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Proglacial streams runoff dynamics in Devil´s Bay, Vega Island, Antarctica
Jan Kavan a,b, Filip Hrbáček a and Christopher D. Stringerc
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ABSTRACT
Increasing temperatures in Antarctica have resulted in the enlargement of proglacial regions on the Antarctic 
Peninsula, following glacier melt. This melt has increased river activity yet direct runoff measurements remain 
scarce in Antarctica, despite it acting as a proxy for glacial ablation. Here, we present discharge and water 
temperature data from 2013 for three streams on Vega Island and discuss their relationship with air tempera
ture. The average discharge at the largest stream was 0.523 m3s−1 with a maximum of 5.510 m3s−1 – among the 
highest recorded in Antarctica. The rivers continued to flow even when temperatures dropped to −7°C, 
indicating that a large proportion of the total runoff originated sub-glacially. This is supported by the one- 
day time lag between air and water temperatures. Using river discharge as a proxy, we measured 
124.5 ± 14.4 mm w.e. of ablation. This indirect measurement proved an effective tool to complement classic 
glaciological observations.
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1 Introduction

The Antarctic Peninsula region experienced rapid environmen
tal changes during the 20th century, which have been associated 
with increases in the air temperature observed over the same 
period (Turner et al. 2016). As highlighted by Gonzales and 
Fortuny (2018) and Oliva et al. (2017), changes in air tempera
ture are spatially discontinuous, and the northeastern sector of 
the Antarctic Peninsula has seen some of the largest increases. 
This spatial variability can be more acutely seen in precipitation 
trends (Turner et al. 2019), with drying observed in East 
Antarctica (Robinson et al. 2018) and increased snowfall 
observed over the Antarctic Ice Sheet (Medley and Thomas  
2019). Atmospheric conditions vary not only spatially, but also 
temporally; rainfall events in the Antarctic Peninsula region 
decreased between 1998 and 2015, but are projected to increase 
in frequency and intensity in the future (Vignon et al. 2021). 
This spatial and temporal variability is of significant relevance 
when looking at the changes in river dynamics, including dis
charge and sediment transport. In turn, changes in river and 
sediment dynamics can have a profound effect on the biodiver
sity of freshwater (Foreman et al. 2004, García-Rodríguez et al.  
2021) and marine ecosystems (Sahade et al. 2015, Hodson et al.  
2017). Similarly, water temperature, including its variability and 
long-term changes, is also crucial for maintaining living organ
isms (Brown et al. 2005, Johnson et al. 2014). The relationship 
between water temperature and freshwater organisms is often 
studied in Arctic or sub-Arctic Canadian catchments (e.g. 
Daigle et al. 2015, Padilla et al. 2015). A good example of this 
process in Antarctica is the re-appearance of the fairy shrimp 
(Branchinecta gaini) in the lakes of James Ross Island, where it 

was abundant during a significant period of Holocene (Björck 
et al. 1996) but re-appeared only recently because of the exten
sion of an ice-free period on the studied lakes (Nedbalová et al.  
2017). Additionally, water temperature and its dynamics con
cerning ongoing climate change are important globally (Du et al.  
2022) and have been highlighted in polar regions (e.g. for 
Greenland in Docherty et al. 2019).

Glacierized catchments are affected by accelerated glacier 
mass loss worldwide (Hugonnet et al. 2021), with certain regions 
already experiencing a decline in meltwater runoff since the 
glaciers have passed the point of maximum melt (Huss and 
Hock 2018). Therefore, it is essential to gather information on 
the behaviour of hydrological systems related to glacial environ
ments that are likely to be affected by ongoing environmental 
changes (e.g. Young et al. 2021). Despite this need, studies on 
fluvial systems are relatively scarce in Antarctica and are often 
concentrated in a few major deglaciated areas. More complex 
studies of the runoff regime and its impact on transporting 
minerals and sediments are even scarcer in the Antarctic region. 
Runoff dynamics were studied on James Ross Island (Kavan 
et al. 2017, Kavan 2022), in the Maritime Antarctica region (e.g. 
Inbar 1995, Szilo and Bialik 2017, Stott and Convey 2021), and 
as a part of more complex research projects in the McMurdo 
Dry Valleys (Shaw and Healy 1980, Hawke and McConchie  
2001). The runoff regime of glacierized catchments and its 
relationship to atmospheric parameters is frequently studied in 
regions where it affects the availability of water resources for 
agriculture, industry or drinking water supply (e.g. Krysanova 
et al. 2015, Shijin et al. 2021, Motschmann et al. 2022). However, 
little is known about those in Antarctica, where the impact of 
human activities is minimal.
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Long-term studies on runoff production and the transport 
of nutrients are primarily available from the McMurdo Dry 
Valleys (e.g. Welch et al. 2010, Olund et al. 2018, Harmon et al.  
2021). Fountain et al. (2004) emphasized the importance of 
cryoconite holes in generating runoff from glaciers and 
reported that at least 13% of the observed glacier runoff origi
nated in the subsurface hydrological network formed by inter
connected cryoconites on glaciers. Melting of the glacier 
surface was identified as an important component in the over
all runoff production in this relatively cold region (e.g. 
Johnston et al. 2005, Bergstrom et al. 2021). Apart from its 
direct impacts on the surrounding deglaciated areas, runoff 
generated within the glacier system also affects the behaviour 
of the glacier itself, including the velocity of the glacier flow 
(e.g. Chu 2014). The hydrological regime in the Antarctic 
Peninsula region is often driven by more variable meltwater 
sources such as glacier melt (Stott and Convey 2021), seasonal 
snow cover or permafrost thawing (e.g. Kavan et al. 2017) or 
liquid precipitation in Maritime Antarctica (e.g. Szilo and 
Bialik 2017). The spatial and temporal variability of runoff in 
polar regions is driven mainly by surface air temperature, solar 
radiation, precipitation and snow cover (e.g. Li et al. 2010, 
Nowak and Hodson 2013, Lehmann-Konera et al. 2019). 
Surface air temperatures are usually considered to be the 
most important factor in the glacierized catchments of 

