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Abstract. Few hydrological studies have been conducted in Greenland, other than on glacial hydrology associ-
ated with the ice sheet. Understanding permafrost hydrology and hydroclimatic change and variability, however,
provides key information for understanding climate change effects and feedbacks in the Arctic landscape. This
paper presents a new, extensive, and detailed hydrological and meteorological open access data set, with high
temporal resolution from a 1.56 km? permafrost catchment, with a lake underlain by a through-talik close to the
ice sheet in the Kangerlussuaq region, western Greenland. The paper describes the hydrological site investiga-
tions and utilized equipment, as well as the data collection and processing. The investigations were performed
between 2010 and 2013. The high spatial resolution, within the investigated area, of the data set makes it highly
suitable for various detailed hydrological and ecological studies on catchment scale. The data set is available for
all users via the PANGAEA database, http://doi.pangaea.de/10.1594/PANGAEA.836178.

1 Introduction

Future climate change is expected to be most pronounced in
the Arctic region (Kattsov et al., 2005), and the terrestrial
and aquatic ecosystems in the Arctic are predicted to un-
dergo fundamental changes in the coming century (Vaughan
etal., 2013). To enable predictions of the ecological response
to changes in the hydrological and biogeochemical cycles,
the understanding and prediction of these responses on the
landscape scale have to be improved (Rowland et al., 2010).
Hydrology is the key driver for transport of matter within

Published by Copernicus Publications.

and between ecosystems. To describe the potential future im-
pact on periglacial areas, related to changes in the hydrolog-
ical cycle in the Arctic, the understanding of present con-
ditions needs to be improved. Woo (2012) summarizes the
present knowledge of permafrost hydrology, and in Kane and
Yang (2004), water balances from 39 Arctic catchments are
presented. However, only few hydrological data sets from
Acrctic regions exist that contain necessary information on
both surface and subsurface waters within the same catch-
ment. This is due to the inaccessibility of these remote areas
and the harsh climatic conditions there, but it is also the ef-
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fect of the relatively short period of the year when unfrozen
water is present and can be monitored.

In this work, we present hydrological data obtained from
a detailed site investigation performed within the framework
of the Greenland Analogue Surface Project (GRASP). The
study area, here referred to as the “Two Boat Lake” (TBL)
catchment, is located close to the Greenland ice sheet in the
Kangerlussuaq region, western Greenland (Fig. 1). The in-
vestigations were initiated in 2010, and have resulted in a
wealth of information on hydrology, meteorology, geometry
(surface topography, lake bathymetry, and regolith and ac-
tive layer depths), properties and spatial distributions of veg-
etation and soils, hydrochemistry, soil temperature, and geo-
chemical processes and properties of the limnic and terres-
trial ecosystems within the catchment. The aim of GRASP is
twofold. The first part is focused on how ecosystems develop
and react in a long-term climate change perspective during
an entire glacial cycle (Lindborg et al., 2013). The other part
is aimed at improving the understanding of water exchanges
between surface water and groundwater in a periglacial envi-
ronment (Bosson et al., 2012, 2013).

The objective of the present paper is to describe the hydro-
logical and meteorological installations and measurements in
the TBL catchment, and to make the data set available to the
scientific community. The aim of the hydrological field stud-
ies presented here was to identify and quantify the main hy-
drological processes in a periglacial lake catchment, thereby
providing input to conceptual and mathematical modeling. In
coming studies of the TBL site, this hydrological and mete-
orological data set will be used as a basis for the modeling
of hydrological, biogeochemical, and ecological processes in
the catchment.

2 Site description

The Kangerlussuag region, comprising a hilly tundra land-
scape with numerous lakes, is the most extensive ice-free
part of Greenland. Continuous permafrost, interrupted by
through-taliks under larger lakes, covers the area. A per-
mafrost depth greater than 300 m has been observed from
temperature measurements in deep bedrock boreholes, ~ 5-
6 km from TBL (Harper et al., 2011). An active layer of 0.15-
5m, depending on soil type and vegetation cover, overlies
the permafrost in the area from the settlement of Kanger-
lussuaq up to the ice sheet margin (van Tatenhove and Ole-
sen, 1994). The regional climate is dry with a mean annual
precipitation of 149 mm in Kangerlussuaq (uncorrected data;
see Sect. 4.1) and with a mean annual air temperature of
—5.1°C (measured 1977-2011; Cappelen, 2014). Discharge
measurements in the Watson River, which is the main river
in the area, were performed in Kangerlussuaq during the pe-
riod 2007-2013 with an average annual cumulative runoff
of 370mmyr—1 (Hasholt et al., 2013). This is almost en-
tirely meltwater from the ice sheet, since 94 % of the Wat-
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son River drainage area is glaciated. No rivers outside the
meltwater system are present in the area. Mostly small inter-
mittent streams (often formed by ice wedges) transport sur-
face water to the many lakes in the area. Many outlet streams
of precipitation-driven lakes dry out during the main part of
the year due to low precipitation. The low precipitation is
also manifested through the relatively large number of saline
lakes in the area (Hasholt and Anderson, 2003). This means
that two main types of hydrological regimes in lakes can be
identified in the area: lakes not in contact with the meltwa-
ter system driven by precipitation, and lakes receiving water
mainly from the melting of the ice sheet.

The TBL catchment, with an area of 1.56 km? and lake
coverage of 24 %, is a precipitation-driven lake, situated ap-
proximately 500 m from the Greenland ice sheet and 25 km
northeast of Kangerlussuag (Fig. 1). The stream in the out-
let (Fig. 1) of the lake connects to the proglacial water sys-
tem from the ice sheet, but no inflow of ice sheet meltwa-
ter occurs. The catchment boundaries and lake bathymetry
are well described by a local 5 x 5m digital elevation model
(DEM), based on lidar measurements in the terrestrial parts
of the catchment and echo-sounding investigations in the
lake. The DEM is available in another data set in PANGAEA,
http://doi.pangaea.de/10.1594/PANGAEA.845258.

