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ABSTPRACT
LY

A small drainage basin (area 33 km ) near Resolute
Bay, N.W.T., and three sub-basins with areas of 21, 10 and
0.65 km2 were studied during the summer of 1976. All compon-
ents of the water balance were measured 6r célculated, inilu-
ding basin snow storage, rainfall, streamflow andsevéporation.

A snow survey indicated that Atmespheric Environment Service

data underestimated basin snow storage by 50% but weather

station rainfall was representative of the study basin. Water

‘balance stimlies showed that for the three larger basins,

streamflow consistently “accounted for 80% of the total incom-

ing precipitation and evaporation 20%. The smallest basin was

. found to discharge .only 67% of precipitaticn, leaving 33%

T,

available for evaporation. This difference was attributed to
a lérger percentage of wet areas in the small basin. The
spatial variability of the water balance components was also
demonstratéd by calculating the-values of all components for
individual: terrain units. It was found that the percentagé
of tétal precipitation which was discharged as streamflow —
varied from 53% for crests to 98% for gullies. Findings £rom
this study agree with other studies in a similar environment.

In general, streamflow as a component of the water Lsalance is

more importanﬁ in the high Arctic than in the sub-Arctic regions.

(viid)



- - CHAPTER 1
INTRODUCTION

&

l.l'Introduction
s Prev;ous hvdroloqlc studies in the Canadlan hlgh.Arctlc
have concentrated on streamflow (Church 1971, Cogley 1971,

Cegley 1975, Ballantyne 1975, MecCann, Howarth and Cogley 1972},

mainly in terms of the streamflow regime and the volume of run-

off., Few studles emphasized the ‘other comoonents of ‘the water

balance such as evaporatlon or prec;pltatlon. For ewample, it

is well known that preclpztatlon in the Arctic. ls underestd-

mated and that falrlv large reglonal varlatlons etlst (Coglev

1975, Fare and Eay 1974, Walker and Lake 1973), but there has bee1

no attempt to determine the enact amount of this uncderestima-

tion. Another unknown component of the northern hydrologic

systen is eva;afation. .Detailed work has been done in the'

L)

'-subarCtic'(Rbuse, Mills and S*ewart 1978), but thtle is known

ey

about the importance of evaooratlon in the hisgh Aectlc (Hare

and Eay- 1971}

G

Anotber\neglected aspcct of A ctic hydrology is the

' nattre of the\h\drolcglc svstem whlch controls 'the transfer

between the _nout and the output components of the svstem._~

Thls lncludes such problens as the e‘fect of channe‘ poenlng_

s o*occsses dutlng the melt period. . -

bette* knowledge of the avallablllty'of water in the north--

Future development in the hlgh Arctac wi;l requife

.

h



ern hydrologic system.

It is thus necessary .to survey our
existing body of information, then to advance our knowleége
in Arctic hydrology by;furthering research efforts ih the -

areas where our understanding is deficient.

i ' . .
1.2 Literature Rev\béCf - oL

' TQe water balanée of northe:n river basins is qsmpgsed
of the following major components: snowfall, ré%EEEEEL/stfeéhflow
and evaporation. Qf these components, streamflow is the\most
studied and the best understood (Amkler 1974, Carlsbn 1974,
Coglev 1955, Church 1974, c;;ok"lsm,‘“ Dingman 1975, Ka.ne‘ann;c{
Carlson 1973, Mackay and Loken 1974, Pissart 1967). 'Iﬁ general, .
rivers in the high Afctic follow a baSié annual cycle. Dufing
early June snowmelt begins, but most‘of the snowmelt is aécomf
plished within a one week period in mid to late Juﬁeﬂ Much‘é?
of tﬁis-melt water does not leave the basin until the snow-
choked channels are flushed by a catastrophié flood during
which 96% (Cock 1967) of the mean annual flow isavés the basin.
After the flocd, flow decliﬁes, approaching zero by early to
mid-September. There is no flow until the next Jﬁne. ’In
detail, the nature of the channel opening processes is_quali—

tatively.described by Pissart (1967) .- Streamflow during the
melt period‘;; characterized by aiurnglvariations depending

on the daily vari&tiogs in radiation énd thermal conditions

(McCann ané Cogle§-19fl). |

The major characteristics of streams flowing in perma-




frost areas are summarized by Church '(1974). He notes that

the dom;nant role of permafrost is to keep the water near the

-

sorfaoe. As a result, surface. runoff is usually relatlvely

o

rapid but recession flows are highly variable. In rolling,

——

non-vegetated terrain recession fldws are oormally'short,

while in basins dominated by tundra, heath or muskeg, they may

-

be very long. Newbury (1974) also demonstrated that in perma-_.

frost areas, there is an ingrease in the proportion. of preci-
e " -

l pitation aveilable to runoff. ) . -
In the Canadian high Arctic, the amount of streamflow

LR
-

data are sparseand there are'no long term data to allow proper
statistical analysis. Although data collection programs are

being expanded by the Water- Survey of Canada, resource devel-

-

opment poses an urgent neeé for hydrologic information. There-

fore better understanding of the.northern hvdrologic system is .

required to enable streamflow modelllng and hence a prediction
of long term chanées in the hvarologic sgotem.

In terzms of precipitation, manv‘studieo have noted a
_gToss underestlnat*on by OfflClal weather stations (Coglev
1975, Church 1874, Cook 1960, Dingman 1873, Findlay 1966, Hare
and Hay 1971, Wedel 1977). Findlay (1966) found that 37% of
the actuai enowfall was not cauéht, while the respective ficure
for rainfall was 16%. Cook (1960) considergo ttet trace rain-
fall events atIResolute can add.substantieily to the measured

total. While Dincman (1973) noted that cohdensation anc snow-

fall were major problems, Eare and Hay (&971) believed tpet

PR A P
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the undgrestimation of snowfall was the most séfious problem.
Despite the'genergl belief that precipitﬁtion-in the far-north,
is severely underéstimatéd (Church l§74), very few studies have
attempted to show the actual value of the underesiimaéion.

Using both lfgimeters and microclimatic methods, the
iméortance of evaporatien ipﬁthe subarctic regions has been
established (Church 1974,.bingman 1973, Ferguson et al 1970,
Findiay 19621 Findlay 1969, Nebiker 1957, Nebiker and Orvig
1858, Watts et 51'1960). ;The few evaéoration studies carried
out in the high Arctic are site specific and do not provide
basin'wide data to allow comparison with other-.components of v
the water balance (addison 1972, Addison’ 1975, Smith 1976, |
Weller and Holmgren 1974). Addisen's studies on Devon and King
Chrlstlan Islands showed that evaporatlon rates were hlghlv.‘
variable over short distances and that evaporation was extrenmely
small over certain dry surfaces. But no data on the proportion
of the ba51n which was covered by each surface tvpe uere given
and therefore basin evaporatlon cannot be estlmated. ‘

This review shows that most of the previous studies

- have concentrated on individual combonents of the watef.balance
rather than considering them as parts of a northern hydrologic
system. In recent &ears, there are a number of studies on entire

drainage basins (such as Cogley 1975 Pirndlay 1966, Holocek ané

Vosahlo 1975, Wedel 1971).
- IR view of the vastness of the Canadian high Arctic andg

our lack @f info tion on these areas,.water balance of Arctic

‘.
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basins will play a role in contributing to our knowledge of
permafrost hydrology.-

1.3 Objectives

To improve our unders%ﬁﬁﬁing of the hydrologic system
of high Arctic regiOns,‘the'research was carried oﬁt to study
the water balance of a small basin in the high Arctic. More
spécifiéally the objectives are:
(1) to determine the total basin snow storage at the end of.
winter and determine the representativeness of the Resolute

weather station snowfall data. P

(2) to determine the total amount of surmer precipitation and
stréam discharge.

(3) to obtain an accurate estimite of evaporation as the
residual of the Qater balance egquation.

(4). to assess the accuracy of calculating seasonal evaporation
as a function éf equilibrium evaéoratién, over the dominant
surface types found in the research basin.

(5) t; assess the spatial variafion of the water balance com-
ponents outlined agove, both at the basin and for inéividua;

terrain units.




CHAPTER 2

'STUDY AREA AND METHOD

2.1 Location

Field work was carried out in a basin (74° 43'N, 94°
S9'W; area 33 km?) approxlmately 5 km north of Resolute Air- _
port, Northwest Terrltorles (figs. 2.l,and 2.2). To study
the spatlal varlabllitv of the water balance compdnénts, this
basin was further divided into three subbasins with areas of
21, 10 and 0.65 km2. This study area was chosen because
(1) it was close to the weather station at Resolute, thus
- enabling a comparison of fleld data with standard weather
station data,
(2) most parts of the basin were within eas; reach from
‘kesolute, thus enabling the collection of a large amount

of data with limited manpower.

2.2 Topography and Terrain Units
. N .
Topographically the basin can be divided into-four

regions (fig. 2.3): | _

(1} Plateau: an area with general elevation cf 120-190 m_ sur~
rounding the eé;tern and southern portions of
the basin (fig. 2.4). °

(2) Rolling Terrain: a low-lying area (elevation of 75 to

120 m) with a relative relief of less

than 10 m (fig. 2.4).
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95*00'W ss' , 50, 94° a5
Cotchment /,'_-':/sa'~ Contours et~ Mejor N Leke O Meleorological
boundery T\ (5Q intervel) Streoms /7 " Stoton [A.E.S)
Fig. 2.2

Topography of the study area near Resolute, Cornwallia Island, N.W.T.
The basia areas ave: (1) 0.5 k=2, (2) 10 k@2, (3) 21 k=, (&) 33 k2.
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- (3) Low hills: \qusrea between the eastern plateau and the
‘ rolling areas. This region is dissected by

valleys up to 15 m deep (fig. 2.4).

f -

i (4) Long'slopes: slopes_gxtgpdiﬁg from the plateau to -the
- roliing areas but are not dissected by |

valleys (fig. 2.4).
I .

The surface material is/éenérally stoney and'sapdy with
a sparse.vegé;ation cover. Crulckshank (1971) described the

[

folLowing spi%ﬁ?ﬁ@ terrain units found within the basin (fig.
2-5)1 fuigji
(1) bog soils: The material is a sandy loam which is contin-
ual;y wet ané the surface is colonized by black
-\ lighens, ﬁosses and va;cular plant{i They are .
’ located on flat and low-lving areas, or below
semi-permanent.snow banks (fig. 2.6).
(2) polar desert: It consists of small limestoné chips in a
sandy loam mantle with a neglig;ble plant
cover, ané is generally found in elevated
locations (£ig. 2.6).
(3) lithosols: These consist of shattered limestone (frag—
nents 0.1 to 0.25 m in diameter) occuring on
;evel grouné with a very sparse plant cover

£fig. 2.6).