Alpine mountains (e.g. Schmieder et al. 2016), Maritime 
Antarctica (e.g. Falk et al. 2018) and most of the Arctic (e.g. 
Nowak and Hodson 2013). In contrast, solar radiation is the 
main driver of melt in extremely cold environments, such as 
the McMurdo Dry Valleys (McConchie et al. 1990).

In this study, we assess the intra-seasonal runoff dynamics 
of three glacier-fed streams on Vega Island, eastern Antarctic 
Peninsula. We also investigate the relationship between air 
temperature and river discharge and look at the effects of 
runoff from the adjacent glaciers. Additionally, we aim to 
establish runoff as a proxy to estimate the summer ablation 
of the Glaciar Bahía del Diablo (GBD) as a useful complemen
tary technique to classical glaciological observations. 
Moreover, direct discharge observations in Antarctica are 
rather rare, thus our contribution can enhance our knowledge 
of the behaviour of these freshwater geosystems.

1.1 Study site

Our study focuses on the northern part of Vega Island, often 
referred to as “Devil’s Bay,” in the James Ross Archipelago 
located to the northeast of the Antarctic Peninsula (Fig. 1). 
Vast dome glaciers located on the volcanic mesas (around 
220 m a.s.l.) surround the ice-free area of about 12 km2. These 
dome glaciers have several outlet glaciers, including the GBD in 

Figure 1. (a) Antarctic Peninsula region; (b) Vega Island and catchment limits, with the background Sentinel-2 image (29 December 2018) showing the proportion of 
glaciated surfaces; (c) Bahia del Diablo study area with surroundings and catchment areas delimited based on the Reference Elevation Model of Antarctica (REMA) 2 m 
resolution Digital Elevation Model (DEM) (seamask data used from Gerrish 2020).
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our study area (Marinsek and Ermolin 2015) i.e. Devil’s Bay 
glacier. The climate of Vega Island is cold semi-arid, with 
a mean annual air temperature, measured at the nearby J.G. 
Mendel Station (on northern James Ross Island, ~25 km to the 
west, altitude 10 m a.s.l.), of −7.0°C (2006–2015) with summer 
daily maxima exceeding +10°C and winter minima dropping 
below −30°C (Hrbáček et al. 2017). The whole James Ross 
Archipelago lies in the precipitation shadow of the Antarctic 
Peninsula, with annual precipitation estimates of 300–500 mm 
of water equivalent (w.e.) by van Lipzig et al. (2004) or even up 
to 700 mm w.e.year−1 by van Wessem et al. (2016). The combi
nation of low precipitation and increasing air temperatures is 
likely to have been the main factor leading to glacier surface 
lowering observed in recent decades (Skvarca et al. 2004, 
Marinsek and Ermolin 2015). The deglaciated area was recently 
the subject of several studies dealing with freshwater ecosystems 
(Nedbalová et al. 2017, Bulínová et al. 2020), palaeoenviron
mental changes (Chaparro et al. 2017, Čejka et al. 2020), and the 
seasonal dynamics of lakes (Kavan et al. 2020a) where the 
fluctuation of proglacial lake extent was related to the glacio- 
hydrological system. The Vega-1 and Vega-3 streams drain the 
GBD with a total catchment area of 27.1 km2, whereas the Vega- 
2 stream was draining a small part of the unnamed glacier on 
the eastern side of the study area (with an estimated catchment 
area of 6 km2).

Vega-1 and Vega-3 drain the same glacier (Devil’s Bay 
glacier), with adjacent parts of the dome glacier. Therefore, 
distinguishing between the two catchments is difficult, and this 
is further complicated by the morphology of the till plain at the 
front of the glacier snout. The two streams are positioned next 
to each other; Vega-3 drains the eastern part of the glacier, 
whereas the Vega-1 stream originates from a throughflow in 
the glacier frontal moraine. The Vega-1 catchment reaches an 
altitude of 600 m a.s.l. on top of the dome glacier, whereas 
Vega-3 is mainly situated in the deglaciated volcanic mesa 
area, reaching an altitude of approximately 350 m a.s.l. in its 
glaciated parts. Moreover, the two streams flow through a large 
braidplain that, during the study period, was overlain by 
a snowpack, where signs of possible bifurcation were found 
at the end of the study. In this context, the two streams can be 
considered part of one common catchment (Fig. 1).

