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Abstract: The summer of 2022 was notable for the Svalbard archipelago due to the occur-
rence of several longstanding heatwaves, making it one of the warmest summers on the
regional record. This study used an energy balance model forced with in situ weather obser-
vations to investigate the influence of extreme weather events on the surface energy balance
of the low-elevation Aldegondabreen glacier (5.2 km?), located near Barentsburg town, with
a focus on the turbulent heat exchange. The annual mass balance for 2022 (—2.13 m w.e.)
was one of the most negative on record for Aldegondabreen since 2002/2003 when glacio-
logical monitoring was first initiated. We identified four heatwaves that lasted from 9 to
19 days, the most prominent of which were observed in May and in September—October,
which resulted in an anomalously prolonged melt season. In addition, several shorter,
1- to 3-day extreme melt events were identified, representing up to 75 mm w.e. day ! of
glacier-averaged melt. These events were well correlated (r = 0.87, p < 0.01), with discharge
from a stream originating from the glacier terminus, and all cases were associated with
significant increases in mean daily wind speeds (up to 10.3 m s~ 1).

Keywords: Arctic; Svalbard; energy balance; mass balance; glaciology; climate changes;
modeling

1. Introduction

Svalbard is one of the fastest-warming regions of the world [1]; at the same time,
it is one of the most glaciated areas in the Arctic, accounting for up to 10% of the total
glaciated area outside Greenland. In the early 21st century, the archipelago-wide climatic
mass balance was negative [2]; however, future projections indicate that the mass balance
of Svalbard glaciation will continue to decline at an accelerated rate, potentially leading to
the total disappearance of minor glacial bodies by the end of 21st century [3].

The surface energy balance (SEB) of the Svalbard glaciation has been relatively well
studied. Previous studies have shown that the primary driver for glacial melt during the ab-
lation period is short-wave solar radiation [4—6]. This is especially true for glaciers at lower
elevations that are situated under the present-day snow line and, thus, are characterized by
a significantly lower albedo during the melt period. In recent decades, the ablation zone on
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Svalbard has widened, a trend that is likely to persist [7]. This may imply an increase in the
sensitivity of Svalbard glaciation to variations in incident solar radiation.

On the time scale of the entire ablation season, the sum of the sensible and latent heat
fluxes only accounted for about 10% of the total energy available for melting (e.g., [8]).
In contrast, turbulent energy exchange cannot be assumed to be negligible; on synoptic
time scales, sensible and latent heat fluxes may be drastically amplified by synoptic and
mesoscale events, such as foehn winds and cyclonic activity [6,9]. Such phenomena may
prolong ablation during autumn—when the solar radiative flux is low on Svalbard—by
providing extra energy for glacier melt or preventing the accumulation of solid precipitation.

However, recent years have demonstrated another type of weather event that heavily
influences glacier melt on a regional scale. It is predicted that due to ongoing climate
change, heatwaves will occur more frequently in the near future and their duration will
increase [10]. As a result, the impact of extreme weather events on the cryosphere is
increasingly becoming a subject of research. Previously, the effects of individual heatwaves
on glacier melt have been studied in Europe [11-13], in Asia [14], and for the American
continent [15,16].

We present a similar study focusing on Svalbard, expanding on previous research
by analyzing the impact of extreme weather events in this region. The year 2022 was
notable for Svalbard and for the entire European subcontinent for the occurrence of several
longstanding heatwaves [17]. The summer of 2022 was reported as the warmest on record
in the Svalbard region at the time, with some areas experiencing temperatures more
than 2.5 °C above the average [18]. However, our study extends beyond the analysis of
heatwaves, as we also investigate the impact of extreme values of other meteorological
variables—beyond air temperature—on the glacier SEB.