A thick laver of permafrost at Resclute (3902 m,

(V3]

Misener 1955) precludes the possibility of subpermafrost:
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. groundwater contrrbutron to’ the surface hydrologrc cycle. The
'occurrence of the permafrost table at a shallow depth (depth

of frost~table less than l m) ensures that most of the hydro-

logrc actrvrtles remarn“close to the surface.

’ e
SR T e o . .
2.3 Climate, '1, .. . ' . ’

' Climate exerts a:strong'influence oh the hydrolqu'of-

a basio{' In the hrgh Arctlc, precrpltatlon is low but because'

of the low tenperatures the Snow ‘is stored rn the basin for

approxrmately ten months eacp year. The mean darlv temperature.

rises above 0°C-only during late June, July and August when the
,precipitatiOn of the entire'year fs available for ‘surface run-

off and-evaporaticn. i

An extersive revrew o the Arctlc clrnate is given by

-
.

éarry and Hare (lS?é);and-the climatic condltlons of Arctic

Canadaare‘iiscuSSed‘in Hare and Hay. (1974). For Resolute, the

climatic concltloqs can ba summarrzed as follows (fig. 2.7).

(1) September to Nbvembéf‘ Temperature falls steadily, oassrng .

below the freezing point after mid-September. This is
a periodaof relatively heavy snowfall, receiviné 45%
of the annual total, ‘
(23 Decemoer to Apriit Q.significant change in the weather
pattern occurs after Noyember. Firstly the seas
become frozen, cutting orf the local moisture supply
andc secondly, the_wave cyclones move rurther south;

s . ] . B N
Mean daily air .temperature reaches -28 C in February,
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but the outstanding characteristic of winter temper-
ature is the persistence rather than the extrémé |
severiﬁy of the coldress. Snowfall during this period..
is light, but blowing snow is prevalent. Fraser (1964)
found that fbr Deéember, Jaﬁuary and Februarv, blohing
snow constitutes 17, 24 and 16 percent of all the
observations.

(3) March to Juﬁe: Tempg;ature climbs steadily throughout this
period, but due to the high surface albedo of snow, net
radiation remains low and little energy is available to
heat the air. It is not until June lS_tha; mean daily
temperéture'reaches b?C. ‘Precipitation increases grad-
vally, all of which occurs as snowfall untii late June
when the first rainfall occurs.

(4) July ané August: These are the only months when temper-
ature is consistently above freezing with mean daily
temperatures of 4.3 and 2.?°C._respectively. A con-
bination of increased frontal activities and the opening
of the sea ice resulis in-an increase. in precipitation
(mostly rain). Fog is common, and it occurs during

v _
half of the entire period (Barry and Hare 1974).
Cooling of the air begins in August and temperatures
-
can éip below 0°C by the middle of the month. A snow
cover can be established kv mid-AuéusE but the averace

date is about Sepitember 1.




2,4 Data Collection
The data collectlon program was designed to allow all
1nput and output components of the hyduéloglc system to be
‘measured in the field or calculated.from the field data. Most
-date were obtained from the research basin,‘out data from the

Atmospheric Environment Service weather station were used as

a supplement.

‘ i.4,l‘ Meteoro;ogical Data
| Air temperature was recorded by a Lambreoﬁt thermograph
housed in a Stevenson S screen whose locatlon is shown in flg.
2.8. The accuracv of the thermograph was checked by a mercury
thermometer. Net radiation data were obtained for three differ-
ent surfaces. For the snow surf;ce, a Swissteco net radiometer
‘was‘used and the signals were recorded on a Rustrak recorder
(fig. 2.8). The radiometer was kept desiccatedand inflated by
pumping air through a bottle of'silica geli. Net radiation over
po;ar desert surface' was measured by the Atmospoeric_ﬂnvironment
Service (A.E.S.) during the month of-August. To obtain data for
*June and July a regression relationehip of the following form
was- used (fig 2.9):

Q* = a + bk + . ) _ (2 1)
where Q* is net radiation and k+ is incoming solar radiation.
The necessary k+ data were measured by A.E.S. for the entir
season. Since the surface over which A.E.S. results were obtained
was similar to most parts of the research basin,. these data are

- considered representative of the basin. No radiation data were
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available for boggy surfaces. However, Smith (1976) conducted
microclimatic studies;near Eureka, Ellesmere Island (80" 00°'N,
85° SS'W), and there are similarities between'the surfaces
studied by Smith and the boggy surfaces of Resolute. . Both
sites were saturated; had similar-vegetatibn cover and thgrmal
properties and the surface albedo was 0.2 for the Tureka site
and 0.18 for the Resolute‘site.' |
Smith's dauawerétherefore uséd to obtain a regression
'rélationship between‘k+ and Q* (eqg. 2.1} andéd the results are-
grapﬁed in figure 2.9. This reletionship then'enab;es.the‘
computation‘of Q* fdr.the bog surfaces of Resolute for the
1976 fielad season. |
. Precipitation is measured by the government Qeéther
station at six ho;rly inﬁervals; TheSEd;;awereavailable for
ﬁhe'period September 1975 to September 1976. To check the
répresentaﬁiveness of these data when applieé to the research
basin, additional data werejfolleqted.
(1) Ten non—recording rain gauges were deploved throughout the
basin (fig. 2.8) to determine the spatial variability of rain-
fall. These gauges were measured at the end of each rainfall .
event. :
(2} A snow survey w;L carried out to estimate total snow storage
in the basin prior to the sprinc melt (see section 2.4.2).
Snowmelt was measured at three locations within the

smallest research basin (basin 1). At each location the amount
L, ' h
of Surface lowering and surface snow density were measuzed
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several times each day and their product vielded the rate of

melt at the snowpack surface. -

Z.4.2 Snﬁw Survey"

. To estimate total énow storage in the basin, an exten-
sive sSnow survey was carried out. 'This survey was based on
two aésumptions: h
(1) n6 melting oécurg during the long Arctic wiﬁter so that a
snow survey ¢arried out prior to. the spring‘melﬁlﬁill provice
data on the total amount of snow accumulated in winter. |

(2) topography exerts a strong control on the distribution of
snow so that various terrain units will have characteristic
amounts of snow storage.

In a small basin on Axel Heibgrg Islan&, Yoﬁﬂg {1569}

observed extreme spatial variatien in snow dexth but noted
that such variations coulé be :e%atéd to various measures of
the lanéd surface geometry. In view .f large variations in snow’
depth it is logistically-impossible to accurately map the snow
cover of a large‘area, but the relationship between snow storage
ané terrain type suggests that basin snow cover can be obtaiped

s -the areally weighed mean of the snow storages in varioué
tvres df terrain. Fellowing “this second assumption, aerial

photographs were used to divide the basin into variocus terrain

tvpes whose boundaries were coqflrred in the field. Fiftyv=

L4 - - -
three snow survey iraversed were .carried out across various

units. Each transect consisted of 10 to 50 sample points and

the transect lines spanned the entire lencgths of the terrain




1

units. A 3 m séeel pole.wasluéed to measure snow depth and
a Neteorologlcal Se*v;ce of Canada snow sampler was used to
deternlne snow dens;tv. Several densxtles thus deternlned
were checked against the density obtained by taklng d series
of 250 cm3 sample cores from vertical profiles'exposed'in
snowpits. | ‘ ‘ :
" The snow survey was conducted during the oerlod May 16
"to Jure 6, 1976. The snowpack &id not undergo any significan:
‘melting during this perioed though several snow storms occured
.between'May 19 ané, May 26. Fortunately, this new snow can be

easily distinguished from the clder snow (fig. 2.10). For

consistency, the new snow was ignored and all snow data referred

to the condition as of Mav 19, 1976. Due to the aksence of
melting in w;nter, the snow storace determined by the survey
represents total snowfall since September 1, 1975, when the

winter snow cover was first established.

y

2.4.3 Streamflow

Stream discharge was measured at six stations within
the main basin (fig. 2.8). A major &if Ziculty occured curing
initial staces of runcff when wa*e“ Zlewed along snow-lined
channels that were censtantly changing shape, resulting in an
unstable stage-dischar ge relationship. During this pericd,
discharge was directly obtained by the veloc;*éﬁarea methed,
wi;ﬁ velocity determined by a2 Price-tvpe current meter. Dis-
hY
dha:ce was measured a+ least *wice each cay, aprroximatel v
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during the high flow and the low flow stages. 'As soon as
streamflow was confined in a stable channel,. a stege-disoharge ol
relat:.onsh:.p was establn.shed for each gaug:.ng stat.ron

Dlscharge was then obtained from the stage records .
- which v;ere read manually off the staff gauges at sites 1 upper,

1 middle and xe Stages were recorded by an Ott and two Leopold—'

Stevens ‘I‘vpe F water—level recorders at sites 1, 2 and 4.

~
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CHAPTER 3

COMPONENTS OF TEE WATER BALANCE

-

3.1 Components of the Water Balance
The water balance of any drain
in the following simplified form

I-0=+*4A8S =0

where: I is input

.

0 is output

A4S is change in storage.
This ecuation may~he) resolved into
written in a moxre comprehensive form.
environmental conditions the relative

g
=

1]

fu

components should ke consicdered:

(2) Cutguis - (a) streamilew

(3) Storace - (a) lakes ancé oo

(€) crcunéwater
(&) groundé ice

- 26+ =

age basin can be written

(3.1)

different components and

However, for different

importance of various

- For Righ Arctic envirenments,

the following
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\

The magnitude of some of these components is extrehely

small tdmpared to the total flux of water, while some of the

¢ a

storage components change very little from yvear to vear and/or
have very small absolute magnitudes. The following components
meet these criteria and therefore canr be ignored in the water

balance eQuatidn, thereby simplifying the use of'the water
balance approach without seriously affecting its accﬁracy:
(1) Blowing snow can be:ignored in the present studv because

total basin snow storagéﬂ;as obtaiﬁed by a2 snow sufvey carried

out prior to the

melt period. Any redistribution of snow during .

-

winter will be taken into consideration by the snow survey. In

summer, the number of snowfall events is limited, ané the re-

sidual snowpack is not prone to severe wiQS tlown action.

