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Abstract

Few hydrological studies have been made in Greenland with focus on permafrost hy-
drology rather than on the glacial hydrology associated with the Greenland ice sheet.
Understanding permafrost hydrology, and its reflection and propagation of hydrocli-
matic change and variability, however, can be a key to understand important climate
change effects and feedbacks in arctic landscapes. This paper presents a new exten-
sive and detailed hydrological dataset, with high temporal resolution of main hydrolog-
ical parameters, for a permafrost catchment with a lake underlain by a talik close to
the Greenland ice sheet in the Kangerlussuaq region, western Greenland. The paper
describes the hydrological site investigations and data collection, and their synthesis
and interpretation to develop a conceptual hydrological model. The catchment and lake
water balances and their intra-annual variability, and uncertainty intervals for key water
balance components, are quantified. The study incorporates all relevant hydrological
processes within the catchment and, specifically, links the surface water system to
both supra-permafrost and sub-permafrost groundwater. The dataset enabled water
balance quantification with high degree of confidence. The measured hydraulic gradi-
ent between the lake and the groundwater in the talik shows this to be a groundwater
recharging talik. Surface processes, dominated by evapotranspiration during the active
flow period, and by snow dynamics during the frozen winter period, influence the tem-
poral variation of groundwater pressure in the talik. This shows the hydrology in the
catchment as being rather independent from external large-scale landscape features,
including those of the close-by ice sheet.

1 Introduction

The water balance of arctic and sub-arctic regions is influenced by ice, snow and frozen
soil with large seasonal fluctuations in the surface energy balance (Woo et al., 2008).
Hydrological responses in these high latitude areas differ in fundamental aspects from
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catchments in boreal and temperate regions (Kane et al., 2004). One such difference
is that the hydrological cycle in cold regions is intimately connected to the presence
of permafrost (White et al., 2007), which controls the distribution and routing of water
across the landscape (Quinton and Carey, 2008) and other hydrological processes
within a catchment (Woo, 1986). The hydrologically active period with water flowing
on the ground surface and in the active layer is relatively short. Snowmelt is often
the main hydrological event of the year, emphasizing the necessity of including winter
and spring measurements in the water balance assessments (Hirashima et al., 2004).
Furthermore, sublimation has been shown to be significant in the water balance of cold
region environments (Reba et al., 2011; McDonald et al., 2010).

Groundwater recharge and discharge are reduced by the presence of permafrost but
both computational (Bense et al., 2009; Frampton et al., 2011, 2013; Ge et al., 2011;
Grenier et al., 2012; Bosson et al., 2012b) and observational studies (Kane et al., 2012)
indicate their importance. Water exchange of deep and shallow groundwater through
taliks — unfrozen soil or bedrock underlying lakes — needs to be taken into considera-
tion in water balance assessments for catchments with permafrost. A modelling study
performed by Bosson et al. (2012a) showed the complexity in the connections between
different hydrological flow and storage components of a catchment under different cli-
mate, landscape and permafrost states. The study emphasized the need of linking
subsurface hydrology to surface processes and taking the permafrost component into
account to better understand and describe hydrological processes in cold regions.

Hinzman et al. (2012) summarized the current status of progress in the research
of hydrogeology in cold regions, including regional (Cheng et at al., 2012), process
(Sjoberg et al., 2012) and simulation (Frampton et al., 2012; Wellman et al., 2012;
McKenzie and Voss, 2012) investigations of long-term changes to permafrost hydrol-
ogy. However, few studies focus on the short-term variability of hydrological processes
in permafrost environments. The water balance of the active layer (Helbig et al., 2012)
and its hydrological response to a changing climate (Quinton and Baltzer, 2012) have
been investigated but, to our best knowledge, few previous studies have considered
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all relevant catchment processes, including also the links and interactions between
subsurface and surface water.

The present study focuses on the short-term (intra-annual) variability of the linked
surface and subsurface hydrological processes in an arctic permafrost catchment in
western Greenland, for which we present a new hydrological dataset. The extent of
the dataset, containing all relevant processes on the catchment scale, enables quan-
tification of the water balance with a high degree of confidence. The data set also links
surface waters to both supra-permafrost and sub-permafrost groundwater. The study
aims to: (i) quantify the water balance of the catchment, and its associated lake talik,
and (ii) construct a conceptual model of this whole hydrological system that can be
used as basis for further modeling of permafrost hydrology and permafrost environ-
ments in general.

In the following, we present in Sect. 2 the investigated site, the hydrological data
collection and analysis, and the methodology for water balance assessment. In the
results Sect. 3, the conceptual model together with a water balance for the lake and
surrounding catchment for the hydrological year 2011-2012 is presented. In Sect. 4,
we further discuss the processes accounted for and associated uncertainty intervals.
Main conclusions from the study are finally summarized in Sect. 5.

2 Material and methods
2.1 Site description

The study site, here referred to as the Two Boat Lake (TBL) catchment, is situated
approximately 25 km North East of the settlement Kangerlussuaq, in West Greenland.
This is the most extensive ice free part of Greenland, which includes a broad range of
arctic environments, from the coast, through plains and a hilly terrain, towards the ice
sheet margin (see Fig. 1). The study site consists of a lake-centred catchment area
(see geometric data in Table 1) and is located close to (500 m from) the Greenland
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ice sheet. However, the site is not a part of the melt water runoff system. Relatively
stable high-pressure cells over the ice sheet dominate the regional climate, which are
further strengthened by catabatic winds so that easterly wind directions dominate the
regional wind patterns. Low-pressure systems and associated precipitation arrive from
the south-west, but a substantial portion of the moisture is precipitated over the Sukker-
toppen Ice Cap (Fig. 1), yielding a more continental climate at Kangerlussuaq (Engels
and Helmens, 2010). A gradient of decreasing precipitation, P, is observed from the
coast towards the inland. Mean annual P at the station in Kangerlussuaq (Fig. 1) is
173 mm (measured 1977-2011), of which 67 mm is snow and 106 mm is rain. This
is a desert-like annual precipitation. Mean annual temperature in Kangerlussuaq is
—5.1°C ranging from -9.1 to —0.3°C (measured 1977-2011; Cappelen ed., 2012).