In this study, we attempt to quantify the impact of the extreme events of 2022 on
the SEB of the low-elevation Svalbard glacier Aldegondabreen. We applied a spatially
distributed 1 d energy balance model forced with in situ weather observations acquired
on the Aldegondabreen glacier to produce time series data of its SEB components. The
model was calibrated using the ice melt layer measured at the ablation stakes. The model
output was then validated in two different ways: first, we compared the values of sensible
heat flux computed from bulk aerodynamic formulas with those obtained from the eddy
covariance method; second, we showed that apparent peaks in the turbulent heat exchange
corresponded to peaks observed on a water-level gauge installed on a stream originating
from the glacier. To assess the impact of heatwaves on the glacial mass balance, we
computed the energy surplus during the extreme melt events relative to the corresponding
climatic normals. These climatic normals were derived using a time series dataset obtained
from the nearest station located in Barentsburg (10 km northeast) over a 30-year period
between 1991 and 2020.

2. Materials and Methods
2.1. Study Site and Research Background

The Aldegondabreen glacier (77.971° N 14.072° E, area 5.2 km?) is located in the
western part of Nordenskiold Land in the vicinity of Barentsburg town and occupies an
elevation range between 125 and 500 m above sea level. Consequently, almost the entire
surface of the glacier is located just below the altitude of the mean equilibrium line as
recorded in recent decades [19]. A record of its glaciological mass balance has been tracked
since the beginning of the 21st century, and it has been shown that the inter-annual mass
balance variations of this glacier are reflective of the Barentsburg area and, in general, follow
archipelago-wide trends, making it representative of low-elevation Svalbard glaciation [20].
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The Svalbard archipelago is currently experiencing Arctic amplification (AA)—a
prominent feature of climate change that is readily apparent in observations over recent
decades [21]—making it the fastest-warming region on the Earth [1]. The four warmest
years on record for the Arctic land have occurred in the last decade [18]. Indeed, the annual
mass balance recorded for Aldegondabreen aligns closely with the regional temperature
series, with four years of strongly negative values recorded since 2016 (Figure 1).
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Figure 1. Aldegondabreen annual mass balance in the early 21st century. Blue circle highlights the
mass-balance year studied in this paper.

Thus, the annual mass balance series reflects climatic fluctuations on at least a regional
scale due to being synchronized with air temperatures. For example, between 2007 and 2020,
the Pearson’s coefficient between the annual mass balance (B,) of Aldegondabreen and T4_9g
(the mean air temperatures from June to September, which are typically the months with a
positive mean air temperature in the Barentsburg area) was —0.81 [20]. The corresponding
coefficient obtained from Ba and the annual positive degree-day sums was even higher at
—0.84. In the balance year 2021/22, during which Svalbard experienced a record-breaking
warm summer, the measured B, value for Aldegondabreen was —2.13 & 0.20 m w.e., which
may be the highest glacier mass loss since the onset of monitoring [20] (Figure 1).

2.2. Heatwave Definition

A heatwave is a meteorological event that is defined as an extended period of un-
usually high atmosphere-related heat stress [22]. This definition is relatively broad and
does not provide any quantitative means of identifying heatwaves. Different climatic and
glaciological studies have used different approaches, including definitions based solely on
thresholds of air temperature, which can either be symbolic round numbers (e.g., [13]) or
derived from the statistical properties of the temporal distribution of temperature (e.g., [14]),
as well as more complex definitions based on synoptic patterns [10]. This study adopts the
statistics-driven approach and defines a heatwave as a period of consecutive days with
daily mean air temperature anomalies exceeding the 90th percentile of that specific day
in the 1991-2020 reference dataset [23]. Since the heatwaves are caused by synoptic-scale
weather features that typically include those with lifetimes of a few days to a week or
more [24,25], we only considered periods lasting for five days or more.
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2.3. Model Qverview

An energy balance model was developed based on the work of Wheler and Flow-
ers [26], with several additional modifications. The model was run with a time step of
one hour. The heat available for melt was computed for every grid cell from the surface
energy balance equation, which is the sum of the absorbed solar radiation, longwave
balance, sensible and latent heat turbulent fluxes, conductive (in-glacier) heat flux, and
heat available for melt. The size of the grid cell was set to 30 x 30 m because that was the
coarsest resolution of the input data derived from the Landsat imagery. The direction of all
the energy fluxes in this study is considered to be relative to the glacier surface: fluxes that
bring heat to the surface are positive, while those that carry heat away are negative.

