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Abstract

Pressing scientific questions concerning the Greenland ice sheet’s climatic sensitiv-
ity, hydrology, and contributions to current and future sea level rise require hydrolog-
ical datasets to resolve. While direct observations of ice sheet meltwater losses can
be obtained in terrestrial rivers draining the ice sheet and from lake levels, few such
datasets exist. We present a new dataset of meltwater river discharge for the vicin-
ity of Kangerlussuaq, Southwest Greenland. The dataset contains measurements of
river water level and discharge for three sites along the Akuliarusiarsuup Kuua (Wat-
son) River’s northern tributary, with 30 min temporal resolution between June 2008
and August 2010. Additional data of water temperature, air pressure, and lake water
level and temperature are also provided. Discharge data were measured at sites with
near-ideal properties for such data collection. Regardless, high water bedload and tur-
bulent flow introduce considerable uncertainty. These were constrained and quantified
using statistical techniques, which revealed that the greatest discharge data uncer-
tainties are associated with streambed elevation change and measurements. Large
portions of stream channels deepened according to statistical tests, but poor precision
of streambed depth measurements also added uncertainty. Data will periodically be
extended, and are available in Open Access at doi:10.1594/PANGAEA.762818.

1 Introduction

Mean annual air temperatures over the Greenland ice sheet have warmed with 1.8°C
between 1840 and 2007 (Box et al., 2009). This trend has continued since 2007,
with large surface air temperature anomalies along Greenland’s coast in 2010 (Box
et al., 2010). This observed warming is accompanied by a near-tripling of overall ice
sheet mass balance losses since the 1960s (Rignot et al., 2008), with meltwater losses
poorly constrained but estimated to be as much as twice the ice flow discharge losses
between 2000 and 2008 (van den Broeke et al., 2009). Continued and increased mass
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losses from the Greenland ice sheet may have far reaching consequences, contribut-
ing perhaps 17-54 cm to global sea level rise by year 2100 (Table 3, line 3 in Pfeffer et
al., 2008), while influencing regional meteorology (Dethloff et al., 2004) and ocean cir-
culation in the North Atlantic (Driesschaert et al., 2007; Fichefet et al., 2003; Jungclaus
et al., 2006). However, improved projections of future mass losses and their associ-
ated global and regional impacts require a better understanding of Greenland ice sheet
hydrologic processes and runoff, especially proglacial river discharge which integrates
runoff from the upstream ice sheet (Mernild and Hasholt, 2009; Rennermalm et al.,
2011).

Where available, time-series of proglacial river discharge can reveal insights about
englacial water storage dynamics (Mathews, 1963), meltwater travel time (Elliston,
1973), seasonal changes in subglacial drainage systems (when combined with dry
tracer analysis, Nienow et al., 1998), supraglacial lake drainages and hydrologic
drainage system (Bartholomew et al., 2011), and catastrophic drainage events in the
proglacial environment (Mernild and Hasholt, 2009; Mernild et al., 2008; Russell et al.,
2011). They are also valuable for estimating ice sheet meltwater losses, and have been
extensively used for validation/calibration of ice sheet runoff models that extrapolate to-
tal meltwater losses for Greenland (Mernild et al., 2011) and elsewhere (Baker et al.,
1982; Fountain and Tangborn, 1985; Hock and Noetzli, 1997; Klok et al., 2001; Verbunt
et al., 2003). However, such measurements are rarely collected in Greenland, owing to
inaccessibility and difficulties in measuring river discharge in gravel-bed braided river
systems typical of proglacial environments (Ashmore and Sauks, 2006; Smith et al.,
1996).

Here we present a new dataset (June 2008 to August 2010) of in situ hydrologic data
collected at multiple proglacial sites in the upper Akuliarusiarsuup Kuua River drainage,
Southwest Greenland. These include time-series of river water level recorded every
30 min, together with occasional in-channel measurements of flow width, depth, and
velocity to retrieve discharge time-series from empirical rating curves constructed by
relating water level to in situ discharge measurements. Other in situ measurements
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include lake water levels and temperatures, and barometric air pressure. Although,
near-ideal sites were used to collect discharge measurements, strongly turbulent flows
and high sediment bedloads in these proglacial rivers threatens to compromise data
quality. Therefore, to build a higher-quality dataset, estimated uncertainties caused by
changing streambed elevation, measurement errors, and rating curve fitting are also
derived. Data are available in Open Access at doi:10.1594/PANGAEA.762818, and
ongoing data collection will eventually allow extending the dataset further.

