoff coeffi-
cient for the period, June 27 - July 7, is less than 100%. ln'co‘r'rec‘l'l
allocation of runoff cannot explain the anomalies recorded after July 7
.since total calculated surface runoff exceeds‘fo?al meltwater production.
Here, the source of érror probably is the presence of +the basal iée layer in
the snowbank which made snow depth measurementd increasingly difficult
&urfng the final stages of ablation. . -
Third, The-presence of serial correfation in Tae regression
.residuals suggesTs other factors at work, namely anfecedeﬁf.moisfure
conditions, and lowering of the frost-table. These ére discussed be]oJf
During the periods of peak snowmelt, surface flow typically b
becohes continuous at the plots. Thus, acTiveklayer moisture deficifsfdo
not develop in areas downslope of the snowbanks. At ot ar TiTes, Howéver,
and particularly during the first few days of surface fflow generationy -
hydrographs are discontinuous and mo{sfure deficits -mus¥ be sa?{s¥ie& each.
day before surface flow commences. This mechanism is thought to be
responsible, %or fhe low surface runoff céefficien?s between June 15 - June
18, 1978 at plot 3 (Table 18). To test this hypoThest, daily surface can

be regressed against both meltwater producfion on the same day, and an index

of the four previous days' production in the form of: .

w
N A AR
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. *t=4 ‘ :
AMI = 040,51 S
Il . =1 . ‘
where: -AM| is an antecedent moisture index; ’
Q4 is the volume of meltwater produced by
the snow on day t (m”); ‘ .

t=1 is the previous day, and.t=4 is four ‘days previous.

¢ v

* The introduction of a second independent variable increases the correlation

coéffjciénf values obtained at all plots relafivé to those from simple
linear regression (Table 20). The correlation is regarﬁed as spurious éT
plots 1 and ;, hpweyer, becausq'fhe slépe coefficients for the mois+ure
index are néda%ive?ﬁhuﬂﬁ£u4gjndicaT%ng a partial corrslation of the ‘AMI|
with other factors. AT plots 2 aéd 3, on the other hand, the slope
coefficients are positive as expected, and in view éf the }arger sample
ﬁizes, fhéy are more {ikely to be correct.

| + Lowering of the frost-table allows an increase in the rate of

sdbsurf;cé discharge and should be negatively correlated ﬁi?h surface runoff
production.’- Regression analysis, after the infroductjon of frost-table
depth at the surface fibw col lector posifisn as an addifional,variable{
general1y_%ails to suppor} this hypotwesis (Table 21), At plots 1-3, the o
slope chfficien+s fég\IES\variable are positive. This is thought to be the

resJ]t of partial correlation with other Time-déﬁenden? variables. One of
these, especially at plots 2 and 3, may be antecedent moisture. At plot 4,

' subsurface losses appear to be more important and. work against the T}énd of
the AMI. The Thickenipg-of‘fhe unfrozen soi] layer frém 0.10 - 0.25 m
between July 5-6 and July 7-8, 1978, for example, apparently was responsibfa

for reducing runoff coefficients for similar meltwater production from 8%

~ to 6% (see Table 18, p. 177). As a result, +he expected trend Is I)lus-

[}
Y
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Regression equation @ N R R2
Plot 1§ Z = 0.613X - 0.0457 - 0.B20 9 +0,945 0.894
Plot 21 Z = 0.379% + 0.224Y - 3.083 28 [+0.791 | 0.626
Plot 3 | Z = 0.793X + 0.205Y - 2.151 29 |+0.904 | 0.816
Plot 4 | Z = 1.101X - 0.331Y - 0.377 15 [+0.921 0.849
"a .X = Meltwater production (m> ay
" Y = AMI (see\gquation 1111(m3)
Z = Surface ;Lnoff (m> 4™

TABLE 20: MuiTiple regression equations: daily surface

runoff vs. daily meltwater production

and antecadent moisture index

183 -
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Regression equation 2 1 N "R RZ

Plot 1], Z = 0.631% + 10.337Y - 4.239 9  [+0.949 | 0.900
Plot 2 Z = 0.455X + 13.998Y - 4.689 ;8 +0.774 0.599
Plot 3 | Z = 0.907X + 4.734Y - 3.783 29 [+0.910 | 0.829
Plot 4 Z = 0.B41X ~ 1.974Y - 0,068 - 15 . |+0.910 . 0.829
@ "X = Meltwater production (m> d_l)

Y = Frost-table depth (ml]

Z = Surface runoff (m” d )

TABLE 21: Multiple regression equations: daily surface

runocff vs. daily meltwater. production
and frost-tabie depth at the
surface flow collector position
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?raTed(af this plot, and the frost-table depfh is nega?uvely correlated with
s8rface runoft. h—\“\\u,/f”“/"‘ .

In all cases, the data used fo develop the equations in Tables 20
and 21 show positive serial autocorrelation. The,iijroducfion of'éQdifiéna}
variables, therefore, failed to eliminate the trends in The residuals and no
further Inferqnfiq] tests on the regression coefficients were undertaken.

In summary, a strong popifive relationship exists between it
meltwater production and surface runoff production at the four runoff plots,
At plots 3 and 4, once threshold values of water production are reached,
almost all excess waTér ledves the plot as surface flow. At plots 1 and 2,
even after the }hreshold negessary to generate surface flow is exceeded,
evaporation and subsurface losses continue to increase. Antecedent
meltwater production has some |nfluence ‘over the threshold value at plots 2
and 3. At plot 4, the level of The frosf table appears important through

its effect on subsurface flow rates.

(d) Generation of subsurface tlow

At daily time scale, subsurface losses at the runoff plots are
best examined as residuals of the water-balance equation. These can be
converted into discharge per'unif width of'slope to aid inter-site
comparison (Figure 66). A number of pertinent points emerge.

First, thefrelative importance of subsurface flow in the water
ba]ance at each ptot varies o':aﬁdaily‘basis, since if may constitute
virtually all of the loss (e.g. plot 2, June 25 - 26,-1978) or only a
very small percentage (e;g. plot 4, July 3 -~ 4, 1978). This variaTion'ls to
be expected. as the corollary of the processes of surface flow produc¥ion.

Second, the relative importance of subsurtace flow varies fr&h site to site,

. malnly as a result of the variation in snowbank dimensions. For example,

Y

W
-

e
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. the position of the frost-table, itself ihfluencgEHHV’The initial distribu-

y | | ; : . .18

T

-

the size of the spowbank dimension orthogonal to the slope contours at plot
3 results |Tfa very high production of meltwater per unit width of slope.

The regolith cannot absorb this waTer supply, and most leaves the ploT

flow. Third, as dlscussed above, effecfs of frost-table loweripg during the

b

ablafion season are identifiable at.-plot 4 but nhoT be distinguished at
the other plofg. Fourth, differences between ubsurface flow production at

the samé-'plot in different years also indicate ﬂ{e potential impor+§néé of.

tion of snow on the plot. For example, at plot 2, similar seasonal maximum

values of meltwater preduction, oh June 11-12, 1977 énd'June 30‘— July 1,
1978 (0.119 m3 m~1 v=1 and 0.129 m3 L -
respec?ivély), produced dffferences of 2.4 times in subsurface flow ratesy.
in spite of similar anfecedenf‘moisfure conditions (Figure 66). In 1977);
the thaw depth at the collector-was Q.11 m, while in 1978 it was 0.23 m.
Presumébly, the exfta depth allowed more water to !eave the p]o+ as sub-

*

surface flow,

Data from the subsurface flow col lectors are interesting adjuncts

To the water balance residuals, but for the-most part are less useful since

méniToring was discontinuous. Tﬁq periods of 24-hour moni%oring, July 4 - 5
and July 8 -9, 1978, were undertaken at plot 4 jﬁ record diurnal variations.
At Thls'§f+e, the subsurface flow col lector is situated beneath fhé sur face
flow collector, so that after calculation of the upsiope centributory width,
direct comparisons of The{éurface and shbsurfgce unit slope discharges can-

be made. .
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The residuals from the water balance equation for the Tuo days in
question (see Figure 66) are much lower than the total flow collected.
Catculations show the collected subsurface flow to be an overestimate of the

M

slope discharge by a factor of 3.1720nMUuly 4 - 5 and 4.20 on Juiy 8 - 9.
|
‘These figures suggest an upslope contributory width for the subsurface flow

collector of approximately 3 - 4 Tiﬁss its actual width (i.e, 1:5 - 2.0m),
either due to the alteration of Iinés of hydraulic potential in the
neighbburhood of the collector, or due to concentration of flow.by fhe
-conflgurafton of the frost-table. The flow rates shown in Figure 67 have

bebp corrected by the scaling factor, so that realistic comparisons of
;urface and {subsurface discharges can be'm?de. - .\

July 4 - 5, 1978 was the second day of monitoring at plot 4 and
The unfrozen layer at the posiTion of the collectors was less than 0.10 m
thick. The topmost guTTer thawed and began funcTtonlng during the perlod
buf the ofher thregremained below.the frosT-Tabie. The subsurface flge is
of minor importancé\compared with surface flow, shows little variation and
no diurnal reglhe igure 67). In contrast, by July 8 - 9, the snowbank was
much depléfed and unable to mainfain‘confinuous surface flow. The seacond
gutter at a depfh of 0.16 m had thawed by thjs time, and was collecflng much
greater dlscharges than the upper one.  These observations suggest |ncreased
substrate permeability at a depth of 0.12 - 0.18 m,ma view supported by the
negative slope coefficient in the multiple regressjon%kTable 21, p. 184).:
- The decline in surface flow from 17.00 h on July 8 (Figure 67), is
paral leled bf‘a more gradual recession in subsurface fiow at the lower
level. If a lag Is present, it cannot be detected because of the interval
oflfhe subsurface flow measurements, Although -at very low rates, the flow

3

in the upper gutter also shows a decline during the hours of slow snowmelt.



e . NN, T 4T 0T T

189

. s

861 ‘8 AINM s AI0F 861 b AN
80 v0 - 00 0z 91 2t 80 do PO 00 0z 9 2l 80
= =° 3
N e -
200 200
v0'0 ¥00
—~]
900 900
800 - 800
- 0
- DI
" zZ1Q
. yidep wegrg—-—
: V y1gap weop-—— Po
; . o MO} BoRNSONg
M0[) eoejINg a1'o
e
" (-4 wgw) eBieyasig )
- . . i " 810
Wl -
» .
L)
020
f . 220
’ L.
-0 y O

B e T s A o) 8

TR



— e e e e A T S T e s r— A Mg Tt mo - s Y B )

190

2

Both levels of subsurface flow show rises the following morning, buf the

rise at the 0,16 m depth precedes the other by 1.0 - 1.5 hours. This
probably indjcatas that the acfive layer is saturated from the frost-table
upwardss

These two days of measurements, if typical, suggest that when -
sur,face flow is continuous, subsurface flow shows little or no diurnal
3. ’

variation. Furthermore, discontinuous surface flow indicates desaturation

of the active layer, and a decline in subsurface discharges. It is evident

that during days of rapid snowmelt, surface flow is much more important- than
-~ : :

subsurface flow. AT |ower raTes,<ﬂﬁd with a deepening frqsf—fable; the

: subsurface flé@ rates increase and may dominate the daily hydfological

*

régime.
information about subsurface flow rates following the final
. _ N - ; .
£ [{" ablation of the snowbanks is available only from the subsurface flow

“collectors. gonf}nued movement is expected from (1) water left in the
thawed layer moving downs!ope after snowmelt is completed, (2) water from -

precipitation events,. and (3) water from ground ice thaw as the frost-table

) . . “

falls.