(2) Grouncdwater flow is restricted to the very shallow active
layer. Therefore, subsu?face diséharge from the basin is
minimal.

(3) Lakes

are absent in tre basin ané ponds contain a small

volume of water compared to
Therefore any variation in storace
censtitute a verv small chance in
(4) Soil molis
the end of

the season most

time, the amount of water stered in the n n-saturated portion
cf the active laver would ke very szall andé this condision varies

¢ year o

vear.
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.

(5) Groundwater storage is:also. confined to the thin actibe
layer. Soon'after snoﬁhelt, suprapermafrqgst groundwater
evzsts cver much of the ba51n, but bv late stmmer, it 1s con-

flned to poorlv dralneo reglons or below-iate lvzng snow : .

patches. Therefore 1ts total volume is also very small and

varles l;ttle from year to vear.
(6) Pos;tlor of the permafrost table lS stable,so that a charge
¢ in ground ice compared to baSLn water balance wzll be insig- -

nlflcant.

.

The above dlscu551on shons that the anmount of water

storec ln the bas;p is verv snall at the end o‘ summer and the

change i storage from year to vear is negligible. This con-

“r

clusion is swpstantiated. by the observatlon that bv late sum=-

mer; st.ean‘low de“encs entirely on water supply.from the active

3

layer. At this time, streamflow becomes extremely low, if not_
completely‘oeased, indicating that the water storace ccmponents
are also very low, and this is..a late summer condition which is
normally found in the stﬁdy basin. : _ .
) Since two of the input and ocutput terms can be ig:oréd
- and the change in water storace can be approxi: ted by zer

over a one vear oer;od the water balance ecuation is-simolified

tO

(s + ®) -:(Q-Q-E) =.0

Of these terms snowfall, rainfall and streal disclarge were
‘ 2 ‘

measured, while évapcration will be caleulated usinc an evapor-

ation model. . . N :

s
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3.2 Precipitation
3.2.1 Snow -
"3.2.1.1 Terrain Units

Granberg (1972) suggested 2 relationship between ter-
rain types and snow storage characterlstlcs for a subarctic
env1ronment near Scheffervrlle. For the study basin, several
: terraln types were recognlzed from the aerial photographs and

i
thelr boundarles conflrmed in the fleld. The followrng terra;r

tvpes were then used as the basrs for the survev (flg. 3.1):

(1) hilltops: normally rounded or rolllng areas Whlch are
e . _; ; falrly exposed. and which occur as rldge crests
‘ . - or hilltops gradlng into valleyvs or long slooes
(2)-high fiats- e\ten51ve, exposed areas which correspond
| . ‘with the plateaus in the basin
(3) low flats: lowlying flat areas which are often less
| ‘ exposed than the high flats due to the pre-
. sence of low hills or valle§ wslls nearby
(4) gullies: trouohs with a oeoth of' less than 4 m, bElng
.- usually broacer ohan ohev are deep
(5) vaileys: troughs hhlch are larger than the gullles
46;.long_slopes: slopes wh*ch dlb in one general dlrectlon and,
| mhlch are "suf’f 1c1entlv extenszve booh in

" "t length ‘and in width | -.

Com -
- - - . L

- L
T e
- e . cm B

"he oe:centage dlstrlbt tiol o .each te:raln tvoe 1n the basrhs

is snmmarlzed in fic. 3 2.

. v i - .-
- . - . R TR
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73.?-1.2 Snow depth and density

| The variability of snow depth within each terrain unit
depends on the,terrain type. Hilltops and flat areas, for
-1nstance, showed a lesser degree of variability (fig. 3.3) com-
pared wieh the large variations in snow depth across river
valleys.(fig: 3.4). Individual slopes also had large varia-
tioﬁs, due.go the presenge of rock ledges and changes in slope.
This eource of variation was eliminated when only the average <
depth from each traneect across a terrain unit wes‘considered.
Using the averages ffom all the transects, figure 3.2 shows
that hilltops had the thinnest cover, followed by the flats andg
.the slopes, while the deepest packs accured in the gqullies and
valleys. .

The diseribution of snow density also varies with ter—
rain types (fig. 3.5). Densities increased from the exoosed
hilltops to the more sheltered lowlving fiats. In the gullies-
and the vallevs, the snow was more compaeted and the densities
increased. For snow lyving on slepes, the lowest densities
occured at the south facing aspect while the hichest occured
at the north—Fac1ng aspect. Iﬁtermediate densities occured oﬁ
east and west-facing slopes. Méan densities for each terrain
type are shown -in figure 3.2.

orfee average dept.l‘:.e and censities for each terrain tyre:

At
were obtainéd the following equation was used to cempute basin

snow storace.
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pi @i ai o _ - (3.2}

where S is snow storage.expresseé in water eqﬁiﬁalent unit
-1 is the'ith terrain type, with.a total of m terrain tyrpes
in the basin : L. '
pi is the mean snow aensity in terrain tvpe 1.
di is the mean depth in terrain type i
ai is the area of terrain tvpe i expresseé as a Iracticn

of total basin zrea.

Using this ecuation, mean snow storage for the four basins are
found o be 122 mm for basirn l, 110 mx for basin 2, 127 mm for
basin 3 and 122 mm for basin 4. These figures reprasent the

Snow accunulated between Septe

3|
b
m
H
'..l
'-J
[¥s)
~J
)]

anc Mav 19, 1976.

To obtain an estimate of the error involved in these

'l

valﬁes, two procedures were followed. Firstly, basin sno
cover was nmapped for the smablgst Basin (basin 1), anéd the
result IZrom the mapping was compared with the value computed

by eguation 3.2. At this scale, mapping 1s the most accurate
methed to Cetermine basin snow cover. Secondly, an errcr anal-
Vvsis was pe:fé:med to allow an estimaie of the statistical error

involved in the computed snow storage values andé to determine

£ it is possible %0 recduce the numker 0F *terrain tvees without

}.n

increasing the error significantly. The purpose of recucing
the number cf terrain types is to expediate future snow survevs.
The small basin snow cover was mapped from datz col-

lected Zrom 8 pxcfiles across the basin, involvinc 220 indivicdual

point samples. Usin

uy

the map Information (£ig. 3.6) mean snow
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0.5 km.
]

| S
Contour Intervg] = 25 mm.
Flg. 3.8
Snow water eguivalent (Zm) o= Easin 1 as pof cune I, 1e7g.
: “ean value was 136 o

T m B ki ey



]’/

38
“ water eqpivalent fbr this bésinrwas determined to be 136 ﬁm;
which is about 10 percent higher than the value of 122 mm
obtained by'equation 3.2. This close agreément between the
two methods, indicates that the use of terrain units +o Ceter-
- mine basin snow cover produces resul%s similar to the more
accu:até mapping technigue.

For each basin, snow storage was determined using
egquation 3.2, Each of these independent values, pi, éi ané
2i has a possible error, therefore the computed snow storage
must also have an error associated with it. ?he magnitucde of
this error is dependent on the magnitude of the errors in its

independent components and the nature of the equaticon itsell

The equation does not contribute directly to the errcr in the
result, but modifies or proragates the errors already present

(Fogel 1962).

n P )
2 cy - - =
R = }: a-\-F- 6k (..."..D)
j=l L J
C e LEh oL . . e e . N
whexreé kj is the j independent wvariable, ¥ = Z(X,,X,,--.,X_)
2 ] : . .
and éj is the variance of Xj. For the snow storage infermation,
«a . 1/2
ds ,2 .2 cs ,2 ..2 és ,2 . 2.. ra
RS = { Y [ {(=—} ¢ i+ (== &7 + (=—=) &al): (3]
. dpi e éds . cai :
1=1 - - i - .
R 2. C o2 .2 12
= { ] [(&iai)dpel + (pi ai)l adi + (pi &i) gatl:
y =1 - -
i 2

¢ -
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The maxlmum error Rm 1n the calculated values of

Y = f(xl xz,...,x ) is ccmputed as (Fogel 1962)

: n !
Rm =} ‘%—) 5X, : | (3.5
=1 7T .
In the determination of snow stdfrage Lot
m - ,
Rmax = }] (di ai 3p, + pi ai 6di + pi Qi Sai) (3.6)
=] ‘

i
T 3.1 shows the calculated errors for all basins.

Pfobable er varied from 10 to 22 mm which corresponds to

an error of 9 to 15%, while maxiéép error varied from 41 to

56 mm. The distribution of maximun error among the varicus

terrain types is shoﬁn-in fig. 3.7. Attempts were made to

further simplify the terrain tvpes by pooling all slopes ox by

grouping the hilltops with the flats. The result was a rapid

increase, both in percentage error and maximum error. TIf a

percentage error of about 15% isg desired, only theé high ané lew

flats may be combined. Hence for terrain similar to that cf .

the study basins, a subcdivision into hilltops, flats, slopes

by various aspects, gullies and vallevs is sufficient. This

low level of error ensures thas the snow survey resulis axe

7}

sn“;c_en_lv accurate foxr the purposes of +hi

tudy.

-

rior to the

Du:ing the period of snow accumulation

'

SIow survey, the Resolutre meteorclegical staticon recorded 0.78
R ol cumulative snowfal ’wh;c* ‘converts to 63 = in vater egui-
valent tnit (fig. 3.8). This valuve is less than the 25 vear

«
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average (1941 - 1970) reported by the Atmospheric Environment

‘Serv1oe.

‘Env1ronment Service at the meterorological station vielded a

A'mld-hay snow survev carried out by the. Atmosoheric

* " value of 66 mm, lndicatlng that cumulatlve snowfall and the .

snow survey data at the meterorologlcal station were comparable.

Compared with the basxn snow survey results, snowfall

data obtained by the government weather station shows an under-

estimation by over 50 percent - It is therefore difficult

estimate basin snow sto*ace directly with weather statlon records.

To overcome this difficulty welohtlng factors were applied to

-thls station &ata to obtain an’ estlmate of ba51n snowfall for

the period May 20 to Aucust 20, 1976 ané also to calculate the

amount of new snow storage in each terrain unit for the same

period.
4,

This last'caloulation will be used in calculating snow

storage throughout the melt season (see Section 3.2.1.3). In

August 2

where S2

P2

Pl

0,

S2

the first case total basin snowfall over the period Mayv 20 to

[ -
-

1876 was calculated using the following eguation.

basin snowfall in water ecuivalent units “
snowfall measured by the Atmospheric Environment
Sexrvice from May 20 to Aucust 20, 1976

o

basin snowstorage on May 18, 1976, as obtained fronm

eguation 3.2 ' '\\

. §
snowfall measured by the Atmespheric Environment

Service over the period Sept. 1, 1975 to May 19, 1976.