2 Site description

Three continuous river monitoring sites were selected along the Akuliarusiarsuup Kuua
River's northern tributary (Sites 2, 3, and 4, Fig. 1, Table 1), with additional shorter
period observations of a river and a lake (Sites 1, and 5, Fig. 1, Table 1). The Akuliaru-
siarsuup Kuua River is the northern branch of the Watson River that discharges into
Kangerlussuaq Fjord near the town of Kangerlussuaq. All sites are located in the ice
sheet proglacial zone, within 2km of the ice edge and 27-30 km northeast of the town
of Kangerlussuag. Watersheds of Sites 3 and 4 are 7.8 and 64.2 kmz, respectively,
and are both sub watersheds of Site 2’s larger 101.4 km? watershed (Fig. 1 lower inset,
delineated with ASTER GDEM, METI and NASA, accessed 2010). Meltwater runoff
from the Greenland ice sheet is transported to these sites (2, 3, and 4) via different
proglacial pathways, with varying degrees of upstream impoundment in lakes (Fig. 1).
Prior to reaching Site 4, ice sheet meltwater is routed through one lake, whereas flows
to Site 3 first pass through three to four upstream lakes. Site 2 integrates all water
flow discharging from Lake A (Fig. 1), which includes flows from both Sites 3 and 4,
plus a third inlet connecting Lake A and B at the southern side of the drainage basin.
Upstream of this third inlet are two lakes, of which Lake C is usually ice dammed, caus-
ing meltwater to be routed to Lake B via an intermittent stream (Russell et al., 2011).
More rarely, catastrophic drainage of the ice dammed Lake C occurs, as happened in
1987, 2007 and 2008 (Mernild and Hasholt, 2009; Mernild et al., 2008; Russell, 2009;
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Russell et al., 2011). When the ice dam burst, Lake C no longer drains via the inter-
mittent stream, but discharges to Lake B from englacial/subglacial conduits along the
ice margin (Russell et al., 2011).

3 Methods

River water level, temperature, and discharge measurements were collected at Sites 2,
3, and 4 (Table 1) between June 2008 and August 2010. Uncorrected river water level,
Lw-ue> (Fig. 2) was determined as the difference between measured water pressure
from submerged Solinst Levelogger pressure transducers (nominal precision 0.3 cm),
and barometric air pressure recorded simultaneously with Solinst Barologger pressure
transducers (nominal precision 0.1 cm) on land every 30 min. Leveloggers were en-
closed in perforated steel boxes at the end of 1.5-3 m steel rods attached to bedrock
or rocks, thus allowing direct emplacement in the stream without resting on the channel
bed (Fig. 2, foreground). These boxes were maintained at a fixed depth relative to a
datum plane and located within 1-30 m of the cross section used for in situ discharge
measurements. Barologgers measuring air pressure were installed 150 m from Site 2
(Table 1) and assumed representative for all three gauging sites given the close prox-
imity of these sites (less than 2 km) and the limited elevation differences between the
sites. Data were retrieved from loggers in early June and late August of each year.
From August to June Leveloggers were placed in rubber ballons filled with antifreeze
solution to protect sensor from extreme pressures during freezing conditions (Solinst
Inc., 2011). Regardless, some wintertime water level recordings at Site 2 displayed
extreme pressure fluctuations probably due to freezing water, and were discarded from
the dataset. Similarly, water temperature recordings at Site 2 were discarded from
the dataset because they were controlled by interannual river ice thickness rather than
stream water temperature. Data gaps during data downloading were filled by depth
adjusting a secondary sensor to the main sensor. Estimated true water level at Level-
ogger installation sites, L,,, were calculated by adding L,,- to the distance from logger
steelbox to the stream bed, dy,, (Fig. 2). Additionally, L,, time series were corrected
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for minor jumps in L. time series due to slight differences in Levelogger placement
in steel box following Levelogger retrieval for data downloading.