The catchment area of TBL is dominated by till and glaciofluvial deposits (Fig. 1),
which to a large part are overlain by a layer of Eolian silt to fine sand. The total depth
of Eolian sediments and glacial deposits ranges from 7—12m in the valleys to zero
along the hill sides. In the lake, a sediment thickness up to 1.5m has been observed
(Petrone, 2013). It is assumed that the observed depth of glacial deposits in the valleys
of the catchment is also present in the lake, i.e., the lake sediments are underlain by
approximately 10 m of till. The till and glaciofluvial deposits were deposited close to the
ice front during deglaciation of the area. The eolian silt to fine sand has periodically
been deposited after the area was deglaciated (Willemse et al., 2003).

In general, vegetation in the TBL catchment is dominated by dwarf-shrub heath.
There are no trees, and bushes rarely exceed a height of 0.5m. The poor vegetation
results in a relatively low transpiration even though the total evapotranspiration is rela-
tively high in the area compared to other water balance components. The only visible
stream furrow is that in the outlet of the lake. Depressions formed by ice wedges are
the major transport ways of water from the catchment to the lake. Due to the low pre-
cipitation in the area, the stream at the outlet of the lake is dry during long periods and
the summer of 2009 was the last time surface water outflow was observed to occur
from the lake. The surface water divide is well defined around the catchment and the
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groundwater divide in the active layer is assumed to coincide with it. However, in a val-
ley in the northern part of the catchment (Fig. 1), the topographical gradient is small
and the groundwater divide might change in time depending on the thawed depth of
the active layer.

A digital elevation model (DEM) for the TBL catchment was developed and reported
by Clarhall (2011). The DEM describes both the catchment topography and the lake
bathymetry, and geometrical parameters extracted from the DEM are summarized in
Table 1. The DEM confirms that the TBL catchment hydrology is a precipitation-driven
system, with no melt water inflow from the glacier occurring over the catchment bound-
ary. Drilling has confirmed the presence of a talik below the lake, which allows for
hydraulic contact with the deep groundwater system below the permafrost. Continuous
permafrost interrupted by through taliks covers the regional area, and permafrost depth
more than 300 m is indicated by temperature measurements in deep boreholes in the
vicinity of the lake (Harper et al., 2011).

2.2 From data collection to conceptual model

The methodology employed for constructing a conceptual hydrological model of the
TBL area, and calculating the water balance of its catchment is illustrated in Fig. 2. All
available relevant data from the site was used in the analysis and conceptualisation
(Fig. 2a and b). The water balance for the lake was first calculated on an annual basis
(Fig. 2c) and then temporal variations of the parameters were analysed (Fig. 2d). By
using time series of precipitation (P), potential evapotranspiration (PET) and lake level
fluctuation (AH), a time series of runoff (R) from the catchment to the lake was cal-
culated. Based on specific events in the time series of R, uncertainty intervals for the
annual sums of P on the lake, evaporation (E) from the lake and R were determined
(Fig. 2e). Finally, the water balance for the lake was used to calculate the water balance
of its catchment (Fig. 2f). In the following sections, the steps corresponding to each box
in Fig. 2a—f are described.
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2.2.1 Instrumentation and data collection

Hydrological investigations and instrumentation in the TBL catchment area, performed
during the period 20102012, have resulted in a dataset covering meteorological and
hydrological conditions, soil temperature and hydraulic properties of the active layer
(Figs. 1, 2a, Table 2). A local Automatic Weather Station (AWS) and a time-lapse
camera was installed in the catchment to monitor the hydrological and meteorological
events during the year. Soil moisture in the catchment is monitored by Time Domain
Reflectometry Technique (TDR) in three clusters (Fig. 1). Soil sampling in the area has
generated data on total porosity for each representative type of regolith material and
for all the sites where TDR sensors were installed.

2.2.2 Data analysis and conceptualization
Meteorological data

Measured precipitation data had to be corrected due to gauge undercatch caused by
wind and adhesion losses. The correction factors used for the TBL catchment (Table 3)
are based on the location and wind exposure of the weather station (Alexanderson,
2003), and are of the same order of magnitude as those used reported from other
studies in Greenland, e.g. Hasholt (1997); Farland et al. (1996). The monthly mean
temperature, PET and corrected P from the AWS are presented in Table 3. Data from
the station in Kangerlussuaq (Fig. 1) is also presented in the table in order to relate
the AWS data to the long-term records in Kangerlussuag. In this study, the hydrolog-
ical year from 1 September 2011 to 31 August 2012 is evaluated: the observed total
corrected P at the AWS during this period was 260 mm, Table 3. The dominating wind
direction was from southeast (Fig. 3) carrying cold dry air from the ice sheet.

Figure 4 illustrates snow accumulation and melting expressed as mm snow water
equivalents (SWE). Snow accumulates from October and melts from March to May.
Snow depth measurements performed in April 2011 (Fig. 1) indicated an irregular
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snow cover, with snow accumulation in the valleys, and snowdrift in wind exposed ar-
eas at the hillsides and on high topographical points. The mean threshold wind speed
for snowdrift (Li and Pomeroy, 1997) is frequently exceeded. It was calculated to be
8ms'1, ranging from 7 to 11 ms™ depending on air temperature. In April 2013, subli-
mation measurements were performed at three sites in the catchment (Fig. 1) resulting
in a mean sublimation rate of 2.75 mmday'1 for the observed period. For a more de-
tailed description of the meteorological conditions and sublimation measurements, see
Supplement Sect. 1.1.