The decline in volumes of subsurfacg flow collected at piot 4 in

1978 is very rapid, while.that at site 3 is mqrf‘bradﬁal (Figure 68). At

. both sites, cessation of flow is progressive;trom the topmost gutter

- . dofwards. Flow,continues at site 3 after it cjeasés:"a‘l’"si‘l'e 4,. either
because the collector is located at the base of_;,longer slope, or as a

result of lower permeability values.

r

N\ Revitalisation of subsurface flow follows precfpifafion events and
’

subsequent recession is again faster at site 4. |f the contributory widths

-

of slope for the collectors are the same as during the ablation period, it.

is_ evident that the subsurfacé flow afterwards is much_lesé important than
. : . * - ”

N
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during snowmelt. ToT;l flow at all gutter levels after the end of snowbank
- ablation was 0.008 m> and 0.132 m° at site 3 from June 28 - July 27,

1977 and July 15 -~ August 16, 1978 respectively, and was 0.075 m3 at site
4 from July 17 - August 16, 1978. These figures can be compa}QU with, for
example, 0.188' m3 collected at site 3 and 1.980 m> at site 4 in 24 hours

during the snowmelt period (July 8 - 9, 1978).

The importance of active layer thaw to subsurface flow can be

e
estimated using a computer program to calculate equation (1) (p.'6?i. For
example, for site 3, using a value for available water (i.e. water lost at
sucTions of less than 1.5 MPa) of 0.25 (an average for silty—élay shbsd?ls
(Hall et al., 1977)), and-The recorded retreat o% the snowbank for 1978,
maximum ground ice thaw occurred on June 15 (Figure 69). After the end of
'snowmelT, The maximum quantity of ice thawed as available water was 0.32
m3 m_'i a1, bu% only one-third of this is likely to have

flowed downslope rapidly (i.e. was held above field c;pacify). Even so,
_Tpis figure s considerably greater than Thaf recorded at the 0.31 m depth
at sjte 3, and it appears quﬁfe feasible, therefore, that the low sustained

rates at this leve! were caused by water release following .ground ice thaw.

(e) Daily cycles of snowmelt runoff

Eighty~tfive daily hydrogréphs of surface flow were recorded at t&f
runoff plots during the three field seasons. No two are identical, but a
qumber of recurrent feafureSéexlsT.

.The typical plot surface flow hydrograph consists of (1) a steeply -
sloping rising limb, (2) a peak, and (3) a more gen;ly sloping falling !imb.
bn a day with cloudiess skfes, the limbs are relatively smooth curves, but
the peak is sharp (e.g. July 1 and 2, Figure 70). Similar smooth curves are

extant on a day with overcast skies (e.g. June 29, Figure 70) but snowmelt
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rates are lower and the volume of surface flow produced is smaller; More-
over, the maximum sur}ace tlow rate occurs several hours later in the day ' i
and the hydrograph is less sharp!y peaked. On intermittently cloudy days, - |
changes inlepergy_InpuTs ér% reflected in a varisble hydrogrqph shape. The
double peak on June 30, 1578, for example (Figure 70}, represents the .
response to a double peak.in net radiation produced by the passage of a bank ;
of altostratus clouds. Depénding on the amount of snow left on the plot and

the rate of melt, hydrographs are confinu&us or discontinuous. Discon~

tinuous flow prevailed (1) at the interfluve site where the snow was thin,

and (2) aT,?hp'snowbank sites éf the beginning of the ablation seascn when

" melt rates were low, and at fhe end, when snow thicknesses were much

.reduced. Continuous flow was usual at the snowbank locations during the

middle part of the ablation season when semilogarithmic recession curves

extended Into the following day (Figure 70). Al these observations are
consistent with snowme!t hydrological theory (see pp. 77 - 79).

The initial rise in a surface flow hydrograph represents the
qrrival of the first melt flux or shock front of the day, usually derived
from the area of snow closest to the downslope snow edge. For a homogeneaous

.- gnowpack of uniform thickness and slope, theory predicts a rapid increase in
the rate of water l|eaving the pack, as shock fronts which have developed in
the unsaturated zones ¢f more distant areas emerée from the basal saturated
layer. The énowpack at plot 3 is not of uniform thickness or slope,

’ however,-and Q;ile this does not preclude the occurrence of‘a single diurnal
peak, 1t is Théughf to affect the shépe pf the hydrograph. -

Melf f luxes sfﬁulfaneously leaving the surface of a ﬁack of non-

uniform thickness do not arrive at the downslope edge after lag tTimes

LY

proportional to their upslope distance, because herizontal velocities are up
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To two orders qf magnitude greater than verTicaI-ones. This was
demonstrated during an experiment with rhodamine dye at siTé 3 on July 24,
1979. Dye was placed on the melting snow at five points across the
snowbank, each a measured horizontal distance from the bottom snow edge and
each on top of a measured snow thickness (Figure 71). The first dye trace
to emerge at the downslope snow edge came from the top of the snowbank whére
the dye had been positioned directly on the exposed basal ice layer (Table

22). Multiple regression of time to emerge against vertical and horizontal

distance travelled, shows that the vertical velocity of the melt flux

1

respectively). Variénqp about the regression line (which

eraged 32 Times less than the horizonta! velocity (0.19 mm s~ ! and - -
:Tax\mm s

expla}ned 80-2% of the data scatter) probably is the result of snow crystal
heterogeneity and varx;ng slope angles. .

g ) The dye experimeﬁ? shows that The first shock-fronts to arrive at
the runoff collector ;re derived both from the upslope and downslope areas
of The snowbank where snow Thicknesses are least. It is thought that this

. ‘variation prevenTé the rapid build-up of a wave in the basal saturated layer
Sf fhé snow and results in a more genTle_?niTial rise in the surface flow
hydrograph. This hypothesis is supported by comparison of the hydrograph
shapes typical of the four runoff plots (Figure 72). The location with the
mos? uniform snow thickness, plot 1, exhibits the steepest rising limb. )
Plot 2, which has a Iarge, lower snowbank ;rea of relatively uniform
thickness, shows the next sfeépesf rising limb. Plots 3 and 4, possessing
gr;afer variation in snow deﬁ}hs are characterised by more gentiy rising
curves. . y

Examination of The hydrographs recorded at the four plots reveals B

considerable variation in the times at which rises and peaks occur

W‘Wﬂm.r&w-m;_-@ﬂ-wuw-h'Wﬂf.“m‘ AR LN M KT ) CR St -,,," P
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" FIGURE 7 : INTRA-SNOW FLOW SPEEDS, PLOT 3, JULY 24, 1979

.
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X Y , Z
Dye Distance from Depth of Elapsed {ime to
ump point downslope snow- T snow emergence
\- bank edge (m) (m) (min)
N 1 28.6 0.00 70.0
’ 2 24.6 0.46 100.0
3 ’ 17.8 0.81 154.0
4 13.4 0.86 77.0
5 9.0 0.58 72.5

REGRESSION EQUATION2:
!

Z°= 2.77X + 88.45Y - 3.71

R = +0.896 -
RZ = 0.802
N = 6 -
T¢a|c = 9.05, which is greaTer than Tfables at 0.1% rejection tevel.
@ includes point (0, 0, 0)
TABLE 22: Intra-snow flow speeds, plot 3, 1335h July 24, 1979

<
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(Figure'72). Factors.influencing this variation include ¢1) orientation
relative to radiation inputs (i.e. slope angle and aspect), (2) actual
meteorological conditions (cloud cover, air Temperafuré, wind speed, eTc.);
(3) the rapidity of snowmelt (fluxes of grea?ér magnitude travel faster),
(4) snow depth (the time for vertical movement in the'snow is the maj;r
element of the lag), and (5) snow crystal size (which controls
permeability). Even successive hydrographs, in which most of the snow
factors remain constant, show variability in time of rise and‘peak. Over
the five-days shown in Figure 70, for example, times of rise at plot 3
varied from 0415h to 1045h, and times of peak from 1200h to 1845h.

As Tﬁe ablation season progresses, a trend exists for lag times
between energy inputs and surface flow regponse to decrease, as a result of
diminishiﬁg snoQ thickness and increasing snow crystal size. Data forvplof
3 in 1978, the longest recorded succession of hydrographs, show that the -
times of hydrograph rise, of the point mid-way to peak, and of hydrograpﬁ
peak, occur earlier in the dé& later in the season {Figure 73; Table 23).
There 1s |little change iq the averaée number of hours elapsing hetween rise
and peak, but the peak itself averaées 9.25 hours after the time of ﬁaximum
incoming radiation at the beginning‘of the ablation season, and only 0.60
hours after it at the end of the season. In addition, the steeper slope of
the mid-point regression (Figure 73) indicates that the shape of the

hydrograph changes as the ablation season progresses, to a steeper initial

limb and a broader peak. This change also was noted in plot runoft

. i

hydrographs recorded near Yellowknife, N.W.T. (Landals and Gill, 1973).
Considerable variance exists about the regression lines, but this.is :
expecfe& since no attempt has been made to standardize for varying

meteorological conditions and rates of surface melt. *
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-
. - 2. b
Regression equation N R _ R fcalcula*ed
‘| MID-PQINT |Y = 18.04 - 0.46X% 25 +Q.863 0.744 -8.528
RISE Y= 11,31 - 0.29X | 25 | +0.834 | 0.685 | 7.551 .

a Number of days since surface flow first genera*e& {June 14=0)

X =
Y = Time of rise/mid-point/peak (hours local time)
Values significant at less than the 0.1% rejection level

2

b

I3
-

TABLE 23: Linear regFession of time of surface tlow hydrograph rise,
mid-way point, and time of peak, vs. days affer surface flow
generated, plot 3, 1978 :

N3
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The trend of decreasing lag times exhibited at plot 3 ié present
at all plots in all years, but correlation coefficients elsewhere are not
significant at less than the 5 % rejection level. Introduction of water
released per unit area of the snowbank per day (W ), as a second-

independent -variable, produces additional significant corretation coeffi-

cients at the 5 £ level at plot 1 in 1979 and plot 4 in 1978 (Table 24y, =— '

Additional regressions were not undertdken for the other locations because
of small sample size.

The receséion limbs of the surface flow,hydrograqif represant the
emergence of slow-moving melt fluxes developed affer the time of peak
surface melt. Slow drainage of the pack conf|nue5 until ;he arrival of tThe
shock-frdnf of the succeeding day's melt. Recessnon limbs at any one

locaTnon are expected to become steeper during the ablation season as both

verTicaI and horizontal flow paths decrease. The sTeebening trend is

exemplified in The'197§ data set from plot 3 (Fiqure 74). Obvious steepen-

ing began afteér July 2 following a number of days of particulariy rapid snow
{oss. Similar trends were developed at the other plots.

A tinal variation in the shape of surface flow hydrographs is °

~ scaused by the generation of surface flow by rainfall. This occurred on only

. Two occasions during the three field seasons, both in 1977, Illustrating the

A

relative unimporTance of rainfall compared with snowmelt in genefafiﬁg
surfaée flow. Moreover, it is probable that without antecedent snowmelf To

produce high ai}lve layer moisture contents, surface tlow would not have

been generated during these precipitation events.

v The firsf'fain-induced.flow event occurred on June 15, 1977, when

= 6425 mm of rain fell in 5 hours, with a maximum intensity of 2.5 mm

» .

hl) Piot 2was being monitored during this period. The recorded

T et e e A R = s e m e e

<

W T L E P O TR

[-5



204

y - )
:ouw\mum+me deed jo swl} ‘uoisseabea. m_mw+_:E pue Jesul]  pZ J79YL
AN
X “(dwl}y |edo] sunoy) eed jo awly = 7 ‘Aep Jad eaue gjun
Jed pesea|ad Joiem = A ‘pajedsusb ysuyy) mo)) eoeyuans asuis sAep jo usqunu =
. *(BWl} |ed0) sunoy) yeed yo ewly = A ‘peyeasusb ysuiy mo)y eoeyuns eours shep jo Jequnu = xm
AcQ*0- . . . P
4 1ZL°0|6V8°0+[X0L"0-L1 91 =7 201 06G°0[89L°0+| XEP 0~pL*Z1=A 9 8L61 ‘v 401d
At0°0- . .
g1°0> 1€8L°0|G68B*0+|XL9°0~£6"61=2 £1°0> 0£8°0|906°0+] X69*0-C|*61=A N} 6L61 ‘€ 10|d
ALO*0- »
$1°0> [OL6°0(6GL°0+[XEE°0-B8*61=Z £1°0> RS O|LPL 0+ XIE'0-6E"61=A 9z 8.6l ‘¢ 40id
AEL*0- . .
y 4 226°0(096°0+[X89°0-06°G1=7 201 009°0(0LL°0+] XI6°0-P6*El=A s 6L61 ‘1l 40)d
[BAD| uol jenbo [8AD) m:o_+m:cw
eoued|}ub)s mo_mmomeu soued|}jubis uossodbau Jesh
+584y A Y e|diyny 15044 74 Y 8| duts N pueB UO[4EIOT

Y

N

i

e L L
A -

(RTINS LW+l j o




205 -

I — P P TS LO PR . R
-

‘LLAINr - © AR ‘saAInd uoissaday - g

A >_:.-, - 8] 8unf ‘SAAIND UOISS33aY -
8461 ‘€ 101d ‘NOISSIOIH HAVHOOHAAH MOTd 0V4HNS © v4 JHNOIS
—

[
r

8 &

A

\
sead Jajje SIinoy sead 13 SINCH
14} cl o]} g 9 . ¥ 2 0 6l al vl cl ot g 9. |4

PFE A AU

b P T o AR AT T WA S T I

ek pen gt e A D M L S

.