Discharge, Q, was determined at relatively stable river cross sections using the stan-
dard midsection method (WMO, 2010b), which requires collection of average velocity
and water depth, d,,, at several measurement verticals in stream cross sections. These
cross sections consisted of one incised bedrock channel (Site 2) and two structurally
reinforced bridge crossings (Sites 3, and 4). Each cross section was marked at 1.0m,
0.25m, and 0.5m intervals dividing cross sections into 21, 31, and 16 measurement
verticals at Sites 2, 3, and 4, respectively, using bridges at Sites 3 and 4, and a sus-
pended rope at Site 2 (Fig. 2, background). At each vertical, measurements of d,,, and
velocity were collected using measurement rod/tape, and Price-type AA current meter.
At Site 2, velocity measurements were made at 0.6 d,,, which typically equals average
velocity along a vertical (e.g. WMO, 2010b). At Sites 3 and 4, velocity was measured at
0.1-0.3 m below the water surface, here stream flow was highly turbulent, shallow, and
well mixed with a near-vertical velocity profile above the bed. Duplicate measurements
conducted confirmed reproducibility of these near-surface velocity measurements at
Sites 3 and 4. Thus, velocities determined at Sites 3 and 4 satisfy the measurement
goals of determining average stream velocity for each vertical.

To assess changes in streambed elevation over time relative to a fixed point, cross
sectional stream depths (d,) were determined relative to a datum plane defined as the
bottom edge of a steel beam supporting a bridge crossing the river (Sites 3, and 4) or
the top of the iron rod installation (Site 2, Fig. 2). At Sites 3 and 4, d,’s were measured
from the bridges, simultaneous with d,,, and velocity measurements. At Site 2, physi-
cal separation of datum plane and stream cross section made simultaneous measure-
ments impossible (Fig. 2). Instead, cross sectional stream depths were determined
with a linear regression model constructed by relating occasional datum plane mea-
surements to Solinst water depth recordings: d; = d,, + dy—c4L,, —C5; Where d, is the
cross sectional stream depth from datum plane, d,, is the cross section water depth, dy
is distance between datum and Solinst Levelogger enclosure, L, is estimated distance
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between water surface and stream bed at Solinst Levelogger site. The coefficients c;
and ¢, were determined through linear regression (c{ = 1.0, ¢, = 0.2m). Modeled and
measured cross sectional stream depth correlated strongly (r = 1.0); hence, modeled
d, were used at Site 2.

Time-series of Q were retrieved from estimated true water level (L,,, determined as
the sum of a,, and L., measurements every 30 min corrected for jumps at data
downloading, Fig. 2) via empirical rating curves constructed from occasional in situ
measurements of Q. Empirical rating curves were derived by the typically used method
of fitting first-degree power functions to in situ Q and (L, — dy) at corresponding times
(e.g. WMO, 2010a), where d, is the water depth at zero discharge determined as
minimum L, (Site 2) or the lowest mode of L,, distribution (Sites 3 and 4). Defining
d, as the lowest mode of L, distribution effectively results in negative L, — d, values,
which can be interpreted as fluctuations cased by a noise in pressure measurements
at times with no discharge. Thus, derived discharge was set to zero at subzero L, —
dy values. Power function best-fit parameters were determined using the linear least
squares method. To fit the rating curve, 5, 17, and 16 discharge measurements were
used for Sites 2, 3 and 4, respectively. To improve the Site 2 rating curve, a sixth point
was added to represent peak conditions during the 31 August 2008 Jokulhlaup caused
by drainage of the ice dammed lake (Lake C) by matching the recorded maximum L,
(470cm) with an independent estimate of peak discharge (416m3 s‘1) from the ice
dammed lake at that day (Russell et al., 2011). Indeed, calculated Jokulhluap volume
(11.1 x 10° m®) is similar to volume estimates based on detailed survey (12.9 x 10° m®)
(Russell et al., 2011).

In addition to pressure, Solinst Levelogger instrument records ambient water tem-
peratures with a nominal precision of +0.05°C. These temperature time-series are
supplied for Sites 2, 3, and 4. A single year of lake water level and water temperature
observations were collected at Site 5 (Table 1) between 2 June 2007 and 19 August
2008. Barometric pressure was collected at Site 1 between 2 June 2007 and 21 August
2009 (Table 1).
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Discharge estimate uncertainty

Because of potential difficulties with making accurate and precise discharge estimates
in high-bedload proglacial rivers (Ashmore and Sauks, 2006; Smith et al., 1996), hy-
drologic measurements from such environments must be carefully examined and their
uncertainties quantified. Stability of d, were examined by determining the slope of
depth changes between June 2008 and August 2010 using linear regression analysis
at each measurement vertical. Statistical significance of these slopes was determined
with two-sided t-tests, at 0.1 significance level, testing the null hypothesis that these
slopes were statistically similar to zero. Thus, rejecting the null hypothesis implies
that d, changed between June 2008 and August 2010. While establishing significance
and magnitude of change, this trend analysis cannot provide insights into the cause of
depth changes.

