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Abstract: Remote sensing, and unmanned aerial vehicles (UAVs) in particular, can be a valid tool 
for assessing the dynamics of cryotic features as frost blisters and to monitor the surface changes 
and the sublimation rates on perennially frozen lakes that host important ecosystems. In this paper, 
through the use of these remote sensing techniques, we aim to understand the type of groundwater 
supply of an Antarctic perennial frozen lake that encompasses two frost blisters (M1 and M2) 
through the temporal analysis of the features’ elevation changes (frost blisters and lake ice level). 
The frozen lake is located at Boulder Clay (northern Victoria Land, Antarctica). We relied on several 
photogrammetric models, past satellite images and ground pictures to conduct differencing of dig-
ital elevation models, areal variations and pixel counting. In addition, in situ measurements of the 
ice sublimation or snow accumulation were carried out. The two frost blisters showed different 
elevation trends with M1 higher in the past (1996–2004) than recently (2014–2019), while M2 showed 
an opposite trend, similarly to the ice level. Indeed, the linear regression between M2 elevation 
changes and the ice level variation was statistically significant, as well as with the annual thawing 
degree days, while M1 did not show significant results. From these results we can infer that the 
groundwater supply of M1 can be related to a sublake open talik (hydraulic system) as confirmed 
also by pressurized brines found below M1, during a drilling in summer 2019. For M2 the ground-
water flow is still not completely clear although the hydrostatic system seems the easiest explana-
tion as well as for the uplift of the lake ice. 
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1. Introduction 
In coastal areas of extremes environments like Arctic or Antarctica, remote sensing 

techniques are frequently used due to the terrain inaccessibility [1,2]. In particular, struc-
ture from motion (SfM) photogrammetry has been largely used especially for improving 
beach 3D reconstructions [3,4], although on Antarctic coastal areas SfM is usually used 
for monitoring sea ice, e.g., [5], ecosystems, e.g., [6] or moss beds, e.g., [7], but rarely for 
topographic changes, e.g., [8] or periglacial landforms mapping, e.g., [9]. Nevertheless, in 
the ice-free coastal areas of continental Antarctica, periglacial and cryotic features such as 
thermal-contraction-crack polygons, ice-wedges, perennially frozen lakes including frost 
mounds [10,11] and rock glaciers [12] are widespread. 
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Seasonal frost mounds are small permafrost features that have three different types 
(frost blister, icing blister and icing mounds) according to their structure [13,14]. These 
landforms are common in the Arctic, e.g., [15–18] but poorly studied in Antarctica 
[10,19,20], indeed only one paper regards their spatio-temporal variations although qual-
itatively [10,11,19,20]. 

The structure of frost blisters is not univocal, in fact the intrusive ice may form 
through a closed or open system of groundwater freezing [14,21] that could exert enough 
pressure on the overlying sediments when it freezes. In the first case, water is confined 
and the hydrostatic pressure is an effect of free water that does not encounter the freezing 
front. In the case of open-system, groundwater is able to flow and to generate a hydraulic 
potential and large pressures [21]. As a consequence, the understanding of frost blisters’ 
structure and genesis should be related to the assessment of the groundwater circulation. 

Permafrost hydrology and groundwater systems recently increase the attention of 
scientific community also in Antarctica [22–25], but rarely concerning frost mounds 
[10,20]. Indeed, groundwater flow has been studied as a consequence of the surficial hy-
dric balance that causes the infiltration of meltwater [23] also through snow redistribution 
[24]. However, the hydrology of Antarctic lake systems also depends on the formation 
and sublimation of ground ice in the catchment [22], the presence of brines [22,25] and the 
sublimation of lake ice [26]. It is a matter of fact that the hydrology of perennially frozen 
Antarctic lakes can be linked to lake ice icing blisters [10] or to pressurized brines beneath 
pingo-like features [20]. However, growing rates [27] or vertical movements of frost 
mounds [28] have been measured in Canadian Arctic, while, according to our knowledge, 
no scientific papers on this topic related to Antarctica have been published. Therefore, the 
monitoring of the temporal variations of the frost blisters could be also useful to under-
stand the mechanism of water supply (closed vs open system, [29]). 

Due to the connection of Antarctic frost mounds with frozen lakes, the hydrology of 
the latter should not be excluded for the assessment of the whole system hydric balance. 
Indeed, the talik type and its water supply are key factors in the analysis of permafrost 
impacted systems [30] and frost mounds [10,20]. 

The hydric balance and the recharge system in the cryotic environment could only 
be understood with a quantification of the role of sublimation and snow accumulation 
that are generally more important than the melting [26,31–34]. Moreover, the climatic im-
portance of permafrost-related groundwater systems has been demonstrated in Antarctic 
lakes [10,33–36] and this will help in figuring out the future scenarios [37,38]. 

In this paper we focus on one of the perennially frozen lakes studied by Guglielmin 
et al. [10] and recently investigated also regarding its microbiological ecosystems [39,40]. 
In particular, we quantify the temporal variation of the two frost blisters occurring in this 
lake and the spatio-temporal variations (i.e., sublimation and accretion) of the ice surface 
in order to assess the origin of the water supply that is responsible of the lake-system 
dynamic. 

2. Materials and Methods 
2.1. Study Area and Climate Analyses 

The study site is a perennially frozen lake (74.7466°S, 164.0197°E, 205 m a.s.l.) located 
in an area called Boulder Clay, close to Mario Zucchelli Station (MZS) in northern Victoria 
Land (Antarctica) (Figure 1). The lake is a dry-based type and, in summer, melting can 
occur at its bottom, thus generating saline water [10]. On its surface, two icing blisters are 
visible (black triangles Figure 1), while two frost blisters (M1 and M2), developed from 
the basin, cross the ice surface [10] (Figure 1). 

This ice-free area is 6 km south of MZS and it has a southeastern aspect with a general 
slope smaller than 5°. The climate is characterized by a mean annual air temperature 
(MAAT) of −14.1 °C if considering the climatic series of this study (1990–2019) and a scarce 
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solid precipitation of 100–200 mm water equivalent (w.e.). [41]. Despite the low precipita-
tion, snow drift is very important because the strong winds may favor a snow cover with 
a high variability [42]. 

The area consists of glacial ablation-sublimation till overlaid on a body of a dead 
glacier [43]. The till matrix is generally silty sand with confined zones of clayey silt [42]. 
The vegetation cover in this area is scarce and composed by mosses and epilithic lichens 
[42,44]. 

Permafrost in this area is continuous and 420–900 m thick [45]. Active layer ranges 
between 23 and 92 cm with a thickening trend of +0.3 cm per year [42]. Here, numerous 
surface features were encountered, such as perennially ice-covered ponds, frost-fissure 
polygons and frost mounds (frost blisters, icing blisters) [10,11,43,46]. 