] . o 206

hy&rograph can be sepafafed by regression into a peak attributable to
rainfall, and "basefiow" attributable to snowmelt (Figure 75). The response,

5 To rainfall is élmog? immediate and there is an equally rapid recession as
the intensity decreases. These points suggest that the runoff was derived
from areas with short flow paths to the surface flow collector. The volume
of rain falling on-the safurafed area downslope of the snoJLank accounts for
92 % of the hydrograph peak. Since the runoff peak represents only 20 ¢ of
the total rainfall falling on the plot, however,.most was lost as

infiltration into the unsaturated areas of the plot, and to water storage.

within the snowbank.

-

On June 23, 1977, the greaTes+ 24-hour rainfall event recorded in

the three field seasons occurred between 0000 h - 0300 h. Approximately 7.5

mm of hrecipifafion fell and surface flow was generated at plot 2. |n view

of the low rainfal| intensity value, the runoff is thought to have been

] kl

[T

saturated overland flow rather than the Hortonian type. All snow had Ay

ablated at the plot three days prior to the storm. In contrast, snowmelt at

plot 1 had ceased on June 4, and neither this storm nor the earlier one of

e e e AL

June 15 produced surface runoff at this location. Other precipitation '
events during Therihree field seasons, including a 7.2 mm storm on July 23 -

24, 1978, failed to generate surface flow at the four runoff plots,

\\\ . The explanation of The lack of surface flow response to rainfall %
] may lie in _the rapid lowering of the frog{&;able_+ha+ follows snow ablation, %
- and In the soil moisture deficits that develop within the active layer as a t
result of continual evapotranspiration and subsurface flow. Rainfall = - g
N appears able to generate surface flow only on an area saturated by snowmelt |
(June 15, 1977), or on one very recently saturated (June 23, 1977). i
Cdﬁgeduenf]y, the low magnitude rdinfall eizéfs typical of the high Arctic
. . have the highest probability of gbnerating surface flow in those areas
A e 3 e 5D 5 T R b A At e e - = e e

- Ms-w-vh’sq:&;.gw‘
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RAINFALL AND SURFACE FLOW, PLOT 2, JUNE 15, 1977 .
Simuiation of surface flow used the following equation: }

Surface flow = 0.005 R, +0.48
where: R, is lagged 2 hours, N = 25,

FIGURE 75 :
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sﬁbjecfed to snowme!t inputs for long periodsrfi.e. s owﬁanks themselves and
" +the areag gownslcpe of them). Clearly, it would be)rare for rainfall-
induced surfhce flow to be produced at intérfluve locations where snowmelt
lasts for only four or five dayé ot the vyear.

It follows that the partial area contribution Theory is applicable
to high Arctic caTchmenTs. During the majority o; precuplfaflon events, the
only parts of a cafchmenf to produce surtace flow are those where snowbanks
still exist, or where they have recently existed. The éreag contributing to
strean runoff vary from one storm to another, depeﬁding on timing relative
to the progress of catchment snow ablation. Only in Jery exceptional
rainfall events (e.g. Cogley and McCann, 1976), and aided by the presénce of
impermeable permafrost, are other areas of the catchment likely to produce
- surface flow.

| In summary, most surféce frow hydrographs recorded at the runoff
plots are explitable in ferms of snowmel+t theory. Lag times between energy
inputs ang surface flow are shorter at locations with thin snowpacks than
they are at locations with deep snow accumulations. Lag times generally
. decrease duFiné the ablation se:son as The pack is reduced in thickness and
“snow crystal sizes increase. On a daily basis, however, considerable
variation exists in the lags at a single site because of the importance of
the surface melt rate in influencing the shock-front speed in the
unsaturated zone. On the falling Iimbs, recessions are longest at thick .
snowpacks where they may extend for 40 - 50 hours after peak. The reduction
in snow ;hickness during the season causes the recession |imbs to become
steeper. The overall shape of é snowme | t-derived hydrograph at snowbank

locations becomes less asymmetrical and less peaked as the ablation season

progresses. Surface flow generated by ralnfall is rare, and relies on the
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occurrence of rain during, or immediately following, snowmelt at a
particular site. The partial area contribution and variable area concepts
appear applicable to high Arctic catchments, but surface flow is most likely
to be generated downslope of snowbank locations, rather than as in temperate.

regions, in areas along the stream banks.

[

2]
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CHAPTER 6
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Surface sediment transport

(a) suspended sediment concentrations

Following experimental techniques employed in 1977 and 1978 (see
Pp. 135 - 138), systematic measurements of suspended sediment concentrations
in surface wash were made in 1979. Inferences about the earlier years may
be drawn from_These data.

A Totai of 78 samples were collected at the ru;off plots in 1979,
.generallyraf one or two hour intervals on selected days. Since more than
half ot T;ese samp les possessed concentrations less fhan 4 mg L-1, a
prime conclusion is that suspended sediment concéﬁfrafions in surface wash
are low. Moreover, with the exception of plot 1 on June 30, 1979, neo
diurnal or seasﬁnal cycles in sediment concentrations are apparent. Changes
in concentrations depend on the availability of sediment and on the
transport capaqi{y of the, flow. The absence of cycles at the Thrée snowbank
plots and the sinéle cycle at plot 1, both imply that concentrations are
w;$+hering-limifed rather than fransport-|imited.

More than half of the total season's surtface runoff was generated
on June 30, 1979 at plot 1, and a max'mum'discharge f 10.7 L min-] was_

recorded (Figure 76). The concentration ded sediment reached

70 mg L™, put peaked one hour before maximum runoff and subsequently
declined in spite of lncréasing runoff rates. Similar patterns of sediment
concentrations have been observed in surface wash generated by natural and
simulated rainfall (e.g. Emmett, 1970; 1978; Lowdermilk and Sundling, 1950;
Yairlgnd Lavee, 1976), and indicate removal of the most easily transported
particles in a relatively shory time. Emmett (1970), however, recorded

marked variations in concentrations on subsequent days, after his runoff
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plots had dried overnight. Such frends were not observed at plot | and a
number of explanations are proposed. First, later discharges (maximum of
4.7 L min~}) may have been too low To pick up measurable quantities of
sediment. Second, the drying process, to which Emmett (1970) afffibu?ed the

renewal of sediment supply, may be less effective in Arctic areas since

4

water release from the snow is near-continuous. Third, the absence of

raindrop impact during +he flow events at plot 1, may_have resulted in an
earlier washing-in of fines and the formqiipﬁ/;:’;,;f:;:;;;;n pavewenf.
Fourth, a %echanism pecul iar to frozén.ground may have been at work. Wedel
et al. (1978) suggest that the initial thawing of the ground surface on
BafhursT_Island creates an uncohesive soil which requires several days to = -
settle, and i} particularly erodible over this period. This may have caused
.
The'high concentrations to develop at plot 1.

The absence of an; observable cycles at the other three plots, in
spite of unit discharges greater than those at plot 1, is‘fhoughT to result
from the presence of vegetation. The feedback mechanism is such that the
wettest areas (i.e. those with the highest unit discha?ges) coincide with
those possessing a near-continuous meadow fundra vegetation cover.

Moreover, as a result of longer hydrograph recessions at these sitesy little
or no drying can take place between one day and the next.

A limited number of experiments on the hydraulic parameters of
surface flow were undertaken. At peak flow at plot 1 on June 30, 1979, an
-area of flow selected as oné of the most rapid, had surface velocities of
12.3 ; 1072 - 17.1 x 10-2 m s~1 (measured with the silver foll

method (pp. 129 - 130)). Assuming average velocity to be half the surface

velocity (Emmett, 1978) and water temperature to be 5°C, a few simple |

\
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measurements (flow depth, widfh.and stope) enable calculation of The
Reynolds® number (R,), Froude number (F.), Darcy-Weisbach friction ’
coefficient (f.) aﬁd The Manning n (Table 25), Following Leopold et al.
(1964, p. 154) and Pearce (1976a; 1976b), the Reynolds' numbers do not
include the factor of four used by Emmett (1970), so that his figures must
be reduced accordingly to render them comparabl e.

00 June 30, 1979 at plot 1, the R values (369 - 514) indicate
a flow falWinghThTo the lam]nar~fransi+ional range, rather than strictly

laminar as suggested by the presence of surface standing waves. Since

sediment was being removed at this time, it is clear that erosion by thin
flows does not require turbulence, a result that cdncurs with -the findings
of Emmett (1970) and Pearce (}976b). The F_ values averaged 0.24,

slightly higher than the ranée measured by Emmett (1970), and much greater
than/ the max imum value (0.09) recorded by Pearce (1976a)1 Thé value of 0.24

Is still within the tranquil regime, however, and well below critical.

an

Yalues of resistance to flow, shown by ff and n, are in the tow range of

Emmett's measurements, probably because of greater flow depths. Values of n
are in the ﬁigh range in comparison with rivers (Gfegory and Walting 1973,
p. 129) indicating the increased résistance experiencéd in thin flows.
Results of the same order were obtained for three areas of flow on plot 3 on
July 11, 1978 (Table 25).

At both plots 1 and 35-depths of flow were one to two orde:; of
magnitude greater than those typically found in laboratory éxperimenfs. The
depths are indicative of topographic irregularitfes and surface roughness,
and exemplify the pofénfial dangers of transferring laboréfor& results to
nafufal slopes. Moreover, comparison of average flow speeds measured with

rhodamine dye, and the spot measurements made at the same time at plot 3
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indlgffes the high degree of variation that is possible over relatively
- ]
smal| distances in the field (Table 25).
In sdmmary, éll suspended sediment concentrations measured at the

plofé were |ow (<70 mg L"), The maximum value was recorded at plot 1

o where an incomplete cover of vegetation permits sediment removal, and where

a single diurnal concentration Cycle was noted during sub—crifical; non-
‘turbulent flow. At the snowbank locations, under similar flow conditions,
. No such cycles wére observed. The data suggest that suspended sediment

- re .
transport is governed by sediment availability and not flow transport
- I

capacity. )

(b} Suspended sediment amounts

The amounts ‘of sediment removed in suspension can be assessed from
. the surface wash velumas and the sediment concenfrafnons. Extraction of
data from the sedimenT concentration and discharge records at plot 1 on June
30, 1979, for example, gives a total of 104. 0 g of sediment removed.
Records for the other tour days of surface flow producT?on at this snTe
indicate a further 18.5 g of sedim9n+ leaving ;h§’wair slot. In addition,
54.5 g of sediment was trapped in either the weir or the col lector aT'The
end of the snowme!t runoff. The fofél of all Theée amounts is '177.0 g,
. giving an average concentration of 21.3 mg L=1 of sediment in The

surface wash. Unfortunately, this type of analysus cannot be undertaken for

the other plots, because varaaflons in suspended sediment concentiations. are

[

too €lose to the level of discrimination of the measurement technique (see

pp. 137 - 138).

