The Water Balance of a Small Pond
in the High Arctic
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ABSTRACT. Tundra ponds are ubiquitous features in the High Arctic. The water
balance of one such pond situated on Ellesmere Island w a s found to be dependent
upon the groundwater supplies from the internally-drained basin in which it was
located. For the basin as a whole, evaporation constituted an important component
of the water balance, accountingfor over 90 per-cent of the rainfall over a summer
period of less than six weeks. Changes occumng in the quantity of water in the pond
in response to rainfall were found to depend upon the degree of saturation of the
active layer of the underlying permafrost.
RfiSUMfi. Equilibrehydrologique d'un petit étang dans le HautArctique. Les
6tangs de toundras sont une particularit6 omniprknte du Haut Arctique. On
constata que l'huilibre hydrologique d'un tel ktang, situ6 sur l'île Ellesmere, &ait
tributaire de l'apport en eau souterraine venant du bassin, drain6 inthieurement,
dans lequel il est situ6. En ce qui concerne le bassin dans son ensemble, l'6vaporation constituait un facteur important de son &luilibre hydrologique, 6tantii l'origine
de plus de 90% des chutes de pIuie constat& sur une p6riode d'et6 inf6rieure ii
six semaines. On constata que les variations de la quantité d'eau dans l'ktang, en
r6ponse aux chutes de pluie,d6pendait du degr6 de la saturation de la couche
active du pergaisol sous-jacent.

INTRODUCTION

Although ponds and lakes are ubiquitous features
in High Arctic terrains, and
have abundant capacity for storing surface water, little information is available
on their hydrologic behaviour (Church 1974). The water balance of two small
1973;
lakes near Fairbanks, Alaska, has been investigated (Hartman and Carlson
Kane and Slaughter 1973); but since they are located in a Subarctic region of
discontinuous permafrost,, the findings are not directly applicable
to a High Arctic
environment. In the continuous-permafrost zone of northern Alaska, Kane and
Carlson (1973)found that direct precipitation and overlandflow during the melt
period were the major hydrologic inputs to a lake without surface-channel .inlets
or outlets; and in a similar environment, Brown et al. (1968)observed that all
the summer precipitation was lost to evaporation in a small drainage basin.
An attempt is made in this paper to analyse the water balance of a pond
1Department of Geography, McMaster University, Hamilton, Ontario, Canada ,L8S 4K1.
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in the High Arctic and of the internally-drained basin in whichit is located; and
also to establish a relationship between the water balance of the pond and the
drainage conditionsof the active layer above the permafrost.
STUDY AREA

During the summer of 1975, field work was carried out in a small internaldrainage basin, 0.5 k m 2 in area, located at the head of Vendom Fiord, Ellesmere
Island, Northwest Territories (78"03'N;82'12'W). A pond with a maximum area
of 800 m2, formed by the thawing of ice-wedged polygons, occupies the lowest
point of the basin (Fig. 1). This pond has no surface inlets or outlets, and the
entire basin is underlain by permafrost at a depth 40-60 cm, above which the
movement of groundwater is therefore conked. Due to the lowness of the relief
in the immediate vicinity of the pond, considerable changes occur in its surface
area whenever there is a moderate change in its level.
On the basis of sudcial geology and vegetation, the internal-drainage basin in
which the pond is located comprises several units.
East of the pond is a limestone
hogback with bedrock outcrop, rising steeply to an elevation of 180 m. Water
from the hogback drains along a seriesof strike valleys and then down two strips
of silty deposits, bothwell vegetated with grasses, sedgesand mosses (Fig. 2). The
vegetatedbeltcontinuesintoadepression
in whichthepondissituated.The

PIG. 1. Looking west from the upper part of the internally-drained basin towards the tundra
pond. T w o whitespotsabove the pondareproduced by lens flare, as a result of photographing against thesun.
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remaining parts of the basin consist of coarse, gravelly deposits which cover the
foothill of the hogback and the surface of an alluvial terrace. The gravel areas
support extensive patches of grass, Dryas integrifolia and Saxifraga oppositifolia.

FIG. 2. Topographyandsurficialgeology
of theareaaround the tundra pond. Note the
change in contour interval above 70 m. The inset shows the configuration of the internallydrained basin.