The lake is underlain by a through-talik, an observation
based on temperature data from a 225 m long borehole drilled
in a 60° inclination under the TBL (Harper et al., 2011). The
mean temperature at 140 m depth in the bedrock under the
lake was 1.25°C, and there were no indications of decreas-
ing temperatures in the deepest part of the borehole, which
would have indicated a closed talik (Harper et al., 2011).
This interpreted through-talik provides a possibility of hy-
drological contact between the lake surface water and the
deep unfrozen groundwater system below the permafrost.
There are several lakes of similar or larger size in the area
(Fig. 1), many of which likely also maintain through-taliks.
Thus TBL is probably hydraulically connected with other
lakes in the region via taliks and perhaps also with unfrozen
parts of the subglacial areas. Till and glaciofluvial deposits
dominate the regolith in the TBL catchment (Clarhéll, 2011)
and have a general depth ranging from 7 to 12 m in the val-
leys to O on the hill sides, where bedrock outcrops dominate.
Petrone (2013) made radar observations indicating an aeo-
lian silt layer thickness up to 1.5m in the TBL catchment,
underlain by an ~10m thick till layer. The vegetation in
the TBL catchment area is dominated by dwarf-shrub heath
(Clarhdll, 2011). The TBL site is accessible via a road from
the Kangerlussuaq international airport, which makes the site
relatively easily reachable, compared to most other Arctic lo-
cations. The relatively small catchment, enabling a detailed
spatial coverage of measurements of catchment processes, in
combination with the fact that the hydrological system is not
directly influenced by meltwater from the ice sheet, was the
main reason for selecting the TBL catchment as a case study
area for periglacial hydrology and ecology.

www.earth-syst-sci-data.net/7/93/2015/
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Figure 1. The regional area of Kangerlussuaq and the TBL catchment, installations, and sampling points.

3 Installations and measurements

3.1 Strategy

Besides the scientific questions to be answered, the measure-
ment program was, to a large extent, determined by what was
possible, given the hydrologic, climatic, and logistic con-
ditions at the site. Due to its remote location, but also de-
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pending on the harsh climate, the site has only been manned
during relatively short periods. This limited the possibilities
for long-term or continuous observations of some parame-
ters that could not be measured automatically (e.g., surface
water inflow to the lake or groundwater monitoring in the
active layer). Lack of infrastructure for electrical power and
telecommunications has also been a limiting factor.

Earth Syst. Sci. Data, 7, 93-108, 2015
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Hydrological processes and conditions not considered in
temperate climate regions may be of great importance in
periglacial areas. Hydrological responses in these cold ar-
eas differ from catchments in boreal and temperate regions
in fundamental aspects (Kane and Yan, 2004). Most im-
portantly, the hydrology in periglacial environments is in-
timately connected to the presence of permafrost (White et
al., 2007) and active layer dynamics. Snow-related processes
(wind drift of snow and sublimation) have also been shown
to be of great importance for the annual water balance (Reba
etal., 2012; MacDonald et al., 2010).

The overarching target when planning the TBL field pro-
gram was to identify and quantify the main hydrological pro-
cesses including the interactions between surface water in
the lake and in the surrounding catchment, and the role of
both supra- and sub-permafrost groundwater. The dry climate
and the very limited surface water runoff in the area imply
that conventional discharge measurements are not meaning-
ful; such measurements are otherwise a cornerstone in water
balance studies (e.g., Johansson, 2008; Bosson et al., 2010).
Hydrological processes and major events on different spatial
scales have been captured by time-lapse cameras installed in
the catchment. Figure 1 shows the hydrologically related in-
stallations and sampling points of the GRASP field program,
and Table 1 summarizes all data presented in the present
paper. An automatic weather station (AWS) constituted the
platform for the hydrological investigations together with a
monitoring program for soil water content, soil temperatures,
groundwater levels in the active layer, and lake surface water
levels. Data from all monitoring equipment, except from the
AWS, were collected manually during field campaigns, either
by manual measurements or by retrieving data from loggers.
Typically three field campaigns per year (in April, June, and
August—September) have been organized during the period
for which data are presented.

3.2 Meteorological data time series

The AWS, labeled KAN_B, was installed at a 70 m distance
from the lake on 13 April 2011 (Fig. 2). The station is sim-
ilar to approximately 20 other AWSs installed on the ice
sheet within the framework of the Programme for Monitor-
ing of the Greenland Ice Sheet (PROMICE) (Van As et al.,
2011), of which another 3 are located in the Kangerlussuaq
region (Van As et al., 2012). The station at TBL measures
air temperature (~2.55m above ground), air pressure, hu-
midity (~ 2.55m above ground), wind speed and direction
(~3.05m above ground), and the downward and upward
components of shortwave (solar) and long-wave (terrestrial)
radiation. A sonic ranger was mounted on the AWS to reg-
ister changes in surface level due to the presence of snow.
All variables were recorded every 10 minutes and processed
to provide hourly averages. Values were stored locally, and
hourly and daily averages were transmitted via satellite in
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Figure 2. The automatic weather station (AWS) installed in April
2011.

summer and winter, respectively. Details about the instru-
mentation are given at http://www.promice.org.

An important addition to the station, compared to the
PROMICE stations located on the ice sheet, is a precipita-
tion gauge capturing both snow and rain. The snow is melted
in the gauge and the snow water equivalent (SWE) is mea-
sured. A Geonor T-200B was used (http://www.geonor.com/
brochures/t-200b-series-all-weather.pdf), which weighs the
precipitation in a 12 L bucket using a precision load cell with
a vibrating wire transducer. The bucket initially contains a
mixture of 2.4 L of ethylene glycol (antifreeze) and 3.6 L of
methanol to melt captured solid precipitation, sealed from the
atmosphere by 0.4 L of hydraulic oil to prevent evaporation.