. -

If all concentrations in the category of <4 mg L~ are assumed

. }P\Io average 2 mg L"], the mean concentrations measured at plots 2, 3 and

4 In 1979 are 2.6 mg L“], 3.3mg L™, and 4.0 mg L ! respect-
-



ively. With a standard deviation of 2 mg L ! implicit in the -

v
v -

corgection factor, fhese‘galues and those of plot 1) are suqucf to e}rors
of £ 4 mg L"! at the 95% level. These figures are thought

applicable to surface flow volumes measured in earlier vears. When combined
with known minima (i.e. sediment collected from the weirs), a range of
'probablé sediment tofals are produced (Table 26), and weights of sediment
removed per m2 of plot surface can be derived. Besf-ésf}mafes'of these
figﬁres (Table 27} vary by an order of magnitude among the plots, with pltot
2 showjng The lowest rate of sediment loss, and plot 3 the highest. .

The range of-values of weight loss, 0-52—1.74 g m-2 a'l;

can be compared with measurements méde by A. JahR (;961) on unvegetated
sldpes in Spitsbergen (see pp. 100-101). ‘;pe maximum value recorded by
Jahn, ]8.9 m~2a-1, exceeds Théamaximum at Thomsen River by a factor
of ten. Indeed, the former's minimﬁm.rafes of loss of 1 g m2 g1 are
closer to the maximum recorded in the sfﬁdy areas [t is probable that these
differences result from the absenceé ?f feedéack between sustained moisture
5uppl§'and vegetation on the coarse regolith slopes studied by Jahn.
Without this feedBack a positive cprrelafion would be ekpecfea between
snowbank size and surface weight loss. This correlation eki;;;d in Jahn's
study but not at Thomsen River. There, the iAterfluve plot-experienced more

erosion than plot 2, the result of greaTen'sedimenT concentrations in
surface-waSh on the largely unvegetated sur face. The potential of the
regolith to support plan?'life\if supplied with sutficient moisture clearly
Is an Imporfant factor in +he prediction of slopewash erosion rates over-

‘wider areas. |t may be that with a shorter growing season in true polar

desert areas, even under terrain conditions similar to those at Thomsen
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River, surface wast* denudation rates are greater due to a decline in the
effectivensss of surface protection by vegetation. I[f this is the case, it
modifies the inference drawn by Ffench (1976, p. 142) which predicts the

highest erosion rates for areas transitional between tundra and polar

desert. ' _ '

Within the boundaries of the runoff plots, only Tﬁose areas .
downslope of melting snow are affecfed.byAsurface flow and subject to
sediment removal. These areas constitute 30-54% of the total plots
{calculated from snow edge retreat recorgsJ: Erosion rates averaged over
these limited areas are 2-3 times greater than those averaged over the
plots, with a range of best-estimate values of 0.06-5.76 g m~2 a"i.

(Table 27}. The order of weight losses, with plot 3 experiencing the
highest and plot 2 the Iowesf rates, remains the ;ame as for the Tofa!
areas. Annual variation in rates appearé considerable with loss rates for
the affected area at plot 2 Qarying by a faéTor.of seven over three years of
measurements. The ;ain conclusion, however, is that even sveraged oveé the
plot areas affected by wash, surface sediment loss rates are low and jess
than those recorded in other polar areas.

Conversjon of weight loss to surface lowering (i.e. denudation)
requires an estimate of the surface bulk density of the m‘iérials. Except
in solid rock, this value is less than the acfugl density of the constituent
particles. On a silty sand, Pearce (1976b) measured lowering fa*es and fhe'
weight of sediment removed and found Thé bulk density of the eroded surface
to be 0.67 Mg m~3. This conversion factor is used to relate weight loss

to rates of surface lowering by surface wash over the whole plots and

affected areas (Table 28).
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-
~ Best-estimate average rates of lowering range from
0.10 x 1072 +0 2.60 x 10~3 mm a~! over all the plots, and from
0.3%5 x 103 t0 8.60 x 103 mm a=! over the wash aftected areas
(Table 28). These values ;an be compared with the global range of
denudation rates by surface wash of 0.1 x-10~3 10->230.p mm a~ !
(Young, 1974, p. 69). The loss rates on the rﬁnoff plots are %mqngs? the
lowest in the world. They are even lower than 50 x 10=3 mm a~!, a
figure prédicfad (using Sachs Harbour climaf}c data) from a nomograph in
Carson and Kirkby (1972, p. 219, Figure 8.18). This is probably a
reflection of the unexpected effectiveness of vege*afion.as a groTecTive
surface cover at high Iafi+ude5£ Moreover, it is likely that the average
érbﬁion rate over the study aﬁea‘is Iefs than those recorded the runoff
plots, since some parts of the landscape are not subjected to surface wash.
IT is pertinent to comﬁare the erosion rates measured in this

study with others from nonpermafrost areas where snowmelt is an important
pi::’of the annual H}drological cycle. é. Thorn (1974) recorded surface
wash erosion in\The alpine environment of the Colorado Front Range, while A.
Pearce (1976a; [976b) conducted similar research in northern Ontario.
Thorn's (1974) ;enudaTion rates of 3.5 x 103 to0 8.4 x 10=3 mm
a"1, recorded downslope of snowbanks, are of the same order as those at
Thomsen River. They suggest that snowmelt-derived surface wash is
ineffecffv; as an erosional agent in both enviroaments. In"contrast, Pearce
recorded denudation of up to ! mm on unvegetated slopes during the snowmelt

peitiod, and up to 6 mm over the course of a years These data emphasise the

importance of sediment detachment by raindrops,.buf also reveal that snow- -

melt can be effective as an erosional agent if it is sufficiently rapid.
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In summary, the movement oflsedimenf particles in surface wash in
the Thomsen River periglacial environment, even on areas immediately
downslope of ablating snowbanks, appea?s to be a process of minor
importance. Erosion rafes are comparable To others measured in an alplne

area, but are in the low end of the global range.

(c) Dissolved sediment concentrations

Measurements of the specific conductance of 255 samp les og surface
wash and 300 samples of subsurface wash were undertaken during the three
field seasons. Of These samples, 67 were subjected to field titration for
total hardness, and 33 were ana lysed fsr calcium and magnesium hardness
{Schwarzenbach me+hod). In addif{on, 8 samples were analysed independent|y
using atomic absoprtion spectrophotometry and colorimetry (see p. 138).

N These data sets can be used to calculaté the load of total d|sso|ved SOItdS
(T. D S.) in surface wash, and to identify the major constituent ions presenf'
in solution. L
A high degree of correlation exists between total hardness and
specific conductance (R = +0.997, n = 67; + = 103.9,.significantly different
. .
from zero at better than the 0.1% rejection level) (Figure 77). Equally‘
good correlaflons (significant at better than the 0. 19 rejection level) are
apparent between total hardness and calcium hardness.(R = +0.9%5, n = 33; t
= 55.5), and total hardness aﬁd magnesium hardness (R = +0.993, n = 33; + =
46.8) (Figure 78). It fbllows, therefore, that the sgecific conductanfe
data can be used to predict both total hardness and.ifslcalclum and
magnes i um componenfs. Moreover, the |inear relafionship implies that th
proportions of other solutes in the load are fixed. This hypoThesIs is
supported by the efght samples subjected to laborafory analysis (Table 29)
which independentiy affirm the values of the hardness tests. The detai led

breakdown of cations shows Tha?)despife the absence of carbonate bedrock In -

e T T TS e T e e et e b e el e, L
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the study area, the major ones present are CaZ* and M92+.
Calcélafion of the T.D.S. concentrations from specific conductance using the
conversion factor of 0.g5 (the middle of the range given by Rainwater and
Thatcher (1960)) reveals a residual in the sclutes which indicates the
presence of unidentified anions in solution. N

_ T.D.S. values in samples of surface wash range between 2 and
488 mg L=!, with a mean of 103 mg L')/a';ble 30). Data from
individual runoff plots show considerable deviation from this overal |
distribution, however, and plot 1 exhibits both the highest mean and "
sTandérd deviation, while pléf 4 shows the lowest, The explanation for
these varia?ions.is to be found in an examination of‘ﬁiurnal and season
changes in‘concenTraTioQi:

If the snowbank is assumed to be chemically pure, solute concen-
trations measured at the surface flow collector depend onl; on conditions
existing between Thé collector and the snow. Variables include (see
Figure 37, p.61): (1) the travel time of the water between the snow edge
and the collector, (2) the degree of flow mixing, (3) the solubility of the
}egolifh, and (4) the temperature of the flow. Since (3) and (4) are likely
to remain reasonably constant during the ablation period éT-a particular
site, variation in concentrations is largely attributable Yo (1) and (2).
The time taken by the flow to move to the sampling point on a particular
slope depends o;'The dléfance between the snow edge and the collector, and
flow velocity. The flow mixing depends on the flow type (laminar/tran-
sitional /furbulent) and the surface roughness.

On a diurnal scale, T.0.S. concentrations 9xhlbif an inverse

relationship with surface runoff, with peaks of concentrations occurring at

"night", and flodeeaks during the day (Figure 79A). Since the distance
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between the snow edge and the sampling point usually varies little during a
single day, changes in T.D.S. concentrations largely are éffribufabbe to
veloclity changes associated with the diurnal hydrographs. Mean velocity
decreases at |ower discharges and as a consequence, a greater éoncenfraTion
of solutes develops by the time the water leaves the plot. The relationship
between discharge and T.D.S. valuequs tikely to be nonlinear (Figure 79B).
This is expected since.bed roughness becomes increasingly important at low
discharges making the relationship between surface flow velocity ti.e. time
of contact) and dich?rge nonlinear. Moreover, increasing Eopghness at low
discharges may céusergreafer flo; mixing. For plots 3 and 4 (Figure 798),
the relationship between dischagge and T.D.S. is best described By a senmi-
logarithmic curve. The hysteresis is thought to resuit from the retreat of
each snow edge (O.S m at plot 3 and 0.9 m at plot 4 on July 4-5, 1978).

On a longer time-scale, T.D.S. concentrations increase as the
season progresses. While in part this change_may be related Torhigher_
flow temperatures (increasing the spéed of chemical reacTions)} the most
obvious exp{anaTion is the greater distance frave|led by the water over
the ground surface to the collector, as the snowbank ablates,

The degree to which the major factors cbnfrolling the solute
concentrations have been identified can be tested by multiple regression
of T.D.S. conceﬁfrafions against surface wash discharge a&d distance
travelled by the flow. quhrllnear and Iogarifhmlc.desé?ipfions of ’
N discharge were attempted. The forme; provides the highqsf explana*fon‘

of variance for plots 1 and 2; Tﬁs latter .is best for p]o+$ 3 and 4

~(Table 31). Mulfiple.correla+i6h coetficients for the equations vary

between +0.872 and +0.981, and al! are significant at bettér than the

0.1% rejection level. Although the confidence l[mlTé at the 95¢ level

- »
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are large, the equations support the explanation of the T.D.S. v?riafion.

) A

)
These}?;rmulae can be used to predict both the downslope increase in solutes
away from the snowbank edge (Figure 80A), and the decrease in solute

concentrations measured at a fixed point as dlscharge increases (Figure

80B).

The gradients in the regression equations show that solute
concentrations increase away from the snow edge fastest at plot 1, the least
vegetated site, ;nd slowast dT”pIoT 2, tThe most vegetated. Since the
regolith composition is believed to be similar at both sites, the action of
vegetation in this case must be to reduce contact between part of the fldw
and the grouné surface. If is hypothesised that a relatively slow-moving

water layer stays in cbntact with the ground, and that a solute concen-

tration gradient exists between this and faster-moving laminae above.

.

In sumpary, the solute concentrations in surféce wash at the
.runoff pléfs are high but variable. Between 76% and 96% of variation in
'Eoncenfra?iong can be explained by the distance between sample point and
snow edge, and by linear or logarithmic descriptions of discharge. The _
implications of these relationships are first, that a diurnal variation is
presénf, with low concen{rafions at high flows and vice versa, and second, .
that concentrations increase during the season as The snow melts and the

sngbank edge retreats upsiope.