The incoming solar radiative flux was computed with the ready-made “Potential
Incoming Solar Radiation” module from the open-source “SAGA GIS” program and then
scaled to real values [27]. The scaling coefficient was defined from real point measurements
in the central, unshaded part of the glacier. Albedo maps derived from Landsat-8 imagery
using equations from [28] were used to compute the absorbed solar radiation flux. Turbulent
heat exchange was computed using the bulk aerodynamic method with parametrizations
defined by [29], which are different for stable and unstable atmospheric conditions. The
longwave balance was computed using an empirical equation proposed by [30] for Svalbard
conditions. The conductive (in-glacier) energy flux was determined by employing a simple
layered model introduced by [31], but with a larger number of subsurface layers rather
than the two layers used in their study. The subsurface temperature profile was determined
from the measurements made by a thermistor string drilled before the onset of melt. A
more detailed description of the model can be found in [6].

2.4. Source Data
2.4.1. In Situ Weather Data

There are two permanently operational automatic weather stations (AWSs) on
the Aldegondabreen glacier: one near the terminus and another in the upper reaches
(Figures 2 and A1l). These stations provided the model with air temperature, humidity,
atmospheric pressure, wind speed, and solar radiation flux data. The differences in the
values of the variables obtained at the two AWSs were used to compute vertical lapse
rates, allowing for interpolation of the point measurements into distributed grids. Wind
speed and cloud cover were assumed to be constant over the glacier at each time step
because their interpolation requires the use of more complex models whose output cannot
be verified.

An additional AWS was installed on the surface of the glacier close to its center
between 2 August and 15 September 2022. This AWS carried a suite of sensors consisting of
a CNR4 net radiometer (Kipp & Zonen, Delft, The Netherlands), a WindMaster 3D acoustic
anemometer (Gill Instruments Limited, Hampshire, UK), and a 4.5 m deep GEOprecision
thermistor string (GEOprecision GmbH, Ettlingen, Germany).

2.4.2. Eddy Covariance Measurements

These measurements were carried out on the Aldegondabreen glacier between 13
August and 3 September 2022 (21 days). The fluctuations in temperature T’ and the three
wind speed components u’, v, and w’ were measured using a WindMaster 3D anemometer
at a height of 2 m above the surface and a frequency of 10 Hz. The sensible heat flux and
the friction velocity were calculated by averaging the covariances between these variables
over a 30 min window:

H = cpo,w'T 1)
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where p, is the air density calculated based on the temperature and pressure, and ¢, is the
specific heat capacity of air (1010 J/(kg-K)).

The average wind speed u, and the average temperature T3, the covariance of vertical
wind speed and temperature pulsations w’T’, and the dynamic velocity . were calculated
over each averaging interval:

2) 1/4 @

Uy = (u’_w’2 + o'w’

The data acquired by this experiment were used to (1) compute the roughness parame-

ters (zg,, and zgy) of the glacier surface, which are used in the bulk aerodynamic equations,
and (2) verify the sensible turbulent flux obtained from the bulk aerodynamic method.
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Figure 2. Measurement network (a) on the Aldegondabreen glacier in the summer of 2022; (b) Bar-
entsburg weather station.

2.4.3. Climate Normals

Permanent weather observation stations were only established at Aldegondabreen
in 2015; consequently, the computation of any climate normals from these data is not
possible. Nevertheless, the obtained time series data extend far enough to demonstrate
that the weather at Aldegondabreen and in Barentsburg are strongly correlated (Figure 3).
This made it possible to develop linear regression models and recompute time series data
obtained between 1991 and 2020 from the Barentsburg weather station into glacial data
over the same time period (Equations (3)—(5)):

wsy = 04312 x wsg + 1.6 3)
2my = 1.1168 x t2mp — 0.1 4)
T’hA = 0.9402 x T’hB —-3.3 (5)

where ws and t2m are the wind speed and air temperature at 2 m above the surface,
respectively, and rh4 and rhp are the relative humidity values of the Aldegondabreen
glacier and Barentsburg town, respectively. From a physical perspective, these regressions
effectively apply empirically found vertical lapses to the corresponding meteorological
variables. Cloud cover data were used as is, without any recomputation; in particular, the
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cloud cover was assumed to be constant across the ten kilometers separating the glacier
and the Barentsburg weather station.
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Figure 3. A comparison of the meteorological variables measured at the Barentsburg weather station
and over the Aldegondabreen glacier from 15 May to 15 September in 2016-2022: (a) wind speed,
(b) air temperature, (c) relative humidity.