Active layer and lake ice

Results from the monitoring (Fig. 3) indicate that the deepest active layer depth during
2010-2012 was 0.9m. This is within the range of the measurements performed in
catchment transects (Clarhall, 2011), suggesting a mean depth of the active layer of
0.7m. The active layer reaches its maximum depth in late August—early September.
The different periods of frozen and active conditions in the TBL catchment were defined
based on soil temperature and water content data (see Supplement, Sect. 1.2), Table 4.
Lake freezing occurred in October when the monthly mean air temperature was —-8°C
and the lake ice started to melt in late April. The ice reached a maximum thickness of
approximately 1.6 m during the winter season 2011/2012.

Lake level measurements

The surface water pressure in the lake is monitored by two absolute pressure transduc-
ers placed at the bottom of the lake. This means that the pressure data must be cor-
rected for barometric effects, which is done using air pressure data from the AWS. Cor-
rected data was expressed in meters of water (Fig. 4a). The lake level never exceeded
its threshold level (which been defined and measured by using a leveling instrument)
for surface water outflow during the observed period. A more extensive description of
the lake pressure variations is given in Supplement Sect. 1.3.
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In 2012, three larger snowmelt events were observed (Fig. 4a and b). However, mon-
itoring data showed that the first lake-level response to snowmelt took place during the
third snowmelt event, in May 2012, when the uppermost part of the active layer had
thawed. The water from the two initial snowmelt events formed small ponds of water,
isolated due to the frozen ground surface, Fig. 4c. The ponds re-froze as the temper-
ature dropped during certain periods in March and April. As the uppermost soil layer
thawed, the “thresholds” of the ponds disappeared and the water could flow to the lake,
causing a lake-level rise, (Fig. 4d).

Soil moisture data and porosity

Due to the high P recorded during 2012, both at TBL and in Kangerlussuaq (compared
to long term mean values) the change in soil moisture content was taken into consider-
ation. TDR data were evaluated in order to determine the change in total water content
in the active layer during the hydrological year. Based on the distribution of regolith, and
the location of the TDR sensors, the total storage change was calculated to be 15 mm
(17555 m3); for a detailed description of the calculation see Supplement Sect. 1.4.

Borehole data

A 221 m long borehole, DH-GAPO1 (Fig. 1), was drilled in a 60° inclination under the
TBL, reaching a vertical depth relative to the top of casing (TOC) of 191.5 m. Hydraulic
pressure was measured at a vertical depth of 138.57 m (relative to the TOC, for details
see Supplement Sect. 1.5). Based on temperature data from the borehole, the upper
20m of the borehole is considered to be in permafrost. The transition from frozen
to unfrozen ground coincides with the lake shoreline, i.e., temperature data indicates
a talik being maintained under the lake. The mean temperature in the bedrock under the
lake is 1.25°C. The mean difference in hydraulic head over the hydrological year was
calculated to be 1.85m, implying a mean hydraulic gradient of 0.014 with a downward
direction (i.e., recharge flow into the talik). A hydraulic test was performed in DH-GAPO1
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in the summer of 2010 and the mean hydraulic conductivity of the bedrock below the
lake was calculated to be 2-5 x 108 ms™" (Harper et al., 2011).

2.3 Lake water balance calculations

The water balance for the catchment was calculated in two steps. First, the water bal-
ance for the lake was determined. Based on this result, the water balance for the lake
catchment was further calculated. A base case for the lake water balance was calcu-
lated by Eq. (1) (Fig. 2c):

(P-AH)-E+R=0 (1)

where P is precipitation, AH is the difference in lake level (under the assumption that
the lake area is constant), £ is the evaporation from the lake and R is net total runoff
(i.e total inflow minus total outflow from the lake). P and AH were measured in the
catchment area and E is in the base scenario assumed to be equal to the calculated
PET (which is based on local data from the AWS). The runoff can be divided into four
terms: Rsy,, RSqyt, Agw @nd Ay, Where Rs is the surface water runoff to/from the lake,
Ry is the groundwater exchange in the active layer (negative out from the lake) and A,
is the lake water exchange with the groundwater in the talik below the lake (negative
downwards from the lake). During the studied period the lake level never exceeded the
level of the lake threshold; thus, Rs,, can be set equal to zero and Eq. (1) can be
rewritten as:

(P-AH)-E + (Ry +Rsj, + ng) =0 (2)
Ry is calculated with Darcy’s law:

dh
ng =K.d_Z 3)
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where K (m s‘1) is the hydraulic conductivity of the bedrock under the lake and % is the
mean hydraulic gradient between the lake and the groundwater pressure observation
point in the borehole over the studied period.

Based on the calculated annual sum of R, and Rs;, for the lake, the water balance
for the lake catchment can further be calculated by Eq. (4) (Fig. 2f):

P —ET-Rs;, —Ry+AS, =0 (4)

where P is the corrected measured precipitation at the AWS, ET is the evapotranspira-
tion from the catchment and AS, is the change in storage in the active layer. Storage
change in the permafrost is assumed to be zero over the studied hydrological year.
Equation (4) can be solved for ET since P is measured, the sum (Rs;, + Ry) is calcu-
lated by Eq. (2), and the change in storage in the active layer is given from soil moisture
measurements.

3 Results
3.1 Conceptual model of the TBL catchment

The conceptual hydrological model was established (Figs. 2b, 5) based on all available
data. The flow paths of water within the catchment change throughout the year, so that
two conceptual model parts needed to be developed: one for the frozen period and one
for the active period (Table 4).