METHODS OF STUDY

Rainfall was measured at two stations, one adjacent to the pond at the lowest
elevation of the basin, and the other half-wayup the hogback ridge at,the highest
(see Fig. 3). At twelve pits, groundwater level was measured daily, while the position of the frost-table was measured weekly.
A water-level recorder was used
to record the levels of the tundra pond. In view of the variability of the surface
area of the pond which ranges from 210 m2 to 800 m2, dependingon the level of
the water in it, a volumetric measure of pond storage is appropriate for the computation of water balance.
Related meteorologic observations included ones of air temperature and net
radiation. These data were then used to compute evaporation using Slatyer and
McIlroy’s (1961) combination model:

where LE is the rate of evaporation; S is the slope of the curveof saturated-vapour
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pressure in relation to temperature; y is the psychrometric constant; R, is net
radiation; G is the ground heat flux; p is the air density; C, is the specific heat
of air at constant pressure; ra is the aerodynamic resistance; Do is the wet-bulb
depression at the surface and D, is the wet-bulb depression
at height z above
the surface.
When Do = D, the second term of equation (1) reduces to zero and evaporation,maybe obtained as:
S

LE = LEcs = S+r

(R,- G )

(2)

LE,, is known as the equilibrium evaporation rate. The conditions under which
equilibrium evaporation occurs are limited, but recent works have shown that
evaporation under all conditions can be expressed as a function
of equilibrium
evaporation, where
LE = aLEW

(3)

Various studies (e.g., Priestly and Taylor
1972; Rouse and Stewart 1972) have
shown that the value of a lies between 1.00 for moderately dry sites, and 1.26
for saturated surfaces.
For a shallow pond on the Hudson Bay Lowland, Stewart and Rouse (1 976)
3. Location of
measurement sites. Pits A and
B are the subject of Fig. 5.
FIG.
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showed that the ground heat flux term (G) approached zero over a period of four
anda halfdays. For aseasonalestimate of pondevaporation,therefore,the
ground heat flux term may be neglected. Similarly, for a tundra site, the ground
heat flux term can be ignored because it has been found to be small in comparison with net radiation (Weller and Holmgren 1974). Evaporation is then evaluated as

In the field, R, was measured over both land and water surfaces,
and S / ( S + y )
could be calculated from screen air temperature (Dilley
1968). An a value of
1.26 was used to calculate evaporation from the pond, and oneof 1 .O to calculate
it from the rest of the basin except the hogback area. From the
latter, with its
bedrock outcrops, evaporation was possible only during, and soon after, a rainstorm. In the computations therefore, evaporation was assumed to be zero one
day after cessation
of rainfall.
RESULTS

Water balance ofthe pond
The various volumesof water entering and leaving the pond can be interrelated
by the equation:
Pp

+ Q g - Ep 2 ASP

0

(5)

where P, is precipitation directly onto the pond surface;Q, is inflow to the pond;
E, is evaporation from the pond; andAS, is the change involume of water in the
pond. Of these terms, onlyQg,which occurred mainly as suprapermafrost groundwater, was not measured, but was obtained as the residual term of equation (5).
The accuracy of this computation depends on the accuracy of determination of
the other components of equation (5). Little error is to be expected in the measurement of rainfall. The combination model has been demonstrated
to be reliable
in the estimationof evaporation (Rouse and Stewart1972), and the measurement
of pond storage is not subject to large error. A shallow, but continuous, permafrost table precluded subsurface lossesof water from the pond, and in the absence
of any surface run-off, there can be no other quantities unaccounted for by equation (5).
To evaluate the magnitudes of the various water-balance components during a
typical two-week period in summer,the data for the period 6-20 July 1975 were
used (Fig. 4). Rainfall occurred duringthe fist half of this period (56 per cent of
dry. Total rainfall directly
total summer rainfall), but the remaining week was
onto thepondwas 4.1 ms,while 13.6 ms evaporatedfromthepondsurface
during the same period. With net
a increase in pondstorage~of24.0 ms, a groundwater inflow of33.5 ms was requiredto maintain a water balance.
These results demonstrate the importance
of thegroundwatercontribution,
representing 89 per cent of the total amount of water added to the pond. The
amount of storage provided by a pond is therefore very dependent upon water
supplies from the drainage basin in which
it is located.
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4. Components of
water balance (equation
5 of text) of the tundra
pond for the period6-20
July 1975.
FIG.

