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ABSTRACT. Supraglacial channels constitute an important part of the
glacial hydrological system, both by influencing surface energy exchange as
well as routing meltwater to eventually feed en- and subglacial drainage
systems. Subglacial systems have received considerable scientific interest, but
specific studies of supraglacial channels are sparse. This limited scientific
understanding represents a missing link between meltwater generation and
en/subglacial hydraulics; among others it poses a problem for constraining and
validating glacier hydrological models. In this study, we utilize drifters carrying
a navigation system to obtain the spatial and temporal evolution of the water
velocity along a supraglacial channel on Austre Brgggerbreen (Svalbard). This
velocity is then used to compute melt rates of the channel walls and to
estimate the discharge in the channel. We further present, to our knowledge,
the first dataset of the spatio-temporal evolution of the water acceleration

in the channel. The highest accelerations occur at the location of step-pool
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sequences and peaks in the acceleration signal can already be seen before the
step-pool sequences have developed in the channel. We therefore conclude that

water acceleration can be used to predict where step-pool sequences will form.

INTRODUCTION

Supraglacial streams and rivers play an important role in the transport of meltwater and energy along
the surfaces of glaciers and ice sheets. They also deliver meltwater into moulins, feed en- and subglacial
systems and thus influence glacier sliding at the ice base (e.g. Rippin and others, 2015; Gleason and others,
2016; Smith and others, 2017; Decaux and others, 2019; Pitcher and Smith, 2019) by changing the ice-bed
coupling (Iken and Bindschadler, 1986; Boulton and Hindmarsh, 1987; Mair and others, 2002). Surface
water reaching the glacier bed has been shown to influence its thermal regime (Alexander and others,
2020b). Cryo-hydrologic warming (Phillips and others, 2010, 2013) from refreezing surface meltwater is
further discussed in connection with large scale glacier instabilities (Dunse and others, 2015; Willis and
others, 2018). Surface water is not only transported into subsurface hydrological systems, but also routed
along the surface to downstream ecosystems (e.g. Nienow and others, 2017). Given the obvious importance
of supraglacial channels, it comes as a surprise that our knowledge of these highly dynamic systems is still

limited.

The cross-section of supraglacial channels ranges from a few centimeters to tens of meters in depth and
width (Germain and Moorman, 2016). Channels transport meltwater to the glacier margins, into moulins
or supraglacial lakes (Germain and Moorman, 2016). The appearance of supraglacial channels is primarily
controlled by surface topography (Yang and others, 2016) and their planform morphology is influenced by
the relationship between the channel incision and overall ice ablation rates (Jarosch and Gudmundsson,
2012; Karlstrom and others, 2013). The channel planforms are observed to develop meanders, thereby
enhancing heat production and heat transfer to the surrounding ice at bend apexes (Karlstrom and others,
2013) with the energy dissipation inside the channel being controlled by the surface melt (Mantelli and
others, 2015). The incision rates of channels into the ice depend on the water velocity as well as water
temperature (Isenko and others, 2005). Higher discharges or steeper slopes lead to faster incision and
higher sinuosity (Germain and Moorman, 2019), as higher discharge is accommodated by increased velocity

and steeper water surface slopes lead to higher velocities (Gleason and others, 2016). Recent work by
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Germain and Moorman (2016) suggests, that the development of step-pool sequences and hence pulsating

flow is linked to the helical flow around the meander bends and not to high discharge as previously thought.

Pitcher and Smith (2019) identified in situ monitoring of supraglacial streams and rivers as a research
frontier to validate climate-based meltwater runoff models and ultimately improve the estimates of future
eustatic sea level changes. They further highlight that more field observations of channel incision rates
are needed to calibrate incision models (Pitcher and Smith, 2019) and thus project the formation and
evolution of supra- and englacial channels (e.g. Jarosch and Gudmundsson, 2012), as well as subglacial

systems (e.g. Gulley and others, 2009).