To estimate daily snow storage changes in each terrain type,
after the snow survey of May 19, the folldwing procedure was

used

§3i = Si + 93(% o (3.8)

. . .th . L
where i is the 1 terrain unit -

S is the snow storage expressed in water egquivalent

units, as of May 19, 1976 :
—\.
§3 is the new snow storage value

P3 is daily sffowfall measured at the government weather.

station over the Pericd May 20 to August 20, 1876

Pl .is snowfall measured at the government weather station

over the period Sept. 1, 1976 to May*l9, 1976.

. ) s . o -
Although cumulative snowfall for the winter of 1975-76

was lower than the average, snow depth at the we%phér station
] » . e

remained similar to the long term average reported by‘iongley
'leGO). This reinforces Longley'é observation of a snowpackA
near Resolute Wh”Ch.bLllt up to a characte*lstlc cepth in

early glnter, but remained llttle changed untll the melt sea~
" son. ihis observation agrees with Tabler's (1975) finding

that  for various toooéraéhic snow accunulation areaslsnow builcés
up t0 2 maximum depth and tbese maxima cannot be. exceeded
;egardlesé_oL the -amount of blowzng snow. At the maximum cap-

acity, the snow surface reflects an equilibrium pr o_;le which - )

nmay not ke attained when the armount 0f snow éri

. -



3.2.1.3 Snowrmelt

“ L

" .The amount of.snowmelt at any given point depends.on -
the energy available. The various sources of energy include

v
- (US Army 1956) .

Mo = Mpoa Y Meonv. T Yeona t ¥e Y MR . - (3.9)

where Mo is total energy available for snowmelt; which can be

partitioned into componen;s due to razzation (MRad)’ convection

(™M }, Conduction (M

+ M . 5 2 .
conv Weona at flux (“G) and raln'taR)

) . ground h
. o :
-~ During days’withou; rainfall, most of the energy avail-
able for snowmelt.comes from radiation (Petzold 1974, Woo 1976)
so that snowmé;t gan;be estimated by a statisticai re*ationship
with net radiation. A reé&e§sion relationsh® was therefore .
obtained between the measured meltlrates and net ra@iation mea-
sureé oveér a sndwéack; owing to a larce érror involved in thes
meésurgment of melt at the snow surface, thehmelt data were .

closely scrutinized. Datawere rejected: -~

(1) when the wire above the snow was not kept at a constant
tension A
(2) when melt occured at the snow surface as well as at a zone

below the surface, causing verv low or very high readings

over short time periods v

(3) when the cold content ¢f the snow was increaseé in the early

-

nornings, recuiring energy to raise the snow temperature

(-]

c 0 Cu '

ot

h




The final regression analysis- made uoe of thirfy—five deté'
points Based'on snowmelt for periods ranging from 1 to 3 bourS"
The regress;on relationship (flg. 3.9) is statlstloally s:.gn:x.-~

flcant at 99 -percent probabllltv (correlatlon coefficient were

0.88) w;th a standard error of 0.6 mm.
=Q*/.31 - 0.2 . - (3.10)

where M is snowmelt in mm, Q* is Net Radlatlon in J/mmz.' This may
. be compared to the theo*etlcal conve*s;on _of. Q* to melt heat

flux

- a |
M= (Q¥/333 ) /e icer . - (3.11)

-

where 333 is the energv. necessary to melt 1 gram of ice CJ/g*am).

p lce is the density of ice (0 ice = .00l gm mm BL » .

s o Equation 3.10 will be

used in the estimation of snowmelt for the entire drainage basin. .

3.2.1.4 Snow distribution during the melt season .
Spatial dlstrlbutLOn of snow in a drainage basin’ ou*;ng
. the snowmelt period has 1moo*tant applications. The snow
covered aréss contribute neltwater to streaﬁflow while the snow-
f;ee'éreas'are subject‘tO'evaporation'(see section 3.4.3}. .
The-areal distribution of-snow was obtained by applving

.

eguation 3.10 to estimate daily snowmelt £rom 2 snow cover whese

-

_nlolal Cistribhution was determined by a mid-Mav snow survev.

For basins 2, 3 and 4 the entire basin was divicded into grid

—

14
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, . . R . .8
sguares (125 m x 125 m) and the terrain tyvpe of the sguares

was determined from aerial ghotographs. Using a computer

progran, this information was mépped {fig. 3.10) and each
terrain type was assigned-a representafive snow water equi-
valent value based on the snow data obtained for May 19, 1975
(fig. 3.11). For each day after this date, total srnowmelt

was calculétéd using eguaticn 3.10, with the gdditional assump-
tion that no melt occured if tﬁe mean hourlv air tempera;ure'
was below O°é; Daily snowfall was added to each terrain type
after the weather station snowfall data were adjusted by
appropriate weighting factors (see Secticn 3.2.1.2}). The snow
‘budgetting procedure then allows the total basin snow storage
-and the proporticen of bésih snowiree area to Se calculated for
.each day (fig. 3.11). Similar procedures‘ﬁere applied to

bésin 1, with_thé modificatioﬂs that initial snow cover was
L]

basec on the snow survev map kfig. 3.6) and a smaller grid
size was used.

The present approach is prone to inaccuracies because
o errors akising_ﬁrom the statistical snowmelt. ecuation and
because each tergain unit was assigned ay average value for
snow water eguivalent. .Howevér, favourable results were
obtained when the snow;f:ee‘areas cetermined by the computer
program was compared with the snow-Iree areas shown on
panoramic photographs of the basin taken.seve:al times cduring
the field season. A fu:thér check on snow coverace at the

;

né of summer season was mace by cemparing the predicied values
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to the snow pattern appearing. in aeriel photographs-taken of"
the basin at the end of summer 1969. Both vq%ues agree ¢losely..
The procedure adonted by the present study is therefore con-—

szdered to be adequate for determining dally changes 'in the

percentage of snowfree areac in the_drainage‘basins.

3.2.2 Rainfall
During the summer of 1976, the Resolute weather statiog

(fig. 3.12) recorded 31 mm of rainféll, a value consicerably

lower than the long term mean of 59 mm (Dept. of Envir. 1572).

June was wetter than average (9.4 mm compared to 5.8 mm),.

while July and August were drier (0.8 mm compared to a mean of

23.4 m ané 21.1 mm compared to 25.7 mm).

Ten manual raingauges were monitored@ throughout the
& voss : - : :
stud® basin to check if the weather station cdata were repre=~

sentative of the basin rainfall. Six rain~storms were recorded

all of which occured curing the first three weeks of August.

Westexly or northwesterly winds prev alled during four of the
: T — —
six storms, while the other remaining storms were accompanied

b=

by southeasterly winds. These limiteé daea indicate—tie—influ-

ence of basin topography (fig. 3.13) and wind direction. When

. the prevailing winé was westerlv or northwesterly, o*og rarhic

effect caused rainfall to increase with elevation. When
southeaseerly winds prevail®d, however, the topog:aphically_
higher éares of the basin received lower rainfall. - This is
the result of winds bleowing downslope ané therefcre being

unable to release as much rainfall. \\
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Aug 4. 250°
Aaug 5. 310°_-.

ig. .3.13
Precipitation distribution for 6 storms in Auvgust, 1976 (wind
directicon in degrees follows cdate) :




“ad

Mean basin rainfall was obtained using the Thiessen’

polygon method (fig. 3.14). For 1nd1v;dual storms, the weathe-

station data can differ substant tially from the basin ralnfall.

For the entire month of August, however, basin rainfall totalled

26 mm which is similar to the 21 mm reported by the weather
station. ' This analysis therefore indicates that the weather
station rainfall was representative of the drainage basin over

the entire summer.

For use in the water balance,’ lt is necessary to esti-

nate the probable errors 1nvolved with the above estlnates o*
ralnaall. One methqd to do this is toise the relaticnship
between catch deficiency .and wind speed determinéd from previous
stucdies (Linslev et al'l97$)._ An analysis of wind and preci-
pitation cduring the summer of 1976 showed that 2% of rain

occured while winds were between 0-8 km/h, 34% with winés

. -

between 8-16 km/h, 44% with w1n£§ between 16-24 km/h an 16 8%
with winds between 24-32 km/h. Using these percentages as a°

welghtine factor, a mean catch deficiency was obtained. Itgmusk

- be remembered that the-relationship is based on wind speed at

orifice height, while the wind speeds used in the analysis were
taken by the Atmospheric Environment Service are at 10 -m.
”He*e*o*e the estimated catch deficien ney of 12% is prokakly an

cverestimate. " K -



. ig. 3.14
)

Thiessen polveons for computing mean bas

from the 10 manval rain gauges.
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3.3 Streanmflow | . .

Streamflow in the study area. typlcally follows the
Arctic nlval reglme d;scussea by Chuch (1974). Nival-regime
streams_gre-domlnated by largg spring floods, but since there
“is no connecfioﬂ between the stream and the subpermafrost
groundwater sources, streamflow ceases soon after the active
layer frgezes. The dlscharge pattern during the snowmelt

- -

éeriod can_be examined in terms of the variable source area
concept.‘ This concept was . first applied to soils (Freeze 1872}
but is equally applicable to snow hydrology where a variable
snow céver and snow depth, control the source area of funoff:
(Woo and Slaymaker 1975 and Woo 1976).

an applicatioﬂ of-the variable sour&e area concépt can
bg demonstrated by the streamflow records from‘the studé basin
(fig. 3.15}). Strean low‘commenced on June 30 at station 4,
but 'a snow stcrm on July 2 arrested this flow, not to restart
until July 5. At sites 2 and 3, ﬁlow began on July 9, and at .
site 1, on Quly‘l4. One general observation is that further up
the basin, ;pe first date of flow becomes progressively delayved.
This implies that there is a continual upstream expansion of
the basi“-area wpich supplies water to the stream.P Orie pheno-
*enon which affects meltwater flow is the poncage of water
behind large SnowdrlLts across the valley. A poné drains
rapidiy as the snow blockage is broken, and for a downstreanm

station, there is a sudden increase in its streamflow contri-

buting area. An example of pond drainage occured on July 9, 1976.
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responcded with the total basin area.