The resulting thirty-year time series obtained for the Aldegondabreen glacier was then
used to compute (1) turbulent fluxes using the bulk aerodynamic method and (2) the long-
wave balance using the equation reported by Konig-Langlo and Augstein [30]. These com-
putations involved two other variables that were impossible to derive from the data mea-
sured at Barentsburg: the glacier surface temperature and the near-surface air humidity.

2.4.4. Glaciological Mass Balance

The annual mass balance (B,) of the Aldegondabreen glacier has been measured using
the glaciological method since 2002/03 [20]. A total of 14 wooden ablation stakes have been
distributed over the glacier surface to capture both elevation-related and lateral fluctuations
in glacier mass balance. The annual mass balance is calculated using a floating-date time
system with each balance year starting in the middle of September, when air temperatures
become negative and solid precipitation begins. Typically, the stakes are visited and
measured once every one or two weeks, as they need to be redrilled. At each ablation stake,
the thickness of the ice melt layer computed from two consecutive readings is divided by
the number of days between readings to obtain the ice melt rates in m w.e. day .

The first stake measurement in the summer of 2022 occurred relatively late on 2
August. Following this, the stakes were visited every 5 to 7 days, resulting in 86 ice melt
rate measurements that could be compared with the model outputs.

2.4.5. Proglacial Runoff

Several streams are known to originate from the Aldegondabreen glacier. These
streams merge into a single river that flows into the Grenfjorden Bay. The total area of the
watershed is 11.6 km?, of which the glacier occupies about 5.2 km?. During the summer
seasons, the river is primarily fed by meltwater from the glacier [32]. An automated
Solinst 3001 Levelogger gauge was installed about 1850 m downstream of the glacier
terminus, allowing for the acquisition of water-level data from 8 June to 26 September
2022 at a frequency of 15 min. Near the gauging station, sixteen measurements of river
discharge were carried out manually using the velocity—area method by utilizing an ISP-1M
horizontal-axis hydrometric current meter. The resulting empirical equation allowed for
the translation of water levels into discharge units.
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To obtain the meltwater signal from the time series discharge data, we subtracted the
atmospheric precipitation measured at the nearest gauge located in Barentsburg (10 km
away); it was assumed that the rain was uniform over the entire watershed. No interpola-
tion based on the vertical precipitation lapse was conducted, since this relationship was not
known; no other precipitation gauges are located in the study area. The obvious drawback
of such an approach is that it occasionally produces negative daily discharge values; these
values were set to zero before further analyses.

3. SEB Modeling and Assessment
3.1. Comparison Between the Eddy Covariance and Bulk Aerodynamic Methods

The modeling of energy fluxes involves the use of several empirical coefficients that
were adjusted during calibration. Although the total melt flux and the surface melt may
have been modeled well, this does not guarantee that every single energy balance com-
ponent was reproduced due to the phenomenon of model equifinality. Since this study
primarily focused on turbulent fluxes, it was crucial to determine whether the modeling
outputs were credible.

First, instead of assigning conventional values to the aerodynamic and thermal rough-
ness parameters, which are needed for the bulk aerodynamic equations, these parameters
were computed from the eddy covariance method. The estimated values were zg,,, = 0.8 mm
and zg;, = 0.08 mm. In glaciological studies, these parameters were often calibrated or just
assumed to be certain rounded numbers in a reasonable range (e.g., [33-35]).