The calculation of mean air temperatures for different spans of time (daily, monthly, 
seasonally, yearly) and the thawing degree days (TDD) following Molau and Mølgaard 
[47] allowed to obtain: (a) mean annual air temperatures (MAAT), (b) mean summer (De-
cember, January, February, DJF) air temperatures (MSAT), (c) mean winter (June, July, 
August, JJA) air temperatures (MWAT) and annual thawing degree days (ATDD) [48]. 
Hourly air temperatures were collected from the closest automatic weather station (AWS) 
called “Eneide” (74.70°S 164.10°E; 92 m a.s.l., Figure 1) from 1990 to 2019 (Data and infor-
mation were obtained from ‘MeteoClimatological Observatory at MZS and Victoria Land’ 
of PNRA–http://www.climantartide.it). Moreover, to assess the climatic component that 
affect the surface changes of the two frost blisters, we compared the elevation with the 
ATDD of the previous year through a linear regression analysis. In addition to estimate 
the total sublimation, a linear regression between the ice level variation collected in situ 
during December 2018 and a climatic index (ATWS) was computed and extrapolated to 
the entire year. ATWS is the multiplication of the mean air temperature for the mean wind 
speed considering the period including the three days before the ice level measurement. 
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Figure 1. Location of the study area. (a) Location of Northern Victoria Land (black arrow), (b) helicopter view of the two 
frost blisters and the two icing blisters (black triangles), (c) Boulder Clay satellite imagery (Google Earth® satellite imagery 
of 2014). The lake is approximatively 6 km south of the Italian station (MZS) and marked by the red circle. The yellow dot 
indicates the automatic weather station (AWS) “Eneide”. 

2.2. Photogrammetric Analysis 
Four photogrammetric surveys were conducted during the summers of 2017–2018 

and 2018–2019 (A refers to 08/11/2017, B to 03/12/2018, C to 30/12/2018 and D to 
21/11/2019) to create the correspondent digital elevation models (DEMs) and the related 
orthoimages of the lake with Agisoft Metashape 1.5 (Table 1). Due to the harsh weather 
conditions and logistical constraints, it was not possible to guarantee the same date of 
survey along the study period. However, the surveys represent the warmest months of 
the year. In addition, during 2018 two surveys were conducted to assess intraseasonal 
changes. For (A), a helicopter survey was conducted to take convergent images from a 
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circular orbit [49]. For (B), (C) and (D), the survey consisted of a drone flight with a nadir 
acquisition [50]. The surveys guaranteed a general image overlap of >50%. The drone was 
a hexacopter aircraft, a customized version of the SR-SF6 model (Skyrobotics, Italy). 
Ground markers were selected and georeferenced with a Leica GPS station comprising a 
GS10 receiver, a CS10 controller, an AS10 antenna and a real-time-kinematic (RTK) mo-
dem (horizontal and vertical accuracy of 8 and 15 mm, respectively). Some of the markers 
were used as ground control points (GCPs) and the remaining as check points [51]. The 
choice of GCPs was constrained by the quality of the images and the characteristics of 
each photogrammetric survey are summarized in Table 1. 

Table 1. Characteristics of the cameras (resolution), the markers (number) and the accuracy of the four 3D models obtained 
from the photogrammetric reconstructions. 

Sur-
vey 

Date Camera Markers GCPs 
Check 
Points 

Resolu-
tion (cm) 

Reprojection Error of 
Tie Points (px) 

Reprojection Error 
of Markers (px) 

Vertical Error of 
Check Points (cm) 

A 08/11/2017 
Honor 9 

Smartphone—20 MP 
9 5 1 8.1 1.0–3.6 1.8–3.2 2.3 

B 03/12/2018 Sony QX1—20 MP 21 13 7 0.7 0.3–1.0 0.3–0.6 2.0 
C 30/12/2018 Sony QX1—20 MP 20 13 3 0.6 0.3–1.5 0.2–1.0 1.0 
D 21/11/2019 Sony QX1—20 MP 15 12 3 0.7 0.5–0.9 0.3–0.9 1.5 

The bundle adjustment that yielded the 3D models from multiview stereo images 
provided a good resolution of DEMs ranging between 0.6 and 8.1 cm depending on the 
camera and the flight mission settings. 

The calculations conducted on the DEMs obtained from the above-described models 
always respected the same type of survey: (A) compared to (B), (B) compared to (C) and 
(C) compared to (D). This provided the most recent assessment of elevation changes of 
the lake surface and frost blisters (Table 2). 

Table 2. Multidimensional differences of the frost blisters dimensions and the ice level during the study period. The pixel 
analysis shows the reconstructed elevations for the period 1996–2014 graphically shown in Figure 4. The DEMs shows the 
real elevations for the period 2017–2019. Area and volume show the dimensions of M1 and M2 calculated from the aerial 
images, orthophotos and DEMs in different years. “Ice” from 2017 to 2019 refers to the mean change of the internal ice 
area near the frost blisters. 

 Mean Elevation from Pixel Analysis (m a.s.l.) Mean Elevation from DEM (m a.s.l.) Area (m2) Volume (m3) 
 M1 M2 Ice M1 M2 Ice M1 M2 M1 M2 

1996 206.067  205.468        

2002 206.231 205.489 205.036        

2004 206.198 205.229 205.196    32.0 21.3   

2009       19.6 0   

2011       15.9 1   

2014 205.569 205.058 204.878    18.2 16.3   

2017 (A)    205.913 205.762 205.563   1.93 0.95 
2018 (B)    205.997 205.801 205.435 20.7 23.6 2.35 1.24 
2018(C)    206.058 205.874 205.468   2.76 1.49 
2019 (D)    205.98 205.807 205.29 22.3 21.5 2.35 1.17 

In order to get a longer period for temporal changes, several views of the (B) dense 
cloud in Metashape were captured in order to match the same perspective and distance 
of ground-level images taken in previous Antarctic campaigns (1996, 2002, 2004, 2014). (B) 
was selected as reference dense cloud because it was the most snow-free and less biased 
model of 2018, as well as the year with the highest frequency of analyses. This provided 
couples of images ready to assess differences between 2018 and each previous campaign 
(Figure 2). 
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Figure 2. Comparison of heights in pixel between the frost blisters M1 (left), M2 (right) and ice 
references in different years. The matching accounts for images taken in 1996 (a), 2002 (c), 2004 (e), 
2014 (g) and each respective shooting position of the (c) on the 30/12/2018 (b,d,f,h). The red line 
links the external fixed points (boulders), the yellow bars match the frost blisters heights, the green 
bars the lake ice level at its eastern border, the black bars the internal ice level. 

The measurement of the frost blisters’ heights in previous campaigns was conducted 
by pixel counting in Adobe Photoshop. A background layer of 300 dpi was used to com-
pare the two images in order to have the same amount of pixels per object in both the 
pictures. A horizontal line was drawn to align the top of stable boulders outside the lake 
borders and subsequently the pixel distance of the two frost blisters’ tops from the hori-
zontal line was measured. This yielded an assessment of height difference relative to the 
outer part of the lake along a temporal scale. This method partially followed the one used 
in the time-lapse photography of van Everdingen [27]. 

The ice level at the base of each frost blister has been variable due to sublimation or, 
rarely, melting (only in January 2002). This situation was useful to additionally calculate 
the variation of the ice surface from the horizontal line (i.e., the icy borders of the lake and 
internal areas like the icing blister). Finally, by converting the number of pixels in centi-
meters with the known height of selected objects, it has been possible to (a) quantify (in 
cm) the variation of both the ice surface and frost blisters’ heights during the years, and 
(b) reconstruct their original elevation (in m a.s.l.) in each year by starting from the most 
recent surveys’ known elevations (DEMs) (Table 2). 