Most recent studies of the supraglacial system employ remote sensing to focus on the Greenland Ice
Sheet (GrIS) (e.g. Legleiter and others, 2014; Smith and others, 2015; Yang and others, 2015, 2016).
Satellite based water velocity measurements of rivers have, however, so far only been shown for ice covered
rivers during break-up of the ice cover (Kadb and others, 2019). A few studies focusing on local hydraulics
of supraglacial channels have been undertaken in recent years (e.g. Gleason and others, 2016; Germain and
Moorman, 2016, 2019). Gleason and others (2016) present detailed hydraulic measurements of the GrIS.
Their measurements are, however, limited to manual measurements at selected investigation sites. Full
understanding of the supraglacial system requires measuring the spatial distribution of flow parameters

over the whole flow path instead of only at selected sites.

In Alexander and others (2020a), we presented a drifter platform, which is able to log acceleration
data along the flow path of a supraglacial channel and estimate the velocity by integrating the
acceleration measurements. We also presented the acceleration distribution along a supraglacial channel.
Our measurements had, however, the disadvantage of lacking spatial reference. Linking the channel
morphology to the velocity and acceleration fields proved therefore difficult. Here we overcome this
challenge with a new global navigation satellite systems (GNSS) enabled drifter platform. By integrating
a GNNS receiver into our drifter we are able to not only measure accelerations, but also directly
receive information about position and displacement. We used this platform to conduct repeated field
measurements over an approximately 500 m long supraglacial channel section on Austre Brgggerbreen

(Svalbard) and present the spatial and temporal distribution of continuous acceleration and velocity
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‘water acceleration” as the spatial and temporal

85 records along the channel. Here, we define the term °
86 average of repeated field measurements of the surface water motion using the satellite positioning
87 drifters. We further use our measurements to calculate spatial and temporal variations of ice wall melt
g8 along the channel and utilize Markov Chain - Monte Carlo (MCMC) analysis to estimate the channel
890 discharge. Finally, we use this dataset to compare it with the morphological evolution of the channel and

90 show how water acceleration can be used to predict the formation of step-pool sequences along the channel.

91

2 METHODS
03 Surface drifters

94 The 0.35kg multimodal drifter (fig. 1) is buoyant and consists of a 0.25m diameter foam floater disk
95 surrounding a waterproof box. This box houses two rechargeable lithium batteries (type 18650, 3.7V,
96 3600mA h) to power a custom-built printed circuit board, hosting a Bosch BNOO055 inertial measurement
97 unit (IMU) and a NEO-M8T GNSS receiver. The latter records the x, y, z locations (EPSG: 4326, static
98 positioning accuracy of £3m in x and y, =10m in z) as well as the drifter velocity. The IMU measures
99 three components of the acceleration vector (ms~2), magnetic field intensity (mT) and rate of rotation
100 (°s~!). Static positioning accuracy of the GNSS was estimated by comparing the static positions of the
101 indivdual drifters at the study site as they laid side-by-side over 15 minutes. Data were logged to a 8 GB

102 microSD card at a sampling rate of 5 Hz and stored as a delimeted text file.

103 Field site and deployments

104 The Svalbard archipelago is located between 74° and 80°N and between 10° and 35°E. The annual air
105 temperature was —5.9°C between 1971 and 2000 with 196 mm annual precipitation in the same time
106 period at Svalbard airport (central Svalbard) (Hanssen-Bauer and others, 2019). About 59% of the land
107 surface is covered by glaciers (Nuth and others, 2013). The study glacier Austre-Brgggerbreen (78°54'N,
108 11°49’E) is a small, approximately 6 km? glacier located on a north facing slope of the Brggger Pensinsula
109 close to the research settlement Ny-Alesund (fig. 2). The glacier extends from roughly 80 to 600 m above
110 sea level (a.s.l.) and has been rapidly down-wasting over the last years (Pope and others, 2007; Barrand
111 and others, 2010). The glacier has a network of several deeply incised supraglacial channels (e.g. Hagen and

112 others, 1991). The studied supraglacial stream occupies a persistent channel located on the northeastern
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1: LCD screen 2: microSD module 3: GNSS antenna 4: Power controller
5: Microcontroller 6: u-blox m8T (GNSS module) 7: IMU 8: IP68-cover
9: Buoyant floater

Fig. 1. The surface drifter measurement device: a) Front side of the custom-built PCB, including LCD screen, SD
storage, GNSS antenna and power controller. b) Back side of the PCB with microcontroller, GNSS module and
IMU. ¢) Waterproof housing with transparent top cover. d) Foam floater disk with blank space to contain the drifter

housing.