The Vega-2 stream is distinct from the other two glacial 
streams and is fed by a sub-glacial network of channels 
from beneath the dome glacier (approximately 420 m a.s.l.) 
along its western margin. We have delimited ts catchment 
based on the surface topography of the glacier, which does 
not necessarily correspond to the actual catchment area 
taking into account the sub-glacial topography. It is, there
fore, essential to take this catchment area with some cau
tion; and the true extent of the catchment may be 
significantly different.

2 Material and methods

The study was carried out during the austral summer of 2013; 
the measurement equipment was installed and used between 
17 January and 21 February 2013. All the reported times are 
in UTC.

2.1 Discharge time series

We chose three gauging sites to measure discharge and hydro
static pressure in the streams. We primarily considered the 
stability of the cross-profile when choosing these sites, to 
ensure there was as little turbulence in the water as possible. 
At each site, we installed a Heron DipperLog automatic pres
sure sensor (accuracy of ± 0.05%), which measured hydrostatic 
pressure at 15-minute intervals. Using these pressure data, we 
were able to calculate the water level at each site by adjusting 
the measurements for atmospheric pressure, which was mea
sured at a nearby air pressure gauge. We then converted these 
water levels into river discharge using rating curves.

To produce the rating curves, we measured discharge manually 
at each site using an ADCP FlowTracker handheld device (ISY 
Sontek). We performed six manual discharge measurements at 
the Vega-1 gauging site, nine at the Vega-2 gauging site, and six at 
the Vega-3 gauging site. The rating curve correlation coefficients 
were 0.98 for Vega-1, 0.99 for Vega-2 and 0.92 for Vega-3 (Fig. 2). 
All the rating curve fittings are statistically significant (p < .001). 
The measured discharge covered 81% of the whole range of 
calculated discharges (13–94%) in Vega-1, 90% (5–95%) in the 
case of Vega-2 and 85% (6–91%) for Vega-3. The uncertainty 
calculations followed the International Organization for 
Standardization (ISO) 748 method (ISO 2003) for manual dis
charge measurements and the ISO 25377 procedure (ISO 2007) 
for rating curve relative uncertainty. The overall calculated dis
charge time series uncertainty (including manual discharge mea
surement and rating curve calculation) is 11.6% for Vega-1, 13.1% 
for Vega-2 and 14.8% for Vega-3. These reported uncertainties are 
later applied also for the uncertainty range of the glacier ablation 
calculations (see the section “Glacier ablation”).

The catchment boundaries were delimited using the Reference 
Elevation Model of Antarctica (REMA) Digital Elevation Model 
(DEM) 2 m resolution strips (Howat et al. 2019). The catchments 
for Vega-1 and Vega-3 were difficult to distinguish as these two 
streams were draining the same glacier within unconstrained 
channels along the glacier till plain. Additionally, the river net
work was covered with a semi-permanent snowpack for most of 
the field campaign with possible bifurcation observed between the 
two river channels. Therefore, the overall statistics related to these 
catchments were unreliable and, instead, we produced an ensem
ble of discharge data from the two streams that encompasses all 
streams flowing from the glacier.

2.2 Atmospheric variables

Air temperature and air pressure were measured at 15-minute 
intervals using a MiniLog Temp (accuracy ± 0.15°C, EMS 
Brno, CZ) and a TMAG 518 N4H barometer (accuracy ± 
0.5 hPa; CRESSTO, CZ) respectively. The automatic weather 
station was in the deglaciated part of the study area near the 
three gauging sites (63.824231°S, 57.322578°W) (Fig. 1).

2.3 Glacier ablation

Discharge measured at the Vega-1 gauging site represents the 
runoff from the catchment of the GBD glacier (see Fig. 1). It was 
thus possible to recalculate the measured discharge to obtain daily 
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surface ablation time series in terms of melted water equivalent 
(mm w.e.). The total volume of runoff during the study period 
divided by the glacier surface area (12.9 km2 as reported by 
Marinsek and Ermolin (2015)) provides the total runoff depth 
(mm) in the study period. The same recalculation is often used in 
water balance studies and modelling applications (e.g. Gallo 2007, 
Gyasi-Agyei 2019, Reynolds et al. 2020). The uncertainty in the 
ablation calculation comes from the uncertainty in the discharge 
time series, which was calculated as 11.6% for Vega-1.

3 Results

The mean air temperature during the study period was 0.9°C 
and the daily mean ranged from 8.5°C to −7.0°C. The max
imum air temperature reached 13.3°C on 20 January, and it 

exceeded 10°C on another eight days during the study period. 
At the same time, the minimum daily temperature dropped 
below 0°C on 28 of the 36 days, with a minimum of −8.2°C on 
19 February. The mean daily amplitude of the temperatures 
was 7.6°C with a maximum daily amplitude of 14.9°C 
(25 January) and a minimum daily amplitude of 1.4°C 
(15 February).

The discharge time series cover more than one month 
during the peak of the 2013 summer (Fig. 3). All three of the 
streams studied exhibited a similar temporal pattern of dis
charge despite their differences in catchment topography. All 
of the streams were influenced by high glacier coverage, 
demonstrated by high discharge variability and a strong diur
nal regime because of variations in air temperature.