The sensible turbulent fluxes obtained from the two different methods were then
compared. Values obtained from the bulk aerodynamic formulas performed well and did
not demonstrate any significant biases (Figure 4); the difference in the time-averaged fluxes
calculated over 21 days of observations (13 August to 3 September) was only 2 W m~2.
In the context of this study, the most important outcome of this comparison was that the
uncertainty of the aerodynamic method was not dependent on the magnitude and direction
of the wind speed or the flux value.

1801 =0.84

160 v bias =2.0

140 4 rmse = 15.3
120 -
100 -
80
60
40 -
20

Bulk aerodynamic, W m~?

09 — 0.994x-1.8

_20 -
T T T T T T T T T T T
—20 0 20 40 60 80 100120140160 18
Eddie covariance, W m—2

Figure 4. Comparison between the sensible turbulent flux values computed from the bulk aerody-
namic method and eddy covariance observations at the Aldegondabreen glacier between 13 August
and 3 September 2022.
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3.2. Evaluation of Modeled Ice Melt Rates

The energy balance model was further evaluated using surface ice ablation data
measured at the ablation stakes. The main criterion was how well the model represented
the spatially distributed ice melt rates. A comparison between the modeled and observed
ice melt rates revealed that R? = 0.79 and RMSE = 0.005 m w.e. (Figure 5a). The residuals
were slightly asymmetrical; the median (Mdn) error was +0.7 mm w.e. day, indicating that
the model was more likely to overestimate the total energy flux (Figure 5b).

0.04
- RMSE = 0.005 m w.e. 12 A Mdn
'% R2 = 0,79 f
© 0.03 1 — oYy
04_‘ [ ] ....
; [ ] 'Y : [ ]
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(@) (b)

Figure 5. (a) Comparison between the modeled and measured melt rates of the Aldegondabreen
glacier in summer—-autumn 2022 (black line represents ideal match) and (b) distribution of the absolute
errors (blue bars).

The demonstrated level of agreement with in situ observations was somewhat typical
for glacier-scale SEB models [36]. Here, we consider the reported results to be good
because the stake measurements themselves are not optimal; the review by Klug and co-
authors [37] shows that the uncertainty of a stake reading may be as high as 2-3 cm due to
stake inclination, stake sinking, or floating, among other factors. Given these uncertainties,
as well as the rules of error propagation, the uncertainty of a measured melt layer was about
2.8 cm or ~2.4 cm w.e. Furthermore, the shorter the time between readings, the higher the
uncertainty of the daily melt rates. In 2022, the typical periodicity of ablation measurements
was about 7 days; consequently, the uncertainty of the daily melt rates was approximately
2.4/+/7 =0.9 cm day !, which is the same order of magnitude as the modeling uncertainty.
Thus, achieving a lower RMSE for the model compared to the direct method does not have
practical value since it requires more precise observation data for verification.

4. Results and Discussion
4.1. Impact of Heatwaves on the Energy Fluxes

The modeling outputs represent a time series of distributed energy fluxes over the
Aldegondabreen glacier. The area-averaged daily values of these fluxes for the period
between 1 May and 15 October are reported in Table 1. Shortwave solar radiation is known
to be a primary energy source for the majority of glaciers worldwide [38,39], and this
should also be true for Aldegondabreen, despite the frequently overcast weather conditions
in Barentsburg. Due to its low elevation, the area of the accumulation zone at the present
day has been effectively reduced to zero [20], and, during summer, the surface of this
glacier is mainly covered by bare ice with an albedo of 0.2-0.4. Consequently, the glacier
maintains a relatively low albedo during the summer and early autumn. However, the
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ratio of turbulent heat exchange (38%) was found to be much higher than the one reported
in studies of other low-elevation Svalbard glaciers [4,5,40] as well as previous observations
on the Aldegondabreen glacier [6].

Table 1. Modeled surface energy balance values of Aldegondabreen from 1 May to 15 October 2022
and their ratios.

Ratio of Positive

. -2
Mean Flux; W m Components; %

Shortwave balance 65.4 68%

Sensible heat flux 259 27%
Latent heat flux 44 5%
Conductive heat flux —49 —
Longwave balance —-12.2 —
Heat available for melt 78.5 —

Based on the definition of a heatwave adopted in this study, four distinct heatwaves
were identified during the ablation season in 2022 (Figure 6), with the longest and most
prominent occurring in May—June (19 days), two minor heatwaves in July and August
(9 and 10 days, respectively), and a final heatwave in September-October (17 days).