113 side of the glacier.

114

115 At the start of the fieldwork on 30.06.2019 the channel was still mainly snow covered and three step-pool
116 sequences visible. At the end of the fieldwork on 04.07.2019, the channel was completely snow free and
117 about 500 meters long with six clearly developed step-pool sequences in the lower part. We manually
118 deployed the drifters on three different days (30.06 with a deployment number n=23, 02.07 with n=26,
119 04.07 with n=13), dropping them into the channel at the highest possible location where the water
120 velocities were high enough to already transport the drifters (see fig. 2c and 3a,b). The drifter transects
121 became therefore longer each day as the snow melted and the channel developed. To recover the drifters, a
122 marine fishing net was temporarily installed at the end of the channel (black square in figure 2 and figure
123 3c), a few meters upstream of a 2m high drop at the junction with a lateral channel. Two HOBO water
124 level loggers were installed during the fieldwork: The first (U20-001-02, Onset Computer Corp., USA) was
125 installed behind the recovery net in front of the drop (installed on the evening of the 30th of June) and
126 the second (U20L-02, Onset Computer Corp., USA) was installed further downstream at the outlet of an

127 englacial channel (brown circle in fig. 2c¢). The raw pressure accuracy was + 0.3% FS with a maximum
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Fig. 2. The location of the study site on the Svalbard archipelago. b) Location of the supraglacial channel on Austre
Brgggerbreen. ¢) The studied supraglacial channel with deployment points on the different field days (green triangle,
purple circle, red star), recovery point (black square) and indicated flow direction. Further shown is the location of
a second water level logger further downstream (brown circle). Background images: Planet scope from 09.07.2019

(Team Planet, 2017).

128 error of 1.20kPa. Both loggers had a rated temperature accuracy of +0.44°C from 0°C to 50°C, and a
120 drift of 0.1°Ca~?.

130

131 We used MATLAB R2018B to process all data. The data were filtered for outliers in an initial step,
132 based on the horizontal position accuracy of the GNSS signals (filter criteria: > 3 m horizontal position
133 accuracy). Afterwards, additional outliers, which were more than 5m away from the main track, were
134 removed manually and the offset of the timestamp was cut to obtain time after deployment. The coordinates
135 were then transformed into a Cartesian system (ETRS89 UTM 33 north). In a next step the x- and y-

136 coordinates were downsampled to a 2m spacing using Gaussian scale space (Behrens and others, 2018).
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Fig. 3. Pictures from the field deployments. Blue arrows mark the flow direction. a) Deployment point on 30.06.2019
b) Deployment point on 04.07.2019 ¢) Recovery point on 02.07.2019 d) Slush flows in the upper part of the supraglacial
channel on 02.07.2019 e) Lower part of the channel on 04.07.2019 with step-pool sequences S4-6. F) Lower part of

the channel on 30.06.2019.

137 Once downsampled, the coordinates were converted to a channel-fitted coordinate system (Legleiter and
138 Kyriakidis, 2006; Tuhtan and others, 2020). The along stream coordinates were then aligned using Dynamic
139 Time Warping Barycenter Averaging (DBA) (Petitjean and others, 2011, 2014; Forestier and others, 2017)
140 for each deployment date (30.06: n=23, 02.07: n=26, 04.07: n=13). The path matrix of the DBA alignment
141 was exported separately.