" basin illustratfes the discrepancy betweeij>’

.59

3 . =1

$ At site 4, discharge was 0.3 m” § ~ at 14:00 h, but by 15:00 h,

the flow was 1.0 m3 sfl. Durlng the morning, a large amount

of water was impounded behind a large snowdrift above site 3,
allowing a flow of 0.0l m3 s-l to overflow the snow dam and to

reach station 3. By 14: 30 h downcuttlng through the sSnow dam

led to pond dralnage accompanled by a rapid flow increase down-— '

Sstream, thus abruptly&expandlng the streamflow contr:.but:.ng
area for site 4. This extenszon of streamflow contxlbuting
area continued during. the early snowmelt period, until stream-

flow channels were well established and 1ntegrated throughout
L.
the basin. By this time the potentlal contributing area cor- -

During any time of the vear, only a portion of the

potential contributing area contributes meltwater to the stream.

T%E’;easons are: (l) areas-far from the stream channel mav not

. have developed flow connections with the channel or (2) some

areas of the basin are snowfree. The 1976 v records of the

potentizal and

the actual contributing areas. By July 9, sttreamflow occured.
¢

at sites 2, 3 and 4, implying that the potestial contributing

area for site 4 extended above sites 2 ard 3.

flow &ié not begln at site 1 untll July 14
was not contrlbutlng st*eamflow L0 site 4 until after Julv
14. It can be seen therefore that the actual cont ributing

area is that portion of the potential contributing area which

supplies meltwater to the stream. Then given a steady melt
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fate;.the highgst spring melt diséharge would occur when the
_actual contributing area i§‘a£ a maximum.

As a consequence of the varying extents:of the melt-

. & !
- watexr ~ scource area several streamflow characteristics a{E‘sggécf’

;ed: (1) for a given point along the.stfggm,thg major source of water

™

will extend upstream progressively; thus\%i?reasing the lag .

fime between peak melt and peak discharge and (2) the ratio

‘between the discharges at any two points on-the stream system
should vary over the melt season, depending'on the changing
contributing area of each point (Woo 1976). AaAn examination of

the discharge ratios can therefore be used to study changes in

the source area during the melt perliod.

Fig. 3.16 shows the discharge ratios between sites 2,

@

3 and 4. ©Note that discharge at sites 2 and 3 began on the

same ?ay, approximately 4 days after flow began at site 4.

'The ratios of the basin areas are 0.3l for basins 2:4 and 0.65

for basins 3:4. If the entire basins or a similar proportion

-

of basins 2 and 3 were contributing to streamflow, the discharge
ratios should equal the ratios of the meltwater centributing
areas of sach basin.

For the first & days after streamflow began, the dis-

charge ratios for sites 2:4 and 3:4 increased rapidly, but both

- had ecual values. This indicates that the actual contributing
areas in both basins were similar, but were increasing at the

same rate. Here an assumption is made that the melt rates

were identical iIn both basins. By day\7, the discharge ratiocs
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for basins 3:4 continued to increase, but there was a decline

in the ratio for basih 2:4, suggesting that the actual contri=-

buting area of baéiﬁ 2 had reached a maximum but was still
incréasing for basin 3. Note that the discharge ratio fbr.‘
basiﬁ_B gradually increased to a value qpproximately equél to
- that of its area ratio, and . the éischarge ratio for basin 2
gradually:decreased until it was'close to its area-rétio; *his"
indicates(khat by late in the melt périod,rthe actual contri-
-buting areas of each basin.afe an équg} percehtége of the basin
area. |

Por the water balance study, ﬁotal ;tream discharge
for. the entire season was caléulated by summing the mean dis;

charge computed at two hourlv intervals. The results are given

'in takle 3.2:

Table 3.2 Total discharge for the four s+tudy basins.

Basin Discharge (mar)
1 137 = 15
2 157 = 17
3 160 = 18
4 161 *+ 18
>

Total discharge forx basins 2,3 and 4 are similar but the total
Zor basin 1 is considerably less. The discrepancy cannot be
due to measurement error because streamflow for 21l stations

was obtained by identical means. The difference is attributed



Y

- flow.

-~
-~

to the presence of a large, flat marshy area in basin 1, thus

'retarding'stréamflow but enhancing evaporation. . The result

was a reduction in the amount of water available for stream-

.

It is important to cetermine some error values for the

above discharge figures, particularly when the water balance

metheod ié used to determine basin evaporation. Error involved

in discharge calculations are introduced by instrumentation

anc technigue in the initial stream gauging observation, by

use of a stage—dlscha*ge rela:1onshlb, bv stllTlng well and
stage recorder erro*s and from the method of calculating dis-
cgérge values (Dickinson 1967).

Church and Kellerhals (1970) estimated tﬁé total'error

for discharge measurements kEv calculatlng the total pooled

error based on svs;emahlc erxors due to meter performance,

errors due to velocity pulses, errors in ceternining depth andé
width ané errors in estirmating mean velocity for a vertical. .
They found that for the six-tenths method, Fhe total error
(95% confidence lewgl) was 11% if 10 verticals were used, 8%

pu
1f 15 were used and if 20 verticals were used, the error had
dropped to 7%. Dickinson (1967) stateg that the errors invol-
veéd in the determination 0 mean stage.were minimal and‘the:e-
fore the erroz in a si ingle mean daily discharge est timate may be
assumed to be equivalent +o the error in any single discharge
estimate for which the stage is given. From this Zfact, it can
be seen that the above érror values may belassuﬁed to be repre-

-~
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sentative of the error involved in estimating discherge from

a stage record. Therefere a conservatlve estlmate of the error -

involved on the glven dlscharge estlmates for the study basins

-

would be in the 11% range (more than ld verticals were normally

~used) ,- and confldence llm;ts can then/ ‘be placed con the basin

discharge estimates (table 3.2). f

. . - - .
- .

3.4 Evaporation

-

"3.4.1 Evaporation Calculations

. For the Arctic areas, direct measurement of evapor-
atlon is cumbersone. While most evaboration mocels
regquire mlcrocllmatologlcal data which can onlv be accuired

a® great expense , the equilibrium form of the comrbination

.

model (> lestlv and Tavlor 1972 Davies and Allen 1973, Stewaxr:
‘and Rouse 1376} offers the possibili ty of evaporation e;tima— -h\\\\\

tion using readily obtained meterorological information. The

combinati deI ®f evaporation was first developed bv Penman

£ the modified versicns was presented by Slatver

and McIlr ov {1961)

P o= S -c eLD - 1
LE = e (g* G) + == (Dz Do) {(3.12)

where: LE = latent+ heat flux

= slope of the saturation vapour pressure versus
temperature curve
r = psychrometric constant '

'3

Q* = net radiation

G = ground heat flux



Ingteéd of evaluating all the terms on the right hand side of

equation 3.12, recent works (Priestly & Taffgz 1972, Stewart

— T

p = air density - .
Cp = specific heat of air at constant pressure

Dz,Do = wet bulb depressions in the pverlying air and

at the surface
ra = the aerodynamic resistance to the diffusion of

. water vapour between the surface and height z°

& Rcuse 1976, Davies & Allen 1973) have‘shown that evapcration.

under all conditions can be expressed as a function of egquili-

bium evaporation (LE eq)

S

where LE eq = SiT {(R* = G), and a is generallv found ¢ range

between 0.0 and 1.26 (table 3.3). During a tyvpical Arctic

summer, the value of z is expected to vary accordinc to changes

in the soil moisture conditions. lthough it is difficul: +o

model short term  chances in o, it is rossible to assign aver-
) ] ¢

*

age « values to provide seasonal estimates oI evaporatipn for

*various tvres of surfaces. For an initial estimate of evappr—

ation, two values of ¢ were used. /’/F-

(1)

(2)

1
-

UGnder saturated conditions, previous studies have shown
that @ = 1.26. Therefore calculations based on this valu
will give an uppexr limit to evagoration.

Under moderate moisture concditions, it is appropriate to

- -
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TABLE 3.3‘Characterlst1q a values
- e "
Authors ' o «
Priestly and Taylor (1972) 1.26 . saturated surfaces.
' Stewart and Rouse (1976) _ 1.26 - saturated sedge meadow
Stewart and Rouse (1976) 1.26 shallow pond
Davies and Allen (1973) . 1.27 wet bare soils
Stewart and Rouse (1976) 0.95 upland ridge - wet soil
. - ' covered with non tran-
Piring lichens which
exhibit a strong resis-
' tance to vapour diffusicn.
Wilson and Rouse (1972) : 1.00 moderately dry soils
Davies (1972) 1.00 moderately drv soils
Denmead and McIlrov (1870) 1.00 moderately dry soils (wheat)

e

——
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-

set a = 1.0. Unless there are very dry areas in- the
basin this should provide a lpwei‘limit for the evapor-

-

. ation rate.

3.4.2 Evépofation at-a site

To compute equilibrium evaporation uSLng ecuation ‘
3 13 S/(S+r) can be obtained as a function of air temperatu*e
(Dlllev 1968) and Q* can be measured at representatlve SLtes.‘
For the’ present study, air temperature was measured in the
research basin, and net radiétion_was measured or estimated
‘using regression relationships witb solar radiation (Davies ///
19675.3—Evaporgtion was calculated as a function of eguilibrium
evap;;ation“for Polar desert-lithosol surfaces and bog surfaces
assuming both saturated (o=1.26) and moderately dry (a=1.0) condi-
tions. Evaporation for the period June 15 *o August 19 a:e.

‘summari;ed in_table 3.4.

Table 3.4 Calculated evaporation frem polar desert and bggagurfaces.

Site ‘ ' a E {mm)
&
Polar desert-lithosols 1.26 130
1.00 103
| Bog | | 1.26 162

These are point estimates of evaporation, assuming that the
site is snow~Iree for the entire period. These point estimates

will be used to calculate average evaporation by weichting with
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the proportion of snow free areas in the basin..

3.4.3 Basin Evaporation ‘

' To calculate total seaéonal'evaporation'fo: water bal-

~ance studies, it is important to consider evaporation over all

the dominant surface types.existiﬁg in»tpe basin, as well as
to consider the'effect of a variable snow cover. The rate of
evaporation from snow sﬁrfaces iz low. In Alaska} Weller anc
Holmgren (1974) foﬁnd that evaporation from snew surfaces con-
ributed to onlv 2 percent of the tgtal ablation; They.;ote
that this valwme corresponded closely with other findings‘frgm ’
Greenland aqd at Fairbanks,aAlaska, where estimates varieé'from

. r . .
l to 6 percent. In view of its small magnitude, evaporation

from snow surfaces will be ignored in the present study. Basin

evaporation was then obtained at dailv time intervals by

weighting the site evaporation estimates with the proportion
of snowfree areas in the.basin. For basins 2,3 ané 4, the
areal extent of bog surfaces is limited anc the evaporation
rates for th€ polar desert-lithosol surfaces are considered
to be representative of all the snowfree areas. For basin 1,
however, the bog soils cover approximatelv 50 percent of its
surfaces. Table 3.5 summarizes the compute& results for the

entire summer period. .