Beside the elevation change of the frost blisters, also an areal quantification was con-
ducted. The available chronological sequence (2004, 2009, 2011, 2014) of the aerial images 
of the lake was downloaded from Google Earth Pro® and georeferenced in ArcGIS 10.3. 
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Here, an areal comparison of the frost blisters in 2004, 2009, 2011 and 2014 plus the most 
snowfree orthophotos (A), (B) and (D) was possible. 

In addition, a volumetric temporal reconstruction of the frost blisters was provided. 
The DEMs obtained from (A), (B), (C) and (D) were cut off at a fixed elevation to maintain 
the top part of the frost blisters (that is the area not affected by the snow drift/accumula-
tion) and the volume calculated for each year. This was conducted by summing the vol-
ume of each parallelepiped having a resampled base (pixel) dimension of 8.1 × 8.1 cm 
(Table 2). 

2.3. DEM Analysis and Sublimation Rates 
For a topographic analysis, DEMs and orthoimages obtained from (A), (B), (C) and 

(D) were treated in ArcGIS 10.3. All the DEMs yielded a quantification of the blisters and 
ice change both annually (A, B, D) and seasonally (B, C). Since the snow cover variability 
is mainly related to snow drift, only the ice surface was considered to undergo sublima-
tion. Indeed, ice sublimation here is largely the main process that could reduce the ice 
surface level because meltwater was observed only once during January 2002, except for 
a slight melting along the shorelines for a few days in a couple of other years in the last 20 
years. Therefore, only the snow-free area of (A), (B), (C) and (D) was considered for the 
calculation. 

Indeed, the most accurate DEMs (B, C, D) (lowest error values, Table 1) were useful 
to assess the sublimation rates of the ice surface at midseason 2018 (B–C) and during one 
year 2018–2019 (C–D) through differencing of DEMs, while orthophotos were used for the 
characterization of the surface types (snow, ice, frost blisters). 

The calculation of error propagations in the DEM operations followed the method 
described by Milan et al. [52] and Brasington et al. [53] at 95% of confidence interval. It is 
showed in Equation (1): 

E = 1.96 √((σ1)2 + (σ2)2) (1) 

where E is the final error, while σ1 and σ2 are the standard deviations of the elevation error 
of the two DEMs, respectively. 

In addition, field measurements of surficial snow deflation/sublimation or ice subli-
mation on the lake surface were carried out through the installation of 40 white plastic 
tubes (40 cm long, 1.5 cm of diameter), inserted vertically at 15 cm below the surface and 
distributed on the lake statistically representing the different surface types. Four measures 
of the above-surface length of each tube were recorded and averaged [10] with a ruler 
every 10 days from 11/11/2018 to 16/01/2019. In this way, the seasonal surficial gain (for 
snow) or loss (for ice and snow) was calculated by summing the vertical differences at 
each tube. 

3. Results 
3.1. Climate 

In the analyzed period (1990–2019) the MAAT was −14.1 °C, while MSAT and MWAT 
were −2.7 and −21.0 °C, respectively. Similarly, the mean ATDD was very low (26.8 °C). 
All the trends were slightly positive and statistically significant (p < 0.05), except for 
MWAT that showed a negative trend not statistically significant (p > 0.05) (Figure 3). In 
detail, the trends are shown by the linear regression between the climate parameters and 
the time as follows (year = x): MSAT = 0.0393x − 3.3268 (R2 = 0.18), MAAT = 0.0339x − 14.591 
(R2 = 0.2), MWAT = −0.0046x − 20.943 (R² = 0.001), ATDD = 0.6061x + 17.393 (R2 = 0.16). The 
linear regressions that explain the relations between the blisters’ elevations with the 
ATDD and the ice sublimation with the ATWS have been treated in the discussion. 
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3.2. Frost Blisters 
The comparison of all frost blisters images available is reported in Figure 2 where on 

the left column there are the different frost blisters images available, while on the right 
column there are the different views of the dense cloud (B) (3/12/2018) that match the 
shooting position of the left column (Figure 2). 

 
Figure 3. Trends of the principal climatic parameters for the period 1990–2019 at the closer available automatic weather 
station (AWS) “Eneide” 5 km far from the analyzed lake at Boulder Clay. Legend: MAAT = mean annual air temperature; 
MSAT = mean summer air temperature (DJF); MWAT = mean winter air temperature (JJA); ATDD = annual thawing de-
gree days. 

The top of the two frost blisters varied independently: Figure 2a M1 and M2 were 
both higher in 2018 respect all the previously available years except for 2014 (Figure 2e,f). 
It is noticeable that M1 have been bigger in the past (1996–2014) even though it constantly 
deflated in that period and inflated during 2014–2018. Likewise, M2 constantly decreased 
during 2002–2014 to then increase during 2014–2018. It is remarkable how the difference 
between M1 and M2 reached the maximum in 2004 with ca. 97 cm and afterwards de-
creased to ca. 17 cm in 2018 (Table 2). Although M1 and M2 variations followed a similar 
trend, they displayed no statistically significant relations. 

In addition, the lake ice level at the eastern border of the lake (green bar) was constant 
through the comparisons (except for 2004 when the lake ice was hidden by the snow 
cover), while its level in correspondence with ice cracks (black bar) near the frost blisters 
(internal ice level) was higher in 2018 than in all the other reference years (except for 1996) 
and more pronounced in the 2002–2018 comparison (Figure 2c,d). If we consider the cal-
culated elevations (Table 2), 2014 was the year with the lowest height both for M1 and M2 
and for the internal ice. Indeed, conversely to the blisters, the internal ice surface pulsated 
(rose and subsided) every year since 1996 until 2019. It is also interesting to notice that 
between 2014 and 2017 the three features underwent a bigger change compared to previ-
ous and following years (+34.4, +70.4 and +68.5 cm for M1, M2 and Ice, respectively) but 
probably this can be related to the change of method (DEM differencing) (Table 2, Figure 4). 
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Figure 4. Elevation changes (m a.s.l.) between 1996 and 2019 (see also Table 2). From 1996 to 2014 the pattern relied on 
pixel analysis, while from 2017 to 2019 on DEM differencing. This could explain the large increase between 2014 and 2017. 

The areal variation of M1 and M2 was assessed by the aerial images of Google Earth® 
and the orthophotos. The temporal variability of M1 was smaller than M2, indeed, M1 
ranged between 15.9 m2 in 2011 and 32.0 m2 in 2004 while M2 ranged between 0 m2 in 2009 
and 23.6 m2 in 2018 (Table 2). 

The areal extend of the blisters showed a pulsating change that followed the elevation 
change. One discrepancy with the elevation change (M1 between 2018 and 2019) could be 
explained by the variability of snow accumulation on the mound that biased the analysis, 
even though only the most snow-free images and orthophotos were considered. However, 
the areal analysis showed changes during 2009 and 2011 that were without vertical infor-
mation: interestingly, M2 disappeared during those years (0–1 m2) and reached the maxi-
mum in (B) (23.6 m2), while M1 in 2004 (32 m2). The interesting disappearance of M2 dur-
ing 2009–2011 has been a result of a combination between a blister extent reduction and 
an ice level rise in the same span of time (2004–2009). 