Maintenence of the AWS occurred once a year and en-
tailed reading out the high temporal resolution data from
the logger, and replacing sensors for recalibration. On every
visit, the liquid content of the precipitation gauge was re-
moved before a replacement mixture of ethylene glycol and
methanol was added.

3.3 Sublimation and evaporation

Observations in the TBL area show that the snow cover also
decreased during some periods of freezing temperatures, es-
pecially during clear windy days in late winter. This indicates
that sublimation could be a process of importance. There-
fore, sublimation measurements were performed at three
sites within the catchment (Fig. 1) during three clear and
sunny days in April 2013. Even though measurements were
performed during a short time period, they are judged to give
a good estimation of the potential mass loss via snow sub-
limation. For each site, five white pans (0.34m x 0.22m x
0.045 m) were filled with snow and the weight of each box
was noted. The mass loss was measured every 24 h with a
precision scale in order to estimate the sublimation rate.

www.earth-syst-sci-data.net/7/93/2015/
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Table 1. (a) List of equipment used, start of monitoring, time resolution, and accuracy for each parameter for all monitoring data.

Parameter Equipment Monitoring started Time resolution Accuracy

Soil temperature HOBO U12-008 Aug 2010 3h +0.25°C

Soil moisture TDR (CS615, CR1000) Aug 2010 3h +2%

Hydrological events captured Canon Rebel T3 (1100D)/ Har-  Aug 2012 2h -

by time-lapse cameras bortronics DigiSnap 2700

Groundwater level HOBO U20-001-04 June 2013 0.5h +0.003m

Lake water level Leveltroll 700 Aug 2010 3h +0.1%

Precipitation Geonor T-200B April 2011 10 min

Air  humidity,  barometric  See http://www.promice.org April 2011 See http://www.promice.org  See http://www.promice.org

pressure,  wind  speed,
wind direction, long- and
shortwave radiation, air tem-
perature

(b) List of measured parameters and investigation period for non monitoring data

Parameter Sampling period Number of samples
Evaporation Aug 2012 Measured at 3 x 5 sites
Sublimation April 2013 Measured at 3 x 5 sites
Inflow to lake June and Aug-Sept 2013 Manually measured
Snow depth April 2011 Manually measured
Soil hydraulic conductivity Aug 2013 26 cylinders

Soil porosity Aug 2010, Aug 2012, Aug 2013 76 cylinders

Retention curve Aug 2012, Aug 2013 37 cylinders

Grain size distribution Aug 2010, Aug 2012 20 samples

Infiltration capacity Aug 2012

Measured at 5 x 5 sites

The same basic methodology was used when measuring
evaporation in August 2013, i.e., the same pans were placed
at the same sites during 3 days in August and the mass loss
was measured. In this case, the boxes were filled with wa-
ter and the mass loss due to evaporation was measured every
day. No rain or snow was observed during the measuring pe-
riod, which was characterized by variable clear and cloudy
skies.

3.4 Snow depth and snow water content

The snow depth and associated snow water content were
manually measured in April 2011. The catchment was subdi-
vided into four domains: (i) areas without snow cover, (ii) in-
termediate areas with snow cover broken up by spots with-
out snow in uphill areas and on steep slopes, (iii) valleys with
snow cover, and (iv) the lake ice. Based on this classification,
snow samples were taken along one transect in each domain,
except domain type (i) (the transects are shown in Fig. 1).
The snow depth was measured every 5 m along all transects.
At every fifth depth location, snow samples were collected
using a standardized snowtube sampler with an inner diame-
ter of 4.5 cm. The snow samples were weighed in the field us-
ing portable scales. The corresponding snow water contents
were calculated using the known sample volumes.

3.5 Water levels and discharge

Surface water levels were monitored using pressure trans-
ducers placed at the lake bottom, both in TBL and in the
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lake located northwest of TBL (Fig. 1). The northwestern
lake, which is located at an elevation of approximately 19 m
above the TBL water level, is monitored with the purpose of
getting a reference lake level fluctuation in the area. This is
also a precipitation-driven lake but belongs to a different sur-
face water system and discharges into a lake situated south of
TBL. Details of equipment and measuring period are given in
Table 1a. The transducers were placed at a minimum depth
of 5m to avoid disturbance from ice during the winter. A
steel wire connected each transducer to the shore where it
was firmly attached. Total pressure (hydrostatic and baromet-
ric) and temperature were logged every third hour.

The shallow active layer depth, in combination with the
dry climate, results in unsaturated conditions in most of
the active layer. This makes monitoring of groundwater lev-
els complicated. Fifteen groundwater wells (of type PEH50,
with inner diameter 41 mm) were installed in the catchment
to enable groundwater level monitoring and water sampling.
The groundwater wells were primarily installed in local dis-
charge areas along the valley’s floor (Fig. 1) in order to max-
imize the possibility of getting the required volumes of water
needed for chemical analyses.

The wells, consisting of a bottom plug and a fully screened
pipe section, were installed with the bottom plug reaching
the permafrost surface; the bottom plugs typically were at a
depth of a few decimeters below ground surface. The ground
surface and the top of casing (TOC) levels of each well were
determined relative to the lake level (Table 2). Since no exact
elevation reference point is present in the area, the reference
level for all groundwater wells is the lake level at the start of

Earth Syst. Sci. Data, 7, 93-108, 2015
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Table 2. Levels of top of casing (TOC) and ground surface (relative
the lake level, 4 September 2010) for each groundwater well relative
to the lake surface. Automatic monitoring in the well is marked by
an X.