Two sources of flow depth error that propagate uncertainty to derived discharge es-
timates are temporal changes in bed elevation, which may increase or decrease the
distance between the suspended pressure transducer and the channel floor (d,,,); and
human measurement error associated with d,, measurements in turbulent flow using
steel rods and tapes. Owing to high bedload transport rates in the proglacial zone,
changes in channel bed elevation are possible even in incised bedrock channels and
at bridge crossings (Ashmore and Sauks, 2006; Smith et al., 1996), thus introducing
irrevocable uncertainty to L, time series derived from continuously recorded water sur-
face elevation. Indeed, d, observations were variable, both interannually and within a
single field deployment. To examine the cause of this a one-way ANOVA analysis was
employed.

This ANOVA analysis tested the null hypothesis that mean d, at each vertical was
statistically similar during all field deployments. Separate ANOVA tests were applied
for each measurement vertical along the river cross section. Accepting the null hypoth-
esis suggests that d,’s were statistically similar over time, which implies that observed
temporal variability is due to measurement errors. This interpretation hinges on the
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assumptions that depth variability within each field deployment reflects measurement
uncertainty. This is a reasonable assumption given that field deployments were short
(<7 days) and no major flooding occurred that could change streambed morphology.
In theory, rejecting the null hypothesis would suggest that d,’s are changing between
field seasons due to temporal changes in bed elevation. In practice, however, reject-
ing the null hypothesis could also reflect measurement uncertainty, particularly at Site
2 where different measurement tapes and sounding reels were used each year and
where wind and stream flow conditions influenced the exact location of verticals. Ad-
ditionally, strong stream flow positively bias d,, measurements made with reels and
tape (WMO, 2010b). Thus, the ANOVA test outcome should be interpreted as follows:
(1) accepting the null hypothesis provides strong evidence for measurement errors, (2)
rejecting the null hypothesis is suggestive of bed elevation changes over time.

Discharge uncertainty was quantified by determining rating curves for upper and
lower discharge ranges, Q, and Q,, respectively. The least-squares method was used
to fit rating curve parameters to in situ discharge with added/subtracted maximum ab-
solute deviation from mean stream velocity when duplicate measurements were avail-
able (Sites 3 and 4 only) and upper/lower boundaries of “true” water depth. “True”
water depth boundaries were defined by the 90 % or greater confidence intervals of d,
measurements at each vertical. One of two methods was used to identify the “true”
depth range depending on the outcome of the ANOVA test described above. If the null
hypothesis was accepted at a 0.1 significance level, boundaries of true depth were de-
termined as the 90 % confidence interval around d, average using all field deployment
data. If the null hypothesis was rejected, boundaries of true depth were determined
as the maximum and minimum from upper and lower values of 90 % confidence inter-
vals calculated separately for each deployment. Confidence intervals were determined
using the t-distribution. In other words, this method produces narrower confidence in-
tervals when the null hypothesis is accepted than when it is rejected, reflecting the
greater certainty in streambed elevation when the hypothesis is accepted.
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4 Results

Even using “stable” channel cross sections, the surveyed d, collected at Sites, 2, 3
and 4 show considerable variability and significant trends during five field deployments
(June 2008, August 2008, June 2009, August 2009, and August 2010) (Fig. 3). Signifi-
cant changes in d,; over time are found in 59 %, 45 %, and 13 % of measured verticals at
2, 3, and 4, respectively (Fig. 3, top panel). The majority of these trends reflect increas-
ing channel depths over time. While the rate of channel deepening is generally slow
at Sites 3 and 4 (average absolute change is 6cm yr‘1), it can approach 50cm yr'1
at Site 2 (Fig. 3, middle panel). Deployment average d, vary, but observed temporal
data ranges at a cross section measurement verticals can be as much as 3.2m, 0.6 m,
1.4 m, at Sites 2, 3, and 4 (Fig. 3, lower panel).