Similarly, the volumetric analysis agreed with the elevation changes and also with 
the areal analysis except for M1 (2018–2019), where a volumetric consistency (2.35 m3) 
matched an areal increase (20.7 to 22.3 m2). Anyway, the maximum volumes were reached 
in (C) with 2.76 and 1.49 m3 for M1 and M2, respectively (Table 2). 

3.3. Sublimation 
Through DEMs differencing (B–C) and (C–D), the absolute variation of the lake sur-

faces was calculated. As a result, during December 2018, frequent snow drifts occurred 
and averagely produced an accumulation of 14.9 cm of snow. Accretion also occurred at 
the surfaces that changed between ice and snow depending on the snow drifts (i.e., 
ice/snow) (8.6 cm) and even on ice (3.6 cm). After one year, both the average snowpack 
and the internal ice level were similarly sublimated and/or blown away in the case of the 
snow (−12.3 and −18.1 cm, respectively) (Table 3). 
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Table 3. Difference of digital elevation models (DEMs) that show the extents (%) and statistics 
(means and standard deviations) of accretions (positive values) and sublimation (negative values) 
of the different surface types during the month of December 2018 (B–C) and between 2018 and 
2019 (C–D). The accuracy indicates the propagation of errors during the differencing. 

 Area (%) Mean Change (cm) St. Dev. (cm) Accuracy (cm) 
 2018 2019 2018 2019 2018 2019 2018 2019 

Ice 21.9 48.7 3.6 −18.1 2.5 6.1 
4.4 3.5 Snow 51.3 51.3 14.9 −12.3 8.9 9.2 

Ice/Snow 26.8 - 8.6 - 5.2 - 

Considering the whole summer season 2018–2019 among the 40 tubes, on average 19 
represented the ice surface, eight the snow and 13 the ice/snow changing surfaces, while, 
considering only December 2018, the classification was slightly different: 13, 10 and 17, 
respectively (Table 4). The highest sublimation was recorded between 11 and 22 Novem-
ber 2018, when the mean loss accounted for −1.7 cm of ice, −2.2 cm of snow and −2.0 cm of 
ice/snow (not shown). Similarly, at the end of the season, the mean of the cumulative var-
iations at each tube showed close values. In fact, the total losses were maximum for 
ice/snow (−2.4 cm), followed by snow (−2.0 cm) and ice surfaces (−0.7 cm) (Table 4). It is 
also interesting to notice that a) the largest accretion/sublimation (big dots) occurred on 
the snow and more distant to the frost blisters and b) the distribution of the lowest accre-
tion/sublimation (little dots) was randomly distributed (Figure 5). 

 
Figure 5. Seasonal snow and ice dynamic at the study site. The orthophoto has been obtained with the survey on 3/12/2018 
while the surface type classes remain constant during all the summer 2018–2019. In addition, punctual cumulative height 
variations recorded at each tube from 11/11/2018 to 16/01/2019 are reported. Colors refer to sublimation (red) and accre-
tion/accumulation (green), while dots diameter refers to high values (big) or low values (small). Yellow lines indicate the 
major dilation cracks on the ice surface. 
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Locally, the vertical variations recorded in situ (tubes = y) and remotely-sensed (DEMs = 
x) matched quite well during December 2018 (B–C) for the most Table 4 tubes, according to 
the linear regression y = 69.9x − 3.12 (R2 = 0.72, p < 0.001). Conversely, no relations were found 
between the seasonal in situ vertical variations and the DEMs difference. 

Table 4. In situ losses (negative values) and gains (positive values) of the different surface types 
during the summer season 2018–2019. 

 Min (cm) Max (cm) Mean (cm) St. Dev. (cm) 
Ice −4.3 3.4 −0.7 1.7 

Snow −12.0 10.8 −2.0 8.6 
Ice/Snow −13.1 7.9 −2.4 5.3 

4. Discussion 
4.1. Frost Blisters and Lake Ice Surface Variations 

Despite the different size of M1 and M2, their changes followed a similar trend and 
generally consistent with elevation and volumetric changes while areal changes were 
sometimes decoupled with the formers and this probably reflects the higher accuracy of 
the first two monitoring methods. Indeed, areal changes may have not only been corre-
lated with the blisters’ accretion or deflation, but also with the snow accumulation around 
them and the ice level dynamic. 

The similar trend of elevation changes (Figure 4) showed that M1 was always the 
highest, although the elevation differences between M1 and M2 are largely variable, rang-
ing between ca. 1 m in 2004 and 0.17 m in 2019. M2 results were more variable over time 
than M1 (Figure 4 and Table 2). Moreover, it is remarkable that during December 2018 the 
frost blisters showed a differential accretion of 2.0 and 2.4 mm day−1 for M1 and M2, re-
spectively, both greater than the lake ice surface accretion (1.2 mm day−1). It is not surpris-
ing that these values are lower than the values recorded in the Arctic where the accretions 
could also reach 0.55 m day−1 [27] because of the shallower active layer and the shorter 
and much colder summer in continental Antarctica. Furthermore, dilation cracks on the 
ice surface (Figure 5) and the increase of the lake ice level suggest that there also an uplift 
of the lake surface [10]. 

During the whole examined period, the pattern of ice level changes has been even 
more variable than that of the blisters. This could be explained by the debris cover that 
can reduce the ice sublimation within the permafrost of the two frost blisters compared to 
the sublimation on the lake ice or on the snow as known in literature [54]. For example the 
sublimation measured on the till in the Dry Valleys was around 0.22 mm year−1 [54], while 
on glacier ice of continental Antarctica was up to 40 cm year−1 [55] and on perennially 
frozen lake the annual loss of ice ranging between 0.64 and 0.99 m year−1, e.g., Dugan et 
al. [26]. 

Only the M2 elevation changes displayed a good linear regression with ice level 
changes during the study period. Indeed, in Figure 6 it is possible to see that only M2 
responded to the ATDD displaying a statistically significant negative trend with its height 
changes (R2 = 0.85, p < 0.01) and with the ice level changes following a statistically signifi-
cant positive trend (R2 = 0.71, p < 0.05). Our data confirmed the correlation between sum-
mer TDD with the ice loss already demonstrated on perennially frozen lakes of the Dry 
Valleys [35,56]. Moreover, the differences between the two blisters suggest that M2 and 
M1 have probably two different water sources because M1 seems neither related to the ice 
level neither to the ATDD. These facts suggest that both M2 and the ice level respond to 
the same climatic index (ATDD) that can be considered a proxy of the water availability 
because indicate the amount of energy available for the snow melting. 
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Figure 6. Linear regression between the frost blisters’ elevation change and the ATDD (a,c) and the ice level (b,d). M2 elevation 
changes are plotted against the ATDD of the previous year (a) and then against the ice level elevation (b). Similarly, M1 elevation 
changes are plotted against the ATDD of the previous year (c) and then against the ice level elevation (d). 