The mean discharge during the whole measurement period 
was 0.523 m3s−1 for Vega-1, 0.076 m3s−1 for Vega-2, and 
0.020 m3s−1 for Vega-3. The highest manually recorded discharge 
was 1.499 m3s−1 at 3.00 pm on 21 January 2013 on the Vega-1 
stream. This was also the day with the second highest calculated 
discharge, with its peak (3.977 m3s−1) at 9:22 pm. The highest 
calculated discharge occurred the preceding day (20 January 2013 
at 8.52 pm) with the maximum reaching up to 5.510 m3s−1. The 
peak discharge was likely caused by the melting of snow that fell 
during a massive snowstorm in the preceding days. The Vega-2 
stream experienced a similar discharge pattern, although the 
maximum discharge of 0.737 m3s−1 was recorded on 
10 February 2013 at 8.52 pm. The maximum discharge on the 
Vega-3 stream was also recorded during the second seasonal 
maximum in February. The maximum discharge of 0.302 m3s−1 

was recorded on 11 February 2013, at 9.37 pm. All the studied 
streams experienced their minimum discharge at the end of the 
study period after the sudden drop in air temperatures and 
a persistent cold span with below-zero temperatures for several 
consecutive days. The discharge in Vega-3 was very low, at only 
0.002 m3s−1; similarly, Vega-2 had a discharge of only 
0.010 m3s−1. In contrast, Vega-1 had a relatively high discharge 
of 0.050 m3s−1, probably because it continued to be fed by 
extensive sub-glacial drainage.

The water temperature in all three streams (Fig. 4) was 
relatively stable and usually fluctuated around 1–2°C with an 
important decrease at the end of the study period. The low
est mean water temperature (0.79°C) was recorded in the 
Vega-1 stream, whereas the highest mean water temperature 
was recorded in Vega-3 stream (2.0°C); Vega-2 mean water 
temperature was 0.9°C. The lowest water temperature 
recorded in Vega-1 is likely to be affected by the highest 
discharge of the stream and the short river channel between 
the outlet of the glacier and the gauging site. In contrast, the 
water temperature of Vega-3 was influenced by its long river 
channel and the high proportion of deglaciated area in its 
catchment. The meltwater from the volcanic mesa and adja
cent slopes had sufficient time to warm up before reaching 
the measurement site.

Two periods of high discharge recorded in Vega-1 and 
Vega-2 coincided with elevated air temperatures around 
20 January and 10 February 2013. The first high discharge 
period occurred before the start of the measurement on 
Vega-3, therefore only the second high discharge period 
is recorded here. The maximum water temperature was 

Figure 2. Rating curve used for calibration of the discharge time series plotted 
with its uncertainty range: (a) Vega-1; (b) Vega-2; (c) Vega-3.

970 J. KAVAN ET AL.



recorded in Vega-3 (6.0°C) on 11 February at 5.52 pm; the 
maximum water temperature in Vega-1 was reached on 
17 January at 5.07 pm (5.81°C). The highest water tempera
ture in Vega-2 was recorded on 10 February at 4.37 pm 
(2.69°C). The water temperature is strongly correlated with 
air temperature and follows a diurnal cycle. However, the 
highest recorded water temperature did not always coincide 
with the period of highest discharge or highest air tempera
ture. A possible mechanism for this is that the relatively 
high specific heat capacity of water means water is slow to 
respond to small changes in air temperature. This is espe
cially apparent in Vega-1 where the days with peak dis
charge had only low maximum water temperatures. When 
a large increase in air temperature was observed (e.g. on 
31 January, Fig. 4(a)) an increase in water temperature was 
also seen. The low mean water temperature and low varia
bility of Vega-2 might be explained by its short river chan
nel and direct outflow of cold meltwater from the sub- 
glacial hydrological network. This did not allow the water 
to be heated significantly and resulted in the lowest max
imum water temperature when compared to the other two 
streams (Fig. 4(b)). The low variability in water temperature 
in the case of Vega-3, despite its low discharge, is likely 
a result of the sensor being in a relatively deep pool of 
water (to ensure robust water level measurements could be 
taken). This resulted in a low fluctuation of the water 
temperature, usually between 1.5 and 3.5°C, with only two 
exceptions, on 10 and 11 February, where the temperature 
exceeded 5°C (Fig. 4(c)).

3.1 The effect of air temperature on water discharge and 
water temperature

3.1.1 Diurnal regime
The discharge and water temperature appear to follow 
a hysteresis loop when plotted against air temperature. This 
relationship is particularly clear for discharge (Fig. 5(a)), where 
only minor deviations in the shape of the curve can be 

observed, most notably in the data from Vega-1. The loops 
are more deformed in the case of water temperature (Fig. 5(b)), 
but a well-developed loop can be observed for Vega-3, with 
a clockwise direction. This implies that there is a delayed 
reaction of water temperature to changes in air temperature 
(Fig. 5(b)).