Well TOC  Ground surface  Automatic
ID  (mrelative lake)  (m relative lake)  monitoring
1 5.45 4.96 X
2 8.85 8.23
3 12.35 11.6 X
4 9.07 8.39 X
5 12.19 11.8
6 4.79 4.16 X
7 10.7 10.07
8 20.69 20.09 X
9 4.73 3.98 X
11 13.56 12.91
12 21.99 2151 X
13 0.2 —0.38 X
14 —4.79 —5.15 X
15 —22.31 —22.77 X

monitoring in September 2010. The groundwater levels in the
wells were manually measured during field visits, and in the
summer of 2013 the groundwater levels were automatically
monitored by pressure transducers in 10 of the 15 wells (Ta-
ble 2). The pressure transducers cannot handle frozen water,
so the equipment was removed in the autumn.

Due to the very restricted amount of running water, no
permanent discharge stations measuring surface water in-
flows to, or outflows from the lake were installed. Instead,
a simple temporary installation was used to measure inter-
mittent flowing surface water into TBL, led through a PVC
pipe at the outlet of one of the main subcatchments of the
area, where running water has been visible during wet pe-
riods. This small brook, shaped by ice wedges, dewatered
the main part of the northern valley (Fig. 1). Manual mea-
surements of this surface water inflow to the lake were made
when field crew were present at the site in June and August—
September 2013. Even though the total inflow to the lake was
not captured in these measurements, they provided data sup-
porting the development of the conceptual understanding of
the site hydrology. In particular, the response to rain events
and the magnitude of base flow and peak flow components
could be analyzed. No surface water outflow has occurred in
the lake since the project started, i.e., during the period 2010-
2013, which means that the collection of such measurements
was not possible.

3.6 Soil water content

Spatial and temporal variations of soil water content were
monitored by use of the time domain reflectometry technique
(TDR; Stein and Kane, 1983); details about the equipment
are given in Table 1. In September 2011, 43 TDR-sensors
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were installed in three clusters, here referred to as clusters 1—-
3, within the catchment (Figs. 1, 3). Each cluster consists of a
number of depth profiles where TDR sensors were placed, so
that they cover the whole interval from just below the ground
surface to the permafrost surface that constituted the bottom
of the active layer at the time of installation. Clusters 1 and 2
consist of four depth profiles, where the four sensors in each
profile were distributed evenly from a depth of 5-10 cm be-
low ground to a depth of 40-50 cm (Fig. 3d). The sensors in
cluster 3 were arranged in three depth profiles, each profile
containing four sensors, which were placed along a transect
from the lake into the catchment (Fig. 3c). The different clus-
ters were arranged so that they form transects both along and
transverse to the dominating flow direction (Fig. 3a), which
generally was judged to be perpendicular to the lake shore-
line.

The depth profiles of TDR sensors were installed in pits
(one pit per profile) that were dug down to the distinct per-
mafrost surface. Four TDR sensors were installed, with more
or less constant distance between the sensors, so that it cov-
ered the entire depth in each particular pit. All TDR sen-
sors in a cluster were connected to a central unit, consist-
ing of a data logger, central electrical power, and an earth
spike. A table describing the depth and ID code of each
TDR sensor is available via http://doi.pangaea.de/10.1594/
PANGAEA.836178

3.7 Hydraulic properties of the soil in the active layer
3.7.1 Sampling

Undisturbed soil samples were collected at four different
depths in metal cylinders for analyses of soil water retention,
total porosity, and saturated hydraulic conductivity (Fig. 4a,
b). Since the hydraulic conductivity can be anisotropic, soil
samples for saturated hydraulic conductivity measurements
were collected both in the horizontal and the vertical direc-
tion. In addition, disturbed loose soil samples were collected
for grain size analysis. Soil sampling was performed at four
different sites (Table 3, Fig. 1). Samples taken in till areas
and at the lake shore were subject to grain size analysis and
total porosity measurements only.

The infiltration capacity of the soil was measured in Au-
gust 2012 at five sites with different soil and vegetation
cover (Table 3, Fig. 1) by using the double-ring infiltrome-
ter method (Bouwer, 1986). Two cylinders were driven into
the soil and water was added to both the inner and outer ring.
The falling head method was applied, where the declining
water level in the inner ring was measured as a function of
time (Fig. 4c). The falling head was observed until steady-
state conditions were reached, i.e., until the soil profile below
the rings became saturated. At this moment the infiltration
capacity (expressed as area-specific flow rate) provides the
saturated hydraulic conductivity of the upper soil layer.

www.earth-syst-sci-data.net/7/93/2015/
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Figure 3. Schematic figure (a) and photo (b) of TDR installation no.1. Panel (c) shows a photo of the TDR transect no. 3, and a pit with four

TDR sensors along a profile is shown in (d).

3.7.2 Analyses of soil samples
Grain size distribution

The grain size distributions of 20 samples were obtained in
two steps. First the samples were sieved and divided into
three groups: d <2mm, d =2-20mm, and d > 20 mm. In
the second step, the first group with grains less then 2 mm
in diameter were divided into seven different fractions (Ta-
ble 4). Both wet sieving and sedimentation by the pipette
method were applied in the second step. In order to calcu-
late the saturated hydraulic conductivity, both the Hazen and
Gustafson methods were used (Andersson et al., 1984).

pF curves

Water retention parameters were measured in the laboratory
(at the Swedish University of Agricultural Sciences in Upp-
sala). Water was added to the cylinders with undisturbed soil
samples, described above, until saturated conditions were
reached. The suction was increased in the steps from 0.05,
0.3,0.5,0.7, 1, 2, 3, and 6 m. At each suction step, the sam-
ples were left to drain until a steady state was reached.

Saturated hydraulic conductivity

Undisturbed soil samples collected in the metal cylinders, de-
scribed above, were placed in a device equipped with water
pipes that slowly added water to the cylinders. The samples
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were saturated and had free drainage at the bottom of the
cylinders. Water was added at a constant rate and the outflow
at steady-state conditions provided estimates of the saturated
hydraulic conductivity.