Drainage basin conditions
The dominanceof groundwater input in the water balanceof the pond necessitates a better understanding of the hydrologic conditions of the drainage basin
in which it is located. The water-balance equation of the drainage basin can be
written as

P - E 2 (AS,

+ ASg) = 0

(6)

where P is precipitation into the basin; E is evaporation from the basin; AS, is
change in volume of water in the pond; and AS, is change in volume of water in
the active layer. AI1 the terms were measured with the exception
of AS, which
was obtainedas a residual.
The magnitudes of the various components of the water balance were calculated weeklybetween 6 July and 17 August,andtheresultsarepresentedin
Table 1. During the two weeks when the water balance of the pond was being
calculated (6-20 July), the volume of water in the basin increased by 1989 m3,
indicating that there was an abundance of water in the basin after 33.5 m3 had
been supplied to the pond (Fig. 4). This surplus was stored in the active layer.
The quantity of water stored in the active layer fluctuated considerably during
the summer, but towards the end of the study period, only eight per cent
(2.4
mm) of the total rainfall(29.7 mm) remained in the active layer, and0.5 per cent
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TABLE 1. Weeklychangesinthewaterbalance

of the drainage basin,

1975.

COMPONENTS (m3)
8,348
c

DATES
July
6 - 12
July 13 - 19
20 - 26 July
27 July - 2 August
3 - 9 August
10 - 17 August
1,610
13,615
14,897
August
- 17
6 July

P

$\

0

2,910
2,170
1,935
1,565

0
3,270
218
3,061
(29.7 mm)

(27.2 mm)

ASP

+21.5
2.5
-16
+4;

+

j20
70
(0.14 mm)

+

JSg

+4,901.5
-2,912.5
-2,154
1,287
- 1,341
+1,431
+1,212
(2.4 mm)

+

of the rainfall was added-to the pond, while 91 per cent (27.2 mm) had evaporated. Hence, within one and a half months
of summer, by far the greater part
of the water precipitated into the basin was lost by evaporation; and so the significance of evaporation in the water balance of Arctic basins is confirmed (Woo
1976).

*

1

Discussion
Of particular interest is the variation
of the quantity of water stored in the pond
in relation to rainfall. Fifty-six per cent of the total rainfall received during the
study period (6 July to 17 August) fell between 6 July and 12 July, and this led
to an increase of 21.5 m3 in the quantityof water stored in the pond.In contrast,
only 22 per cent of the total rainfall fell between 27 July and 2 August, but
water stored in the pond increased
by 48 m8 (Fig. 4). Such variations can be
accounted for by examining the drainage conditions
of the active layer of the
underlying permafrost. Prior to 6 July, water levels in the observation pits were
low Fig. 9 , indicating that most parts of the active layer were dry. The bulk of
rainfall was therefore used up in increasing the quantity
of water in the active
layer. Between 27 July and 2 August, however, the active layer was mostly saturated, and a high level of water was prevalent in the lower parts of the basin.
Since, therefore, the additional rainfall could not be retained in the active layer,
it found itsway into the pond (Fig.
6).
The above example serves to illustrate the close relationship maintained between the quantity of water stored ip the pond and the active-layer drainage conditions. It also shows that the antecedent moisture-storage conditionsof the active
layerexertastronginfluenceonthedegree
of changeinthequantity
of water
stored in the pond in response
to rainfd.
CONCLUSIONS

The conclusionswhichcanbedrawnfromthepresentstudy
of thewater
balance of a small High Arctic pond and the drainage basin in whichit is located
may be summarized as follows:
(a) Evaporation is an important component in the water balance of the internally-drained basin, accounting for over 90 per cent of the summer rainfall
in less'than one and a half months during the study period.
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FIO. 5.

Water level in
Pit A (represented by
broken line) and Pit B
(continuous line) over the
study period. The
location of the pits are
indicated in Fig. 3.

(b)Groundwater flow intheinternal-drainagebasin
water-supply to the pond.

was themajorsource

of

of waterinthepondinresponsetorainfall
(c)Thechangeinthequantity
depended upon the degree of saturation of the active layer. When the latter
was dry, the bulk of basin rainfall was used to replenish the groundwater
stored in the active layer. When the active layer was fully saturated, however,additionalrainfallcouldnotberetainedinit,andthereforeflowed
into the pond.

Hydrologic studiesof tundra ponds should therefore be undertaken in conjunction with an investigation of the drainage conditionsof the active layer surrounding them.
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6. Cumulative
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