(d) Dissolved sediment amounts

The multiple regression equations relating T.D.S. concenTraflons.

to dlscharge and distance from the snow (Table 31), can be used as sedlmenT -
rating curves for thelir respective plots. The total weight of dissolved

solids can be calculated by multiplying concentrations derived for each 30-
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A

minute period of the discharge record, by the discharge over that time.
There is some uncertainty inherent in the values produced, however, because

of the large vaiues of the 95% confidence !imits. The only case where it is
T .

not possible to derive totals in this way, is plot 1, for 1977. The break-

up of the snow cover into a humber of irregular masses during that year,

preéludeé assessment of the distance to the snow edge. A sufficierdt number
of conductivity measurements ex[sf, however, for direct use to be made of

the T.D.S5. data.

The calculated totals qf sediment lost by solution at the plots,
vary froh\0.17'kg a=1 to 13:02 * 11.51 kg a~!, and mean
solute concentrations range between 44 T3 mg L :Eg
252 380 mg L1 (Téble 32). Concentrations are greatest at plot 1 -
“and least at plot 2. In addition, there is some variation apparent between
years at the same location. At plot 2, foF example, yearly averages vary by

‘H? to 16% about the three-yesr mean, presumably in response to changes in
snow ablation patterns’ and discharge rates.
| Best-estimate values of weight loss m=2 for the full plot

areas encbmpass two orders of magnitude, from 0.38 g m=2 a=1 to

49-64.9 m=2 a~l, with lowest values for plot 2 and highest for plot

3. The two-year average for the interfluve site is higher than the three-
year average for plot é, ;?Tﬁarily because avéragé/T.D.S. concentrations are
+ four times as great at the former.

As in the case of suspended sediment, only certain areas of the
plots are affecféd by solution loss. |[|f total weight loss-is distributed
over these alone, rates m“z a”! increase by two to three times, and .
.proporfionaily, fh;'rafes for plots 3 and 4 become still higher (Table 3?).

Even greater spatial detail Is possible, however, because information is
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available concerning the weight of sediment lost on each day, and the area

“downs lope ot the snow over the same period. Since there is no evidence of

saturation concentrations being reached in the surface wash on the plots,

the assumption can be made that each day's losses are spread relatively

evenly over the expused areas of the plot. Seasonal weight loss Then,_is
greatest in the area immediately upsiope of the §urface flow collector,
since this portion of the élope is exposed to all surface_wash\?kgm fhé
snowbank. Llosses decrease upslope and are zero at the final runoff-
producing position of the snowbank. For example, best-estimate losses

immediately upslope bf the collactors at ploTé 3 and 4 in 1978 are
) i

© 612.5 m2 3=1 an4 102.9 g mZ a~! (Table 32), and become

zero'respecTiéely 27 m and 13 .m further upslope (Figure 81). The rate of
change In loss rates downslope corresponds to periods of slow or rapid
retreat of The snow edge. The former JS shown by steeply sloplng secflons
of the graph (e.g. June 14 - 24 at plof 3, Figure 81), and the |atter by
gently sloping sections (e.g. June 27 - 28 at plot 3). The maximum rates
for these small areas of the plst arélr27 and 3.7 Tiﬁes the rates for the
areas qf the p!ofs‘affecTed by wash, and 4.4 and 12.3 times the rates '
averagéa over the whole plot areas. 1

The rates of welghT‘loss by solution can be converted to rates of
surface lowering us}ng The bulk density factor of 0.67 Mg m-3

(Table 33}). Best-estimate values range from 0.6 x.10-3 to 74.1 x

1073 mm a1 for the plots, 1.9 x 10=3 to 246.0 x 10-3 mm

a~! for the affected areas and 4.4 x 10‘@: 914. 2 x 1073 mm

a~! for the maximum rates over small areas. WOrId data au‘ilable for

comparIson with these figures arelexfremely limited since most measurements

of net solution loss have been made by examination of the stream solute

load. The Ia4;;:\T;;Iudes solution accomplished by the stream itself, and
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FIGUR_E 81

Weight loss in solution by
surface wash (gm—2)
Plot 3

Plot 4

Position of snow edge on
specified date

: VARIATION N RATES OF WEIGHT LOSS BY SOLUTION N SURFACE WASH,
PLOTS 3 AND 4, 1978




Plot | Year |Surtface lowering Surface lowering Maximum rate
over all the plot? over affected area? of lowering
(10-3mm-a_}) (107> mm 2™ (107> mm 2™ )

1 1977 1.75 + N.D. 4.36 & N.D. N.D.
1979 7.16 £ 0.27 13.31 + 4.21 31.37 £+ 9.94
1977 3.28 + 2.24 11.06 + 7.52 26.54 + 18.03
2 1978 2.10 £ 1.00 5.72 &+ 2.72 10.91 £ 5.18
1979 0.57 £ 0.33 1.85 + 1.09 4.39 £ 2.57

/l

3 1978 | 74.09 + 65.49 245.99 + 217.46 914.22 4808.21
4 111978 | 3145 + 5.66 90.42 % 16.27  [153.52 + 27.63

Including 95% confidence |imits assessed from Table 29,
Bulk density assumed to be 0.67 Mg m -

TABLE 33:

Rates of surface lowering by solution Through

N

the activity of

sur face wash

238
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the effects of subsurface wash in addition to surface wash solution.
Comparison can be made, however, with a set of data from the lpine

environment of the Colorado Front Range (Thorn, 1974). AXhorn obtained a

value for lowering due to solution by surface wash downslope of a large

,Snowbank of, 6.7 x 1073 am &™), This figure falls within the rangd

R L

[ .

[

measured at the Thomsen River runoft plots, but is an order of magnifuqe
less than the maximum recorded. . ’ 4
In summary, while sdme uncertainty exists due to large confidence
limits, rafés of surface lowering due to surface wash solution over plots 1
and 2 are similar to values recordé% in a nonpermafrost alpine environment.
Rates for plots 3 and 4, on the other hand, are up to ten times greater.
Calculations for on%y those areas actually affected by wash increase the

rates of surface lowering several times and raise the best estimate value at

plot 3 to 246 x 10~3 mm a~!, At an even smaller scale, rates of
surface lowering increase downslope of the final position of the snowbank

and reach a best-estimate maximum of 0.9 mm a—1 a+ plot 3,

(e) Suspended, dissolved and aeolian sediment

in surface wash

Comparison of fhe:%bsf—esfimafe concentrations of suspended
and dissolved sedimént in surface wash (Tables 26 and 32), reveals The-
dominance of the solute load. This is further 1llustrated by the rates
of lowering by both processes over the areas of the plots affected by
surface wash (Table 34). An lmpérfanf conclusion of this study is that
lowering by solution in surface wash is 8 = 30 times more effecfjve tThan
the removal of sediment in suspension, and theY latter consTitutes only
3.4 - 10.5% of the total sediment |oad. Higher proportions of sedlmén+ .

are moved in suspension at the interfluve site than at the snowbank -



Plot YeargJ Best-estimate Lowering due to Lower ing
" |rate of lowering suspended sediment |due to solution
_ (102 mma™hy | (%) (%)
1 1977 4.87 Average 10.5 Average . 89.5 Average
1879 | 14.43 9.65 7.8 9.2 92.2 30.8
1977 11.72 Average 5.6 Average 94.4 Average
2 | 1978 | 5.96  6.54 5.96 4.7 96.0  95.3
Y
1979 1 1.94 4.6 95.4
\
3 19?8) 254.59 3.4 96.6
4 | 1978 | 95.61 5.4 ) 94.6

-

o~ .
. S - -
e’

TJABLE 34: Best-estimate rates of surface lowering by surface

-

wash over affected areas of the plots

——
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- locations, probably as a result of the lack of protection by vegetation.

It should be noted, however, that although the total rafés of lowering
are an order of magnitude greater at plots 3 and 4 than at plots 1 and
2, the latter are on slopes more fypical of the Thomsen River area and .
their rates are-probably the more usual.

Measurements of Tﬁe concentration of aeclian deTriTu% (mainly
mineral mafegiat) on the snow surface at the runoff sites (Table 35)

suggest That in some areas of the plots a build-up of material may pe

occurring. Max i mum inputs of aeolian debris on the snow, although lover

. ~
than others recorded in high Arctic areas (see p. 100), exceed some of

-

the loss rates induced by surface wash. The data must be treated

cautiously, however, for t#® reasons. .

First, aeclian erosion may have occurred following ablation of

the snow, removing material deposited during The'spring. Second, aeolian

q
sediment amounts varied across the plots, and the areas sampled were those
possessing maximum concentrations. Average values probably were much Igyer.

Overall, the data further serve to emphasize the importance of solution

&

rather than suspended sediment removal in surface wash, since some of the

suspended sediment movement recorded may not have resulted from ground

-

erosion, but from the removal o{ recently deposited sediment.

Subsurface sediment transport

(a) Dissolved sediment concentrations

Samples of subsurface wash analysed for solute concenfrafions were
collected at the exit of plot 4 (4, depths: 0.C6 m, 0.16 m,'0.31 m and
0.46 m) and 130 m downslogefof plot 3 (3 depths: 0.06 m, 0.16 m and
0.31.m). In addition, a niimber~of samples were obtained from a collection

gutter at a depth of 0.06 m leve! within the boundaries of plot 3.--



B T e v e,

Cuit

Location Aeolian detritus on snow surface (g m-2)
June 8 June 11 July 9
Site 1 0.037 1105 No snow left
Site 2 0.008 6.229 0.715
Site 3 0.010 0.106 1.293
Site 4 6.337 7.338 0.380 ~
== r
TABLE 35: Concentration of ageolian detritus on snow
=~ surface at the runoff sites, 1979,
A
"y
W .
»

242
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. Concentrations were determined by the same methods used for surface wash
samples (see p. 223). No differences are extant in the trends of total . SN
hardness or its components in relation- to speﬁific conductance for surface
and subsurface wash. The best record of concenfﬁ%fions in subsurface wash
is from 1978 when 250 sanp les were collec;ed over a pericd of 45.days.’r
Three major trends exist in the solute concentration data. First,
a2 seasona! trend of (1) relatively low valges at ahy one ca[lecfion deﬁfh

. -
during the majority of the snowmel|t period, (2) an increase in concen-

trations during the last 2 - 5 days of melt and the 10 days that follow, and
(3) a-plateau concentration leve! with some minor fluctuations (Figures 82
and 83}\ For example, typical values at+ the 0.?6 m depth at site 3 dg&jng.
period (1) were 200 =240 ﬁg L=1", The plateau level (3) for the same
A L =

gutter déveloped at very low discharges, was 400.-'500 mg L“‘, and .

rising concentrations existed between the two states as discharges

decreased, .

v

Second, a trend exists ‘for solute concentrations at any time to~be

greater at. the lower collection levels. For example, analysis of the

between 31 pairs of samples co?)eﬁ?ed from the 0.06 m and
¢

0.16 m depths at site 3, and 36 sample pairs tfrom the 0.1 mand 0.31 m

. < -
depths (Figure 84), gives differences between the first two sample means of

28.2 mg L™, and between The second two of 181.5 mg L~1,

Correlation coefficients are +0.969 and 40}912 respectively. These high

v . ¢ ~
values illustrate the consistency of the trend, with only one point fallling

above the 1:1 Iine in the comparison of the 0.06 m and 0.16 m depths, and

}

all,/fa41in abové'ln_fhe com ;rlson of the 0.16 m and 0.31 m depths
3 g P ‘ p
. (Figure 84). o

o1
Third, the changes In concentrations at ;:;érficular depth are

inversely, but nonlinearly, related +o dlschargeéi If T.D.§€ concéﬁ?rafioné



244

- .
*}{}-153q PauIWIa1ap-aAa a.e saul| (310N

8261 ‘E LIS ‘HSVM IDVIHNSENS NI . . : .
mzo_EEZmozoo "$°0°L 40 NOILVIHYA TYNOSY3S : Z8 IHNDIL

-

1snony . ’ Alnr
Syl E£L 2t WO G @ 2 .65 F C 2 o _noammmmn.wwmmwvmnwwm_wcmm_m_:w_ SL¥ILELZ HLOLBG B8 £ 96 % € & |\ oe