This finding of changing streambed elevations over time reduces precision of de-
rived discharge time-series and thus requires further quantification. A majority of mea-
surement verticals along each stream cross section underwent changes in mean d,
between 2008 and 2010, verified by rejecting the null hypothesis of stable mean with
a one-way ANOVA test (Fig. 4, top panels). By letting envelopes of true d, vary ac-
cording to the outcome of ANOVA tests (Fig. 4, bottom panels), unstable measurement
verticals were given a greater range. Factoring in upper and lower ranges of true depth
in calculations increases/decreases in situ discharge by an average of 14 %, 47 %, and
25 % of its value at Sites 2, 3 and 4, respectively. In comparison, the associated in-
crease/decrease from factoring in velocity measurement deviation averages only 2 %,
and 0% of in situ discharge based on repeated measurements at Sites 3 and 4. The
ANOVA test was rejected in 74 %, 71 %, and 56 % of measurement verticals along
cross sections at Sites 2, 3, and 4. Had this test been rejected in the entire cross sec-
tion, discharge uncertainties would have been much larger (on average 22 %, 66 %,
and 36 % at Sites 2, 3, and 4) than if the test would have been accepted (on average
5%, 11 %, and 7 % at Sites 2, 3, and 4). Thus, ANOVA test outcomes allow a better-
constrained uncertainty estimates than if one of the two methods would have been
used exclusively.
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Empirical rating curves relating time-series of L, — d;, to discharge were constructed
using in situ discharge measurements from Sites spanning 2, 3, and 4 spanning 50 %,
45 %, and 65 % of observed above-zero L, —d, data range, respectively (Fig. 5). These
rating curves satisfactorily explain discharge variability (Table 2, associated with 99 %,
66 %, and 98 % of observed variance at Sites 2, 3 and 4). Most of L, — d; laying outside
the range covered by in situ discharge measurements occurred during winter low flow
conditions, especially at Sites 3 and 4 where installed pressure transducers provided
reliable data year-round. Only small fractions (0%, 7 % and 2 % for Sites 2, 3 and 4,
respectively) of observed water depths are greater than depths with the range covered
by in situ discharge measurements. Thus, rating curves describe the bulk of warm
season L, — d, range adequately, including during high-flow conditions.

Stream discharge at all sites displays strong seasonal variability, and interannual
variability that are robust within quantified uncertainty envelopes (Figs. 6, 7 and 8).
Daily stream temperature variability is generally low, except during very low flow at Site
4 when the sensor was exposed between 22 August-2 September and 9 September—
21 September in 2008, and between 6 September—4 October in 2009 (verified by com-
paring Levelogger temperatures with air temperatures). Some winter data retrievals for
Site 2 were discarded, owing to implausible pressure variations, at sub zero temper-
atures, attributed to river ice processes (Fig. 6). Winter discharge retrievals for Site
3 and 4 include minor perturbations, and large discharge anomalies near the end of
the year in 2008 and 2009 (only 2008 for Site 3). Discharge uncertainty is greatest
at Site 3 (median uncertainty 69 % of observed values for the lower range, and 169 %
of observed values for the upper range, Fig. 7). For Site 4, median lower and upper
uncertainty ranges are 76 % and 123 %, respectively (Fig. 8). The lowest uncertainty
is at Site 2, where median lower and upper uncertainty ranges are 91 % and 121 %
(Fig. 6).
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5 Discussion

When proper procedure and equipment are used, discharge uncertainty largely stems
from errors introduced during measurements of depth, width and velocity, and errors
introduced by the water level-discharge relationship (Sauer and Meyer, 1992). A fur-
ther complication is changing bed elevations over time, a phenomenon observed at all
three of our discharge monitoring, particularly at Site 2. In situ discharge uncertainties
due to depth errors associated with both measurements uncertainties and changing
depth are large (14—-47 %), while velocity uncertainties are small (0—2 %). Root mean
square errors of rating curves are 2.0, 0.3, and 0.86 m3s~, which corresponds to 12 %,
17 %, 7 % of median discharge between day 166 and 227 (15 June—15 August in non-
leap years) at Sites 2, 3, and 4, respectively (Table 2). Thus, errors associated with
stream depth measurements and change propagate largest uncertainties to discharge
retrievals.