142 The IMU data was converted to the Earth reference frame and then aligned using the path matrix of the
143 DBA alignment of the along stream coordinates. Velocities were aligned similarly, using the path matrix
144 as well. In a final step, mean values and 95% confidence intervals (CI) were calculated for each day based
145 on the aligned datasets and the data smoothed using moving mean filters (2.4 s window length). The whole

146 processing workflow is also shown in figure 4.
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Fig. 4. Overview of the data processing workflow.

147 Calculation of ice melt rates

148 Following Isenko and others (2005) we calculated the ice melt rates along the supraglacial channel:

B
dr 94 BYar (1)
dt qp;

149 with r being the radius of a semi-circular channel cross-section, % being the ice melt rate for an open flow
150 channel, B a parameter for turbulent flow at 0 °C, v the water velocity along the channel, ¢ the latent heat
151 of melting for ice, p; the density of ice and AT the temperature difference between the ice temperature at
152 the channel walls and the water. We assumed the recorded velocities of the drifters to equal the actual water
153 velocities v. It is, however, likely that the real water velocities might have been higher, than the obtained
154 velocities from the drifters. The water temperature was recorded with a HOBO water level logger inside the
155 supraglacial channel. The recorded temperature of —0.1°C seemed, however, unlikely under atmospheric
156 conditions. A second HOBO water level logger was located further downstream (orange circle in fig. 2c).
157 This logger recorded a constant water temperature of 0.01 °C. Both recorded values were, however, exposed
158 to a high uncertainty rating of the temperature sensor of £0.44 °C. We therefore assumed a constant water

159 temperature of 0.01 °C, which is a likely value for freshly produced meltwater with ice pieces still inside. We
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Table 1. Used parameters and numerical values for the calculation of the ice melt rate along the channel following

Isenko and others (2005)

Parameter Value
Ice density pi = 900kgm ™3
Latent heat of melting q=3.35x10% Jkg~!

Factor for turbulent flow at 0°C B =2.64 x 103 Jm 3 K~}
Temperature difference AT =0.01°C

Velocity Measured

160 further assumed the ice at the channels walls to be at the pressure melting point, resulting in an assumed
161 constant temperature difference of 0.01 °C. The other used numerical values necessary for equation 1 can

162 be found in table 1.

13 MARKOV CHAIN - MONTE CARLO ANALYSIS OF DISCHARGE

164 Markov Chain - Monte Carlo (MCMC) analysis was used to estimate the discharge in the channel. For this
165 we calculated the cross-sectional flow area following the equation from Neal and others (2015):

A:wd(1—1>, (2)

s+1

166 where w is the channel width (27 in case of a semi-circular cross-section), d the water depth in the channel
167 and s a geometry factor accounting for the cross-sectional shape of the channel. This geometry factor can
168 take any value larger than 0. A value of s = 1 will produce a triangle, s = 2 a parabolic channel and larger
169 values of s will result in concave channels and for s — oo, it describes a rectangular cross-section Neal and
170 others (2015). We choose a mean value of s = 6 (table 2) as this geometry was most representative for the
171 channel cross-sections encountered in the field. Once the cross-sectional flow area is known, the discharge

172 (@ can be derived from

Q= Av, (3)

173 where v is the cross-sectional mean water velocity. For the mean water velocities, the average and standard
174 deviation of the drifter recorded velocities of the last 226 m of the channel were calculated for each day. As
175 none of the other required parameters were measured in the field, we estimated them from pictures and
176 videos taken during the fieldwork. Estimated mean and standard deviations have been used in a Monte

177 Carlo scheme (n=100000) to assess the related uncertainty range (table 2).
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Table 2. Used parameters and statistical distribution for the MCMC analysis with 100 000 runs. The given parameters

are all estimated based on field pictures and videos. A Gaussian distribution is assumed for all values

Parameter Mean value Standard deviation
Channel width w 0.4m 0.1m
Channel depth d 0.1m 0.03m
Geometry factor s 6 2