During the active period, surface water flow to and from the lake, A, as well as
a groundwater exchange with the lake in the active layer, R,, and the talik, ng, may
occur. In the beginning of the active period, when temperature fluctuates around 0°C,
melt water from snow forms small ponds on the frozen ground surface, which refreezes
before the melt water reaches the lake as the uppermost soil layer thaws. Precipitation
which comes as rain is assumed to be uniformly distributed in the catchment during
the active period and equal to that measured at the AWS.
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In the frozen period no surface water flow occurs and once the lake ice has reached
a thickness greater than the active layer, there is no water exchange between the lake
and the surrounding active layer. The frozen water in the permafrost and the saturated
parts of the active layer is assumed to be immobile. Groundwater exchange with the
talik, Ry, is possible. If the active layer is unsaturated at the time of soil freezing
(Table 4), lake water might flow into the unsaturated parts of the active layer in response
to an increased water pressure in the lake; this process can occur only as long as the
lake ice has not reached the thickness of the active layer.

Snowdrift, resulting in snow redistribution, and snow mass loss via snow sublimation
influence the water balance. Losses and gains of catchment water due to snow drift
over the catchment boundary are assumed to equal each other.

3.2 Lake water balance, base case

For the studied hydrological year, P = 260 mm, PET = 413mm and AH is 73mm, re-
sultingin B = 226 mmyr~ ' by solving Eq. (1). Rgqw, calculated by Eq. (3), has an average
value of —15mmyr'1 (-9 to —-21 mmyr’1, depending on which K value used), which
implies a net outflow of water from the lake to the groundwater in the underlying talik.
With ng =-15 mmyr'1, the net annual inflow of water to the lake from the catchment,
via A, and Rs,,, is calculated to be 241 mm.

To identify hydrological events during the year, a time series of R was calculated by
Eq. (1) based on the daily precipitation and lake-level measurements, and the calcu-
lated time series of PET (Figs. 6 and 2d). To reduce the noise of shorter-term variations,
a seven-day running average was applied to the time series of lake level fluctuations
(AH) in the calculations. Figure 6 shows that R is then negative during certain periods
of the year (implying net outflow of water from the lake), even though the net R for
the whole year is positive. Shorter periods of negative R during the active period are
due to the flow sum of 7, and Ry, being directed out from the lake during periods of
high ET and/or low P in the catchment. Negative R can also be observed periodically
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during November to March, when the lake is ice covered (Table 4, Fig. 6). According
to the conceptual model defining the base case (Fig. 5), flow paths via R, and Rs are
closed when the system is fully frozen. The negative calculated R under this period
could then only be associated to A,,. However, the base parameterisation of the talik
bedrock properties implies that the calculated negative A cannot consist of A, only.
The negative R identified for the frozen period was then used as a basis for estimating
uncertainty intervals for key parameters in the water balance equation, as discussed
further below (Fig. 2e).

3.3 Estimation of uncertainty intervals for P, E and R,

The total net R for the frozen period from 1 November until 31 March is calculated to
be —30 mm (Fig. 6). The average A, for the same period is —~8 mm. Since Rs and Ay,
are assumed to be zero during the frozen period (Fig. 5) the resulting net R of =22 mm
implies a water balance error, which in turn indicates that other processes, not captured
in the base case, influence the water balance during this part of the frozen period.

To identify processes not accounted for, which could explain the negative £ during
the frozen period 1 November-31 March, three alternative cases, differing from the
base case, are analysed and uncertainty intervals are estimated for the components
P, E and R. In the first case, the influence of snowdrift on P is analysed. In the second
case the influence of sublimation on E is analysed. In the third case the influence of
groundwater exchange in the talik on R is analysed. The uncertainty intervals of P,
E and R determined from each case imply a range of different annual sums of each
parameter, which is further considered in the total water balance of the lake and its
catchment.

In the calculations of cases 1-3, the sums of P, PET, ng and AH for the frozen
period 1 November—31 March conditions are denoted with index fp, where A, = 56 mm,

PET:, = 19mm, Ry, = -30mm, Ry, 1, = -8 mm and AHg, = 8mm.
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3.3.1 Case 1: Assumptions: (a) R, and Rs are zero during the frozen period,
and (b) snhowdrift occurs with wind events on the lake

Assumptions (a) and (b) imply that the calculated negative R is wrong and the error
is in the P term due to the wind drift of snow, i.e., the measured P at the AWS is not
correct for the lake during the frozen period. The observed £, at the AWS consists of
6 mm rain and 50 mm SWE. To calculate the actual amount of snow and rain falling on
the lake during the frozen period, Eq. (2) is solved for Pye:

(Plake -AH)-E + (ng) =0

Pake = E +AH - Ry, =19+8-(-8) =35

Pake s calculated to be 35 mm, and the observed 6 mm of rain is assumed to stay on
the lake, which implies that only 29 mm of the observed 50 mm SWE remains on the
lake while the rest, 21 mm SWE, moves into the catchment due to the wind drift of
snow. The actual annual P for the lake area is then calculated by Eq. (5), where P, is
the total annual observed precipitation at the AWS and P, qqsit iS the amount of snow
blowing away from the lake, expressed in SWE (21 mm). In case 1, under assumptions

(a) and (b), the total P for the hydrological year of the lake area is calculated to be
239 mm according to Eq. (5):

P = Paws = Puinddritt (5)

3.3.2 Case 2: Assumptions: (c) R, and Rs are zero during the frozen period,
and (d) Snow sublimation is underestimated

Assumptions (c) and (d) imply that the calculated negative R is wrong and the error
is in the E term due to an underestimation of snow sublimation. To calculate total
evaporation including snow sublimation for the frozen period, Eq. (2) was solved for E:

(Pp—AHyg) = Exp + (Rgu_p) =0
Epp =P — MMy + Ry 1 = 56 — 8 + (~8) = 40
9284
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Ej, — PETy, gives then an indication of the extra snow sublimation, not included in the
original time series of PET, being equal to 21 mm (40-19).