Specialized techniques are needed to determine discharge during winter ice condi-
tions (Pelletier, 1990; WMO, 2010a, 2010b). These techniques are not applied here
because they require in situ measurements to be collected in winter, whereas all of our
field deployments were in summer. However, while majority of discharge at subzero
stream temperatures have been discarded for Site 2, they are retained in the database
for Sites 3 and 4. Shallow stream depths at these two locations suggest that these
streams are completely frozen during winter. During that time, L,, fluctuations can be
considered background noise due to atmospheric conditions. Exceptions are two/one
large L, anomalies sustained for several days at Sites 3/4, exceeding background L,
noise, which suggest the possibility of occasional water discharge events at these sites
even during winter; however further analysis is needed to confirm this. Because dis-
charge retrievals from wintertime L, fluctuations are highly uncertain, these data are
provided as is without upper and lower data range constraints.

Flow depth uncertainties are associated with both ongoing temporal changes in
streambed morphology and in situ measurement errors during field deployments. The
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latter is present across the entire width of the channel cross-section, and the former
influences 74 %, 71 %, and 56 % of verticals in cross-sections of Sites 2, 3, and 4,
respectively (Fig. 4). It is difficult to separate these two sources of depth uncertainty;
however, streambed elevation measurements are positively biased during periods of
strong flow suggesting that human measurement errors and drift in depth measurement
devices may be a greater source of uncertainty than changing streambed elevations.
Strong flows compromising in situ depth measurements were particularly pronounced
during the 2010 field deployments at Site 2. Also, replicated depth measurements
suggest that even small variations in horizontal position can result in large variations
in vertical depth depending on the exact positioning of the rod end on abundant large
cobbles (~0.2—1.0 m in diameter) present on the streambed.

Water level-discharge rating curves constructed using measurements during within-
bank conditions become invalid during extreme floods, if flows overtop the riverbanks
to spill into the surrounding floodplain. Although erosion marks suggest that this type
of overflow has previously occurred at Site 2, all L,,’s recorded during 2008—-2010 were
well below bankfull (~5—6 m). At Sites 3 and 4, the rating curve becomes invalid when
flow overtops the bridge bottom. By identifying linear relationships between L,, and
distance from bridge bottom to water surface at Sites 3and 4, L, of 140 cm and 120 cm,
respectively, was found to coincide with the upper detectable limit of discharge. Such
water levels were never exceed at Site 3, and only exceeded in 4 % of L,, observations
at Site 4 during the study period.

6 Conclusions

Here, half-hourly hydrologic datasets of water level, temperature, and derived dis-
charge are presented for proglacial streams and lakes draining the Greenland ice sheet
near Kangerlussuag. The dataset adds to a small collection of hydrologic datasets for
Greenland, which are particularly rare for streams and rivers draining the ice sheet near
its margin. Encountered limitations associated with turbulent water flow, high sediment
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bedloads, and ice were mitigated through quantitative error assessment. The result-
ing dataset is valuable for providing new insights into riverine conditions in the South-
west Greenland proglacial environment, the response of Greenland ice sheet melt-
water runoff to climate variables, and possibly improved understanding of hydrologic
processes operating within the ice sheet itself. Ongoing data collections at these sites
are planned so that this dataset eventually can be extended further.
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Table 1. Study sites and dataset variables. Dataset variables are: surface pressure (p,), total
pressure measured with solinst levelogger in stream, (p,), water pressure (p,,), uncorrected
water level (L,,_,), water level (L), water temperature (T), discharge (@), upper range of
discharge (@,), and lower range of discharge (Q,). Dataset also contain ags when dataset
were augmented during data gaps.

Site  Full site name Latitude Longitude Elevation (m) Measured parameters DOI

1 AK-001-001 67.078031 -50.276525 150 Ps doi:10.1594/PANGAEA.762816
2 AK-002-001 67.132282 -50.138113 340 Pt Pus Ly—wer Lwn T, Q, Q, @, doi:10.1594/PANGAEA.762817
2 AK-002-002 67.131681 -50.137597 340 Ps doi:10.1594/PANGAEA.762890
3 AK-003-001 67.143023 -50.122732 340 Pt Pus Ly—ver Lun T, Q, Q, @, doi:10.1594/PANGAEA.762895
4 AK-004-001 67.146558 -50.106616 340 Pi Pws Lu—wes Lws T, Q, Q, Q  doi:10.1594/PANGAEA.762897
5 AK-005-001 67.149556 -50.125860 340 Pt Pus L doi:10.1594/PANGAEA.762898
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Table 2. Model parameters and diagnostics for discharge rating curves. Rating curves are
parameterized as rst degree power functions: Q =C(L,, —do)ﬁ, where Q is discharge, C is
a multiplier, L, is water level at levelogger installation, d, is estimated water depth at zero
discharge, and g is the exponent.