Velocity v Measured Measured

17e RESULTS
179 Hydro-meteorological conditions

180 Figure 5 shows the hydro-meteorological conditions during the study period, starting with the
181 measurements in the evening on the 30th of June when the HOBO water level logger was installed in
182 the supraglacial channel. The temperature data recorded at the Ny-Alesund weather station (available via
183 the Norwegian meteorological service) show peak temperatures between 1st and 2nd of July. This has led
184 to the initiation of the main snow melt in 2019. High discharge in the proglacial river inhibited access to
185 the study site on the 1st of July. The use of the fishing net for drifter recovery led to water damming due
186 to ice accumulation in the net. This damming resulted in a water level drop downstream of the net, where
187 the stage gauge was located (fig. 5b). Another discharge peak, due to spiking air temperatures, took place

188 on the last study day on the 4th of July.

189 Velocities

100 Our results show velocities between 1 and 3ms~! with the highest velocities at the lower section of the
191 channel (fig. 6-9). Statistical analysis of the last 226 m of the channel section, measured on all three field
192 days, resulted in mean values of 1.94ms™! (30.06), 2.14ms~! (02.07) and 1.85ms~! (04.07). The standard
193 deviations were 0.32ms~! (30.06), 0.50ms~! (02.07) and 0.26 ms~! (04.07). All values are also shown in
194 table 3. This shows an increase of velocities with increasing air temperature (discharge). The velocities
195 are generally not evenly distributed along the channel but rather follow prominent shapes (fig. 6-9), which
196 can be related to the morphology of the channel with peak velocities around meander bends and step-pool
197 sequences. These shapes become also more pronounced with increasing discharge (visible in the higher

108 standard deviation).
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Fig. 5. Hydro-meteorological conditions during the study period. A) Recorded air temperature in Ny-Alesund. B)

Recorded water pressure and water temperature in the studied supraglacial channel.

199 Accelerations

200 Acceleration magnitudes are mostly between 3 and 7ms~? along the flow path with peaks up to 8 ms—?2
201 (fig. 6-9). Clearly visible peaks in the lower section of the channel are related to step-pool sequences (fig.
202 6-9), where the maximum acceleration occurs at the edge of the step in a step-pool sequence (Alexander
203 and others, 2020a). The mean values of the acceleration magnitude (see table 3) show a trend towards
204 higher accelerations as the channel develops and the morphological features, such as step-pool sequences,

205 meanders and chutes, become more pronounced.

206 Ice melt rates

207 Ice melt rates are calculated, assuming water temperature of 0.01°C. The resulting ice melt rates follow

208 the same distribution as the velocities (fig. 9), due to the direct proportionality in equation 1. The derived
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Fig. 6. Channel geometry with velocities and accelerations on 30.06.2019 (n=23). All data is plotted using a 2.4s
MovMean filter. A) Local coordinate system (based on the deployment point on 4th of July) with recorded velocities.
The locations of step-pool sequences S1-S6 are indicated on the map as well. B) Mean velocity distribution along the
channel transect with 95% confidence interval (CI). C) Local coordinate system with recorded absolute acceleration

mean values. D) Mean absolute acceleration distribution along the channel transect with 95% CI.

ice melt rates are mostly in the range between 1 and 3 cm per day. The highest ice melt rates occur around
step-pool sequences and shortly before the turn at meander bends. The ice melt rates increase with the

discharge and as such vary greatly over time and space (see table 3).

Discharge

The calculated discharge of 0.06m?s~! (30.06 and 04.07) and 0.07m?s~! (02.07) is rather low (fig. 10),
being in good accordance with the small size of the investigated channel. The simulations have, however,
very high uncertainties resulting from the estimation of the input parameters. The uncertainty, given in

the 95% CI (see table 3), can reach up to £50% of the simulated mean value for the discharge.
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Fig. 7. Channel geometry with velocities and accelerations on 02.07.2019 (n=26). All data is plotted using a 2.4s
MovMean filter. A) Local coordinate system (based on the deployment point on 4th of July) with recorded velocities.
The locations of step-pool sequences S1-S6 are indicated on the map as well. B) Mean velocity distribution along the
channel transect with 95% confidence interval (CI). C) Local coordinate system with recorded absolute acceleration

mean values. D) Mean absolute acceleration distribution along the channel transect with 95% CI.