3.8 Soil temperature

A soil temperature station consisting of seven subsurface
temperature sensors distributed over a depth of 2m, and one
sensor measuring air temperature at 1.6 m above ground, was
installed in September 2010 (Figs. 1, 4d, and Table 1a). A
hole with a diameter of approximately 60 mm was drilled
through the active layer into the permafrost. In order to make
sure that the sensors were placed at the right depths, the ca-
bles and sensors were attached to a PVC pipe, which was
placed in the borehole. The sensors were connected to data
loggers (Table 1a) that were installed in boxes placed on
the ground surface; the boxes and cables were covered by
a mound of stones in order to protect them from animals, ice,
and snow.

Supporting information on the spatial distribution of the
active layer thickness (i.e., the depth to the permafrost sur-
face) was obtained by soil probe measurements along tran-
sects within the catchment (Fig. 1). The measurements were
performed in late August or September when the active layer
had reached its maximum thickness.

Earth Syst. Sci. Data, 7, 93-108, 2015
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Figure 4. Photo of undisturbed soil samples (a), a schematic figure of methods for taking undisturbed soil samples for analysis of vertical
(red arrow) and horizontal (black arrow) hydraulic conductivity (b), the infiltrometer used in the infiltration capacity measurements (c), and

a schematic figure of the soil temperature station (d).

3.9 Visual observations by time-lapse cameras

Three time-lapse cameras were installed in August 2012 at
different locations within the catchment (Fig. 1), with the
purpose of monitoring hydrological events during the year
and to support interpretations of the quantitative time series
obtained from the AWS. The time-lapse camera installations
provided very useful information for mapping local tempo-
ral variability in ponded water or snow cover, and to validate
the snow models developed for the catchment. One camera
was placed to give an overview of the whole catchment, C1
(Fig. 1), and the other two were placed to monitor details of
hillslopes, C2 and C3 (Fig. 1), one in the southern part of
the catchment (C2), and one in the northern part (C3). Pho-
tos were taken every second hour; the camera equipment is
described in Table 1a.

4 Data processing

4.1 Correction of precipitation data

The Geonor precipitation gauge collects the precipitation in
a bucket and weighs the liquid with a vibrating load sensor
that gives a frequency output. The output vibrating frequency
to the logger contains noise that has to be accounted for, and
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the time series containing data on cumulative precipitation,
given in millimeters, have been corrected accordingly. A thin
layer of oil impedes evaporation losses, which means that
any negative load can be neglected, and the first step of the
correction was to delete all negative values from the time se-
ries.

Once the precipitation time series was corrected for noise,
it had to be corrected for losses due to wind and adhesion.
The gauge undercatch is in general larger for solid precipita-
tion, and thus more important to take into account in Arctic
environments than in areas where the main part of the pre-
cipitation falls as rain. The correction of precipitation is of
special interest if the time series is used as input data in hy-
drological modeling, where an uncorrected precipitation may
cause large water balance errors.

The location of the gauge was classified to be in number
6 out of 7 classes with respect to wind exposure; see Ta-
ble 5 (Alexandersson, 2003), and the applied correction fac-
tors were in line with other work reported from Greenland
(Hasholt, 1997; Farland et al., 1996). Losses due to adhesion
were corrected for by adding 0.1 mm for every precipitation
event in all classes 1-7. According to Alexandersson (2003),
the Geonor precipitation gauges have been assigned an extra
correction factor due to the larger height of the gauge result-

www.earth-syst-sci-data.net/7/93/2015/



E. Johansson et al.: Hydrology and meteorology in a periglacial lake catchment 101

Table 3. Soil sampling sites and types of analysis performed.

Soil sampling sites

Type of analysis

Sampling site*  Type of soil at surface

Undisturbed samples in metal cylinder**

Loose samples

porosity, Ky, Kv, pF
porosity, Ky, Ky, pF

Grain size distribution
Grain size distribution
Grain size distribution
Grain size distribution

RS4 Sandy silt porosity
RS5 Till porosity
RS1 Peaty silt

RS2 Sandy silt

Sampling site for infiltration capacity

Peaty silt 1 Peaty silt

Peaty silt 2 Peaty silt

Sandy silt Sandy silt

Betula Sandy silt

Till area Till

* RS is regolith sampling; the coordinates for each sampling site are given in the data set: http://doi.pangaea.de/10.1594/PANGAEA.836178. **K}, is
horizontal hydraulic conductivity, Ky is vertical hydraulic conductivity, and pF is retention curve.

Table 4. Intervals used in the grain size analysis.

Grain size diameter, mm
d < 0.002

0.002-0.006

0.006-0.02

0.02-0.06

0.06-0.2

0.2-0.6

0.6-2

2-20mm

>20mm

ing in a higher wind exposure and higher potential risk for
wind losses; see Table 5. The classes can be determined by
studying photos and relevant spatial data from the site (tree
and vegetation cover, topography). However, the best way
to classify the gauge is to visit the station. In all correction
calculations, a threshold temperature of 0 °C was applied to
determine if the precipitation had fallen as snow or rain.

The precipitation data from the station in Kangerlussuaq
(Cappelen, 2014) were also corrected for wind and adhe-
sion losses by applying the Alexandersson (2003) correc-
tions from class 4, Table 5. The precipitation bucket used at
the DM station is not a Geonor, which means that the extra
correction factor of 7 % was excluded for the Kangerlussuaq
data.

4.2 Correction of pressure data

The equipment used for the measurements of groundwa-
ter and surface water levels measured total pressure, which
means that the pressure data had to be corrected for baro-
metric pressure. Locally measured barometric pressure data
were available from the AWS at TBL. In the correction of
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pressure data, barometric pressure was subtracted from the
measurements of total pressure, resulting in time series of
groundwater and surface water pressure fluctuations.