HW1 HW2 HW3 HW3 1

90 percentile
I positive anomaly |
I negative anomaly

15/05

15/06 15/07 15/08 15/09 15/10

Figure 6. Air temperature anomalies in 2022 relative to the climatic normal of 1991-2020 and the
four identified heatwaves. Grey bars represent the 90th percentile of the air temperature anomaly
in 1991-2020.

During the first heatwave of 2022 (HW1), the turbulent heat exchange was 55.6 W m 2,
which was higher than its climatic normal in the 1991-2020 reference dataset (Table 2).
Considering that the energy flux needed to melt 1 mm w.e. in a day is approximately
3.86 W m~2 and that the duration of HW1 was 19 days (roughly 1/10 of the entire ablation
season), this represented 0.27 m w.e. of extra melt; in contrast, the measured B, for the
same year was —2.13 m w.e.



Water 2025, 17, 274

10 of 17

Table 2. Surface energy flux anomalies at the Aldegondabreen glacier during the heatwaves identified
in 2022 (relative to the climatic normals of 1991-2020).

Mean Anomaly, W m—2

Heatwave Dates Duration  Sensible Heat Flux Latent Heat Flux Longwave Balance
HW1 21 May-08 June 19 days +30.0 +25.6 6.1
HW2 14 July-22 July 9 days -9.7 +7.0 -21
HW3 02 August-11 August 10 days —14.4 +9.0 —13.6
HW4 23 September—09 October 17 days +35.3 +24.8 +14.3

The contributions of the second and third heatwaves (HW2, HW3) are difficult to
quantify. Although the air temperature exceeded the adopted threshold of the 90th per-
centile, there was no significant energy surplus based on the sum of the turbulent fluxes
and the longwave balance (Table 2), which may seem contradictory. However, while air
temperature is the primary driver of both turbulent heat exchange and the longwave
balance, it is not the only factor that governs these processes. For example, the theory of
turbulence states that sensible and latent heat fluxes are significantly amplified by wind
speed. Similarly, longwave balance is also dependent on both air humidity and cloud cover.

The fourth heatwave (HW4) was estimated to have the greatest impact on the SEB of
the Aldegondabreen glacier; the mean total anomaly of three heat balance components was
approximately 66 W m~2, which represents 0.33 m w.e. of extra melt. However, the actual
melt should have been noticeably lower, as some amount of heat must be spent to warm up
the glacier surface until the melt temperature is reached or to melt fresh solid precipitation;
consequently, the reported value is considered to be an upper bound. The autumn melt was
not measured directly at the ablation stakes, as the balance year and the stake observations
ended on 15 September, after stake readings showed zero ablation over the last week, and
the air temperature became negative. Consequently, according to the conventions of our
glaciological monitoring program, the amount of melt recorded during the October thaw
would be attributed to the mass balance of the following season (2022 /23).

The main challenge in estimating the contribution of heatwaves to the SEB of the
Aldegondabreen glacier is the difficulty of quantifying the effects of these phenomena on
the shortwave solar radiation. Multiple studies have shown that heatwaves are typically
associated with anticyclonic synoptic weather patterns (e.g., [10,24]). This suggests that
heatwaves involve a reduction in cloud cover, which increases the shortwave radiation flux.
This may have had an indirect effect on our data, as the anomalies of longwave balance,
which are affected by low cloud cover, were negative during HW1-HW3. In contrast,
during HW4 (which occurred in October), solar radiation would not have been significant
even under clear-sky conditions, as the potential shortwave flux would have remained
very low due to astronomical factors (polar night at this latitude starts in mid-November).
Furthermore, there are no in situ observations of downwelling solar radiations before 2015
in the Barentsburg area, preventing us from calculating climatic normals for solar radiation.
In addition, the use of reanalysis data would not allow for the computation of climatic
normals of absorbed solar radiation, as there are no appropriate time series data for the
Aldegondabreen albedo.