4.2. Lake Ice and Snow Surface Sublimation 
The water balance of this study consisted in the monitoring of the ablation of snow 

and ice and the accumulation of wind-blown snow. Since surface meltwater has never 
been observed except in 2002 (M.G. personal communication), we assume that the snow 
and ice ablation mainly occurred via sublimation. Due to the high variability of snow ac-
cumulation, but especially removal (i.e., snowdrift sublimation, [57]) because of the kata-
batic wind action at the study area [32], the sublimation assessment was possible only at 
the ice surface. However, ice sublimation plays a more important role than snow subli-
mation due to its higher density and so higher water equivalent, but also its lower albedo 
and temperature [58]. From the in situ measurements, the average loss of 0.7 cm resulted 
to be rather small, especially considering that the summer sublimation of east Antarctic 
coasts contributes more largely to the ice ablation compared to winter [54,56]. It is likely 
that since our summer period (NDJ) did not follow the common Antarctic summer (DJF) 
[33], the February’s sublimation was lost. However, it is also true that the plastic tubes 
had no external reference points and represented a relative variation, thus inducing in 
underestimations or overestimations due to some possible tube sinking (ice melting) or 
heaving (meltwater refreezing), respectively. Conversely, by looking at the absolute re-
motely-sensed data, from late December 2018 (C) to November 2019 (D) a greater ice ab-
lation of −18.1 cm was observed, in line with what found by Doran et al. [59] in the Dry 
Valleys (15–50 cm year−1) or Dugan et al. [26] (7–21 cm year−1), but slightly lower than what 
found by Guglielmin et al. [10]. 

It is well documented that ice sublimation increases when wind speed and air tem-
perature increases, e.g., [26,34,58], but, as demonstrated by Andersen et al., the wind is 
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more effective than air temperature [33] at least in Antarctica. Here, we obtained a statis-
tically significant linear regression between the ice sublimation and the ATWS (Figure 7). 
Through this regression we calculated the annual sublimation that was very similar (18 
cm) to the remotely-sensed measured one (18.1 cm). Hence, at Boulder Clay, winter ice 
sublimation has a greater impact than summer sublimation (because wind speed is higher 
on average and air temperature strongly lower) and this is in accordance to Andersen et 
al. [33]. Moreover, the maintenance of a high winter sublimation could be related to a 
scarce snow cover of the lake that would protect the ice surface [34,54,60,61], even though 
the subsurface sublimation of ice/snow is possible, e.g., [61,62]. 

 
Figure 7. Linear regression between the ATWS and the average measured height of all the tubes during the period between 
22/11/18 and 16/01/2019 (negative values correspond to loss of ice and positive values correspond to accretion of ice). R2 = 
0.84 and p < 0.01. The different symbols indicate the date of measurement: black triangle 22/11/18, white square 1/12/18, 
black rhombus 11/12/18, white triangle 19/12/18, white rhombus 27/12/18, black circle 07/01/19, white circle 16/01/19. 

A summary of the methods and the results related to the elevation changes of the 
lake ice and the frost blisters surfaces of this study is presented in the flowchart (Figure 
8). It is noticeable that M1 changes seem almost independent of ATWS and ATDD, sug-
gesting that this frost blister could have a different source of water with respect to the 
frozen lake and M2. 
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Figure 8. Flowchart of the methods and climatic parameters utilized in this paper. Input techniques with the reference 
period are presented as rectangles, while the derived results are showed as circles. Climatic indices that drive the frost 
blisters (M2) and ice level change (ATDD, ATWS) are shown as squares. Ice sublimation and ice level are correlated with 
climatic indices (ATWS for the former and ATDD for the latter). M2 changes are correlated also with both ATDD and ice 
level while M1 seems to be independent of climatic parameters. 

4.3. Water Recharge 
Concerning M1, it is reasonable to hypothesize that a groundwater flow (of open-

system type) supplies this blister. Indeed, the borehole drilled on the side of the blister in 
2003 showed the presence of pressurized brines for an amount of 114 kPa, unrelated to 
the presence of liquids at the lake bottom [10]. Further, a second borehole of M1 in De-
cember 2019 (3.94 m of depth, not an object of this study) displayed an average increase 
of the pressurized brines level in the borehole of 15.9 L h−1, greater than the frost blisters 
that were associated to a hydraulic recharge by van Everdingen [27] in the Arctic. 

Moreover in this area, hydrostatic pressure evidences have already been found by 
French and Guglielmin [11]. One of these consists in algal mats that emerge from the ice 
surface indicating the presence of refreezing water at the bottom [11]. Recently, the obser-
vation of brines beneath the perennially frozen surface at different levels within the lake 
ice, generally below the icing blisters [63], confirmed the hydrostatic system for this per-
ennially frozen lake. On the contrary, pressurized brines below M1 suggest a hydraulic 
injection of water coming from an open-system talik similar to the model described by 
Forte et al. [20] or Scheidegger and Bense [36]. Independently of the hydrogeologic sys-
tem, according to previous studies, groundwater recharge is possible through two pro-
cesses: (a) through talik [26] or sublake open taliks [38] or (b) active layer meltwater infil-
tration [22] that recharge the supra-permafrost aquifer [38]. In this case, we can surely 
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exclude the second one because we never found water in the shallow boreholes around 
the lake. 

Differently, concerning M2 we cannot exclude the ice uplift through the hydrostatic 
hypothesis that consists in the surface heaving in early winter as consequence of the melt-
water refreezing that percolated through the lateral “moats” (melted edges of lakes in 
summer, [24]) of the lake as discussed in Guglielmin et al. [11]. In fact, the ice level change 
may be connected to ice segregation of liquid water at the bottom during autumn [64] 
likely produced by the solid-state-greenhouse effect [65] or coming from the fusion of 
snow/ice in the lateral “moats” [10,24]. Moreover, from the most detailed orthophotos (B, 
C, D), the absence of new cracks on the two icing blisters suggested no hydraulic pressure 
of the liquid at the bottom in the recent years (2018–2019) confirmed also by a borehole 
drilled in summer 2019 that found nonpressurized brines on the icing blister close to M1. 

Eventually, the future scenario of the lake dynamic will likely follow the trend of an 
open system because the recent increase of the ground surface temperature [66] will lead 
an increase of the lake bottom temperature and the formation of through taliks [36]. While 
the active layer thickening [42] could be related to a drainage of water [16,37] coming from 
percolating snow melting [22,24], thus leading to a supra-permafrost aquifer seasonal 
flow [38]. 

5. Conclusions 
The photogrammetric surveys performed during the summers 2017–2018 and 2018–

2019 allowed us to build the digital elevation models (DEMs) and obtain orthoimages of 
the perennially frozen lake. This study demonstrated how these remote sensing results 
are fundamental to determine the spatial and temporal variations of the sublimation and 
accretion in this peculiar hydric and cryotic system. Here we demonstrated how remote 
sensing and unmanned aerial vehicles (UAVs) in particular can be a valid tool for as-
sessing the dynamics of cryotic features as frost blisters and to monitor the surface 
changes and the sublimation rates on perennially frozen lakes. 