[

yidep wigo
idep woL -e-
‘yidap wgpp - *

(1 E.E uoleJjuaau02 'g'ql. 0]

1 1 ,
e—————— sindu; }jBWMoLg

aoes| |
(;-P Ww) uoneydiday 4




L or e

L S

Gi

il A e e = B Ll e Il A i L SRS AN

R .
lb - . / -~ IS
. o
)

“3§-I5aq pauwIe1ap-94e 018 'SaU)) :DI0N .
8£61 ‘v 31IS ‘HSVYM JOV4HNSENS NI .
wZO_._.(I._.ZNOZQO 'S'A°L 40 NOILVIHVYA TVYNOSY3IS ¢ £8 IHNDIL

._.w_...g< Anar

FlLELS ILOL 6 B8 L 9§ ¢ € 2 1 _monm.mmmhw«wmmmvwnwww_mcwm_w_h—u_n_.v_n— ZL iy 0L 6 8 & 9

. | 4

MO|} ON ON
yidep wgp'Q - o~
yidep w0 -»-
widap wgy'p -o-
Yidep woQQ —~e-

. {,1 Buw) co_.Emca\Mcoo salL 9
4 ’ :
|

1 1
t—— Sindul  jjowmoug —

> aor)| |
(P ww) vonendidery 4




246

C T.DS. concentration (mg L)
. 1,37006m, 0.31m depths
2 0.16m depth

T A0 N SUGAANIL D o vt ek B

FIGURE 84 : CORRELATIONS BETWEEN T.D.S. CONG NTRATIONS'IN
SUBSURFACE WASH AT THREE DEPTHS, SITE 3
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are plotted against the logarithms of discharges for each col lection

depth a series of I'ines is produced, "All lines apparently possess a section

of zero gradient éq very low dfscharges and a section of rapidly declining
concentrations with increasing discﬁE?ges (Figures 85 and 86). in addition,
some collection depths appear to have 3 second section of near-zero gradient

at high discharges. .

Explanation of the +hree identifled trends is forthcoming from
existing theory. The key factors in the variation of concentrations are
“IFigure 37, p. 61) (1) the time of contagt between regolith and water,

(2) the composition of the regolith, and (3) the rate of checmical

reactions. The relatively low concentrations present du;ing the bulk of

‘the snowmelt period, correspond to discharge values that vary little

(see p. 188) and by inference, fo flow speeds and times of contact that
are almosf.consfahf. The moisture supply Is continuous, so that water
F] .

is moved through the.regolith and is prevented from achieving high solute

concentrations by short residence times. Some small increases during this

[y

stage ﬁrobab!y result from lengthening travel times caused by the.upsiope -

b}

’ .
retreat of the snow edge. Towards the end of melt, the duration of

r

recession flow from the snowbank becomes shorter and the moisture supply

becomes Intermittent. Discharges at each depth decline, and as increasing

pro#é??ioﬁs-of the flowloccur through the soil.pores rather than through - .
fissures gnd larger voids, residence times increase. Cpportunity now'exlsfgix‘\‘
f;r minerals wifE\Téwer dissalufion rates to pass Into solution, and for

other minerals to reach higher:solute concentrations. When the last of the

snowbank aBFaTes, the moisture supply is cut off. 1f there is no precipita-

" tion, it can be Inferred that all water samples subsequent |y 'col tected -have _

resjdence times equal to, or greater than, the number of days since the
. .

cessation of melt. Eventually, 10 - 15 days after the end of melt, the

kS

sakadirie; ' B3

Crm el L, 2
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solutes in the water reach equilibrium with the soil minerals and further
. ‘ —~

increases in T.D.5. values are prevented. |f precipitation does occur, sgme:
. bl

decline in concentrations may be induced (e.g. July 23, 1978, Figure 82) as
discharges increase (see #iguréhsa), p. 191). Since concentrations do not
-decline to the values existing during snowmelt,'however, much of This‘
subsurface discharge is probably soil water displaced by the precipitation
which has been in ;onTacT with the regolith for several days. As a resul+,
‘the relaTionshipslbeTween subsuréace discharge and T.D.S. concentrations
(Figures 85 and 86), are nonlinear -and exhibit considerable scatter, because
discharge is acting as an analogue of residence time and after prechiTaTioﬁ
events is not a very accurate indicator of this variable.

The differences In T.D.S. concentrations at di%ferenf levals but
in the same location &t the same discharge, can beﬁhypofhesised to result
from (1) longer flow paths at depth, and hence greater residence times, (2)
different minerals wifhln the regolith, and (3) a combination of (1) and
(2). The IagT appears to be the most probable explanation a&d indeed it is
possible to dismiss }l) as the sole explanation because of the continued
presence of the vertical concentration gradients even after very long
residence Timeg at all depths. . X

Downslope changes in’concen+rafqons at particular depths can be
inferred from the principles and observations outlined above. Durfng the
period of continucus moisture addition, residence *imes and §o|u+e concen-
trations Increase downslope. ~ As Flo; bscbmes irtermittent, the slope drains

from the top first, and with lower discﬁarges in‘The upper areas, it appéars

that the pattern may 'reverse with highef'éoncepfkafions upslope. Evenfualj

-~

'y, when all residence times are large and equillbrium is reached, |ittle or

no change in concentrations downslope is likely. Limited data from samp |l es

-




“to hlgher temperatures and biogenic COZ production (e.g.

. 251
col lected at the 0.06 m depth within plot 3, and 130 m further downs lope,
support these inferences. They illustrate the first two stages, with the
crossover between downslohe and upslope gradients apparently occurring on
July 9, in 1978 (Figure 87). Samples for the expected zero gradient were
not collected as subsurface volumes became too small to test.
The concentrations measﬁred ln subsurface flow can be compared

with others from permafrost areas. The maximum T.D.S5. value

827 mg L= recorded at plot 4 exceeds others in the it ire. The

total hardness value of 365 mg L= as CaCO3 for the same sample is

greater than others from areas of carbonate rocks (Table 6, p. 107). These
high values may account for the presence of the plateau concentrations,

rather than a general trend for increases throughout the summer in response

Woo and Marsh,
1977},

In summary, concentrations of solutes in subsurface wash are at

their lowest during periods of continuous snowmelt. Towards the end of melt

and following its completion, concentrations increase in response to longer

residence times, consequent on the declina of discharges and flow velo- .
cities. After 10 - 15 days, equilibrium concentrations are reached and
further Increases In resldance Tlmes or decreases In flow velocities have no
effect. Precipitation events during this period result in increased
discharges and reduced sclute concentrations, but the latter still remain
greater than others reported in the Ilferafure.' Concentrations vary
spattally on a slope, tending to increase with depth at a-parTicular
location, and chang® from downslope increases during the melt season; to

T
potential increases or uniformity after the end of melt.

ae . \—’/-’

- -~
- : . 3
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(b) Dissolved sediment amounts

Subsurface flow was not measured continously at the runoff sites
excapt afTer-The end of snowmélt when discharges were low. For this reasod;
calculation of the weight of sediment removed in solution by +his process
can only be approximate. It Eequires estimates of the total'volume of water
leaving the plot as subsurface flow, and the average concenfra?ron ;f
solutes in the duscharge (assunlng that concentrations in the snow are ‘
zero).

The total volume of subsurface flow during_The snowmelt period
can be caleculated for plots 1, 2 and 4 from residual§%jp the-water balance
equations (Tables 11, 12 and i3, Chapfer 9). At plot 3;\ﬁowever, it is

”knowq Tha+ the 1978 residual is too small, since some daily surface rugotf
coefficients exceed unity. A better esTiméTe.of %he sugsurface flow volumé
can be obtained from the flow rates shown in Figuré 66 (p. 186).

The bulk of snowmelf—lnduced subsurface flow occurs at hlgh

dlscharges and relaTavely | ow T.D.S. cbncentrations. Samples used for ' P
estimating an average concenfrafion levél, therefore, do not include those '__
collected during desaturation of the active layer during the last 2 - 3 days
of melt, nor any collected thereafter. Data used originate from plot 1 in’
1977, plot 3 in 1978 and plot 4 in 1978 and 1979. The.average T.D.S. figure
';bfained is 156 mg L=! (standard deviation of 51 mg L=1, n = 29) and
It Is assumed that this can be applied to all the plots. - An additional
N

amount of sediment is removed from the plots in the post-melt period, but

measurements indicate a very rapid decline in discharges following the end

S
-~

.of melt (see p. 191), and even at high concentrations, the sediment trans-
port rate must be small. Moreover, discharge data do not exist for ajl

plots and it is impossible to ascertain the contributory widths for those
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available. Consequently, solute totals include only those removed during
-the melt period.
The weight of sediment removed, calculated by multiplying flow
volume by average concentration, ranges from'4.i2 g m 2 a”! to
{ 43.26 g n2 a1 at the plots (Table 36), with the lowest value for ]

* the interfluve site and the highest for the location of the largesf‘snow—
bank. Weight loss over the three-year period at plot 2 is similar for.1977
and 1978, but much less in 1979 when considerable volumes of water left the
plot by flowing through the snow. The same methods emp}oyeg for suspended
and dissolved sediment in surface wash, can be used to cenvert The weight
losses over the plof inTo losses ovel the areas affecéed by wash (those

3

downslope of the final position of the snow edge) This conversion

. increases the range of weight losses to between 7.64 g m2 a~! and
— . 143,72 gm 2 a~1, but the relative or*?? of the plots remains the

same (Table '36).
Conversion af the weight loss figures Tg surface léwerlng
requires an estimate of the dry bulk density of the material. The density
. of the regolith is greater at depth than at the surface, but less than that
| af solid rock. A value of 1.5 Mg m"3, an average of 50 frozen samples
\ " . with less than 104 visible ice, taken from +he top 1 m of boreholes on
;  Melville {sland (EBA Engineering Consultants Ltd., 1978) was used f;r the

/
calculations.

Results for lowering over the whole plots .vary by a factor of ten

' and over the affected areas by a factor of twenty. Plot 1| In 1979

+

possésses the minimum rate over the affected area of 5.09 x

10™> mm a", while plot 3 In 1978 shows the highest rate wWith 95.81 -
- . - / l - -
. : : ~
w Rl A i L e il Lnc _u__z._ s g s s e Pl i ey TN Il N A S --wu.'um;w;;wwmh
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x 1073 pm a~1, Clearly, the interfluve location is subuecf to the
lowest rates of loss by thts process, and large snowbank sites to the

highest rates.

Slopewash sedimen+ transport

{a) Transport in solution

Total slopewash solution can be determined by adding together
figures for its surface and subsurface components (Tables 33 and 36). Rates
averaged over the ploTs range from 7.44 x 10-3 to 102.93 x 10‘3 mm
a~1, and for atfected areas are 24.38 ﬁﬂlp"3 to 341.80 x 10=3 mm
a~1 (Table 37). A major conclusion of the study is that denudation
agcomplished by solution in slopewash is 16 To 250 times more |mporTanT that
the removal of suspended sediment parTlcles by surface wash (Table 37). The
differende in rates is most pronounced at plot-2 and least at plot 1, with
ratios at the largest Snowbank plots of 28 - 40 times. -

The solution rates obtained in this study (Table 37) can be

‘lﬁompared with others obtained by Calculaflng loads in rivers (|.e} rates

"averaged over whole catchments and |nclud|ng the solutional activity of +he
river itsetf). Global values in Young (1974, p. 70) cover two orders of
magnitude, from | x 10-3 t0 100 x 1073 nm a~1, a range similar

to that exhibited at the runoff plots. Since some parts of the study area
produce no slopewash it is likely that the avarage rate of sojution ih the
Thomsen River area lies In the middle of Thé.world range.