Site C B R? RMSE Datapoints
2 6.1x107" 3.4 0.99 2.0 7
3 6.5x107° 2.7 0.66 0.3 17
4 0.27 0.8716 0.81 0.81 16
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Fig. 1. Map of site locations in the proglacial environment, insets of Greenland map with study
area (upper left corner), and inset of map with watershed boundaries upstream Sites 2, 3 and 4
(lower right corner). The Akuliarusiarsuup Kuua River’s northern tributary, upstream proglacial
lakes, streams, and monitoring sites (light gray) were manually digitized from a Landsat 7 ETM+
image from 23 August 2000 (also map background). Ice sheet appears white, land gray, and
lakes are dark or grey.
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Stream cross section

Measurement verticals
12 4 6 7 8 9101112 13 1415161718 1920 21

Datum plan

Levelogger
installation

Fig. 2. Schematic figure showing installation at Site 2. A Solinst Levelogger is installed in
a perforated steel box attached to an iron rod bolted to bedrock (foreground) where the top
of the iron rod defines the datum plane. The distance from datum to Levelogger is denoted
dy, estimated true distance from stream bed to water surface, also referred to as water level,
is denoted L, distance from Levelogger to streambed is denoted d,,.,, and uncorrected water
level recorded by Leveloggers, L., is distance from Levelogger to time varying water surface.
Upstream of Levelogger installation (30 m) is the stream cross section where in situ discharge
measurements are conducted using 21 measurement verticals (background). At each vertical,
measurements are made of water depth (d,,) and stream velocity at 0.6 d,,. Distance from
streambed to datum plane is also estimated for each vertical (d,). Lengths of d, and d,, are
illustrated for interval 16 and 18 respectively, but are measured for all verticals 1 to 21. Instal-
lation setups at Sites 3 and 4 are the same, except that the datum plane is defined by a bridge,
31 or 16 verticals were used, and the Levelogger installation are in closer proximity (1-3m) to
measurement verticals.
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Fig. 3. Streambed elevation changes and measurement variability as a function of distance
to left/right stream bank along cross sections. Top panels show outcome of t-test at each
measurement vertical (gray shaded region indicate rejected null hypothesis of no streambed
changes, and thus indicate significant change). Middle panels show streambed changes over
time at each vertical in cross sections determined with linear regression model. Bottom panels
show envelope of all d, measurements (gray), and mean d, in field deployments (black). The
t-test was rejected in 59 %, 45 %, and 13 % of verticals at Sites 2, 3, and 4 suggesting that
changing streambed elevation introduces uncertainty to derived discharge estimates.
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Fig. 4. Streambed elevation stability analysis with uncertainty envelopes of true d,, as a function
of distance to left/right stream bank along cross sections. Top panels show outcome of one-
way ANOVA testing stability of each measurement point along each stream cross section (gray
shaded region indicate rejected null hypothesis, and thus an indicate unstable stream bed).
Bottom panels show average d, (solid black line), and the envelope between upper and lower
range of true d, (gray shaded). One-way ANOVA tests were rejected in majority of cross section
lengths (74 %, 71 %, and 56 % at Sites 2, 3, and 4) suggesting changing streambed elevation
here.
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Fig. 5. Probability distribution of water levels (L,, — dy) determined with kernel density functions
(top panels). Discharge rating curves (solid black line), including observations (black points)
and determined uncertainty range based on depth and velocity uncertainties (gray shaded)
(bottom panels). The extreme discharge estimate at maximum L, —d, observed at Site 2
on 31 August 2008 is not shown. L, —d, associated with minimum and maximum in situ
discharge observations contained 50 %, 45 %, and 65 % of observed above-zero L, — d,, and
rating curves explained 99 %, 66 % and 98 % of in situ discharge variability at Sites 2, 3, and 4;
rating curves and derived discharge can therefore be considered adequately representative of
true conditions at these sites.
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Fig. 6. Site 2 (AK-002-001) time-series of retrieved discharge and measured water temperature
every 30 min (black lines). Upper and lower ranges of discharge retrievals are shown in grey.
Majority of wintertime discharge was not calculated at Site 2 due to unrealistic Levelogger
recordings at subzero temperatures at this site. Wintertime stream temperatures were also
removed as they were controlled by interannual variability in river ice thickness rather than
water temperatures.
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Fig. 8. Site 4 (AK-004-001) time-series, same as in Fig. 7.
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