Two days with very different air temperatures were chosen 
to demonstrate the impact of atmospheric forcings on dis
charge and water temperature. The first, 26 January, repre
sents a cold day with an average temperature of 0°C (with 
a minimum of −6.9°C and maximum of 7.0°C), whereas 
10 February represents a warm day with an average air tem
perature of 7.3°C (with a minimum of 2.8°C and a maximum 
of 12.6°C) (Fig. 6(a)). A well-developed clockwise hysteresis 
loop is clearly visible on the warm day, for both discharge and 
water temperature. This pattern is, however, not observed on 
the cold day, where a clear clockwise hysteresis is recorded 
only for Vega-2 discharge and Vega-3 water temperature. 
Vega-1 and Vega-3 discharge shows a transition mode of 
hysteresis. Vega-1 starts as an anti-clockwise loop, but it 
turns clockwise at the end of the day. In contrast, Vega-3 
starts as a clockwise loop but quickly transforms into an anti- 
clockwise loop. Vega-2 water temperature hysteresis has 
a deformed anti-clockwise direction whereas the Vega-1 
water temperature loop is deformed by the 0°C values for 
a large part of the day.

The timing of the discharge and water temperature within 
the diurnal regime is illustrated in Fig. 7. The lag time of 
discharge differs between Vega-1 (six hours) and the other 
two streams (four hours). This might explain the deformed 
shape of the hysteresis loop of Vega-1 in Fig. 7(a). In contrast, 
there is no lag time when analysing water and air temperature 
(Vega-1 and Vega-2) and only two hours’ lag time in the case of 
Vega-3. This lag time could be explained by the longer flowpath 
of the meltwater reaching the gauging profile from the degla
ciated volcanic mesa and adjacent slopes. The flowpath of melt
water reaching the Vega-1 and Vega-2 profiles is extremely 
short and avoids the warm-up effect during the flow. The two 

Figure 3. Discharge time series for all the three streams studied over the period 17 January–21 February 2013.
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streams are fed almost directly from the glacier; therefore, we 
observed no effect on the lag time of water temperature. In 
contrast, the flowpath including the supraglacial and sub-glacial 
drainage network is long enough to produce the four- to six- 

hour lag time of discharge. The peak discharge follows up to six 
hours after the air temperature maximum.

The cross-correlation analysis (Fig. 8) of the detailed 15- 
minute measurements over the study period showed the 

Figure 4. Discharge, water temperature and air temperature for (a) Vega-1, (b) Vega-2 and (c) Vega-3 over the study period: 17 January–21 February 2013.
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highest coefficients with lags between 26.5 hours (Vega-1) and 
27.5 hours (Vega-2). Furthermore, we selected two 7-days case 
study periods. Period 1, between 1 and 7 February, had rela
tively low mean discharges ranging from 0.01 m3s−1 (Vega-3) 
to 0.35 m3s−1 (Vega-1). Discharges during Period 2 (8 and 
14 February) were almost double this, falling between 
0.04 m3s−1 (Vega-3) and 0.67 m3s−1 (Vega-1). The response 
of discharges to air temperature variability in Period 1 was 
relatively fast in Vega-1 and Vega-2 where the maximum 
correlations were detected with a lag of 5 to 6 hours whereas 
the maximum correlation of 27 hours was observed on Vega-3 
(Fig. 8(b)). The situation from Period 2 similarly showed the 
maximum correlations with a five- to six-hour lag (Vega-1 and 
Vega-2); however, the correlations with 25 to 27 hours’ delay 
reached almost the same values (Fig. 8(c)).

3.1.2 Seasonal effect of air temperature
The mean daily discharges of the studied streams responded 
with a one-day time lag to air temperature variability. The 
strongest relationship, expressed by a non-linear exponential 
function, was observed for Vega-1 (R2 = 0.68) while the lowest 
was observed for Vega-3 (R2 = 0.54) (Fig. 9). The regression for 
cases without a one-day time lag was notably lower, between 
R2 = 0.49 (Vega-1) and R2 0.31 (Vega-3).

We observed a weak to moderate relationship expressed by 
a non-linear function between air temperature and water 

temperature (R2 = 0.12 to 0.70). The warmest days (> 6°C) 
were typically associated with rather low water temperatures of 
between 0.5 and 1.0°C. The highest water temperatures 
(around 2.0°C in the case of Vega-1) were observed only on 
the days with slightly above-average air temperature (2 to 4°C) 
and discharges (Fig. 10(a)). In such conditions, the streams 
with lower water levels were heated by the atmosphere much 
more effectively. This is especially the case for Vega-1, where 
the correlation coefficient was the weakest. Vega-3, however, 
showed a more consistent trend with the highest water tem
peratures recorded. Vega-2 experienced the lowest water tem
peratures and the closest fit with air temperature. This is likely 
due to its short water course out of the glacier system. 
Importantly, positive water temperatures (indicating the flow 
of liquid water) were observed down to very low air tempera
tures of −7°C.

3.2 Calculated ablation of the GBD

The ablation of the GBD glacier based on the recalculation 
of the discharge time series of the Vega-1 stream shows 
a total ablation rate of 124.5 ± 14.4 mm w.e. during the 
study period. The variability of the daily ablation rate cor
responded with the variability of runoff and varied from 0.5 
to 14.7 mm w.e.day−1.