‘Calculated evaporation from the four study basins.

Table 3.5..
Basin a .E(mm)
4 1.26 80
1.00 63
3 1.26. 79
1.00 63
2. 1.26 81
gﬁoo 64
1 1.26 82
1.00

65
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o CHAPTER 4 / S
' WATER BALANCE DISCUSSION

4.1 Water Balance

-

In the previous chapter, ‘the. magnltude of the indi-

v;dual comporents of the water balance were desc*lbed ~In

this chapter, the relatlonshln between the components will be

dlscussed. A comparison of the presant Llndlngs with those

from other water balance studzes in the nrctlc will enab’e some

Jgeneralization upon the nature of the_water balance inkhigh‘

Arctic-basins. T

4.1.1 Water Balance Calculations

Due to the lack of microclimatologic measurements of

.evaporation, total evaporation from the basin will be calcu-

lated from the water balance. This value will then be used
as the control, against which evaporation calculated as a
function of eguilibrium evaporation will be compared.

- Seasonal water balance for each basin is given by:

S, + 82 + R=Q % AS = E (4ﬂl)

where: ‘Sl = amount of snow measured by snow survey

52 = snowfall after smow survev

E = evaporation - s LT

® Q = stream discharce

- . - . ~ .

=70 -




AS = change in storage = 0 over a season. . -

- . )

The water balance for the period Sept. 1, 1975 to Aug. 20, 1976

is given for each basin in Table 4.1.- : .

Table 4.1 Magnitude of the various components of the
Water Balance/ln pissn] for four Basxns

Sept. l, 1975 to Aug. 20 1976

Basin 'Sl 82 - R Q B
1 122 ‘50 31 137_ 66
2 e 111 50 31 157 35
3 : L1227 50 31 160 48 )
4 122 50 31 161 42

'Calculations of this *vpe zllow a coﬁparison of £he
relative importance of the various ihput and output c0m§onents
and their variation in importance between basins. -

In the four study basins wipter'snowfali‘was tﬁe domj N
inant input during the study-vear, accounting for qppfoximately .
60% of the total vearly precipitaticn. Snow which fell after -

the snow survey accounted for ancther 25%.. Thereforxe 83% of

”

r
[
(]
'-l
D

|
wun
~
[¢2)
P
¥
o

al precip itatLOﬁ fell as snow, a value consider-

- -

ably highexr than the mean o- 58% for the Resolute weather sta-

tion (Dept. 0f the Envir. 1872). 0Zf this . inccming precipitation,

-

approximately 80% was removed fronm ba ins 2,3 and 4 by strean-

Hl

;4.

flow an & 20% bv evaporation. Due. to its & eren bvs*og*acn_c
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. . -
. .
¥

‘chqracteristics,"basin-l released only 67% of its inconming

precipitaticn as streamflow, . the other 33% evacora ed.' -

4 1.2 Comnar"sor of the two estimates of evapo*atlon‘f

In the nrecealng sections, evaboratlor from the _OL~

»

study basins has been calculated in. “two .different ways: by

‘orm-o& the comblnatlon model, anc- as the residual of the water.

T SN - g

balance equation. 'Téble 4 2 shows that these two estimates

_— -

. agree closely only for ba51n 1. Fo%“the other 3 basins, . the,

estimates obtained Fron the comblna ion ecuation were substan-

tialdw hicher. =

-

Table 4.2 A comparison of evapcration determined by the water

balance approach ané by the equilibr<um.rodel

- , . - -("’-.
. (all values in mm). -
) -

Basin® - : Water Balance E E eg
1 | | 66 | 65
2 . ) . 3 Y
3 48 63
4 “ 42 63

These differences mav be due to any of the Zollowin
factors: (1) a basic error in the form of the combinaticn

model being used, (2) use of the wrong o« value, X3) error in

'-.‘

the measurement of the water balance terms or (4) a2 major temm

v

in the water balance equation has bgen excluded.

w

.
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"

of these pOSSlbllltleS, the first is unimportant Sane
a rumber of studies (see section 3.4.1) have shown that thls
form of the combination model is accurate if the correct value
-0f o is used. The last possibility is also unimportant, since
2s mentioned earlier, no components which have a significant
~affgct on the total water balance have been excluded %rom the
analysis.. ‘

Althqugh'there is error involved in the measurements
of the water balance components, the magnitude is considere@
to be insufficient to explain the large differences. The pro-

' N
bable errors for each term of the water balance equation are

given in Table 4.3.

-

it
™
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. A
Of the four factors listed, the most likely cause of

error is the choice of a wrong a value. In the combination

‘model approach, o was set to 1.0. This was based on a number

of studies (Rouse, Mills, Stewart 1978) which showed that if

the supply of W%Fer was moderate or if the surface resistarice
was mocderate, then an o = 1.0 can pioduce an accurate estimate
of evaporation. Eowever, in the study basin or in the high
Arctic where éravelly,soils cdominate, the value of ¢ is likely
to be ﬁuch lower. For basin 1, both'estimates are in agreement
but are considerably hicher thah the.evaporatién estimate for
the other basins. This is possibly attributed to the differen-
ces in the tvpe of basih surfaces. In kasins 2,3 anéd'4, a large
part of these basins (approximatelv 80 to 90%) are covered with
lithosols or polar desert soils ané a high. propertion (41%) of
the three basins consists of ridge tops or crests. Both factors
are expected to contribute to lower evaporation. On the other
hand, approximately 503 of Basin 1 is covered by saturated,

bog soils and a smaller percentage of its area is' covered by

ridge tops. Basin is expected to evaporate at close to the
potential rate (& = 1.26) and Basins 2,3 and 4 at some unknown,
but lower rate. The effect of terrain type on basin evapor-

ation can be seen if a rough ﬁater balance of the crest regions

(&0

S carried out to obtain an indication of the amount of water
available for evaporation. For the crests located in, Basin

4, the following éata are available: o
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(1) Snow storage = 45 mm -

(2) Summer precipitafion = 50 mm

,(3) Total Precipitation = 95 mm’

(4) Evaporation - the crests became free of snow on June 25.
| From then until Aug. 19, the fbllowing

arounts of evaporation.were calculated

2]
]

l.26 E = 108 mm
¢ =1.00 E = 86mnm

a = 0.50 E 43 mm

Part of this precipitation must runoff as overlanéd flow during
the initial melt period and as saturated and non-saturated flow
in tbe active layer throuchout the summer. During the snow-
melt period, it is estimated that 90% of the meltwater runs off
'a§ overland and subsurface .flow. During the summer however, a
thick active laver provides storage and therefore onlv a small
nercentage of ralnﬁall will runoff, say 30s%. Applving these
estlmates to the above precipitation amounts, only 35 mm are
available for evaporation, a value which is considerably below
the estimate of evaporation if an ¢ = 1;0 is used. Another
possibie factor limiting the evaporatién rate is the stoniness
of the s0il, a condition prevalent in the basins. The effect
of this type of material on evaporation has not as yetlbeen
studied. £ the bulk of evaporation occurs very close to the
surface, then the large number of stones on the surface weuld

lower the evapoistion rate.
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Concerning the two estimates of evaporation, several

lusions can be drawn:

the water balance estimates of evaporation are the most

“accurate

(2)

lo 0)

the equilibrium estimate of evaporation (a
is a good approximation of evaporation in basin 1. This-is
due to the large percentage of the basin which is covered

with a saturated surface.

(3) ecuilibrium evaporation (c¢ = 1.0) overestimates evaporation

4.1.

in Basins 2,3 ané 4. This is due to the stoniness of +the
soil and the large percentage of the basin occupving hill

crests which have a low watel supply.

3 Calculation of a mean ¢ value

il

In the preceding section, it has been shown that eva-

poration is over%%timated 1f a seasonal average of o = 1.0 is

-

used. To overcome this prcblem, it is possible to calculate

a2 seasonal average o value using water balance ané heat bal-

ance data. To determine an average & value for the basin,

equation 4.10 will be used:

E=P?P -R {(£.2)
T=H + LE\ (4.3)
H= 7T - LE (4.4)
T = Q* from Thom.(lSTS) (4.5)
H=Q* - LE combining (4.4) & (4.5) (4.6)'
B = &LE (4.7)



o

- S
LE G-g_-{_-i_- Q* (4.8)
LE = T/(1+B)  combining (4.3) & (4.7) . (4.9)

»

&= [{z5)-(1+5)1 T combining (4.8), (4.9) and (4.5){4.10)

S+r
\ ' ~
where: E = evaporation
i = latent heat
P = precipitatidn )
R = runoff /

n
|

= sensible heat flux
| Q* = net radiation

B = Bowen Ratio

T = Total heat flux : ﬁ

~

' The data requiteé are evaporatidn'calculated from the
water balance, mean air temperature to allow the calculation
of a seasonal value of S, and net radiation which is already
weighteé caily by daily estinates of the snowfree proportion

0T the basin. The areal weighting ensures that the snow cov-
ered areas are not included in the evapoEatio; calculation.
The results of this analysis are shown in Table 4.4.
Ifrthese values 0f o are used. to calculate evaporation,
the resulting seasonal evaporation will obviously be equal %o
evaporation determined from the water balance. + must be
remembered-however, that’ these ¢ values are averages Ior the
entire basin and over a period of two months. The basin\itself

5.
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is composed of different terrain units each of ich has dif-

_ : P
ferent values of o and each value of « will vary ver time.
l Therefore, calculations of evaporation using thgée o valueé
can be used only for an.entire season. .Another limitation is
that tﬁese values are hased on tHe data from oﬁe yea:. The
seasonal average value of & is expected to varv fronm year.to
vear, dependiné on the moisture conditions of the soil. There-
fore these values can not be expected to provide accurate esti-
mates of evaporétién in vears when the soil moisture conditions
(dependent on precipitation) are different.

| Eowever,.the above estimates provide a first estimate
of the value of e in the high Arctic. Since the précipitation

of 1976 was only sl%ghtly belbw normal,‘these ¢ values are

likely to be .epreseﬁtative of the long term mean.