We demonstrated that an accretion rate is present during summer and it is greater 
for the frost blisters than the lake ice. Moreover, similar features like two frost blisters in 
the same lake can have different dynamics and, above all, these differences in surface 
changes can reflect different water supply mechanisms. Indeed, while M1 seems not to be 
influenced by climatic indices and revealed the occurrence of pressurized brines within, 
M2 shows good relations with the ice level and the climatic indices. These evidences sug-
gest the existence of an open-system groundwater flow (hydraulic system) that supply 
M1, while, for M2, the water supply can be referred to a hydrostatic system as well as for 
the ice level. Indeed, the hydrostatic hypothesis for the lake ice uplift has been demon-
strated [10] and confirmed by the presence of nonpressurized brines underneath the icing 
blister near to M1. However, the amount of available water would not be able to produce 
such variations on M2 and on the ice level during the whole examined period, especially 
with such intense ice sublimation recorded in the last year and therefore a hydraulic open-
system could be evoked at least in some years also for M2. Further, the sublimation on the 
lake ice at Boulder Clay is strongly dependent on the wind speed and low air temperature, 
and is at its maximum during the Antarctic winter. This is confirmed by the sublimation 
of the lake ice recorded in situ and by remote sensing that shows an annual ice loss up to 
18.1 cm against 0.7 cm during the summer. 

Author Contributions: Conceptualization, M.G. and S.P. (Stefano Ponti); methodology, S.P. 
(Stefano Ponti); software, S.P. (Stefano Ponti) and R.S.; validation, S.P. (Stefano Ponti), R.S. and S.P. 
(Samuele Pierattini); formal analysis, S.P. (Stefano Ponti); investigation, all authors; resources, S.P. 
(Stefano Ponti), R.S. and S.P. (Samuele Pierattini); data curation, S.P. (Stefano Ponti), R.S. and S.P. 
(Samuele Pierattini); writing—original draft preparation, S.P. (Stefano Ponti); writing—review and 
editing, M.G.; visualization, S.P. (Stefano Ponti); supervision, M.G.; project administration, M.G.; 
funding acquisition, M.G. All authors have read and agreed to the published version of the manu-
script. 



Remote Sens. 2021, 13, 435 16 of 18 
 

 

Funding: This research was funded by PNRA, grant number PNRA16_00194-A1 “Climate Change 
and Permafrost Ecosystems in Continental Antarctica” and PNRA18_00186-E “Interactions between 
permafrost and ecosystems in Continental Antarctica”. 

Institutional Review Board Statement: Ethical review and approval were waived for this study, 
due to studies not involving humans or animals. 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the 
study. 

Data Availability Statement: The data presented in this study are available on request from the first 
author.  

Acknowledgments: We want to thank the ENEA logistical support in the frame of PNRA and in 
particular the Projects “PNRA 2013/AZ1.05 “Permafrost ecology in Victoria Land”; 274 
PNRA16_00194-A1 “Climate Change and Permafrost Ecosystems in Continental Antarctica”; 275 
PNRA18_00186-E” Interactions between permafrost and ecosystems in Continental Antarctica that 
allowed this research and Paolo Ciavola for his comments and suggestions. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Kim, M.; Im, J.; Han, H.; Kim, J.; Lee, S.; Shin, M.; Kim, H.C. Landfast sea ice monitoring using multisensor fusion in the Ant-

arctic. GISci. Remote Sens. 2015, 52, 239–256, doi:10.1080/15481603.2015.1026050. 
2. Lee, S.; Im, J.; Kim, J.; Kim, M.; Shin, M.; Kim, H.-C.; Quackenbush, L.J. Arctic Sea Ice Thickness Estimation from CryoSat-2 

Satellite Data Using Machine Learning-Based Lead Detection. Remote Sens. 2016, 8, 698, doi:10.3390/rs8090698. 
3. James, M.R.; Ilic, S.; Ruzic, I. Measuring 3D coastal change with a digital camera. Coast. Dyn. 2013, 893–904. 
4. Brunier, G.; Fleury, J.; Anthony, E.J.; Gardel, A.; Dussouillez, P. Close-range airborne Structure-from-Motion Photogrammetry 

for high-resolution beach morphometric surveys: Examples from an embayed rotating beach. Geomorphology 2016, 261, 76–88, 
doi:10.1016/j.geomorph.2016.02.025. 

5. Li, T.; Zhang, B.; Cheng, X.; Westoby, M.J.; Li, Z.; Ma, C.; Hui, F.; Shokr, M.; Liu, Y.; Chen, Z.; et al. Resolving fine-scale surface 
features on polar sea ice: A first assessment of UAS photogrammetry without ground control. Remote Sens. 2019, 11, 784, 
doi:10.3390/rs11070784. 

6. Zmarz, A.; Rodzewicz, M.; Dąbski, M.; Karsznia, I.; Korczak-Abshire, M.; Chwedorzewska, K.J. Application of UAV BVLOS 
remote sensing data for multi-faceted analysis of Antarctic ecosystem. Remote Sens. Environ. 2018, 217, 
doi:10.1016/j.rse.2018.08.031. 

7. Lucieer, A.; Turner, D.; King, D.H.; Robinson, S.A. Using an unmanned aerial vehicle (UAV) to capture micro-topography of 
antarctic moss beds. Int. J. Appl. Earth Obs. Geoinf. 2014, 27, doi:10.1016/j.jag.2013.05.011. 

8. Torrecillas, C.; Berrocoso, M.; Pérez-López, R.; Torrecillas, M.D. Determination of volumetric variations and coastal changes 
due to historical volcanic eruptions using historical maps and remote-sensing at Deception Island (West-Antarctica). Geomor-
phology 2012, 136, doi:10.1016/j.geomorph.2011.06.017. 

9. Dąbski, M.; Zmarz, A.; Pabjanek, P.; Korczak-Abshire, M.; Karsznia, I.; Chwedorzewska, K.J. UAV-based detection and spatial 
analyses of periglacial landforms on Demay Point (King George Island, South Shetland Islands, Antarctica). Geomorphology 2017, 
290, doi:10.1016/j.geomorph.2017.03.033. 

10. Guglielmin, M.; Lewkowicz, A.G.; French, H.M.; Strini, A. Lake-ice blisters, terra nova bay area, Northern Victoria Land, ant-
arctica. Geogr. Ann. Ser. A Phys. Geogr. 2009, 91, doi:10.1111/j.1468-0459.2009.00357.x. 

11. French, H.M.; Guglielmin, M. Frozen ground phenomena in the vicinity of the Terra Nova bay, Northern Victoria land, Antarc-
tica: A preliminary report. Geogr. Ann. Ser. A Phys. Geogr. 2000, 82, doi:10.1111/j.0435-3676.2000.00138.x. 

12. Guglielmin, M.; Ponti, S.; Forte, E. The origins of Antarctic rock glaciers: Periglacial or glacial features? Earth Surf. Process. Landf. 
2018, 43, 1390–1402, doi:10.1002/esp.4320. 

13. Harris, S.A.; French, H.M.; Heginbottom, J.A.; Johnston, J.H.; Ladanyi, B.; Sego, D.C.; van Everdingen, R.O. Glossary of Permafrost 
and Related Ground-Ice Terms; National Research Council of Canada: Ottawa, ON, Canada, 1988. 

14. French, H.M. The Periglacial Environment, 4th ed.; Wiley: Hoboken, NJ, USA, 2017; 544p. 
15. Hinkel, K.M.; Peterson, K.M.; Eisner, W.R.; Nelson, F.E.; Turner, K.M.; Miller, L.L.; Outcalt, S.I. Formation of injection frost 

mounds over winter 1995–1996 at barrow, Alaska. Polar Geogr. 1996, 20, doi:10.1080/10889379609377605. 
16. Buteau, S.; Fortier, R.; Delisle, G.; Allard, M. Numerical simulation of the impacts of climate warming on a permafrost mound. 