Figure 5. Hysteresis loop of discharge/air temperature and water temperature/air temperature based on mean hourly data from the whole study period.
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Figure 6. Hysteresis loop of discharge/air temperature and water temperature/air temperature during cold and warm days (26 January and 10 February, respectively).
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4 Discussion

4.1 Runoff dynamics

The average discharge recorded at the Vega-1 gauging site 
(0.523 m3s−1) is one of the highest recorded discharges in 
Antarctica. Kavan et al. (2017) reported the average discharge 
for Bohemian Stream (on neighbouring James Ross Island) as 
0.19 m3s−1 during the 2015 austral summer, and Kavan (2022) 
reported it as only 0.14 m3s−1 during the 2018 austral summer. 
Stott and Convey (2021) calculated the average discharge of 
the Orwell Glacier meltwater stream on Signy Island as only 
0.048 m3s−1. Szilo and Bialik (2017) studied bedload transport 
and discharge on the outlet of the Baranowski Glacier (King 
George Island) and found the maximum discharge to be only 
0.719 m3s−1, with average discharge likely to have been less 
than 0.2 m3s−1. Falk et al. (2018) used a modelling approach to 
estimate mean discharge in two small creeks in Potter Cove 
(King George Island) and found it to be 0.44 m3s−1 and 
0.55 m3s−1 respectively. Inbar (1995) found an average dis
charge of 0.02 m3s−1 at a gauging site on Deception Island.

Apart from the Antarctic Peninsula and Maritime Antarctica, 
fluvial dynamics have largely been previously studied in the 
McMurdo Dry Valleys region. Hawke and McConchie (2001) 
documented the average discharge as below 0.2 m3s−1 in Miers 

Valley. The average recorded discharge on Onyx River (the 
largest in the McMurdo Dry Valleys region) in the early 1970s 
was around 0.5 m3s−1, with the maximum discharge reaching up 
to 4 m3s−1 (Shaw and Healy 1980). Chinn and Mason (2016) 
reported the mean discharge during the flow days between 1972 
and 1991 to approximately 0.64 m3s−1. Such characteristics are 
very similar to those reported from Vega-1, with the maximum 
discharge reaching up to 5.510 m3s−1.

The Onyx River is often considered to be the largest in 
Antarctica, which is certainly true considering its total 
catchment area. However, the discharge of the Onyx is 
rather low, making it more comparable to streams in smaller 
deglaciated areas of Antarctica, where warmer temperatures 
lead to more intensive snow/glacier melt. To compare the 
Antarctic catchments and their runoff production it is 
necessary to keep in mind that not only the catchment 
area but also the duration of the flow season is different 
and may vary considerably. There may be only a few weeks 
of runoff in McMurdo Dry Valleys, but it may last up to 
a few months in the case of Maritime Antarctica. For that 
reason, we also include a comparison of the aforementioned 
catchments in terms of their area, typical flow season length 
and basic runoff characteristics (Table 1). Using the flow 
depth parameter (mm day−1) can help us to compare the 

Figure 7. Lag time of (a) discharge/air temperature and (b) water temperature/air temperature for the whole study period: 17 January – 21 February 2013.
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runoff production in different catchments; however, this is 
strongly affected by the reliability of catchment area delimi
tation. This is sometimes rather difficult due to complex and 
usually unknown sub-glacial topography. This might be the 
case for the Vega-2 stream (where the actual catchment area 
is probably smaller) and certainly for the Orwell Glacier 
stream (Stott and Convey 2021), where the actual catchment 
area is probably much larger.

The two other gauging sites (Vega-2 and Vega-3) show 
considerably lower discharge, although Vega-2 is draining 
part of the adjacent ice cap. The lower discharge could be 
explained by the fact that most of the meltwater originated in 
the sub-glacial environment, which may drain a smaller area 
than delimited by the surface drainage area.

River discharge shows a good correlation with air tem
perature when a one-day lag is accounted for. A possible 
mechanism for this time lag is that the sub-glacial network 
is composed of a complex series of cavities and channels, 
so it may take some time for surface melt to percolate 
through the ice and into the basal river channels (Flowers  
2015). Preferential flow through cavities (slow) or channels 
(fast) may also vary during the ablation season, causing 
a highly variable runoff response (Nanni et al. 2020). 
Therefore, we can observe the difference in the hydrologi
cal dynamics between a glacier-sourced river system (this 
study) and a permafrost/snowfield-fed water system on 
James Ross Island. In a catchment with less glacier cover, 
the lag time between air temperature and discharge is 
shorter (Kavan et al. 2017). A similar correlation between 
discharge and atmospheric parameters with a time lag of 
0–3 days was reported from a glacierized basin in the 
Himalayas (Singh et al. 2000). Yang and Peterson (2017) 
found a large variety of water temperature regimes in 

Figure 8. Cross-correlation coefficients between air temperature and water dis
charges on streams Vega-1–3 in the periods of (a) 17 January to 
21 February 2013, (b) 1 to 7 February 2013 and (c) 8 to 14 February 2013.

Figure 9. The effect of air temperature on discharges in Vega-1–3 streams. The 
discharges are 1-day delayed.
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Mackenzie and Yukon basins, where the time lag ranged 
from 1 to 40 days depending on the areal extent of the 
basin and presence of large lakes on the water stream. In 
contrast, Falk et al. (2018) observed a strong correlation 
between discharge with surface air temperature on King 
George Island, indicating a short lag time. The clear hys
teresis pattern of discharge and air temperature confirms 
the relatively long time lag. This relationship may be 
deformed during cold days with negative air temperatures 
when the delayed reaction is likely caused by the sub- 
glacial hydrological system with large inertia. On these 
days, sub-glacial runoff production is probably the primary 
source of meltwater runoff in front of the glacier, as is the 
case for Vega-1 (Fig. 5(b)).