4.2. Extreme Melt Events

The modeling results suggest that, during the 2022 ablation season, there were several
distinct peaks in the heat lasting for one to three consecutive days that would have been
available for glacier melt. These peaks were not always associated with the heatwaves
discussed above, though these events do coincide in some cases.
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We treated all positive peaks in the modeled melt flux that exceeded the 90th per-
centile as extreme melt events. This statistical threshold was 49 mm w.e. day ! in 2022
(corresponding to a melt flux of 189 W m~2) over a total of 13 days, some of which were
grouped into a single event. The dates for the eight identified extreme melt events are listed
in Table 3. Notably, all the extreme melt events were observed on days with pronouncedly
increased turbulent fluxes (Figure 7). On these dates, the glacier-averaged turbulent heat ex-
change increased by up to 140 and 90 W m~2 for the sensible and latent fluxes, respectively
(Table 3).

Table 3. Extreme melt events for the Aldegondabreen glacier in 2022.

Dates

Melt Rate; Mean Sensible Flux;  Mean Latent Flux;

Duration, Days

mm w.e. day—1

W m~—2

W m—2

30 May
25-26 June
30 June

7-9 July
16-18 July
30 July

7 August

3 September

— =k W W N
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Figure 7. Weather conditions during the extreme melt events at the Aldegondabreen glacier in 2022:
(a) melt flux; (b) sensible heat flux; (c) latent heat flux; (d) wind speed; (e) air temperature; (f) relative
humidity; (g) atmospheric pressure at the AWS level; (h) shortwave solar radiation downward flux;
and (i) longwave radiation downward flux.
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On daily time scales, the modeled melt flux was best correlated with turbulent fluxes
(Table 4). The most common weather conditions for all extreme melt events were increased
wind and gust speed (Figure 7). Increases in wind speed were independent of the air
temperature increases during the heatwaves, which amplifies daily ablation on days where
extreme melt events and heatwaves coincide.

Table 4. Pairwise linear correlation matrix for the surface energy balance components of the Alde-
gondabreen glacier in 2022. Higher values are highlighted with green, lower values are in red.

OM QH OQLE SWD LWD

Melt flux (QM) - 0.69 0.68 0.34 0.58
Sensible heat flux (QH) | 0.69 - 059 | —0.03 | 0.45
Latent heat flux (QLE) | 0.68 0.59 - —0.12 | 0.63
Downwelling short-wave radiation (SWD) | 0.34 | —0.03 | —0.12 - —0.31
Downwelling longwave radiation (LWD) | 0.58 | 0.45 0.63 | =031 -

To assess the importance of the different meteorological variables on turbulent heat
exchange, we used the dominance analysis technique proposed by Budescu [41] and
Azen and Budescu [42] and implemented in the “dominance-analysis” package available
in Python [43]. The determination of importance in this approach is based on multiple
regression analysis and the identification of additional contributions of each predictor in
all subset models. In cases where the target variable is continuous (e.g., sensible or latent
turbulent heat flux), the package determines the dominance of one predictor over another
by comparing their incremental R? contribution across all subset models. The results of the
dominance analysis show that the most important factor in determining sensible heat flux
in 2022 was wind speed, while the latent heat flux was most influenced by air temperature
(Table 5).

Table 5. Importance of different meteorological variables to turbulent heat exchange flux during the
2022 melt season on the Aldegondabreen glacier.