Permafr. Periglac. Process. 2004, 15, doi:10.1002/ppp.474. 
17. Pollard, W.H. Icing processes associated with high Arctic perennial springs, Axel Heiberg Island, Nunavut, Canada. Permafr. 

Periglac. Process. 2005, 16, doi:10.1002/ppp.515. 
18. Morse, P.D.; Burn, C.R. Perennial frost blisters of the outer Mackenzie Delta, western Arctic coast, Canada. Earth Surf. Process. 

Landf. 2014, 39, doi:10.1002/esp.3439. 



Remote Sens. 2021, 13, 435 17 of 18 
 

 

19. Van Autenboer, T. Ice Mounds and Melt Phenomena in the Sør-Rondane, Antarctica. J. Glaciol. 1962, 4, 
doi:10.3189/s0022143000027672. 

20. Forte, E.; Dalle Fratte, M.; Azzaro, M.; Guglielmin, M. Pressurized brines in continental Antarctica as a possible analogue of 
Mars. Sci. Rep. 2016, 6, doi:10.1038/srep33158. 

21. Pollard, W.H. Seasonal frost mounds. Can. Geogr. 1991, 35, doi:10.1111/j.1541-0064.1991.tb01294.x. 
22. Hagedorn, B.; Sletten, R.S.; Hallet, B.; McTigue, D.F.; Steig, E.J. Ground ice recharge via brine transport in frozen soils of Victoria 

Valley, Antarctica: Insights from modeling δ18O and δD profiles. Geochim. Cosmochim. Acta 2010, 74, 
doi:10.1016/j.gca.2009.10.021. 

23. Levy, J.S.; Fountain, A.G.; Gooseff, M.N.; Welch, K.A.; Lyons, W.B. Water tracks and permafrost in Taylor Valley, Antarctica: 
Extensive and shallow groundwater connectivity in a cold desert ecosystem. Bull. Geol. Soc. Am. 2011, 123, doi:10.1130/B30436.1. 

24. Gooseff, M.N.; Barrett, J.E.; Levy, J.S. Shallow groundwater systems in a polar desert, McMurdo Dry Valleys, Antarctica. Hy-
drogeol. J. 2013, 21, doi:10.1007/s10040-012-0926-3. 

25. Dugan, H.A.; Doran, P.T.; Tulaczyk, S.; Mikucki, J.A.; Arcone, S.A.; Auken, E.; Schamper, C.; Virginia, R.A. Subsurface imaging 
reveals a confined aquifer beneath an ice-sealed Antarctic lake. Geophys. Res. Lett. 2015, 42, doi:10.1002/2014GL062431. 

26. Dugan, H.A.; Obryk, M.K.; Doran, P.T. Lake ice ablation rates from permanently ice-covered Antarctic lakes. J. Glaciol. 2013, 59, 
doi:10.3189/2013JoG12J080. 

27. Van Everdingen, R.O. Frost Blisters of the Bear Rock Spring Area near Fort Norman, N.W.T. Arctic 1982, 35, doi:10.14430/arctic2324. 
28. Beck, I.; Ludwig, R.; Bernier, M.; Strozzi, T.; Boike, J. Vertical movements of frost mounds in subarctic permafrost regions ana-

lyzed using geodetic survey and satellite interferometry. Earth Surf. Dyn. 2015, 3, doi:10.5194/esurf-3-409-2015. 
29. Pollard, W.H.; French, H.M. The groundwater hydraulics of seasonal frost mounds, North Fork Pass, Yukon Territory. Can. J. 

Earth Sci. 1984, doi:10.1139/e84-112. 
30. Walvoord, M.A.; Voss, C.I.; Wellman, T.P. Influence of permafrost distribution on groundwater flow in the context of climate-

driven permafrost thaw: Example from Yukon Flats Basin, Alaska, United States. Water Resour. Res. 2012, 21, 
doi:10.1029/2011WR011595. 

31. Doran, P.T.; McKay, C.P.; Fountain, A.G.; Nylen, T.; McKnight, D.M.; Jaros, C.; Barrett, J.E. Hydrologic response to extreme 
warm and cold summers in the McMurdo Dry Valleys, East Antarctica. Antarct. Sci. 2008, 20, doi:10.1017/S0954102008001272. 

32. Scarchilli, C.; Frezzotti, M.; Grigioni, P.; De Silvestri, L.; Agnoletto, L.; Dolci, S. Extraordinary blowing snow transport events in 
East Antarctica. Clim. Dyn. 2010, 34, doi:10.1007/s00382-009-0601-0. 

33. Andersen, D.T.; McKay, C.P.; Lagun, V. Climate conditions at perennially ice-covered lake Untersee, East Antarctica. J. Appl. 
Meteorol. Climatol. 2015, 54, doi:10.1175/JAMC-D-14-0251.1. 

34. Faucher, B.; Lacelle, D.; Fisher, D.A.; Andersen, D.T.; McKay, C.P. Energy and water mass balance of Lake Untersee and its 
perennial ice cover, East Antarctica. Antarct. Sci. 2019, 31, doi:10.1017/S0954102019000270. 

35. Gooseff, M.N.; McKnight, D.M.; Doran, P.; Fountain, A.G.; Lyons, W.B. Hydrological connectivity of the landscape of the 
McMurdo Dry Valleys, Antarctica. Geogr. Compass 2011, 5, doi:10.1111/j.1749-8198.2011.00445.x. 

36. Scheidegger, J.M.; Bense, V.F. Impacts of glacially recharged groundwater flow systems on talik evolution. J. Geophys. Res. Earth 
Surf. 2014, doi:10.1002/2013JF002894. 

37. Ge, S.; McKenzie, J.; Voss, C.; Wu, Q. Exchange of groundwater and surface-water mediated by permafrost response to seasonal 
and long term air temperature variation. Geophys. Res. Lett. 2011, 119, doi:10.1029/2011GL047911. 

38. Wellman, T.P.; Voss, C.I.; Walvoord, M.A. Impacts of climate, lake size, and supra- and sub-permafrost groundwater flow on 
lake-talik evolution, Yukon Flats, Alaska (USA). Hydrogeol. J. 2013, 21, doi:10.1007/s10040-012-0941-4. 

39. Sannino, C.; Borruso, L.; Mezzasoma, A.; Battistel, D.; Zucconi, L.; Selbmann, L.; Azzaro, M.; Onofri, S.; Turchetti, B.; Buzzini, 
P.; et al. Intra- and inter-cores fungal diversity suggests interconnection of different habitats in an Antarctic frozen lake (Boulder 
Clay, Northern Victoria Land). Environ. Microbiol. 2020, 22, doi:10.1111/1462-2920.15117. 

40. Rizzo, C.; Conte, A.; Azzaro, M.; Papale, M.; Rappazzo, A.C.; Battistel, D.; Roman, M.; Giudice, A.L.; Guglielmin, M. Cultivable 
bacterial communities in brines from perennially icecovered and pristine antarctic lakes: Ecological and biotechnological impli-
cations. Microorganisms 2020, 8, 819, doi:10.3390/microorganisms8060819. 