4.2 Water temperature

The meltwater draining the glacier is just above 0°C in tempera
ture. Most of the heat energy within the glacier system (no matter 
whether it is in the supraglacial or sub-glacial environment) is 
used during melting, which is an endothermic process, rather than 
raising the temperature of the water (Constantz 1998). The energy 
was only transferred from the atmosphere to the water in a small 
portion of the river downstream of the glacier outlet. Cadbury 
et al. (2008) reported a water temperature rise of 0.6°C km−1 along 
the length of a stream in a glacierized basin in New Zealand. 
Similarly, Gao et al. (2017) reported a water temperature rise 
from the glacier margin of 0.13–0.28°C km−1 for several catch
ments in the Tibetan Plateau. This also shows the impact of 
different catchment properties such as bedrock and soil proper
ties, or catchment gradient. The enhanced glacier melt during 
warm days usually results in lower water temperatures (e.g. van 
Vliet et al. 2013, Du et al. 2022) as the larger volume of meltwater 
also has a higher thermal capacity (Milner et al. 2017). Higher 
water temperatures were, therefore, observed during days with 
low meltwater production and low discharge, which enabled 
a more effective heat transfer in the low volume of water in the 
stream (Collins 2009). A similar cooling effect was even seen 
during warm days with high incoming shortwave radiation in 
some glacierized Alpine catchments (Williamson et al. 2019). 
However, Williamson et al. (2019) reported that the water tem
perature was also controlled by the stream surface area. The 
hysteresis loops presented in Fig. 5 illustrate well the conditions 
of each catchment. The clockwise hysteresis in Vega-3 reflects the 
cooling effect of glacial meltwater (Fellman et al. 2014). There is no 
apparent hysteresis pattern in the case of Vega-1. This is probably 
caused by massive sub-glacial meltwater production, which is not 
directly and immediately affected by fluctuations in air tempera
ture. A clear hysteresis pattern is visible during warm days 
(Fig. 5(c)). In contrast, hysteresis is non-existent during cold 
days, when meltwater draining the sub-glacial network exits the 
glacier at 0°C and is not warmed considerably before reaching the 
gauging site. Surprisingly, Vega-2 shows a counter-clockwise hys
teresis, which is at odds with the extremely high glacier coverage of 
the catchment. This could be explained by the extremely low water 
temperature (usually below 1°C), long lag time, and rather com
plex sub-glacial meltwater transport resulting in the water tem
perature being less sensitive to changes in air temperature.

Despite the short watercourse of the streams studied on 
Vega Island, they were usually inhabited by several microor
ganisms (e.g. Bulínová et al. 2020)T. Notably, the data of 
discharges and water temperature show that streams remain 
active even in cold conditions with air temperatures around −7 
to −8°C. This threshold temperature is about 2–4°C lower than 
was observed on James Ross Island (Kavan et al. 2017).

4.3 Ablation of GBD

The calculated ablation rate of 124.5 ± 13.7 mm w.e. for the 
GBD glacier during the study period (17 January–21 February) 
covered only part of the ablation season but in the overall view 
corresponded well to the long-term net mass balance (approxi
mately −20 cm/year) reported by Marinsek and Ermolin 

Figure 10. The relationship between air temperature and water temperature for 
(a) Vega-1, (b) Vega-2 and (c) Vega-3.
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(2015). The study period did not cover the whole ablation 
period, which may extend up to 8–10 weeks, therefore the 
summer ablation calculated from the whole runoff/ablation 
period would have been higher. The reason for the relatively 
low ablation rate could also be that the 2013 austral summer 
was one of the coldest in recent decades (Oliva et al. 2017), 
which was also reflected in the most positive mass balance 
observed on Whisky Glacier and Davies Dome on the nearby 
James Ross Island in the period 2009–2015 (Engel et al. 2019). 
Therefore, we argue that runoff from the glacierized catchment 
measured directly by standard hydrological methods may 
serve as a useful proxy for the estimation of the overall ablation 
rate of the glacier.

The proposed method of calculating the ablation rate based 
on runoff can be successfully used in regions where sublima
tion accounts only for a minor part of the total glacier mass 
loss. Some of the glaciers located in a dry continental climate 
with very low air temperatures are losing most of their mass by 
sublimation (e.g. McMurdo Dry Valleys in Bliss et al. 2011; 
Andes in MacDonell et al. 2013, Ayala et al. 2017). However, 
these examples account for glaciers in regions where the air 
temperature rarely exceeds 0°C, which is not the case for the 
GBD. The approach may be useful for different land- 
terminating glaciers in the Antarctic Peninsula region, where 
ablation is the principal cause of glacier mass loss and where 
the outflow of the glaciers is well defined. van Lipzig et al. 
(2004) estimated the sublimation in the Antarctic Peninsula 
region to be 9%. This sublimation rate also includes large areas 
of high-elevated ice caps; therefore, the sublimation in low- 
lying glaciers is likely to be significantly lower. This might be 
the case with the neighbouring James Ross Island, where 
routine glaciological observations are carried out using classic 
techniques (e.g. Engel et al. 2018, 2022).