Only corrected pressure data are included in the data set
presented in the present paper (see next section). The time
series of lake level data (corrected for barometric pressure)
was compared to manual measurements of the lake surface
level, which was measured by a leveling instrument in Au-
gust 2010, 2012, and 2013.

5 Results

In this section, the resulting hydrological and meteoro-
logical time series data and investigation results, achieved
up until 31 December 2013, are presented. All parame-
ters and time series presented in this paper are accessible
in the database PANGEA via http://doi.pangaea.de/10.1594/
PANGAEA.836178. Date, time, and coordinates for each pa-
rameter are given in the metadata attached to the data files
found via the DOI number, and each parameter presented is
represented by an individual data file. A read-me file is linked
to the data set, reached by the DOI link above, which all data
users are strongly recommended to read. The name of every
single data file, and the coupling between data files and the
subsections describing results below, is listed in the read-me
file. Hereafter the data reached via the DOI number above
are referred to as “the data set”.

5.1 Climate data time series

It is noted that a pronounced annual cycle in air temperature
occurred at the study site (Fig. 5a). Non-freezing tempera-
tures persisted throughout the summer months, with hourly
values up to 15 °C during the period covered by the data set.
The highest measured daily average temperature recorded
was 12.7°C and occurred during the extraordinary period
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Table 5. Classification of precipitation stations and correction factors based on exposure to wind.

Class  Description Rain, Snow, Extra correction
% % for Geonor
gauges, %
1 Ideal location, for example in a garden or wooded area with moderately high 15 4 3
shrubs or hedges near the gauge.
2 Well protected in almost all directions, forest relatively close by. 25 6 45
3 Fairly well protected, but some smaller openings toward a larger field or lake 35 8.5 6
may occur. Well protected location if it is in a generally windy region.
4 Fairly open location in some directions, better protected in other directions. 4.5 12 7
5 Open location with only some protection by buildings or trees. Placement on 6 17 7
hills or open slopes inland.
6  Very open location, mostly coastal strips or mountain areas. 9 26 7
7  Extremely open location, on the outskirts of an archipelago, rocky island, or 12 36 7
bare mountain region above the tree line.
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Figure 5. Climate data time series from April 2011 until December 2013. (a) Temperature (°C), (b) net longwave radiation (Wm=2),
(c) albedo (=), (d) wind speed (ms—1) and direction (°N), (e) air pressure (hPa), (f) net shortwave radiation (Wm=2), (g) snow

depth/vegetation height (m), and (h) cumulative precipitation (mm).

in summer 2012 with ice sheet-wide melt (Nghiem et al.,
2012) and record discharge in Watson River at Kangerlus-
suaq (Mikkelsen, 2014). Above freezing temperatures also
occurred several times each winter, implying that there was
more than one snow melt event per year. Winter temperatures
were often in the range from —10 to —20 °C, although hourly
measurements could show temperatures below —30 °C.
Wind speed was typically low, with values below 5ms—1
(Fig. 5d). Events with wind speeds exceeding 10ms~?
mostly occurred in winter. The highest recorded hourly wind
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speed was 18.6 ms~1, which indicates that the measurement
site is somewhat sheltered compared to other locations in
Greenland and on the ice sheet (Van As et al., 2014). Mea-
sured wind direction was likely impacted by the hilly ter-
rain. In summer, the wind direction was almost exclusively
from northeast to southeast, which means that it was mainly
directed from the ice sheet. In other directions, the weather
station is somewhat shielded by hills. In winter, when storms
were more frequent, the situation was reversed and westerly
winds were more common. Irrespective of the season, the
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strongest winds originated from the southeast (Fig. 5d), in
which direction the distance to the ice sheet is only 1 kilo-
meter.

For the measurement period (April 2011-
December 2013), barometric pressure was 966 hPa on
average. It was typically ~20 hPa lower in winter than
in summer (Fig. 5e) due to the more frequent passage of
low-pressure weather systems, also causing a larger win-
tertime variability in other meteorological parameters, such
as temperature and wind speed. This was also the case for
relative humidity, which was higher when snow was present
on the ground surface and had an amplitude of 10-20% in
its annual cycle (not shown).

The air temperature cycle was also evident from the down-
ward long-wave radiation measurements, which varied be-
tween a minimum of ~ 150 W m~2 in winter and a maximum
of ~350Wm~—2 in summer (not shown). Due to a larger
upward emission of long-wave radiation from the surface,
the net long-wave radiation balance was negative throughout
most of the year, with energy losses exceeding 150 W m—2
in summer (Fig. 5b). This was more than compensated for
by a positive net shortwave radiation balance, adding more
than 600 W m~—2 during sunny days in summer, heating the
surface (Fig. 5f). During the short (~ 1 month) polar night,
shortwave radiation was absent. Due to the presence of a
highly reflective snow cover with broadband albedo values
of 0.7-0.9 (Fig. 5c¢), shortwave radiation contributed less than
100 W m~2 during 4-5 months per year during the study pe-
riod.

Surface height measurements illustrate that little snow ac-
cumulated at the weather station in winter, likely because it
is situated on a small hill. In 2011/12 and 2012/13, roughly
10 cm accumulated (Fig. 5g). However, it should be noted
that the snow cover was redistributed during storms and an
irregular snow depth occurred at the site; for further details,
see Sect. 5.3. In summer, a surface height increase of similar
magnitude was recorded; this was due to vegetation growth
as could be determined from the low albedo values of ~0.16
(Fig. 5¢). Accordingly, data from the sonic ranger for the veg-
etation period (June-September) should not be interpreted as
representing a snow cover, and the albedo can be used to dis-
tinguish snow from vegetation growth.