The actual total E from the lake for the whole hydrological year is then calculated by
adding the extra winter evaporation (sublimation from snow) for the frozen period to the
annual PET. In case 2, under assumptions (c) and (d), the annual £ is calculated to be
434 mm.

3.3.3 Case 3: Assumption: (e) Agw is underestimated due to an underestimated
K value for the bedrock.

The K values determined by hydraulic tests in DH-GAPO1 result in Ay, ¢, ranging from
4.6-11.5mm. An analysis was performed to estimate the K value needed to obtain
a higher A, value, so that the total negative R for the frozen period in the base sce-
nario could be associated only with A, . The calculated Ry, of —22mm corresponds to

a mean Darcy velocity of 2.3x 10"°ms™'. The mean head difference between the
lake and talik for the frozen period is 2.24m so that Eq. (3) can be solved for K
(with dz = —=128.1m). In case 3, under assumption (e) a K value for the bedrock of
1.3x10 " ms™’ (compared to 2—-5 x 10" ms™" in the base case) yields a total Ay, of
—54 mm for the whole hydrological year.

dz
K=R,, -—=1.3x10""
ah x

aw
The cases 1-3 along with the base case give uncertainty intervals for P, E and R in
the total annual water balance of the lake presented in Fig. 7. Since Rs;, is not explic-
ity measured, Rs;, and R, cannot be separated. The flows are expressed in mg’yr'1
assuming a constant surface area of the lake of 377900 m?. The annual precipita-
tion falling on the lake ranges from 90 320 to 98 255 m?> (239-260 mm), E ranges from

to m — mm), ranges from — to - m° (=15 to
156070 to 164010m® (413-434mm), R, ranges f 5670 to —20410m°® (-15

-54mm), and (R, + Ri,) ranges from 91075 to 105810 m?> (241-280 mm). The water
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exchange with the underlying talik is then around 15 % of the net inflow (R, + Rs;,)
from the lake catchment. The evaporation from the lake is the dominating process in
the water balance of the lake and is approximately 70 % higher than the precipitation
falling on the lake. However, the sum of P and inflowing water (R, + Rs) exceeds the
water mass loss via evaporation processes, resulting in a positive total water balance
of the lake and a net rise in lake level for the studied hydrological year. Such a rise
would have to continue for another 4-5 consecutive years in order for the lake water to
reach a level where surface water outflow from the lake starts to occur.

3.4 Water balance for the TBL catchment

The uncertainty intervals for £, P and R determined above were used in Eq. (4). The ET
from the catchment is then calculated to range from 218 690 to 233 750 m?> yr'1 (185—
198 mm yr‘1 ). In case 1, wind-drifting snow from the lake accumulates on the terrestrial
parts of the catchment. A4 exceeds the measured P and is equal to P + P,nqariit- Pand
is ranging from 306 940-315210m° (260—267 mm). Based on TDR measurements,
AS, was estimated to 17555 m> (15mm). For the terrestrial parts of the catchment
the runoff-precipitation (R/P) ratio is approximately 30 %, with the main runoff event
occurring during snow melt. The sum of the precipitation falling on the total area of the
catchment (lake + terrestrial parts) is higher than the total evapotranspiration, resulting
in a positive water balance for the total catchment area.

4 Discussion

4.1 Uncertainty in the water balance

According to the conceptual model for the frozen period (Fig. 5) the only pathway for
runoff from the lake is via the talik feature, which could possibly explain the net loss of
water calculated for this period in the base case. However, this loss was higher than

9286

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

HESSD
10, 9271-9308, 2013

Water balance and
its intra-annual
variability

E. Bosson et al.

; “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/hessd-10-9271-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/hessd-10-9271-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

allowed for by the considered relevant K value and calculated head gradient between
the lake and underlying bedrock. This discrepancy was the basis for the uncertainty
analysis performed above. Water loss due to wind drift, sublimation or underestimated
groundwater recharge through the underlying talik were considered as possible ex-
planatory processes, not captured in the base case. The resulting uncertainty intervals
from the three alternative process cases are based on each additional case process
alone compensating for the calculated water loss during the frozen period. However,
the latter is most likely a combined effect of different processes. Uncertainties due to
measurement errors have further not been analysed in the three scenarios. However,
the site data were obtained from sensors with high precision and high time resolution
(Table 2), which gives us relatively high confidence in their values and the resulting
calculated water balance.

In Fig. 8, the hydraulic heads measured at the lake bottom and in the bedrock during
the frozen period are plotted together with the cumulative snow pack (mm SWE). Ad-
ditionally, two different types of events with strong winds are marked; these are events
when the threshold wind speed for snow drift was exceeded, and events when the
5h mean wind speed exceeded 5ms”'. Based on the change in the lake hydraulic
head, the frozen period was subdivided into three consecutive periods, with either an
increasing lake pressure head (period 1 and 3) or a decreasing head (period 2). From
the graph in Fig. 8, we note that the decrease in lake water head during period 2 co-
occurred with a large number of strong wind events, during which mass loss of snow
by wind drift and sublimation could be expected. Furthermore, strong wind events were
rare in period 1 and 3, and thus the increase in lake level during these periods could
primarily reflect accumulation of snow.

The temporal patterns were further examined by comparing change in lake pres-
sure head to wind and relative humidity. For this analysis the data time series were
subdivided, splitting each period in half. The change in lake pressure head between
the periods was compared to the tested variables listed in Table 5 using linear re-
gression. The analysis shows that a linear combination of two variables could explain
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much of the variation in lake level over the six periods (r2 = 0.69). According to this
explanation model, lake head decreased when wind speed exceeded the threshold for
wind drift (p = 0.055) and increased with higher relative humidity during the wind drift
events (p = 0.049). Although causality cannot be inferred from such correlations, the
regression analysis indicates that the hydraulic head change in Two Boat Lake reflects
a response to water mass loss due to wind drift and sublimation. The results presented
in Fig. 8 together with the regression analysis indicate that a combination of the as-
sumptions in cases 1 and 2 likely explains the identified water loss during the frozen
period in the base case.