4.1.4 Short term changes in ¢

'One major proklem in short-ternm estimat;on of evapor-
ation, is ﬁo determine the decreasing value of ¢ as the soil
dries out. A number of studies have related ¢ to soil moisture.
Priestly and Taylor (1972) showed curves for three different
soils, each exhibiting the same basic shaée. As the soil d?ied
from saturation, the value of ¢ remained close to 1.26 until a
specific limit was reached. Below that limit, o declined lin-
early until evaporation cdeased. Davies and Allern (1973) show
a non-linear drving curve which is similar to those shown by

Priestly and Taylor (1972). Rouse, Mills ané Stewart (1978)

»




show the relationéhip.between a and soil.mois%uxe for three
different surfaces, postulating a sudéen drop in o as the olé
and the new burn soils drv out. For a lichen surface, a

. constant o is used for gll surface meisture conditions.

A method such as that used above is useful for allowing
hourly calculations of evaporation. The major disadvantage
with the method is the need of soil moisture data. A simpli-
fied alternative is to relate the'chanqes in ¢ with the number

-"of davs since a rainstorm (fig. 4.1).

"To study the effects of varving soil moisture conditions
on evaporaticn, the field program was extended to the summer oI
1877. All field measureﬁents were the same as in 1976. 1In
addition, 9 lysimeters were installeé to allow evaporation to
be measured directly. These were installed in early July ané\
wére weighed.daily until Mié-Auglst. Five were placed in dry

. - . | . -
polar desert soils typical of hill %rests.l Two were placed in

. LB
wet polar desert soils typical of lower lving flats, slopes and
. . '...p . -

~
vt
L

high £lats. The other two were located .ih wet vegetated soils.

N

Soil moisture was taken daily at each lvsimeter site. To allow
an estimation of the actual value of &, the lysimeter evapoxr-
ation was compared with ecuilibrium evaporation.

‘ - - N, - - -
The valuves o o determined by this method £all into

t

three distinct groups. The wet soils consistentlv had values

between 1.0 anéd 1.3, the dry scils between .80 ané 1l.33 immed-

v

iately after a rain ancé between .07 and .4 after an extended

drving period. Since o is cdependent on the soil moisture char-

’‘

o
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acteristics wf the sbil, it is appropriate to Dlot.a against
soil moisture. The results are shown in Flg. 4. 2 Even thougk
there is a fairly wicde scatter of pozng; and a dlstlnct lack
of data for moisture values between .14 and .18, (moisturecdntent to
dry soil ratio by weight) the relationship is similar %o those
. repdrteé.elsewhere. When the soil moisture ekceeds'.lé, the
mean value of ¢ remains constant af 1.26.
i Belbé-a Soil moisture level oF .11, o« assumes a mini-
rum value of 0.12 and +his value remains at leas+ until the
soil moisture reaches . 04.

.The €rving curve presented above is very similar in
shape +0 tha+ p presented by Rouse et a1 (1978). Eowever, the
values defin;ﬁg hbe lower limits of +he curves a:e conSLQerablv

-~ cifferent. Rouse et alia(l978) found this to vary between .91
and .97 depending on the surface type, a value consicderably
- ,
greater tKan ﬁhat determined in this study, -

S . .

—
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reSistance to the upward movement. of water from the wetiter R

soil below. And sinoe these soils are, non-vegetated, no v s e

: . . A a -

) - . ' t-:-‘.-“‘ . ) ' -

‘transpiration occurs.. In contrist to this, the sub-arctic R { .
. =L . : = Be R4 vt N

. . N . __t! N - [
soils studied by Rouse et al are vegetated -and wpuid-'not form . o
such a tesistan* laver.- - - e s —_—
. 2 - - 4-_. . o - N , —'.

A drvzng curve MthH ﬁlobs o agalns* ulve 51nce het g - <

. _ ‘ . " . N

|
is mo*e useful %than bbe ¢ 'vs. soil mO*StL (=3 relat*onshlp shown }

. . - . " . ‘ -

above. This is.due ho Lhe Lac_ bhat so;l mo*sture ddtaarec4‘
ficultutp obtain angd ‘He*e‘dre a mocel Ls;ngtﬁem as an lnput P .

-

‘parameter is not-cqndﬁc1ve EO‘rdutlne opératlon.-eUsing tﬁb

- . . -

groups of lysimeter data, daliv charges in e a*ter‘the Suly, 16,

17 rainstorm were rlotted. As ‘lg. 4.3 shows, fhe rates of

érving are different. At the cry sites, « roée to a value of
- D . . :
1.0 soon after _he storm, bLu then culcklv fe1l to a minimm

. . - .

value of .12 four days late ) Due’ o thé fac; that no other. .

precipitation event was" suff*c;engly larce to.wet the soil, «

remained at’ this low value for the remainder of the summer. In -
cenitrast to this,-the wet Travels site, dried slowly due to the ---
flow of grcundéwater a2t the low lying site. * Therefore ¢ ..

declined very sliowly and XP fact. Stlll retalr ed a. moceva tely

high wvalue at the end of ‘summer. An‘interestiﬁgffeature of Co .

.
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both drying curves is that the declining portion is linear,
confirming .the shape of the time dependent drying curve

proposed earlier. _

It is highly probable that the shape‘of.the drying
curve is affected by storm size and by the initial moisture
condition of the soil, but the scarcity of summer storms in

1977 offered a limited range of moisture condit%ons. In the
‘present study, théfe?ore only a siﬁglé drying curve can be
used. The necessary ,variables whiqh'afe known are:
(1) « - 1.26 when evaporation is oécuiing at‘the potential
rate and -
“(2) a =‘0.i0 when‘eﬁaporation is occuring at its lowest rate
due to low soil moisture
A medium size storm (2.5 mm) was £aken as the storm size neces-
Sarﬁ to‘raise a to 1.26. After the storm, o was allowed to
remain at this value for three days, after which it waé allowed
to decline to its lowest‘value for twenty déys. The choice of
twenty days is based on the depletion of moisture after a mig
July storm of 1976. Since moisture conditions are known to
vary within the basin, a further improvement in the calculation
was made by dividing the basin into separate units, each with
a2 different minimum value of a. The values chosen were:
(1) 0.10 fof crests, (2) 1.26 for low flats, because thev cor-
resﬁﬁnd closely.to the low wet regioné which do noé dryv/out
during the summer, (3) 0.9 for gullies, slopes, hiég.flats,

valleys because these regions stay mocderately wet and so a
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‘value sxmllar to moderately wet, subarctzc surfaces (Rouse
"et al 1978) was. used. Table 4. 5 shows the results of this
.compgtdtion of evaporat;qn. Seasonal evaporatlon was calcu-
‘Aate&'for each téérain»ﬁnit~ Thls value was then welghted by
the proportion of basin area to obtazn a value for total basin
evaporation. As shown in Table 4.5, the calculated values

agree quite well with the water balance evaporation for basins

3 and 4 but not for 2. .
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4.1.5 Water Balance of Terrain Units .

Available data on the snow storage, rainfall and

evagoration'for'each terrain unit, allows the discharge from.

fmx\‘waﬁﬁxxﬁf‘*eaqh terrain unit to be calculated.as the-residual of ‘the fol-

lowihg water balancé equation.
Q= (S +S; +R) ~E . IR MLt

where the terms are as defined earlier.

This method allows the spatial variability of the water

" balance componeﬁts to be shown. Then it is possible to infer

upon the areas which éupply most of the water to the streams.

Two important aspects of the hydreologic system are

\

demonstrated in Table 4.6. Firstly,the input and output com-=

" ponents of the water balance are highly variable over the study

-

. basin. This is due primarily to the variations in snow input,

but alseo to variations in evaporation. The percentage of
incomihg precipitation that leaves the terrain unit. as stream-
flow varies from a low of 5;% for crests to a high of 98 and
100% for gullies and valleys respectively. The second impor-
tant aspect shown in Table 4.6 concerns the percéntage contri-
bution 6f each terrain type to total basin streamflow. As can
be seen in the table, the percentage ;ontribution varies from
a low of 5% for low flats to a high of 51% for slopes. These
numbers become even more striking if the area of each terrain

unit is considered. For example, crests occupy 42% of the

“ . : “\.



.
-~

basin but_contributes only 14% of the streamflow. Slopes on

" the other hand occupy only 35% of the baszn area, yet produce

51% of. the total streamflpw. ThlS observatlon shows the impor-
tance of the varzable source area of . streamflow on a seasonal

scalc, and gives an_lndxcat;on of the'magn;tude/:f the vari-

ations to. be expected.
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4.2 Combakisdp with Previous Studies -
With an fncreasing amount of hydrologic information -

it is pertinené to comnare the results of the present‘study
with those of oLher workers in Arctic hydroloqy Water bal-
ance results na§ be compared in terms of the actual magnltude

or the relatlve lmportance of the 1nd1v1dual components.

Table 4.7 l;sts the results of all comprehensxve water balance
-studles carrled out in high Arctic nlval basins and a repre—
sentative sample of similar studles carried out in lower lati-:
tudes {both vegetated tundra and wooded reglons of the subarctic).
Table 4.8 shows the results of a number of energy balance ‘

studies carried out in the high Arctic.

Precipitation controls the amount of water available

to the nival-regime ﬁydrologic system. %wo precipitation
‘characteristics are important in the Arctic: its atsolute.-i
magnitude and the propertion which falls as snow. Sinee 1954,
when Black deternlﬂed that precxpltatlon at Barrow, Alaska was
2 to 4 times the measured, it has been mell Known (Church 19?4)
that prec1p1tatlon throuchout the ArctLC‘wasfunderestimated.
Twe studies in the sub arctic (Adsms et al 1966, Ejpdlay 1966)
:have shown that between 25 and 37% of the total SQOWf?EEJwaS
not caught by efficial gauges. Two recent studies in the high
Arctic (Holecek and Vosahlo 1975, Wedel 1977) have reported
snowfalls between 92 and 120 mm. These values agree closely

with the amount of snow measured bf the present study (120 mm).