The annual corrected precipitation in 2012 was 365 mm
and in 2013, it was 269 mm; see Fig. 5h. The major part of
the precipitation fell in April-May and August-October, and
approximately 40 % of the annual precipitation fell as snow.
The measured precipitation at TBL was approximately twice
as large as the precipitation measured in Kangerlussuaq. The
precipitation in Kangerlussuaq is measured by DMI (Cappe-
len, 2014) and is not included in the data set presented at
http://doi.pangaea.de/10.1594/PANGAEA.836178.

Time series with hourly data on corrected precipitation
from April 2011 until December 2013 are included in the
delivered data set. Hourly, daily, and monthly values are pre-
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Table 6. Vertical (Ky) and horizontal (Kp) saturated hydraulic con-
ductivity from undisturbed soil samples.

1 1

Type of soil and depth, cm Kh, ms™ Ky, ms™

Peaty silt, 0-10 8.45x 10> 4.83x107°
Peaty silt, 10-20 576 x 1076 521 x 1076
Sandy silt, 30-40 3.06x1076 2.66x10°6

sented in the data set for all other parameters measured by
the AWS.

5.2 Sublimation and evaporation

The mean daily sublimation measured in April 2013 ranged
from 0.39 to 1.06 mmday—1, and the mean sublimation rate
for all three sites during the whole measuring period was
0.63mm day L. The average evaporation rate in the measure-
ments performed in August 2013 ranged between 0.83 and
1.62 mmday 1, with a mean evaporation for all three sites of
1.17 mmday~?. The relatively simple sublimation and evap-
oration measurements performed provide valuable support-
ing information when calculating potential evapotranspira-
tion, based on data from the AWS.

5.3 Snow depth and snow water content

Based on data from the investigated profiles, the average
snow depth in the area in April 2011 was estimated to be
17 cm, with a corresponding snow water equivalent (SWE)
of 20 mm. The largest snow depth was found in the valleys,
and the smallest along the hillsides. At the time of measure-
ment, the mean snow depth on the lake was similar to that
of the whole catchment. However, time-lapse photos show
that the snow cover on the lake was reduced to zero after cer-
tain periods of strong winds; for further details, see Sect. 5.8.
Snow depth and corresponding SWE for each transect are
presented in the data set.

5.4 Hydraulic properties of the soil in the active layer
5.4.1 Saturated hydraulic conductivity and porosity

The uppermost 10 cm of the active layer was characterized
by high porosity and high saturated hydraulic conductivity
(K), which both decreased with increasing depth. There was
no significant difference between the vertical and horizontal
K (i.e., insignificant anisotropy) in the peaty and sandy silt
for which this difference was analyzed (Table 6). The K val-
ues from undisturbed soil samples (in Table 6) were slightly
lower than, but in the same order of magnitude as, the K val-
ues calculated from grain size analysis of disturbed samples
(Table 7). The till, which is a coarse till, had higher K values
than the silty material. In the lake outlet, both the K values
and the porosity were high, even at greater depths.
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Table 7. Saturated hydraulic conductivity calculated from grain size
analysis and total porosity from undisturbed soil samples.

1

Type of soil and depth, cm K,ms™+ Total porosity, %
Peaty silt, 0-10 no data 74.6
Peaty silt, 10-20 9.01 x 108 59.7
Sandy silt, 30-40 8.27 x 106 56.7
Sandy silt 40-60 8.65 x 106 54.6
Lake outlet (sandy silt) 4.86 x 107° 779
Till, 15 2.81x 1074 44.7
Till, 45 8.26 x 104 33.4
A B ™

Drainable pore space(-) % \
10cm 024 5
05 F20em 013

30em 0.1

40cm 011

Drainable pore space (-)
05 F0-10cm 040 B
10-20cm  0.16
20-30cm 0.15

20 30 40 50 ' 60 70 80 20 30 40 50 . 60 70 80
Water content (%) Water content (%)

Figure 6. pF curves and drainable pore space (saturated water con-

tent — water content at field capacity) based on data from 40 undis-

turbed soil samples (a—b). Data from the 10 and 20 cm levels in (a)

represent a peaty silt soil, and data from the 30 and 40 cm levels

represent an aeolian silt. In (b), all data represent an aeolian silt.

5.4.2 Infiltration capacity

The average saturated infiltration capacity of all samples was
2.6 x 10~*ms~1. The range was small and no clear spatial
pattern could be found. All measured values are presented in
the data set.

5.4.3 Water retention curves

Water retention curves (pF curves; see Fig. 6a—b) were
obtained from undisturbed soil samples taken at different
depths in two different types of soils: peaty silt and sandy silt.
The high porosity in the upper 10 cm of the active layer was
reflected as a high drainable pore volume (=) for both sample
sites. The drainable pore volume decreased with depth and
the values below 20 cm were in the same order of magnitude
for both types of sampled soil. The drainable pore volume
is defined as the difference between saturated water content
and the water content at field capacity (denoted by pF 2).
Data from all sampling sites and associated results for hy-
draulic parameters (K values, porosity, infiltration capacity,
and retention curves) are available in the data set.

5.5 Water levels and discharge
5.5.1 Lake water level

The annual variation in the lake water level in TBL was be-
tween 0.2 and 0.3 m (Fig. 7a). The dry spring and summer
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in 2011 caused a distinct decrease in lake level. The annual
variation in the northwestern lake during the period 2012—
2013 was 0.25m, and there was a clear covariation between
the levels in the two lakes. The larger catchment and lake
area make the northwestern lake somewhat less sensitive to
short-term temporal variations. The corrected time series for
both lakes are found in the data set.