4.2 Effects of snow sublimation

Snow sublimation has been identified as an important process in cold region hydrology,
especially during snow blowing events when the snow is more exposed to sublimation
forces (Pomeroy and Gray, 1995; Pomeroy et al., 1997). The number of snow blowing
events in the studied area was 106 during the winter 2011-2012, which is in the same
range as in other periglacial study sites; in both the Russian Arctic coastal plain and the
Colorado alpine region the number of snow blowing events was observed to be over 90
per year (Berg 1986; Groisman et al., 1997). Time-lapse photos also indicate an irreg-
ular snow distribution within the catchment. Furthermore, the measured snow depth on
the lake ice was smaller than the mean observed snow depth in the catchment.

Reba et al. (2011) measured snow sublimation at a wind-exposed site, with mean
daily maximum wind speeds in the same range as at the TBL site, using eddy covari-
ance technique. The measured mean daily sublimation rate for three consecutive snow
seasons was then 0.4 mm day‘1, corresponding to a total sublimation of 60 mm for the
frozen period studied in case 2. This indicates that the calculated evaporation of 40 mm
in case 2 is reasonable. Sublimation measurements in the TBL catchment in April 2013
yielded an average value of 2.75mm day'1. The conditions for sublimation during the
observed period were favorable and the result should be interpreted as a maximum
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sublimation rate for the frozen period. However, this high measured mass loss shows
the importance of quantifying sublimation processes for the water balance of high arctic
catchments.

4.3 Hydraulic interactions between lake and underlying bedrock

The co-variation between the pressure head in the lake and that in the borehole below
during most of the frozen period (Fig. 8) indicates a good hydraulic contact between
the lake and the bedrock. This applies also to the active period when periods of high
evapotranspiration and low precipitation cause a decreasing head in the lake, which is
also reflected in a falling hydraulic head in the bedrock. The downward pressure gradi-
ent between the lake and the bedrock indicates that TBL is underlain by a recharging
talik. However, the groundwater recharge flux is small, with the mean Darcy flow veloc-
ity over the studied period calculated to be 4.2 x 107" ms™".

Since hydraulic head changes in the bedrock correlate well with pressure changes
in the lake, which can in turn be related to near-surface hydrological processes, there
are no indications of groundwater discharging into the lake from the unfrozen system
below the permafrost. However, it should be noted that groundwater pressure is only
monitored in one point below the lake. A model study by Bosson et al. (2010) showed
that a talik could act both as a recharge and a discharge area. The TBL catchment
is located at high altitude compared to other possible through taliks located further
downstream towards the fjord in Kangerlussuaq (Fig. 1). Altitude differences between
taliks are important for their recharging or discharging conditions, which has also been
shown in previous simulation studies (Bosson et al., 2012b).

The results presented in this work are based on hydrological data only. An analysis of
isotopic composition of lake water, groundwater in the active layer and in the borehole
is one possible way to further improve the understanding of the hydrological system of
the TBL and its catchment. Hydrochemical evaluations of such isotope data could be
used to test different parts of the proposed conceptual hydrological model.
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5 Conclusions

The annual water balance and intra-annual water balance variability have here been
quantified for the hydrological year 1 September 2011 to 31 August 2012 in the Two
Boat Lake catchment. This has been achieved by measurement, compilation and
analysis of a new, extensive and detailed site-specific dataset with high temporal reso-
lution for key hydrological parameters. Together with a detailed description of geomet-
rical and hydrological properties, this dataset has enabled identification and quantifi-
cation of main intra-annual processes and hydrological flows in the studied permafrost
catchment.

The work highlights the importance of developing a conceptual understanding of
hydrological flow variability in a catchment during different time periods within a year.
We have shown how this understanding together with the detailed site-specific hydro-
logical data can be used to quantify uncertainty intervals for the different water balance
components in a catchment.

Based on the hydrological measurements that link the surface and subsurface water
systems below the permafrost, we conclude that the talik below TBL recharges the
deeper groundwater. Our results support the hypothesis that relative topographical lo-
cation governs the direction of groundwater flow in a talik. Temporal pressure changes
in the talik closely reflect the measured local hydrological processes at the lake surface
rather than any larger-scale regional processes in the ice-sheet dominated landscape.
These results indicate catchment hydrology as rather independent from external land-
scape features, including those of the close-by ice sheet.

We further conclude that sublimation from snow and snowdrift are key processes in
the water balance during the frozen period. As a consequence of the snowdrift, the
precipitation affecting the catchment differs from that affecting the wind exposed lake
area when ice is covering the lake. More generally, the conceptual hydrological model
that was developed here entirely from measured site data can contribute valuable input

9290

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

HESSD
10, 9271-9308, 2013

Water balance and
its intra-annual
variability

E. Bosson et al.

; “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/hessd-10-9271-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/hessd-10-9271-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

to further model developments and improve the understanding of permafrost hydrology
in periglacial environments.

Supplementary material related to this article is available online at:
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/
hessd-10-9271-2013-supplement.pdf.
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Table 1. Geometrical parameters for TBL catchment.