Accepting this as the correct snowfall value, the Atmospheric
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Environment. Service recordo have.unoerest;matéd'snowfall;oy
.over 50%.' Usiné this underestimation.os a weighting factor,
actual mean snowfall at Resolute would be 156 mm‘rather than
the 78 mm reported by the government weather statlon.-
Ralnfall in the Arctic is considered to be underestl-

 mated but the amount of underestlmatzon is 1ess than for snow-.

fall. Black (1954), ‘Cook (1960) and Cogley (1375) ‘believed

that trace events were responsrble for large errors in measure-

&
o
e
v
¥
-*

) . ment. On the other hand, studies by Wedel (1977) and Holecek

PR

and Vosahlo (1875) indicate that actual rainfall is very gimi-

lar to that measured by the weather station.at Resolute. Des~
_ _ _ . . .
te spatial variability of rainfall, the weather station data

l “.wa§ a good approximation of actual basin rainfall when the data.

a——

ixi____*__ﬁﬁﬁxy/ire summed over the. summer season. Since rainfall is not likely

to. be greatly underestimated, the total error involvad in esti-
mating northern precipitétion is mainly attributed to the
measuroment of snowfall. | | )

In light of the above analysis, snowfall plavs an
important role in its contrlbutlon to total ercipltatlon.
Wedel (1977) and the present stody both showeﬁ that for the
1975-76 stucy vear, snowfall constituted 84 to 88% of total
‘precipitation. EHolecek and Vos;hlo (1975) used the data for
several vears from Truelove Inlet, Devon .Island and estimated
that the long term mean precrpltatlon consrsted of 66% snow.
gpplylng 1975-76 correction factors to the long term mean snow-
fall of Resoldte{‘the new snowfall estimate of 156 mm repre-

sents 73% of total precipitatdéon. This can be compared with a
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prevzous estimate of 57%.
The streamflow data outllned in Table 4.7 -shows that :

most Arctic streams have an annual runoff 1n 'the 115 to 180 mm
range. Of the studles llsted only Church's Baffln Island
‘study and.- Holecek's sedge meadpw basmn, fall outs;d% the range.
The Baffln Island-study shows a much-large'discharge in response .
to hlgher precxpltatlon 1nduced by a more marltlme cllmate.

' The extrenely. low dlscharge reported by Holecek and Vcsahlo is

‘due to, the low lying basin tcpography causing lmpeced dralnage

and'therefore large amounts of water storage. In most of the

. 0

basins, dlscharge exceeds 66% of total basxn precxpltatlon.
‘The only exceptions belqg Holocek and Vosahlo's sedge meadow
and Cogley (1875). The”reeson 62 thg iow percentage in the JZ{F~:
secge meadow 1s given above, mgile the low value glven by
Cogley is due to an ettremelv-hl ‘bmputed evaporation rate,
évaporatlon studies can- be dxvmded into two groups,
those concerned with site specrf;ccenergy-balance and those’
.regardlng basin wide evaporatlon_as a part of the water ba;ance.
y The energy balance sﬁudies lisced in Table 4.8 show a
‘”“considerable range in the préportion of the total energy used
\\ Eor evaporation. Addison {l972,c19755 found that evaporation
was dependent on vegetation and thar it could vary from 10 to
70% of the total. One of 2ddison's sites, the drv meadow, was
eimilar to the study basin. Ee found that LE eccounted for only

10% of the total energy during a dry pericd, but 39% immediately

after a rainfall. These values are similar to the basin values




——

| ek

) \\\\’i? abundant, evaporation ranges between 70-90 mm-accounting for

- for basins primarily covered with polar desert and lithosol

he .
s

obtained in section 4.1.3 wher%.ES% 6£'the enerxgy went to LE.
soils. Values for a wet site ranged from 41% (Addiéon 1875)
and 57% (Smith 1976) to 66% (Weller and Holmgren l§§4). These
valu agree closely with the valué of 53% found for a basin
covered by 50% vegetation (wet) in the present study.

Three other studies (Wedel l9%‘, Holecek and Vosahlo

1875 and Cogley 1975) have provided eétimates of total basin

-

evaporatipn in hich  Arctic basins. Wedel calculated evapoxr-

ation as the(residual of the water balance, Holecek and ybséhlo.

‘used lysimeters, while Cogley calculated evaporaticn from the

combination model.

Wedel found that evaporation was extremely small, -

while Holecek and Vosahlo found a large variation in evapor-
T .

ationﬁo%er different\surfaceg.Theyfouna"a value of 90 mnm over
sedge meacdows and 24\ﬁQu9uer_barren platé%ﬁs. Cogiev repo;ted
aﬁ.eéaporation value of 24l.mm, a value greater than most
:eéﬁlts reported for subgrct?c reéions.. The results of Holecek i
and Vosahlo are in close agreément with thoﬁe in the present

; .

study. Their result for a sefige.meafow (90-mm) is comparable .
N\ -

\..f""\‘\\

with the 66 mm found for a basin covered by 50%™wet.vegetation.
and theirx v%lue of 24 mm for the_barreﬁ upland is-comparable |
with the 42 mm found for non-vegetated basins in the’present
study. In light ¢f the agreement betyéen_these two studies,

it is generalized ti®mf for the hich Arctic: (1) where water
- 3
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35%-65% of total prec;pltatlon, (2) where water 1s llmltlng
(i.e. most of the non~vegetated hlgh Arctlc) evaporatlon is in
the -20- 35 mm range, accounting for only ‘14-25% of total pre—
c1p1tatlon.

A comparison of the water balance of- hlgh Arctlc basins
witi those of the subarctic regions shows that the dominant
feature is the arount of water in a basin; Although precipi-

' tation in the high Arctic is greater than norgally reported, the

-

high Arctic is basitally a dryv regi

- 'An annual precipitation
oFf 150 to 200 rm is-considers €ss than that reported by
Findlaf (1966) , bDingman (1971) and Anderson(1974) for more
southerly latitudes. The result of low prec1pltatlon is 3 cor-
respondlnglv low dlscharge and evaporation. Only in 1solated

' regions of saturated ground, are evaooration rates close to

those reported

urther south. Powever, due to the greater impor
tance of snowfdN., the bulk of discharge is released nlthln a
short; snbwmelt\pe:Zéd. Since over 70% of total annual flow
occurs within 10 to 15 days and because of the lack of basin
storage, littlé water'remains in the.basin for evaporation during
the summer period. In comparison.with .subarctic basins, dis-
charge in high Arctic accounts‘for a greater éercentage of total

basin precipitation.

e
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~ CEAPTER 5

CONCLUSIONS -~ _*

érevious works in the high Arctic have provided a
limited amount of daég on the-drainage systems, but the magni-
tude and the importance of several componenté of basin.watEr
balance'remain.unknown; It was therefo;e the 6bjectiveqof‘this
dissertation to study all components of t;E';ater balance of a
small high Arctic basin and to compare tpe reéults to previoﬁs-
work to enable a general description of the high Arctic water
balance. |

Underestimation of basin snow storagé has long been a
mgjor problem in the sﬁudy of northern hydroibgic systems. A
lzte winter snow survey near Resolute confﬁrmgd this- und f;
estimation aﬁd determined that the Atméspheric Environment
Service data was approximaﬁely_SO% of the total basin snow stor-
age. Using the survéy information, it was possikle to adjust’
the mean snowfall at Resolute from 78 mm to 156 mm. Previous
studids have indicated that rainfall ggy also be grossly under- .

estimated, but the present study shows that over an entire sum-

mer period, weather station data is representative of the basin.

.However, for individual storms, spatial variation in rainfall

can be considerable, and is dependent on wind direction. This
analysis indicates that total error in precipitation measure-
ment is mainly related to snowfall measurement, andéd that near

Resolute, snowfall can account for 73% of total precipitation.

.

~
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Streamflow accounts :for a large proportlon of bas;n
water 1osses, varylng from 67 to 82%. Basins without signi-
. flcént-étorage capacities consistently release 80% cf thelr pre-
\Eiﬁxtatlon by surface runofL. Only a small basin with impeded
< drainage had‘aaloygr value (67%). e importance of the vari-
TE}“‘able source area concééé was demopstrated in the éfcti& basin.
Using the streamflow records it was evident that furiher up the
basxn, the first date of flow was nrOgre551velv delaved, 1nplv1 1g
\
a conhlnual expansion of the basin area which supplies water-to
the streah. 1In éddition, only a portion of this potential con-
tributiﬁg aréa aétual%y contributed water to streamflow depen-
ding on the areal extent of tb'*sasin snow cover, ang fhe'
presence of flow connectlons between different parts of the basin.
<\\\::yarlatlons in the actual contributing area is inferred bv the
ratio between the discharges at two points on the stream svstem.
T was4f6§nd that initially the  contributing area incréased ih
size at the same rate, reglgdleés 6f basin size. Proportionélly,
‘therefore, the smaller basin contributes more ater than eyxpec-
ted during the eafly melt stages. As meit progresses, discharge
ratios becéme similar to the basin érea raties, suggesting more
extensive céntribdting aréas for larger basins. The variable
Source area was also demonstrated by the wate: balance of var—'

ilous te*raln unlts, each of which contributes a dlf‘erent amount.

T of _water to streamflow.

-

P Evaporation varied greatly within the study areas.

2

Evaporation was 40 mm for most basins, but 66 mm was evaporated
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from a sﬁail basin with impéded drainage. These valués cor-

103

e

T

am

respond to 21 and 33% of total precjpitation. It was found
that for the small basinp, e¢ ilibrium evaporation (a = 1,005

gi#és a good estimate of basd evéporA ion, but for the larger

basins, equilibrium evaporatioh overestimates ac evapor=

- -

‘ation. Water balance and héat-baiahcemcal;ulations indiEEEé~\\\\\\\\

—
e larger basins, -

—

that a mean a of 0.60 can be expecféd fo
indicating that evaporétion over most of the study ar is T

limited by the availability of water. Lysimeter studies showed

. that a is dependent on soil moisture conditions. When the soil

is wet after a rainfall, a = 1.26, but as the soil dries, u-
decreasgs to a minimum wvalue of 0.10.
In general, the water balance of a high Axctic basin

-

the incoming precipitation

can be summarized as follows.

7 .
is snow, the remaining 30% rain. Over most of study basin
80% of this water leaves the.basin as - streamflow and 20% as
evaporation. However, for small areas that h;ve impeded drain;
age, these values may be 67% and 33% reépectively. ‘These are
basin wide values. Within each basin the importance of each
output component varies greatly. Reshlts of the #ater balance

study are ccrpared with similar stidies carried out in sub-

arctic regions. t was found that precipitation iS\generally

- ¥ . - " . . k-‘-‘_"‘-—-, ) k-‘-‘\“-h-.
lighter in the high Arctic, and that the percentage contribu®— _

-___\

tion of snowfall is more impertant. Streamflow accounts for
2 larger prowvortion of total ocutflow than in more southerly

regions, leaving less water available for evaporation.

\_‘
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