Sensible Heat Flux Latent Heat Flux
Total Dominance; Relative Total Dominance; Relative
Dimensionless Importance; % Dimensionless Importance; %
Wind speed 0.50 65.9 0.01 2.7
Air temperature 0.24 31.0 0.24 49.2
Air humidity 0.01 1.4 0.17 35.0
Atmospheric pressure 0.01 13 0.05 9.8
Downwelling solar radiation 0.00 0.3 0.02 3.4

Water-level observations downstream of the glacier valley allowed for the automatic
detection of daily mass balance variations (Figure 8a) that cannot be captured by the
glaciological method. This is primarily due to the low temporal resolution of stake mea-
surements, which are carried out weekly for logistical reasons, and partly due to stake
reading uncertainties. To assess the relationship between the modeled surface melt and
the observed stream discharge, the Spearman’s rank correlation between the two datasets
was computed (Figure 8b). There was a positive correlation between the two variables,
r (106) = 0.87 (p < 0.01). This was considered to be relatively high due to the highly approx-
imate subtraction of atmospheric precipitation from the time series of discharge. Although
the hydrological measurements only provide lumped results, they demonstrate that the
peaks in the turbulent fluxes observed in the model outputs did in fact exist and contributed
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to the meltwater runoff and were not caused by excessive model sensitivity to some of the

input variables.

Spearman's r = 0.87¢
30 A .
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Discharge minus precipitation, mm
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Figure 8. Comparison between (1) the glacier-averaged modeled melt layer at Aldegondabreen
and (2) the downstream water runoff variations in 2022. The red dashed line (3) represents the
90th percentile of the modeled daily melt (49 mm w.e.), and periods (4) are the extreme melt events:
(a) time series, (b) scatter plot.

We have, thus, demonstrated that air temperature is not the only factor that affects
melt in low-elevation Svalbard glaciers. Turbulent fluxes may be significantly amplified
by increased wind speeds, which then contribute to the amount of heat available for
surface melt. Indeed, events in the Barentsburg area are independent of other types of
extreme weather events, such as heatwaves, which can produce high daily melt rates (up
to 75 mm w.e. of glacier-averaged melt per day) and affect proglacial runoff on a 1-3 day
scale. At present, we cannot determine the impact of these shorter events on intra-annual
time scales; however, extreme weather events are expected to occur more frequently and
with increased duration [44]. Consequently, we recommend further research into the
reproduction of these extreme weather events by models used for climatic forcings in
projections of the Earth’s glaciation.

5. Conclusions

In this study, we examined the surface mass and energy balance of the low-elevation
Aldegondabreen glacier, as well as the intra-annual dynamics of the weather conditions in
the area. The directly measured B, in 2022 was one of the most negative values on record
since the beginning of the century, while the ratio of turbulent fluxes in the SEB structure
was anomalously high. We examined two types of extreme weather events that had an
impact on the mass balance and the SEB. These phenomena differed in their duration;
heatwaves had a lifespan of 9-19 days, while shorter extreme melt events only lasted for
1-3 days.

Four heatwaves were identified in 2022, defined as periods when the air temperature
exceeded the 90th percentile of its climatic normal (based on a 1991-2020 reference dataset).
During HW1, the turbulent heat exchange was 55.6 W m 2 higher than its climatic normal,
equivalent to 0.27 m w.e. of extra melt. The contribution of the three other heatwaves was
difficult to quantify; however, the most prominent heatwaves were observed in the spring
and autumn, thus prolonging the ablation season for several weeks.

The effects of eight shorter extreme melt events, which were defined as periods exceed-
ing the 90th percentile of the modeled energy available for glacier melt in 2022 (representing
daily ablations of more than 49 mm w.e.), were observed in the form of positive peaks
of stream discharge at the water-level gauge downstream of the Aldegondabreen glacier.
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These events were characterized by increased wind speed (mean daily and hourly values
of up to 10.3 m s~ or 15.3 m s}, respectively), which dramatically amplified the turbulent
heat exchange.

Heatwaves and other extreme weather events are likely to occur more frequently in
the future due to ongoing climate changes. Our study shows that the events of different
temporal scales may overlap to produce even more glacier melt. The results also emphasize
that air temperature is not the only driver for some types of events, and a key question
going forward is how well the weather conditions that drive these extreme melt events can
be reproduced by models used for climatic forcing to allow for future projections of the
Earth’s cryosphere.
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Appendix A

Figure Al. 1—upper weather station; 2—lower weather station; 3—gauging station; 4—location and
the direction of the photos. Lower weather station (a), view from the top of the glacier (b), upper
weather station (c), map with location and the direction of the photos a—c (d)
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