Catchment area, km? 1.56
Lake area, km? 0.377
Lake fraction, % 24
Catchment relief max, m 505
Catchment relief min, m 337
Lake maximum depth, m 29.9
Lake mean depth, m 11.3

Lake volume (Sep 2010), Mm® 4.29
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Table 2. Monitored data, type of equipment, available data period and logging interval for in- 2
2 E. Bosson et al
. . . C . .
stallations in the Two Boat Lake catchment. The accuracy of the sensors for each monitored &
. . (%2}
parameter is also listed. o
=)
Station Parameter Equipment Monitoring started ~ Time resolution ~ Accuracy Qp _
AWS Wind direction R.M.Young, 05103-45 Apr 2011 10min +3° 8
AWS Wind speed R.M.Young, 05103-45 Apr 2011 10min +0.3ms™’ —d
AWS Ingoing longwave radiation Kipp & Zonen, CNR4 Apr 2011 10min 5-10 uV/W m=2
AWS Outgoing longwave radiation  Kipp & Zonen, CNR4 Apr 2011 10min 5-10 uV/W m=2 o
AWS intgoing shortwave radiation Kipp & Zonen, CNR4 Apr 2011 10min 7 to 20 uV/W m2 ! !
AWS Outgoing shortwave radiation  Kipp & Zonen, CNR4 Apr 2011 10min 7 to 20 uV/W m~2 g
AWS Relative humidity HygroclipS3 Apr 2011 10min 1.5% RH (7]
AWS Air temperature Rotronic, MP100H-4-1-03-00-10DIN  Apr 2011 10min 0.1°C 8 ! !
AWS Precipitation Geonor T-200B Apr 2011 10min 0.1% %)
AWS Barometric pressure Setra, CS100-Setramodel278 Apr 2011 10min +0.5mbar (23
Soil temperature Soil temperature HOBO Aug 2010 3h +0.25°C o
Time lapse camera  Snow events, lake freezing Canon Rebel T3 (1100D) Apr 2011/Aug 2012  0.5h/2h ne
/Harbortronics DigiSnap 2700 QO
DH GAP-01 T,P,EC Aqua troll 200 Sep 2010 15min-12h +0.1% 8 ! !
Lake Water level Water pressure Level troll 700 Aug 2010 3h +0.1% =
(7]
(@)
(=
(2}
o
5
3
Q
e
()
=

(8
S

o
2
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Table 3. Data on total Precipitation (P), Potential evapotranspiration (PET) and Air temperature
from the Automatic weather station (AWS) and from the station in Kangerlussuaqg. The listed
precipitation values are corrected values, the applied correction factors for wind and adhesion
losses are listed in the end of the table. The total P is also given as snow and rain for each
month.

AWS at TBL Catchment

2011 F{ainb, mm Snowb, mm Total P, mm PET, mm Air Temperature, °C
May 11 9.9 111 65.8 -1.4

Jun 1.4 0.0 1.4 112.3 7.0

Jul 19.4 0.0 19.4 112.9 9.0

Aug 20.3 0.0 20.3 66.2 7.2

Sep 7.0 2.6 9.6 25.6 0.8

Oct 1.7 13.8 15.5 3.1 -7.9

Nov 4.4 10.6 15.0 3.7 -11.5

Dec 0.4 14.6 15.0 4.2 -13.7

2012 Rainb, mm Snowb, mm Total P, mm PET, mm Air Temperature, °C
Jan 0.0 7.6 7.6 4.7 -16.1

Feb 0.5 9.1 9.5 1.9 -15.0

Mar 1.4 7.8 9.2 4.3 -18.3

Apr 16.9 314 48.3 25.3 -4.0

May 23.3 12.6 35.9 76.9 3.0

Jun 19.7 0.0 19.7 102.1 8.2

Jul 24.4 0.0 24.4 102.4 9.2

Aug 50.2 0.0 50.2 59.1 7.2

Sep 83.5 0.3 83.8 24.8 2.9

Oct 15.6 26.3 42.0 14.0 -2.0

Nov 0.0 28.0 28.0 X -10.2

Dec 0.0 13.0 143 X -124

Annual sum 236 136 372 X Annual mean temp: -4.0
Sum HY*® 150 110 260 413 Mean temp HY?: —4.8

DMI Station Kangerlussuaq

Rainb, mm Snowb,mm Total P, mm PET, mm  Air Temperature’C

Annual sum 2012 257 89 346 X Annual mean temp: —4.1
Sum HY? 130 55 185 X Mean temp HY?: -4.7

2 HY = Hydrological year 1 Sep 2011 -31 Aug 2012

e Precipitation is corrected with following factors:

Kangerlussuaq: Snow 16 %, Rain 4.5 %. Adhesion losses 0.1 mm/precipitation event
AWS: Snow 33 %, Rain 12 %. Adhesion losses 0.1 mm/precipitation event
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Table 4. Periods of thawing and freezing, and active and frozen conditions of the active layer, _
for the studied hydrological year. The conditions for the lake ice for each period are also listed % é
Conditions of soil in active layer Time of the year Lake ice dynamics - ! !
Active Period May—Oct Ice free Jun—-Sep %
Frozen period Nov—Apr Lake ice thicker than active layer, maximum thickness 1.6 m o ! !
Freezing period Oct Lake freeze %
Thawing period May Lake thaw g-
- [
T
Q
°
: [
%)
o
(=
(2}
o
o}
3
Q
o
@
=

(8
S

o
2
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Table 5. Definitions of periods analyzed in the correlation analysis. For each period the net
change in lake pressure head (AH), number of events with strong winds (wind speed > thresh-
old wind speed for snow drift (th_wd) and wind speed > 5ms™"'), and the relative humidity (RH)
are given. The mean RH for each period as well as the mean RH during events when wind
speed exceeded th_wd are listed in the table. In the correlation analysis the number of wind
events with windspeed > th_.wd and RH was used as input variables.