A comparison with rates measured by Rapp (1960) in +the poiar
environment of the Karkevagge, northern Eappland indicates that solution is
of equal or egven greater importance in ;enTral‘Banks 'sland. Rapp (1960)
recorded raTes of 5 x 1073 o0 10 x IO 5 om a-! which are of the
same order as Those for plots 1 and 2, but tess than one tenth of the rate

-
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Plot Year Surface lowering. Surface lowering _Ratio of lowering
by solution by solution by solution to
over all the plot over affected area suspended sediment
(10° oma ) (10 % mm a ') removal -
! 1977 5.94 14.86 28:1
1979 9.91 18.40 16:1
1977 25.25 85.02 133:1
2 1978 19.25 52.33 214:1
1979 7.44 24.38 2501
3. 1978 102.93 341.8,0 40:1
4 1978 . 50.44 146.80 28:1
8 raYtios equal for all the plot and affected areas
Sourcae: Tables 28, 33, 36
TABLE 37: Best-estimate rates of Iowerin& by solution in- -

slopewash over all and affected areas of Tha rinotf plots

-

-
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at plot 3. Rapp (1960) céncluded That solution transport was the most
important slope procéss operating in the Karkevagge and it is possible ‘that .
this is also the situation in the study area. The rates recorded at Thomsen
River lend céedence'fo the view that solutional activity is very important
in periglacial envihonmenfs and run contrary fé results obfa{ned on Bathurst
Island where d{ssolved load in éizgﬁmflow constituted only 14% of the total

annual sediment load (Wedel et. al., 1978).

(b) The relative importance of surface and subsurface wash

transport

The total ;}osive action of s!opewa;h can be assessed by adding
together all the best-estimate figures for weight loss and surface lowering.
"A number of trends are visible in the data (Tables 38 and 39).

‘ Total welgﬁf loss is greafesf at the location of fhe largest Snow-
bank, 94.7 g m™2 a~1 over plot 3, and 314.3 g m2 a1 over .
its affacted area. Losses become smal!er as snowbank Si%? decreases and are
teast at the interfluve site - a Twoiyear average of 8.5 g m™2 -!

over the whole of ploT 1 and 18.2 g m2 a1 oyer its affected area.
Aﬁong the three snowbank locations, the propqignon of total weight
loss achieved Through the action of surface wash |ncm\9§es with |n|T|al
. (é%owbank size. .Only plot 3 Egs a greater amount of slopewash er05|on
* accomplished by surface wash (54.3%). At the interfiuve Ioca?ion, the
pattern ;eveéses itself between the two years..'This may be the result of ‘
o~ _ measurements beingimade af dlfferép? plots on the same siope, or‘may

Indicate a location sensitive to winter 'snow disTrIbuTion.and melt meteor-

ological condlfidons. At plot 2, in contrast, the trend is‘consisfenf over

"

the three-year perlodl
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PLOT | YEAR '{WEIGHT LOSS OVER ALL THE PLOT |WEIGHT LOSS OVER AREAS AFFECTED
(gmn?al ) BY WASH (g m 2 a )
Surface wash SubsurfacéT Total|Surface wash|Subsurface| Tota!
' wash _ wesh?.
1977 1.3 1 6.3 7.6 33 | 157 -9 |0 T
L : ' —— -
' 1979 5.2 - 4.1 9.3 9.7 7.6 | 17.3
1977 2.3 33.0 35.3 7.9 L 10.9 1ne.s |,
2 4 1T
7 lhers- 1.5 25.71 / | 27.2 4.0 . 69.9 73.9 |
1979 | 0.4 0.3 |.10.7 3 .| 338 | 350 o
3 |97 51.4 | ¢33 loar | 17006 | 183.7 314.3
a4 |1978 22.3 | 29.4 517 - 64.1. ) 846 1487 |
Lﬂ"" o . t . o ' '+
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PLOT | YEAR LOWERING OVE-Rj'ALL LOWERLNG OVER AREAS
. .T.HE PLOI] ﬂFFECTEQ_I :
(103 mma 'y (103 mma )
Surface wash|Subsurface To'Tal- Surface wash|Subsurface| Total
wash wash :
1977 2.0 4.2 6.2 4.?3;'-\/ 10.5 15.4
1 — -
/L 1979 7.8 2.8 10.6 14,47 \ 5.1 19.5.
1977 3.5 22.0 A 25.5 1.7 74.0 © | 85.7
2. 1978 2.2 17.2 19.4 6.0 46.6 52.6
- 1979 0.6 6.9 ° 7.5 1.9 . 22.5 24.4
e : — PN
3 |i978 766 - | 28.8 105.4 |  254.6 {5.8 350.4
4 1978 33.3 '19;0 52.3 95.6 %FA 152.0
TABLE 39: , Rates of surface lowering due to slopew)sr; LW
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T ) The trends in the surface lowering data (Table 39) are the same as
. . |
'.:‘fbr waight loss, but the relative importance of subsurface action is reduced

because of The.larger density conversion factor. As a result, in addition
to plot 3, plot 4 €&xperiences more lowering by éhrface wash than by sub-
Y :
”
surface wash. Rates of lowering range from a two-year average of

8.‘4. x 1072 mm a~! for ptot 1, to 105.4 x 10~3 mm 2~ for

~  plot 3. Within the plots, however,‘raTes on the affected areas are 2 - 3
times greafer; and within these, selected areas a;e'lowéred still faster
(e.g. > 0.9 mm.a‘l at the lowest part of plot 3 (see Table~33, pe. 238))
Inter-year variation about the thrbe-year mean at plot 2 is ¥ 44,7%

for weight loss over the whole plot, and % 46.0¢% for surface lewer-

4 ' -
. ing. It appears likely that &imilar variation would be observed at the
other plots and long-fermf;éTes could be m&ﬂe or less than those observed.

In view of the greater proportions of the study area nég;esenfed

_by plots 1 and 2 than by plots 3 and 4, two major contlusjens can be reachéd .

L

., concerning the effic§cy qf ggdlmenf transport byjsurface and subsurface wegh__?; .
in the {homsen River region. First, at most locations, subsurface wash is

' P
more important as an agent of denudaT[on than surface wash. Second, this
N , )
Importance arises from the relative insignificance of particle sedimpent

-
.

movement in. surface wash and the overall importance of solution in boTh

-

surface'aﬁd subsurface wash.<:;he resulTs‘of the study support The‘flndiﬁgs

of Rapp'(1960) and emphasise the role of solution processes In periglacial

. , ‘ ((,
areas. . . . . /’AH\) ‘ - T
. | ‘ . \ .'_ . . .
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The conclusions reached in this study may be summarized from both

geomorphic and hydrologi;’viewpoinfé. They also suggest lines of approach

for future research.

- Geomorphic aspects of s]opewash

very low concentrations of suspepfed sediments in snowme!t-induced surfac

Comprehensive studies of both dissolved and suspended sediment in
surface and subsurface wash have not been undertaken p(pviously in
permafrost areas. Certain eiemen?s of Tae slopewash system ha@e been
investigated,/however, and the results of the pnese&t study generally
support cogctidsions reached elsewhere rﬁgyﬁdlng the magnitude of sl|opewash

erosion inferfglacial areas.

{

vMea;uFemenTs at the fouC runoff plots indicate the existence of -
~ - - . . '
wash. The maximum value measured was at the }nfgrfluve1sifgksﬁere an
incompIeTe:vegeTafion cover enabled a concentration of 70 mg R o
develop. The absence (with one exception) of diurnal concentration cycles
corrESponding to daily snowmelt hydrographs, suggests that sediment removai
is limited by sediment availability, nﬁf flow transport capaci?y.

.

Rates of Esgimenf removal at the four pldts ranged from 0.02 to

1.74 g w2 3! Rates of removal and |lowering were grgatest at

plot 3, the site of the targest sndwbank, and least{at plot 2, the location

LY

of a smaller snowbank. The values are comparable to, or lower th hose

megsuréd by Jahn (1961) on Spitsbergen, and both sets are among fhe lowest -

in rid. Jahn's results may be typical for rocky or talus sldpes which

-

» [

an® unable to support a closed vegetation cqur., The Thomsen River figures.

M -

likely @re more representative of permafrost areas covered by fine-grained’

surficial deposits where the chief factors determining plant growth are
L » R .



" subsurface wash were |owest during snowmelt and .increased nonlinear!y during’

and 74.09 x 10”3‘mm a-]. 'Ih,§uosurface wash, weight losses for

264 .

moisture supply and duration of the grovwing sea@on. The influence of
monsfure supply on plant cover affects sedlmenT\remova!, and probably is the
cause of lower denudation rates being measured at plot 2, than at the
interfluve ploT.

[+ can be inferreo from these relationships that on similar
terrain, rates of lowering attributable to suspended sediment removal in
surface wash downslope of large snowbanks, are likely to be greater in the
polar desert areas as a result of reduced vegefafion cover on thelsnowbed.
In The tundra zone south of the study area, increased vegetation growth
probably causes a decline in erosion values, in spite of greater winfer\dﬁ/
snowfalls and higher ablatian rates. |f correcT this infereoce qualifies
the suggestion ot French (1978, p, 142) fWaT maximum slopewash denudation
rates occur in The transitional zone beTween tundra and polar desert.

Surface ?Swenlng etfected by solution was evaluafed separately for
surface and subsurface wash. Solute concentrations reached a maximum value

.- ()

of 488 mg L™ in the former, and 827 mg L~! in_the latter.

Concentrations in surface wash were”inveﬁsely relafedkto surface flow
discharge and to-distance downs|ope of the ablating snow. Solute levels,in

.

declining subsurface flow following the end of the ablation season. The

P

'high'concenfrafions of solutes, up to an order of magnitude greater than the

suspended. sediment maXima, indicate the importance of solution processes.
Moreover, since both surface and subsurface flow arerinvolved, the relative
significance of soQ{ion is further increased.

Rates -of weighf-losa in soldtion were highesy at the largest
snowbank site ahd least aT The interfiluve site. In surface 'sh fhe fafes

corresponded to estimates of surface lowering of “between «57 x L0'3 _ ©t

- ' o -
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the snowmelt period indicated lowering rates of between é.?S x 10-3 and
28.84 x 1073 mm a=!.  If these figures are combined, the trye

dominance of solution as a denudational agent is revealed. Total surface
owering by solution exceeded suspended sediment removal by 16 ¥o 250 times.
These values représenf averages for the total plot areas. At the micro-
scale, annual solution loss increases downslope from zero at the final
runoff position of the snow edge, to a maximum at Thp first paint on the
slopa affected by all the snowbanL meltwater. The rate of ‘lowering by
soluTiqb in surface wash alone, exceed;d 0.9 mm at this point on plot 3 in
1978.

Resu[*s obfajﬁed in this study support Rapp's {1960) conclusions
for: The Karkevaége, narthern Scandinavia. Rates of lowering by solution
were found to be the most important denudational précess in that area.
While major differences exisT_beTween‘+he Karkevagge and, the Thomsen River
area, in view of hiéher‘loss rates measured on the plots, it is-possible

that similar conclusions regarding the efficacy of solution processes apply

to central Banks Island.

“

"... Slopewash hydrology
jhe.majn atm of the hydrological inve#TigaTions‘was a detailed -
. aminaTion'qf_slope hydrology in a con*inuoug ﬁermafr;sf area. ;Iq
. _,.-ﬂ"Z:e past, the slope hydrélogical'c le has been subsuhed in catchment
| studies and there is a paucity of mparative data.

e (T proved p&ssible to estimate the water balance of ah up and area

of approximately @kmZ, within which the four study plots'were locate

Inethis area, approximately 92% of the water input was derived from

v sfiowmelt, and only 8% came from summer-rainfall. Of this ava}fablg Qafer,

{ . . v e -



. 1978 reached 74%.

e

9% evaporated from snow, 22% was lost by evapotranspiration, and the -

remaining 69% was estimated to have left the area in stream runoff. In

contrast, losses to the atmosphere at the runoff plots were gbnerally lower,’

and consequently, values of runotf contribution were higher than for the
upland as ; whole. ‘For example, 96% of the water inpu}s at the largest
snowbank aré thought to have re%fhed the stream channel in 1978. The hlgher
figures indicate that all four study plots make average to above—average

S
contributions to streamflow, and imply that other terrain units in the

I

upland (e.q. ridgeé) Iose(all their water inputs to evaporation, and fail to
. 4

aughenf stream discharge.