5.5.2 Groundwater level in the active layer

All groundwater wells situated within the catchment showed
similar temporal variations, whereas the temporal pattern in
wells 13 and 14, situated downstream from the TBL catch-
ment area, diverged from the wells inside the catchment. In
Fig. 7b, the groundwater levels along the investigated tran-
sect in the northern part of the catchment are co-plotted with
precipitation data. Two events with large increases in ground-
water levels can be observed, namely the rain events around
26 July and 15 August 2013. At the beginning of the ac-
tive period, decreasing groundwater levels were observed in
well 12, located at the highest point along the monitored
transect. Thawing of the active layer allowed water to per-
colate deeper into the saturated zone, at the same time as
previously frozen groundwater was released and transported
downstream. Wells 9 and 11 did not experience a falling
groundwater level due to active layer thawing. These wells
are located in local discharge areas in the lower parts of the
hillslope, where thawed groundwater released at higher ele-
vation discharged. The same pattern can be seen for the other
transects. Time series for each of the wells (1, 3, 4, 6, 8, 9,
11, 12, 13, and 14) are found in the data set.

5.5.3 Surface water discharge

Inflow to the lake was measured during a week in June and
from mid-August to the end of September 2013. There is
a clear correlation between precipitation and surface water
flow; see Fig. 7c. The small storage volume available for the
groundwater, reflected in the rapid response in groundwater
levels to precipitation, was further manifested by the quick
response in surface water flows. When the second measure-
ment period, illustrated in Fig. 7b, started in August, the dis-
charge station was dry. Almost 90 mm of rain fell during the
second measurement campaign, and the surface water dis-
charge increased from 0 to approximately 0.2Ls™!. Peak
flow occurred after a rain event of approximately 5mm, and
the base flow increased during the whole measurement pe-
riod in August—September. Time series data from both mea-
surement periods (June and August-September) are included
in the data set.

5.6 Soil water content

Time series data on soil water content, given as volume of
water per total volume of soil, are available from late Au-
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on data from August 2010 to August 2013 (b). Soil temperature in the upper 2 m from May 2012 to December 2012 (d).

gust 2011 until 31 December 2013. Data from all 43 sensors
in the three TDR clusters (Fig. 1) are available in the data set.
Figure 8a and ¢ show examples of soil water contents at dif-
ferent depths as functions of time and precipitation during the
period from August 2011 to August 2012, and in the summer
of 2012. The depth trend in porosity (Sect. 5.4) is reflected as
decreasing soil water contents with increasing depth; there is
also an increasing delay in the response to rain events with in-
creasing depth. The relatively low precipitation in July 2012
kept the soil water content in the upper 10 cm close to satu-
ration, without affecting the deeper soil layers. The heavier
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rains in August quickly saturated the uppermost part (10 cm),
and percolating water caused increased soil water content at
the lower levels (i.e., at depths of 30, 45, and 55 cm).

The quick changes in apparent soil water content during
autumn and late spring were actually due to a phase change
from water to ice or from ice to water in the soil matrix.
Figure 8c—d illustrate how the active layer froze and thawed
from the ground surface downwards, with the uppermost part
of the active layer freezing and thawing approximately 2
months before the deepest parts.
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Figure 9. The user interface of the time-lapse film.

5.7 Soil temperature

At the location for the soil temperature measurements, the
transition from permafrost to the active layer occurred at a
depth of approximately 0.9 m (Fig. 8a, b). The temperature
sensor at 0.75 m depth measured temperatures above 0°C
every year since the monitoring started, whereas the sensor
at 1 m depth has continuously been frozen with a maximum
temperature of —0.1°C. The variations between the moni-
tored years were relatively small. The thawing at a depth of
0.25m in the active layer started in late May or early June
and the freezing at that depth occurred in late September or
early October. There is a decreasing covariation between air
and soil temperatures with depth resulting in a delay of freez-
ing and thawing at greater depth, i.e., the active layer both
thawed and froze from above. The mean annual soil tem-
perature at a depth of 0.5m based on data from the period
August 2010 to August 2013 was —2.9°C. Time series for
each temperature sensor for the period August 2010 to De-
cember 2013 are available in the data set.

5.8 Visual observations by time-lapse cameras

Photos from all three cameras, together with time series data
from the AWS, the soil temperature station, and the lake level
monitoring, were put together in an interactive graphic inter-
face (Fig. 9), hereafter called “the time-lapse film”. The time-
lapse film facilitates the analysis of hydrological events and
their spatial variations within the catchment. In Arctic land-
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Air Temp, °C 073
Ground Temp, *C (0.25 m depth) 101
Precipitation, mm 000
Snow Water Content, mm (calculated) 000
Wind Speed, mis 239
RH, % 55.17
Shortwave Radiation Down, Wim2 32163
Shortwave Radiation Up, Wim2 56.79
Longwave Radiation Down, Wim2 22925
Longwave Radiation Up, Wim2 33.15
Lake Level, cm (relative start), 24h mean 824
Lake Level, cm (relative start), 5d running mean  9.05
29 September 2012

scapes, observations by time-lapse cameras have been shown
to be very useful in order to explain and analyze monitor-
ing data, since conventional hydrological investigation tech-
niques are not always applicable. The film has been used to
analyze snow and lake ice dynamics, lake level response to
precipitation and snow melt, and the occurrence of ponding
water on the ground surface. The time-lapse film is available
in the data set.

6 Conclusions

We present a new, extensive, and detailed data set with high
temporal resolution for key hydrological parameters in an
Acrctic periglacial lake catchment. The high spatial resolution
of the data, in this relatively small catchment area, makes
the data set suitable for detailed hydrological and ecologi-
cal catchment-scale studies. The data set also includes time
series of photographs taken by time-lapse cameras, which
have been arranged in an interface where photos, together
with time series data from the catchment, can be studied
in a film. This is a useful tool to test interpretations of the
quantitative data. The data set is open access and available at
http://doi.pangaea.de/10.1594/PANGAEA.836178.
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