Wind events RH, %
Period Start AH,mm >thwd >5ms™' RH when windspeed>th.wd mean RH for period
1a 1 Nov 2011 -2.9 4 21 50.3 72.4
1b 18 Nov 2011 6.6 0 33 0.0 74.0
2a 5 Dec 2011 -12.2 40 153 59.8 70.7
2b 3Jan 2012 -6.5 35 132 54.4 72.0
3a 2Feb2012 204 7 83 88.4 78.1
3b 1 Mar2012 9.9 11 68 64.7 75.3
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Fig. 1. Location of the Kangerlussuaq settlement and the Two Boat Lake catchment, left. In
the left figure possible talik locations (in the Kangerlussuaqg region) and the Greenland Ice
Sheet are also marked. The right figure shows the map of the regolith distribution in the TBL
catchment together with the monitoring points and transects for measurements of active layer
depth and snow depth.

9301

Jadedq uoissnosiq | Jaded uoissnosiq

i

Jadeq uoissnasiq | Jaded uoissnosiq

HESSD
10, 9271-9308, 2013

Water balance and
its intra-annual
variability

E. Bosson et al.

(8
S

o
2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/hessd-10-9271-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/hessd-10-9271-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

HESSD
10, 9271-9308, 2013

Jaded uoissnosiqg

Water balance and

. its intra-annual

o variability

(72

2 E. Bosson et al.

3

o

=)

o THePage

QO

?

 Awstact  Inwoducton

~ Conclusions  Reterences

(72

(%]

2

=)

- I I

: [
Fig. 2. Overall method and workflow, step A—-F, for water balance calculations and conceptuali- ~ © g
sation of the hydrology in the Two Boat Lake catchment. 8

C rimerttensyveron

2

=)

 Interactve Discussion

QO

©

Q

(cc) W

9302


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/hessd-10-9271-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/hessd-10-9271-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

O
=
2 HESSD
@
e 10, 9271-9308, 2013
s 3
Q
= ©
& Q Water balance and
Q . -
; - its intra-annual
. variability
=
2 E. Bosson et al.
&
2
5
S
QO
Temperature, °C 8
-20 -15 -10 -5 0 5 10 i
: [ Absmot | [inwoduction.
0,2
2 N (7]
5 \ | 72}
S o8 A o
w Fn ’ ‘\ =}
270 3 1 \‘ ! % ! !
3 \‘ | Q
S ., { I .
8 14 \ -
I 0 [ eek | [ Clss
s \ . 73
180 2 \ (@]
(=
i
Fig. 3. Soil temperature data for the observed period at different depths below ground (Upper ~ ©
figure) and min, max and mean temperatures at each depth for the observed period observed _
(lower right). The lower left figure illustrates the dominating wind direction coming from south %
east. =

(8)
@

o
2

9303


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/hessd-10-9271-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/9271/2013/hessd-10-9271-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

O
3
g HESSD
(7]
o —
A —Lake water depth,m  ---Snow water content, mm B —Snovwster cantent, (efiaes > 10’ 9271 93087 2013
5.1 45 == Soil thaw period, upper 10 cm of active layer n
i —«—Lake level change, relative to March 20. Right axes Q
cos g ) R B
95 TN Y \ ¥ / \ Mi= = Water balance and
£ " o 200 . .
& g 5 ¥ Rk \ . its intra-annual
g # a1 150 PRI
- - ; wE| s ™ . variability
g 495 ! i £ \ o 100E e
s i S 153 |E o | o E 8
Al edd-. |2 5 e E. Bosson et al.
4.9 \L‘ ! +—] 7]
H e el 17:)
Lrifly T 7T " 2
4.85 ‘ A i | ©
Sep.7 Decgy Argy Agugy Doy Aorg, Ay, 50 T
©
S 0]
c -
O
(7]
(@]
[
(7]
@,
o
5
T
Q
©
0]
-

Fig. 4. Lake level fluctuation (red line) and snow accumulation/melt (black dotted line) for the
observed period (A). In (B) the lake level fluctuation during snow melt and soil thaw in spring
2012 is illustrated. Snow melt in early spring building ponds at the frozen ground surface (C).
As the soil surface thaws the water in the ponds melts, the water becomes mobile and is
transported towards the lake (D).
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Fig. 5. Conceptual model of the hydrological flows during the active (upper figure) and frozen
period (lower figure) in the Two Boat Lake catchment. The conditions for precipitation (P),
evaporation (£) and evapotranspiration (ET) as well as runoff from active layer (R,), water
exchange with the talik (Ay,), and surface water runoff (Rs) are illustrated. The unsaturated
and saturated zones are denoted UZ and SZ respectively. The blue arrows illustrate the main
hydrological flows for each period and the red arrow indicates the location of the lake threshold
for surface water outflow.
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Fig. 6. Calculated total runoff, mm day_1, from time series of precipitation (P), Potential evapo-
transpiration (PET) and change in lake level (AH).
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Fig. 7. Water balance, m3yr‘1, for the Two Boat Lake catchment based on data from the hy-
drological year 1 September 2011 until 31 August 2012. Due to snow drift in the area different
values of precipitation, A,y and P, are calculated. Uncertainty intervals are presented for
the evaporation (E,) and evapotranspiration (ET), precipitation (A, and A,,q) and runoff
(Rqw and A, + Rs;,) components. Uncertainty intervals are not defined for the change in lake
level (AH) and storage change in the active layer (AS).
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Fig. 8. Pressure head in lake (green dotted line) and bedrock (blue line) co-plotted with cu-
mulative snowpack (black line) and events of strong winds (events when the 5h mean wind
speed > 5 ms~" and events when the wind speed exceeded the threshold wind speed for snow
drift, 7ms'1). Lake hydraulic head and cumulative snowpack in mm and wind speed in ms™
are plotted on the left axes and pressure head in the bedrock, m vp, plotted on the right axes.
Data is illustrated for the frozen period 2011-2012. The frozen period is divided into 3 periods,
1-3, based on an increasing or decreasing trend in lake head.
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