L.

Snomnéi?-induced surface runoff coefficients at Thé runofj plots
varied at the annua! and daily Time-gcales, and from site to site. Thi&
vgetability is a key feature of the siope hydrological regimq ina
permafrost area and even after the period of sfﬁdy,.general}safions must be
regarded as tentative. In the three years of records from plot 2, for

example, between 2% and 26% of the spow initially present on the plot left

as surface flow. In contrast, the s rface runoff coefficient at flot 3 in
Cx

; N :

.The variability at the annual timegscale is caused by changes inf

. .
) N
the winter snow distribution’ at the'sites, and by inconstant meteorological
R , -

conditions during the ablation season. _The former influence the pattern of

snowmelt on the plot and the paTh by which JETeT leaves it. The laTTer

affect surface runoff coefficients through the *leng of periods of high and

low energy inputs in relation to the size of the remaﬁning snowbank. Over
» .. ‘ .
short time periods a strong positive relationship existed at all four plots:
between® dally mel twater production and corresponding surface frow discharge.

In addition, at two of the:plots a positive relationship existed between .
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s%:fﬁéé runoff and antecendent moisture. At plot 4, frosT-TaS?é‘Qﬁpfﬁ was a
negative Mnfiuence on surface flow discharge. All these parameters vary
from_one ablation seésgn to the next, and frfom site to site and account for

the lack of consisfehcy in the plot surface runo?ijcoeffiCLanTs.

The frequency of sufface flowI@T the sites also was variable.

cap

While 32 consecutive days of surface fiow were recorded at plot 3 in 1978

only 4 days of flow were observed at plot 1 in 1977 and 1979. These tfigures

+

affect surface runoff coeffIC|enTs becayse *he more rapid the snowmeﬂf, the

higher the runoff coefficients, since threshold subsurface and evaporative-

-

losses are exceeded by wider margins. ThlS can b‘ illustrated by a

.
comparison with data from the discontinuous permafrost zone. Landals and
. S ‘ '
Gill (1973) measured runoff coefficients averaging 55% near Ye!lowknife,

‘ N.W.T. (8 plot years, ranging from 1% t0-82%), a figure substantially higheqr/
than the 25% average recorde& at Thomsen River (7 plot years, ranging frém-
2% to 74%). This difference is thought to be the result g? lower ablation
rates due to reducéd energy inﬁﬁ?& in the more northerly location. |f this
. 2

is a general, trend, it implies ‘that in higher latitudes than the Thomsen

-River area, under similar site conditions, surface runoff coefficients are

-
still lower.

Subsurface flomat pfie ruiioff plots varied in importance as a
route for water loss according to snowbank size. In absolute terms |T was
ost important at ThkﬂTargesT snowban;.:ocaflon, but in percentage terms it

was least Tmportant at that site. Limited measurements suggest Thaf it is -«

of minor significance at such sites during most of the ablation season when
- surface flow is continuous. As sirface flow becomes intermittent during the

tast few days of melt, however, the relative importance of subsuﬂface'flbw"

u

. . inoteases. The decline of subsurface flow discharg§ occurs vefy rapidly

! ' !

: : - 1
— >4 /

' 4
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after the end of snowmelt and values drop by two of more orders of magnitude

In Two To three days. Revitalisation occurs in response to rainfall inputs
-

and flow may be sustained at low levels by slow ground T%a TQaw. In
general, however, discharges of subsurface flow after snowne|t+ &re
unlmporTanT cegpered To those developed during the ablation peruod and this
is probably linked to the rapid decline of discharge in nival sfreams.

~ One of the aims of The sTudy‘was to examine the fréquency,"
magnitude, and spatial distribution of rainfall—induch surface flow. Over
a three year period, rajnfall was able to generate surface flow at the B*Qfs
on o?ly two occasions. Moreover, both precipifa?ioﬁ evenTs were mafched inae
intensity. and duration by others which failed to cause surface flow. These

observations,indicate that, with the exception of high recurrence infervé]

b

events, rainfall must occur 6uring or immediaTé\y following the ablation

season‘in order to cause surface flow. Under these conditions, the areas
producing surface runoff are those already at or n::;)safurafion as a result
’ / Toemberay s,
of the conT:nuung or recent presence of melting snow %pSJOpe. Thus the -
response of a watershed to a raindstorm of particular intensity and duration

' may ﬁan?dfrom a high sJP\$ce rung coefficient, to a zero coefficient,
depending on the timing of the event relafive to the distribution of ~
snowfree areas. The probability of a IOCETIOH being a source area is

.hlghesT for one downslope of a perenn|al snowbank .and least on an

- »\_'

intertfluve where only a shallow winTer snowpack accumulates. Except in rare

cases, Therefore, the partial area theory for runoff gengration is the most
relevant conceptual model for a permafrost area. Runoff sotrce areas are

. . e
variable, biut the most |ikely ones are contiguous Wwith the stream charnel,

downs (pffe of large melting snowbanks.

¥
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Suggestions for future research

A number of avenues of future research into the action of
slopewash processes in permafrost areas appear promising.
FlrsT, the hypothesis of increased suspended sediment

concenfrafuons in surface wash in polar desert areas, consequent on a ‘

decl|ne in vegetation: co&;r downslope of large snowbanks, requires furfher

testing. iIn addition, the role of the basal ice layer in-preventing snowbed

~erosion shou!d be examined in detail. T ~\

Second, This study and others emphasuﬁf:E;;Efble of solution as a
ot ' . s

major erosional process In periglacial areas., Similar ‘measurements are

required from itional locations at a varleTy of IaT|?udes, and in areas

- £ I . \
which were C|afed by the "cla55|cal" Wisconsin ice sheet where the

-

regolith may be\thin.

Third, hlgh recurrence |nTervaI snowmelt and rainfall events™

should be subJecT to forther examination, parTlcuIarly in regard to Theur
. .
etfects on the distribution of 'spurce areas of surface flow, and on*

suspended sediment concentrations developed. The IafTér could be undertaken
through field simulation of snowmelt events and experiments of this type

¥
were sfarfed in the s+udy area in 1979,

‘\.J\. ) o

FourTh There is a need for well=-instrumented watdrsheds in
permafrosf areas, on a par with those in femperafe reglons. The |link

Qg{wean slopewash and stream runoff requires further examinaTion, as does

»
.

the ‘movement of sediment on. The slopes in relation to concenTraflons

pﬂesenf in sTreamflow.

.

AII four, proposals for future work necesétja*e detathled and long-
Term. lnvesT|gaT|ons of slope and sTream processes in a number of permafrost
areas. As demonsfrafad in the present sTudy, fow data currenfly are

available for compaﬁnson wnfh any results which' might be produced.
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ABSTRACT

The magnitude and frequency of‘slopawasn processes in the
continuous permafrost zone were studied during three summer field seasons
(1577-1979). Hydrologica! and geomorphological aspects of the processes

were examined at four small runoff plots located in north~central Banks

Island, N.W.T..

Slope hydrological processes exh{biTed a high degree of vari- .
ability, both in .inter-site and inter-year comparisons. At all sites,
however, snowmelt was the most important input and summer precipitation was
of very limited significance. ODuring the study, rainfall caused surface
flow to develop on two occasions, and then only in areas near or at
saturation due to antecedent Snowmelt. Consequently, the partial area
'éonfribufion theory of stream runoff production appears the most validﬂ-
conceptual model for the study é}ea.. Snowmelt-generated surface runoff
coefficients at the piofs varied on a daily basis in response to é;;rgx
inputs, and on-an annual basis in regponse to melt season meteorological

conditions and winter snow distribution. Only the largest snowbank studied

produced a seasonal surface runoff coefficient exceeding 50%.

Suspended sediment concentrafions in surface wash were very low,
and weight loss due to this process was correspondingly insignificant. The
influence of vegetation in protecting the ground surface from the high unit

discharges developed at the.snowbank sites was of prime importance, and the

-~



max i mum sd5pended sediment concentrations (70 mg L“)“occurred'af the

" -

interfiuve site which was. largely unvegetated. In contrast, dissolved

" sediment concentrations were high in both surface and subsurface wash, and

surface lowering at the plots by these processes exceeded that by suspended

sediment removal by 16 to 250 times. Total rates of denudation by sloﬁewash

ranged .from 6.2 x 10~3 to0 105.4 x 10~3 mm a~! averaged over the
- plot areas, and from 15.4 x 1073 to 350.4 % 10~3 mm a=} averaged

over the partial areas of the plots actual ly affected by wash. In both

»

cases, the maximum lowering rate occurred at the largest snowbank, and the

minimum at fﬁe interfluve location. The results suggest that in permafqgsf

areas slopewagﬁ\can be an important agent of denudation, but In locations

where vegetation growth is promoted by high unit discharges, Its effects are

-

mainly through solution and not_particle sediment removal.
14




» ‘ RESUME

L'importance et la fréhuenceféu rui§sellemen+ dans la zone du }l

[}

pergelisol continu ont dtd dtudides pendant trois gtds (1977-1979). Nous

avons examing les aspects Hydrologiqﬁes et gdomorphq

dans quatre parcelles exper:menfales local isdes dans

de Banks, T.N.O.. . T

logiques du processus

le centre-nord de '} le

Les. processus hydrologTq%?s montrent une grande.variab!litd aussi

. . . Lo 2N
bien d'uh site 3 |'autre que d'un été a |'autre. Pour Youtes les parcelles

fbufefois, !'eau de fonte des neiges consistait ilapport le plus important

alors que les précipitations dtétd dtaient peu significatives. Pendant |a

/ 7/ . / \ ’
duree de !"etyde, la pluie ne provoqua des deéversements qu'a deux occasions,

- N . -
et meéme alors seulement dans les zones deja saturees ou proches de |a
” :

. \ . ) ' s .
saturation 3 la suite de la fonte des neiges. Par conséquent, la thdorie de

1MTaire da cSF?FTbUTion partielle au ruissellement semble valide dans la

rééion dtudide. Les coefficients d'scoylement rééulfanf_de la fonte d

neiges dans les parcelles varient sur une base journaligre en fonction de

' n PR
Itinflux d'énergie, et sur une base annuelle en fonction des conditions

mé?ébrologiques de la saison de fonte et de la distribution hivernale de |a

ruissellemen? saisonnier depassan+ 50%.

-

neige. Seul le plus grand banc de neige dtudle a un coefficient de

Les concenTraTions de sddiments en suspension dans ) 'eau de

surface efalenf frés basses et les perfes de matisre resultanf de ce

processus negllgeable. L'influence de la vegefafion protegéant la surface

du sol des débits majeurs apparalssanf dans les sites ol existent des bancs

C



“*
. 7/ . \ . . . /.
de neige etait primordiale et les Concentrations maximales en sediments de
. -1 /s / . . 7
suspension (70 mg L™') ont &t¢ mesurees sur I'interfluve qui dtai+t
s/ . . v
largement denudd. Au contraire, les concentrations en sédiments dissous
. / . ;7
dtaient élevdes 3 la fois dans l'eau de surface et dans |'eau s'écoulant
- . .
sous la surface, et I'érosion des parcelles par ces processus dtait 16 3 250
fois plus importante que cetle résultant de I'enlévement Ye matdrie! sous

: . ; . / .
forme de suspensions. Pour ['ensemble des parcelles, les vitesses d'drosion

Par ruissellement variaient entre 6.2 x 103 3 105.4 x 10~3 mm

a'], mais elles dtaient comprises entre 15.4 x 102 et 350.4 x
N o

1073 mm a~! si 1'on ne considérait que les parties des parcelles -

effectivement affecféhs par le ruissellement. Dans les deux cas, les plus

grande vitesses étaient observdes autour du plus grand banc de neige et les
. i I
plus basses sur 1'interfluve. Ces résultats suggerent que dans les régions
o ‘ .

N L . - . "

a pergeliscl le ruissellement peut etre un agent d'drosion important et que
hY . S/ . . L 4
3 ol !a cro ssance de [la végetation est favorisde par des debits elevés,

son action est surtout le fait de la dissolution plutdét que de la mise en

suspension des sédiments.