41. Monaghan, A.J.; Bromwich, D.H.; Fogt, R.L.; Wang, S.H.; Mayewski, P.A.; Dixon, D.A.; Ekaykin, A.; Frezzotti, M.; Goodwin, I.; 
Isaksson, E.; et al. Insignificant change in Antarctic snowfall since the international geophysical year. Science 2006, 313, 
doi:10.1126/science.1128243. 

42. Guglielmin, M.; Dalle Fratte, M.; Cannone, N. Permafrost warming and vegetation changes in continental Antarctica. Environ. 
Res. Lett. 2014, 9, doi:10.1088/1748-9326/9/4/045001. 

43. Guglielmin, M.; Biasini, A.; Smiraglia, C. The contribution of geoelectrical investigations in the analysis of periglacial and glacial 
landforms in ice free areas of the Northern Foothills (Northern Victoria Land, Antarctica). Geogr. Ann. Ser. A Phys. Geogr. 1997, 
79, doi:10.1111/j.0435-3676.1997.00003.x. 

44. Cannone, N.; Wagner, D.; Hubberten, H.W.; Guglielmin, M. Biotic and abiotic factors influencing soil properties across a lati-
tudinal gradient in Victoria Land, Antarctica. Geoderma 2008, 144, doi:10.1016/j.geoderma.2007.10.008. 

45. Guglielmin, M. Ground surface temperature (GST), active layer and permafrost monitoring in continental Antarctica. Permafr. 
Periglac. Process. 2006, 17, doi:10.1002/ppp.553. 

46. French, H.M.; Guglielmin, M. Observations on the ice-marginal, periglacial geomorphology of Terra Nova Bay, Northern Vic-
toria Land, Antarctica. Permafr. Periglac. Process. 1999, 10, doi:10.1002/(SICI)1099-1530(199910/12)10:4<331::AID-



Remote Sens. 2021, 13, 435 18 of 18 
 

 

PPP328>3.0.CO;2-A. 
47. Molau, U., Mølgaard, P. ITEX; Danish Polar Center: Copenhagen, Denmark, 1996. 
48. Doran, P.T.; Mckay, C.P.; Meyer, M.A.; Andersen, D.T.; Wharton, R.A.; Hastings, J.T. Climatology and implications for peren-

nial lake ice occurrence at Bunger Hills Oasis, East Antarctica. Antarct. Sci. 1996, 8, doi:10.1017/s0954102096000429. 
49. James, M.R.; Robson, S. Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience 

application. J. Geophys. Res. Earth Surf. 2012, 117, doi:10.1029/2011JF002289. 
50. Uysal, M.; Toprak, A.S.; Polat, N. DEM generation with UAV Photogrammetry and accuracy analysis in Sahitler hill. Meas. J. 

Int. Meas. Confed. 2015, 73, doi:10.1016/j.measurement.2015.06.010. 
51. Chandler, J. Effective application of automated digital photogrammetry for geomorphological research. Earth Surf. Process. 

Landf. 1999, 24, doi:10.1002/(SICI)1096-9837(199901)24:1<51::AID-ESP948>3.0.CO;2-H. 
52. Milan, D.J.; Heritage, G.L.; Hetherington, D. Application of a 3D laser scanner in the assessment of erosion and deposition 

volumes and channel change in a proglacial river. Earth Surface Process. Landf. 2007, 32, 1657–1674. 
53. Brasington, J.; Langham, J.; Rumsby, B. Methodological sensitivity of morphometric estimates of coarse fluvial sediment 

transport. Geomorphology 2003, 53, doi:10.1016/S0169-555X(02)00320-3. 
54. Hagedorn, B.; Sletten, R.S.; Hallet, B. Sublimation and ice condensation in hyperarid soils: Modeling results using field data 

from Victoria Valley, Antarctica. J. Geophys. Res. Earth Surf. 2007, 112, doi:10.1029/2006JF000580. 
55. Bliss, A.K.; Cuffey, K.M.; Kavanaugh, J.L. Sublimation and surface energy budget of Taylor Glacier, Antarctica. J. Glaciol. 2011, 

57, doi:10.3189/002214311797409767. 
56. Clow, G.D.; McKay, C.P.; Simmons, G.M.; Wharton, R.A. Climatological observations and predicted sublimation rates at Lake 

Hoare, Antarctica. J. Clim. 1988, 1, doi:10.1175/1520-0442(1988)001<0715:COAPSR>2.0.CO;2. 
57. Bintanja, R. The contribution of snowdrift sublimation to the surface mass balance of Antarctica. Ann. Glaciol. 1998, 27, 

doi:10.3189/1998aog27-1-251-259. 
58. Bintanja, R. On the glaciological, meteorological, and climatological significance of Antarctic blue ice areas. Rev. Geophys. 1999, 

37, doi:10.1029/1999RG900007. 
59. Doran, P.T.; Wharton, R.A.; Lyons, W.B. Paleolimnology of the McMurdo Dry Valleys, Antarctica. J. Paleolimnol. 1994, 10, 

doi:10.1007/BF00682507. 
60. Chinn, T.J. Physical hydrology of the dry valley lakes. In Physical and Biogeochemical Processes in Antarctic Lakes; Green, W.J., 

Friedmann, I.E., Eds.; American Geophysical Union: Washington, DC, USA, 1993; Volume 59, pp. 1–51. 
61. Liu, L.; Sletten, R.S.; Hagedorn, B.; Hallet, B.; McKay, C.P.; Stone, J.O. An enhanced model of the contemporary and long-term 

(200 ka) sublimation of the massive subsurface ice in Beacon Valley, Antarctica. J. Geophys. Res. F Earth Surf. 2015, 120, 
doi:10.1002/2014JF003415. 

62. Albert, M.R. Effects of snow and firm ventilation on sublimation rates. Ann. Glaciol. 2002, 35, doi:10.3189/172756402781817194. 
63. La Ferla, R.; Azzaro, M.; Michaud, L.; Caruso, G.; Lo Giudice, A.; Paranhos, R.; Cabral, A.S.; Conte, A.; Cosenza, A.; Maimone, 

G.; et al. Prokaryotic Abundance and Activity in Permafrost of the Northern Victoria Land and Upper Victoria Valley (Antarc-
tica). Microb. Ecol. 2017, 74, doi:10.1007/s00248-017-0955-5. 

64. Guglielmin, M.; French, H.M. Ground ice in the Northern Foothills, northern Victoria Land, Antarctica. Ann. Glaciol. 2004, 39, 
doi:10.3189/172756404781814726. 

65. Brandt, R.E.; Warren, S.G. Solar-heating rates and temperature profiles in Antarctic snow and ice. J. Glaciol. 1993, 39, 
doi:10.1017/S0022143000015756. 

66. Guglielmin, M.; Cannone, N. A permafrost warming in a cooling Antarctica? Clim. Chang. 2012, 111, doi:10.1007/s10584-011-
0137-2. 


	1. Introduction
	2. Materials and Methods
	2.1. Study Area and Climate Analyses
	2.2. Photogrammetric Analysis
	2.3. DEM Analysis and Sublimation Rates

	3. Results
	3.1. Climate
	3.2. Frost Blisters
	3.3. Sublimation

	4. Discussion
	4.1. Frost Blisters and Lake Ice Surface Variations
	4.2. Lake Ice and Snow Surface Sublimation
	4.3. Water Recharge

	5. Conclusions
	References