Table 3. Mean values and standard deviations (std) of velocity, absolute acceleration and computed ice melt rate for
the last 226 m of the channel for all three field days: 30.06.2019 (n=23), 02.07.2019 (n=26) and 04.07.2019 (n=13).

Additionally reported are the mean discharge values of the MCMC analysis (n=100000) with 95% CI

30.06 02.07 04.07
Parameter Mean Std Mean Std Mean Std
Velocity (ms™!) 1.94 0.32 2.14 0.50 1.85 0.26
Acceleration (ms~?) 4.43 1.12 4.61 1.28 4.84 1.24
Ice melt rate (emd™1)  1.82 0.30 2.01 0.47 1.74 0.24

Discharge (m®s™!) 0.06  0.04-0.09 CI  0.07 0.04-0.10 CI ~ 0.06  0.04-0.09 CI
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Fig. 8. Channel geometry with velocities and accelerations on 04.07.2019 (n=13). All data is plotted using a 2.4s
MovMean filter. A) Local coordinate system (based on the deployment point on 4th of July) with recorded velocities.
The locations of step-pool sequences S1-S6 are indicated on the map as well. B) Mean velocity distribution along the
channel transect with 95% confidence interval (CI). C) Local coordinate system with recorded absolute acceleration

mean values. D) Mean absolute acceleration distribution along the channel transect with 95% CI.

217 DISCUSSION

218 Using GNSS enabled surface drifters allows to quickly map hydraulic variables along supraglacial channels,
219 thereby having a clear advantage over point measurements or approaches that provide spatially-integrated
220 information, such as dye tracing. The drifters capture the spatial distribution of velocities, revealing a more
221 diverse picture than it is possible with point measurements. Compared to spatially-integrating approaches
222 (e.g. dye-tracing) a lot more information can be obtained. In comparison to mean values, which could also
223 be obtained using with dye-tracing, local velocities can be up to 50% higher. This is of relevance when
224 comnsidering ice melt rates and trying to model the evolution of the supraglacial channel towards en- and

225 subglacial drainage systems. An approach based on mean velocities, as obtained by dye-tracing, would
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Fig. 9. Mean values of velocity, absolute acceleration and calculated ice melt rate along the channel transects
compared for the study period. All data are plotted using a 2.4s MovMean filter. A) Recorded mean velocities on
30.06.2019 (n=23), 02.07.2019 (n=26) and 04.07.2019 (n=13) along the channel transect with step-pool sequences
S1-S6 marked with grey boxes. Further shown is the derived ice melt rate along the transect. B) Recorded absolute

mean accelerations along the channel transect.

226 lead to a uniform incision rate of the channel and result in a poor representation of reality.

227

228 The calculation of ice melt rates, based on drifter derived velocities, shows good accordance with field
229 measurements from other studies that were between 2 and 5.8cmd ™! (e.g. Marston, 1983). McGrath and
230 others (2011) additionally reported some more recent measurements from a small supraglacial channel
231 on the GrIS. The mean incision rate was thereby 3.30 £0.47cmd ™! (McGrath and others, 2011). Our
232 computed ice melt rates are non-uniformly distributed along the channel with the highest values in the
233 lower section of the channel around meander bends, chutes and step-pool sequences, where the surface

234 slope and therefore the water velocities are highest. This follows the direct proportionality between ice melt
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Fig. 10. MCMC analysis (n=100000) to obtain the discharge on the three observation days. Gaussian distribution
of A) the estimated channel width, B) the estimated channel depth and C) the estimated geometry factor s.
The measured average velocity with standard deviation of the last 226 m served as base to assess the combined
uncertainty: D) velocity distribution on 30.06.2019, E) velocity distribution on 02.07.2019 and F) velocity distribution
on 04.07.2019. Resulting statistical distributions for the derived discharge: G) 30.06.2019, H) 02.07.2019 and I)

04.07.2019.