The overall glacier mass balance is the result of the dif
ference in accumulation and ablation (Benn and Evans 2010). 
The estimation of the ablation rate based on runoff measure
ment together with direct glaciological measurements of 
mass balance can therefore serve as a basis for the completion 
of the mass balance equation, where the accumulation rate is 
unknown. The accumulation rate is often difficult to measure 
as it is spatially highly variable, both in relatively small 
glaciers (McGrath et al. 2018) and in the case of the whole 

ice sheets (Dattler et al. 2019). Large differences in snow 
accumulation were also observed among individual glaciers 
on the neighbouring James Ross Island, where the snow 
accumulation rate is driven by the prevailing wind direction 
and local topography (Kavan et al. 2020b). Large-scale pat
terns of precipitation exhibit high spatial and temporal varia
bility in the whole of Antarctica (compare e.g. Robinson et al.  
2018, Medley and Thomas 2019, Vignon et al. 2021). As 
a result, reliable precipitation estimates are relatively scarce, 
and such estimates are subject to large uncertainties arising 
from point observations (Tang et al. 2018) or low spatial 
resolution of remote sensing data (Souverijns et al. 2018). 
The James Ross Archipelago, for example, has a large range 
of estimated precipitation: between 300 and 700 mm w.e. 
year−1 (e.g. van Lipzig et al. 2004, van Wessem et al. 2016, 
Palerme et al. 2017). Therefore, we see great potential in 
combining total mass balance (glaciological measurements) 
with ablation rate (runoff measurement) to estimate the 
accumulation rate over the glacier surface. Moreover, such 
measurements would avoid the uncertainty arising from 
a single-point measurement while integrating the spatial 
variability of accumulated precipitation.

5 Conclusions

Overall, this study highlights the importance of runoff obser
vations from the Antarctic region, where such studies are 
scarce. Data from three streams on Vega Island revealed high 
variability in flow dynamics. The recorded discharge was 
among the highest documented in Antarctic streams, in 
terms of both the maximum discharge (5.510 m3s−1) and the 
mean long-term discharge (0.523 m3s−1). We identify air tem
perature as the key control on both discharge and water tem
perature. The discharge persisted for several days even when 
the air temperature dropped to −7°C, suggesting the large 
momentum of the glacier system and the large contribution 
of the sub-glacial hydrological environment to the overall run
off. Furthermore, the runoff measured on the outflow of the 
glacier allowed us to calculate the glacier ablation rate. 
Compared to long-term glaciological observations, we show 
that this method is a reliable way to estimate ablation rate. We 
propose that a suitable way to calculate the mass balance of 

Table 1. Comparison of available discharge measurements in Antarctica. Catchment areas marked with (*) were not provided in the original reference; the estimate was 
thus made based on the available Reference Elevation Model of Antarctica Digital Elevation Models; A the study period was not precisely stated; B there were multiple 
study seasons between 1972 and 1991.

Stream
Catchment 
area (km2)

Flow 
season 
length 

(months) Study period
Observation 

length (days)

Mean 
discharge 

(m3s−1)

Flow 
depth 
(mm 

day−1)

Annual 
runoff 

volume 
(million m3) Reference

Vega-1 12.9 3–4 17 January–21 February 2013 36 0.523 3.50 4.74 This study
Vega-2 6 3–4 17 January–21 February 2013 36 0.076 1.09 0.69 This study
Algal Stream 2.82 4 8 January–18 February 2015 42 0.06 1.84 0.62 Kavan et al. (2017)
Bohemian Stream 6.47 4 8 January–18 February 2015 42 0.19 2.54 1.97 Kavan et al. (2017)
Bohemian Stream 6.47 4 17 January–28 February 2018 43 0.14 1.87 1.45 Kavan (2022)
Orwell Glacier 0.32 6 5 December 2019–21 February 2020 79 0.048 12.96 0.75 Stott and Convey (2021)
Fosa Stream 10* 5–6 8 January–11 February 2016 35 0.2 1.73 2.85 Szilo and Bialik (2017)
Potter Stream 8.42 5–6 25 January–18 March 2011 53 0.44–0.55 4.51–5.64 6.27–7.84 Falk et al. (2018)
Deception Island 0.65 3 23 January–8 March 1991 45 0.02 2.66 0.16 Inbar (1995)
Miers Stream 12* 2–3 end November–mid FebruaryA 90 0.1 0.72 0.65 Hawke and McConchie (2001)
Onyx River 550* 2 mid December–mid FebruaryB 65 0.64 0.10 3.32 Chinn and Mason (2016)
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a remote glacier in the field would be to use a combination of 
direct glaciological measurement for mass balance, with abla
tion rate estimates based on runoff measurement, to calculate 
the accumulation rate. We argue that such an approach may 
overcome the methodological limitations of using single-point 
measurements, taking into account the whole glacier surface as 
a “measurement site.” This could help to avoid spatial and 
temporal variability of precipitation and provide us with reli
able estimates of accumulation, i.e. precipitation.
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