235 rate and velocity from equation 1. Expectedly, ice melt rates also increase over time as the discharge goes up.
236

237 However, our zones of highest ice melt rates do not match the zones, where the highest melt rates would
238 be expected following other field studies. Both Vatne and Irvine-Fynn (2016) and Kamintzis and others
239 (2019) show that the highest ice melt rates occur at the bottom of step-risers, before the plunge pool
240 begins. Our results likely do not match these observations as we only take kinetic energy into account, by
241 keeping the water temperature constant. In the case of step-pool sequences, additional potential energy

242 dissipation needs to be considered. The potential energy is dissipated by increasing the water temperature,
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243 followed by the rapid return to the equilibrium temperature within the plunge pool (Isenko and others,
244 2005). Secondary circulation (Venditti and others, 2014) at the end of the plunge pool further reduces
245 the heat energy rapidly (Vatne and Irvine-Fynn, 2016). This in turn leads to additional high ice melt
246 rate within the plunge pool and is not taken into account by our velocity based approach as we keep the
247 water temperature at a constant level. It needs to be further emphasized that our derived ice melt rates
248 are exposed to high uncertainty. We have assumed a constant temperature difference of 0.01 °C between
249 ice and water. We have, however, not measured the ice temperature in the field and the measured water
250 temperature is outside the accuracy rating of the used water level logger, leading to a high expected
251 uncertainty. Utilizing the expected temperature for ice water, the uncertainty can, however, be reduced.
252 An accurate mapping of the spatial ice melt rate distribution along supraglacial channels with drifters will,
253 however, require additional temperature sensing capabilities, as well as further field studies to validate the
254 calculations with field measurements of actually occurring ice melt rates.

255

256 The calculated discharge is with mean values of 0.06m?s™! to 0.07m3s™!

in a good accordance
257 with other discharge values reported for smaller streams in the scientific literature. Gleason and
258 others (2016) reported 0.006m3s~! to 0.402m3s~! for small streams on the GrlIS, Marston (1983)
259 measured 0.04m3s™! to 0.20m3s™! on the Juneau Icefield (Alaska), Schuler and others (2004) reported
260 0.05m3s™! to 0.4m3s™! at Unteraargletscher (Swiss Alps) and McGrath and others (2011) showed
261 discharge values of 0.017m3s™! to 0.54m>?s™! for a small supraglacial stream feeding into a moulin
262 on the GrIS. The uncertainties of our method are, however, very high and can account for up to 50%
263 of the estimated value. This shows that our approach can be used to obtain a first estimate of the
264 discharge, especially in cases where available field measurements are limited. A more precise estimation
265 will, however, need further constraints of the input parameters. This could for example be done with
266 remote sensing derived measurements of channel width and water depth in case of larger supraglacial rivers.
267

268 Mapping of the accelerations confirms the observations already made by Alexander and others (2020a).
269 Clear and pronounced signal peaks in the acceleration data mark the occurrence of meander-bends and
270 step-pools sequences with the latter being pronounced more clearly. Further on, table 3 shows that the
271 water accelerations increase, as the channel develops. The accelerations are thereby increasing despite

272 decreasing discharge. We explain this by the morphological development of the channel towards higher
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273 accelerations and decelerations of the water with more pronounced morphology. At the start of the field
274 experiment, the channel was not fully developed yet. Over the preceding days the channel was cleared
275 from any remaining slush and the high discharge during the peak melt period (1st and 2nd of July) led
276 to high velocities. This resulted in high ice melt rates and therefore the morphological development of
277 the channel. As a result, the water was accelerated and decelerated more and the absolute acceleration
278 of the water increased, mainly due to the development of more pronounced meander bends and step-
279 pool sequences. We speculate that this trend of increasing water accelerations continues throughout the
280 melt-season, topping towards the late-melt season, shortly before the discharge finally drops to lower levels.
281

282 At the start of the fieldwork (30.06) only three step-pool sequences existed in the lower section of
283 the channel (last 226 m). These were S1, S3, and S6. Two days later on the 2nd of July two additional
284 step-pool sequences had developed (S2, S4), followed by the development of S5 by the 4th of July. Even
285 though the step-pool sequences were not visually detectable in the channel on the first day of the fieldwork,
286 their signature can already be seen in the acceleration records (fig. 9). With exception for S5, all other
287 step-pool sequences show already clear and pronounced peaks in the acceleration data on the 30th of June.
288 We therefore suggest that accelerations can be used to predict the morphological evolution of supraglacial
289 channels. Zones of abrupt and rapid changes in acceleration, will lead to rapid changes in velocity and
200 hence also ice melt. This results in enhanced melt around zones of abrupt and large acceleration changes
201 and thus the development of pronounced channel morphology. This is also in agreement with observations
292 made by Germain and Moorman (2016). They showed that the development of step-pool sequences is not
203 mnecessarily linked to high discharge but might as well be connected to the location of transverse fractures
294 in the channel (Germain and Moorman, 2019). Similar to their observations, we observe the formation
295 of step-pool sequences during dropping discharge. We did not investigate for fractures in the channel
206 during the fieldwork but the existence of structural features within the channel might, however, lead
297 to disturbances of the flow and hence increased acceleration, followed by the development of step-pool
208 sequences. The observation of spatio-temporal acceleration distributions will therefore give valuable insight
209 into channel evolution and should receive more attention in future hydrological studies.

300

301 A focus on accelerations would also open up new opportunities to validate hydrological models that

302 simulate the evolution of channels. We are convinced that acceleration records can be used to detect
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303 channel morphologies in cases where a visual control is not possible (e.g. en- and subglacial channels).
304 Further planned field studies will therefore focus on gathering channel morphology measurements to link
305 these to the obtained drifter records. Furthermore, dye-tracer experiments should be conducted in parallel
306 to drifter deployments to better compare drifter based results and classical dye-tracing studies. This will
307 also be necessary in order to elucidate the degree to which GNSS derived drifter velocities represent the
308 actual water velocity. Having clarified these questions, our drifter based approach will allow for novel
309 field-based studies that can provide valuable and extensive insight into the spatial and temporal evolution
310 of supraglacial streams.

311

312 CONCLUSIONS

313 We have conducted studies with GNSS enabled drifters at a small supraglacial channel on Austre
314 Broggerbreen (Svalbard). Our drifters allow for measurements of spatially referenced channel flow paths,
315 water velocities and accelerations. By estimating water temperatures, ice melt rates along the channel can
316 be derived. MCMC analysis allows to further estimate the discharge in the channel. Our measurements
317 show high variability in space and time with most pronounced characteristics in areas of meander bends and
318 step-pool sequences. Local water velocities can be up to 50% higher, compared to mean values, showing
319 the importance of spatial measurements for correct channel incision modeling. Derived ice melt rates
320 are with lemd™! to 3emd™! in good accordance with published values of similar sized channels (e.g.
321 Marston, 1983; McGrath and others, 2011). The discharge in the channel is estimated to 0.06 m®s~! to
322 0.07m>s™!, has, however, high uncertainty of up to 50% due to lacking field based parameter constriction.
323 Several step-pool sequences developed in the channel during dropping discharge, leading to increasing
324 acceleration magnitudes. The location of the step-pool sequence development could already be predicted
325 beforehand from the acceleration records by clearly pronounced signal peaks. We therefore conclude that
326 water acceleration can be used to predict where step-pool sequences will form. Acceleration measurements
327 further allow to identify morphological features within the channel, which will be of relevance when
328 investigating subsurface or deeply incised channels. Future field investigations of supraglacial streams and

3290 rivers should therefore also gather information on accelerations to further investigate channel evolution.
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